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ABSTRACT

Nﬁcrocantilevei-based s_ensors have attracted'much attention due to their:

| potential. as a'p'lat.form for the development of myriad physical,l chemical, and
biological sensors. Studies have shown that thin bi;inaterial microcantilever'svunder'go
bendmg (deflection) due to dlfferentlal stresses caused by exposure to such
env1ronments Because of the1r very small spring constants (less than 0.01 N/m)
microcantilevers are sensitive to stress differentials between the substrate and coatihg |
layer. Taking advantage of the ultra-high stress sensitivity of inicrometer-sized
mxcrocantnlevers vapor adsorptlon on solld surfaces and adsorption-induced stress in -
thm metal ﬁlms were mvest1gated Expenmental results show that expenmental

‘ systems can detect ppb. (part-per-bllllon) or ppt (part-per-trlllion) levels of hydrogen or

mercury, respectively.

Thin, coated cantlleyers undergo bendlng if they are exposed to various
biologlcal chenucal and physwal env1ronments This bendlng is due to a differential
surface_stress caused by stress changes that are induced during the adsorption process.-‘
Depending on the nature of anal-yte-s_ubstrate,interactions (adsorption or absorption), the
adsorption-induced stress in the thin film can be expressed as either a surface stress
(N/m)io'r a bulk stress (N/m_z)._ Such stress effects can be used to create.ext'remely

sensitive sensors and can be much larger than massfinduCed frequency shifts of the

fundamental resonance.
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During the experiments, thin metal films were coated on one side of silicon or
silicon-nitride based microcantilevers. Both obtical and electrical cantilever deflection
detection methods were employed. The two systems were selected to study two

different interaction mechanisms:

1. Palladlum-coated rmcrocantllevers were employed to mvestlgate the bulk-like
' absorptlon of hydrogen that dlffuses into palladlum and causes volume .

‘expansion.

2. Gold-coated microcantilevers were employed to study surface-like adsorption

~when mercury atoms adsorb onto the gold surface, thus changing the film stress. -

Adsorption-induced stress on bi-material microcantilevers can produce
bending, which can be related to gas or 'vap'or concentration. The sensitivity of
mlcrocantllevers (S1 or SlN based) isin the plco-newton range. Bl-materlal
cantllevers can be used to measure thin ﬁlm stress or as a chenucal sensor platform

using selected coatings.’

For bulkfli,ke absorption, vapors do not stop at the gas/solid interface on the
film but actually penetrate the entire thickness of the fitm. An example is hydrogen
‘adsorption in palladlum that mduces a volume expansnon of the palladlum film. The

sensitivity of coated cantilevers.is adjustable ina certam range by controlling the

coating layer thickness:

For surface-like adsotption, both stress and resistance change§ depend only

upon the number of adsorbate atoms adsorbed on the adsorbent surface. Film
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thickness has little effect on the sensitivity of coated cantilevers. An éxample is

mercury adsorption onto a gold surface that causes a stress decrease.

Novel simultaneous cantilever bending and electd;:al resistance measurements
indicate that adsorption onto or absorptic;n into thin metal films can induce stress
chmées and resistance changes at different rates. These differences may or may not
vary with gas or vapor concentration depehdjpg on _the inte_ractio’n chhani;mg; and
they impiy more complex chemical reactipns duriﬁg It;hé adsorptiq’n ;;rbéégs thaﬁ were
known before this study. Additional invééiigéfiéﬁs w111 be r'eduire:q;‘to ascertam such
details. a | o

The invéstigation of mercury adsorption-induced stress on thip gold film
described is believed to be the first complete work in this area. A surface adsorption
model is proposed and shows excellent agreement with experimental data as well as
that reported outside this diésertation. The rﬁodel~ may sefyé as a guide for future

studies in surface adsorption.

Bi-material micro?antilevers hav_e shown ultra-high stress sensitivity that may
be utilized to study thin film stress or empioyed ‘as a sensc')r' platf;)fm. Iﬁvesfigations
of the two-adsorption mechanisms help to. provide a clear understanding of gas (or |
vapor) adsorption onto solid surfaces as Wéll as the associated stress. Both thedl;etical
models and experimentai results could be used to design and improve the performance

“of microcantilever-based sensors. Effects of environmentat influerices, such as

relative humidity and temperature, were also invéstigéted.
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Cha_pter 1 -

INTRODUCTION

1.1

Microcantilevers and Microcantilever Sensors

1.1.1 Microcantilevers and Atomic Force Microscope

The mi’cro\cantiléver was first used as a seanning probe in the atemic force
'microscopve (AFM) or\s‘canning force rmcroscope (SFM), which was introduced by
Binnig et al. in 1986. [1-3] The ox"iginal‘hand fabricated wire cantilevers gave way to
micre-fabﬁcated'foils making these instruments a practical reality. Like the scanning
turineling microscope (STM), the SFM wes used to investigate the topography of

various surfaces at atomic level resolution. [4-17]

“Cantilever’f is a structural term that refers to a long beam having ene of its

- ends fixed on a supporting base with another end standing freely. Cantilevers used in
SPM esually are very short (less than ~ 300 micrometers) and have a thickness not .‘
more than a‘few micrometers. ‘This is called a microcantilever‘ As shown in Figure
l.la mlcrocantllever is a long and thin flexible beam that is V-shaped or bar-shaped
depending on its appllcatlon Silicon and silicon nitride are the most common
materials used to fabricate ml_crocantllevers with an atomically sharp tip mounted near

the freestanding end (Figure 1.2). Other materials have also been reported for ma;king






microcantilevers, including pieioelectric‘rnaterials, plastic materia]s and'vario'u's
metals. [18-24] | | |

The premise of the AFM is hased upon the fact that cantile\;ers have a spring ‘
constant (<< 1 N/m) that is much less than the eduivalent spring constant on the
contacted material surface. For a cantilever vuith a spring constant of 0.01 N/m, when
a static load of 108N is applied results a static deﬂection of 10"S m, which means that
even structures of several nanometers height will be subject to an. almost constant
force, whether it is controlled or not. When the cantllever is brought down to- a uery

close distance (~10'10

m) to the surface the force between the tip: and the sample
surface causes deﬂectlon in the cantilever. Such small deflections (< 1 nm) can be-
detected by several methods [1-3,5-8, 10, 21] But in today’s market the optrcal
deﬂectlon techmque is the most common method used to monitor cantllever
deﬂectlon A laser beam emltted from a laser diode is focused and gulded to the
back51de of the rmcrocantllever. The reflected laser beam projects on an optical
position-sensitive detector (PSD), where the microcantilever deflection is monitored in
a very precise fashion. [25] The microcantilever tip rasters over the sample surface,
while the microcantilever deflection records the relative height. Processed signals are

sent to a computerlfor reconstruction of a 3-D topography image of the sarnple

surface.

There are two basic operational modes for AFM: contact-mode AFM
" (CMAFM) and tapping-mode AFM (TMAFM). For the CMAFM the microcantilever
tip remains in constant contact with the sample surface in order to map the surface.

For the TMAFM a built-in piezoelectric tip holder is employed to excite the



microcantilever to its resonance frequency. When the tip scans over thé sample the
tip senses the force derivative of the tip-sample interaction through changes in the
 oscillation amplitude. The tip gently touches the surface at each of its extreme
downward excursions without d}agging in contact with the surface. ;I‘his opefational
mode can reduce the sﬁrface'damage caused by the tip-surface shear force and is |
especially useful for imaging soft materials such as biolc;gical samples. Unlike STM
there is no electrical conduction required between thé tip and sample surface during
imaging for AFM. Thus AFM can be used to investi;gate both conducting and non-
conducting samples and could bé operated in vacuum, air and even in liquids. The
active element of the AFM is, of course, the microcantilever exploited as a chemical

sensor in the thesis.

1.1.2 Microcantilever Sensors

| Recently, microcantilever based sensors have attracted muc-h- attention due to
their potential as a platform for the development of myriad physical, chemical, and
biological sensors. [26-41] Studies have shown that thih bi-material microcantilevers
under.gb bending (deflection) due to differential stresses caused by exi)ospre to such
environments. [18, 19, 27, 42-55] Because of tﬁeir very small spring constants (less
than 0.01 N/m), the microcantilevers are sensitive to stress differentials between the

substrate and coating layer.

A schematic diagram of a bi-material cantilever beani is shown'in F igure 1.3 in

which a V-shaped cantilever beam with a thickness of t; is covered by a coating layer






.........

~a

. witha thickness of 2. When'the stresses, ol and o7, on both sides are equal (o'l =02),
the cantilever remains level. Wher stress on one side is iarger than that on otherside,
the canttlever will bend towards one side Vand have a deflection dis'p‘lacement’.B at its

_freestandmg end as shown in Flgure 1. 3(b) Tlus dlsplacement can be preclsely
detected by vanous methods. In this thesis both optrcal and electncal detection
techniques are discussed. The detailed descriptions will be introduced in the later

. chapters._

Fora given cantilever with specially designed coating layer(s)' the deﬂectioh

~ yields mformatlon about the env1ronments to which the cantllever is exposed Arrays '
of cantilevers w1th different coatmg configurations could be embedded in one snhcon
ch1p with multi-target detection capabllmes. Thus, a new generation of compact

" portable low-power consummg, very sensntrve Sensors could be developed based on -

microcantilever techmques

1.2 Thin Film Properties
1.2.1 Preparation of Thin Films

| “Thin films are thin la-yers of deposrtions applied toa tbicl_(er substrate.
Deposition layers and the substrate areigenerally made of different materials. B
Depending on tbe actual applications Van-d' ﬁelds (such as semiconductor device “
manufacture, biological sample preparations, etc.), the thicknesses of the films can‘ be

varied over a wide range from a few nanometers up to millimeters. “With the

|



improvements of thin film preparation-techniques and analytical techniques, sub-

micron-thick films are widely used and will be used in this study. [56-59]

Research in preparing thin films was started more than a century ago.
According to recorded literature, the first thin golid films were obtained by elec;trolysis
in 1838. Using a chemical reaction and Iglow-dischar_g‘e sputteriﬁg respectively
Bunsen and Grove also ob‘tained metal films. In 1857, Faraday coated metal films
onto a current-carrying metal wire in an inert atmpsphere. Today, there are many
methods that have been developed to prepare thin films under various conditions as
listed in Table 1.1, which briefly summarizes thermal; ¢athodic, and chemical

methods. [59]

In this thesis all samples were prepared by»either vacuum evaporation or
sputtering. When a thin film is prepared using these methods,» a vacuum'chambér is
used to house the sample. A condensed-phase material is in} the vacuum chamber and
is heated or sputtered into the gaseous phase. The vapor traverses the space between
the evaporation source and the substréte at reduced gas pressure and arrives at the
substrate wher;a it condenses onto the sample surface. The deposition thickness can be
monitored using a.mass-sensitive‘device (such as a quartz-crystal microbalénce) or by

optical density means.

1.2.2 Mechanical Properties of Thin Films -

Compared to bulk materials, thin films show some very interesting mechanical

characteristics that have drawn much attention. Propert-ies such as adhesion, stress and
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Table 1.1: Thin film preparation methods*

Preparation Thermal . Cathodic ‘| . Chemical
Methods Evaporation Sputtering - Deposition

Resistive heating Glow discharge (diode) Electrolysis
Multi-source | Ion plating o Anodization
RF heating Asymmetric AC and DC bias Pyrolysis
Electron-beam Triode (assisted Ionization) . Hydrogen reduction

Teghniques Flash evaporation RF sputtering Disproportionation
Arc evaporation Ion-beam sputtering Transfer reaction
Laser evaporation Reactive sputtering o Polymerization
Exploding-wire Electroless deposition

 * Summarizéd from reference [59].




tensile directly relate to film formation processes. [57-76] The film structural defects
formed during the nucleatlon and growth processes often largely determme the
propertres of films. Even for the same matenal the changes of substrate temperature
and-deposition rate cause the wide vanety of crystal or gram sizes. Controlled thermal

anneahng processes are used to reduce stress, structural defects and resize the crystals.

Intrinsic stress is a residual internal stress and is_ different from the stress
caused by thermal expansion differences between the film and substrate. Total stress
"o observed in a film is equal to the sum of any externally applied stress plus thermal

plus intrinsic components as [59, 68]
o = o-extemal + o-thermal + o-mtrmsrc (11)

The definition of stress' is the force F divided by the area 4 it is applied upon
o=F/A. [77] Thus, intrinsic stress Gmﬁn;ic is the result of internal force Finternat and

applied area Ajsema as

R | :
O inemal = __Ammal - ’ (1.2)
: internal

Even though a film may undergo creep and blasticdeformation, it is found that
.‘ very high strengths (i:e. yield streSs) are obtained in thin ﬁlrns with values up to 200
times as large as those found in the correspondmg bulk matenal [57 59 68] The

yield stress 50*mm observed ina ﬁlm is equal to the sum of bulk behavror .

‘ imperfections and a thrckness effect, namely -

00 g = O + Oimpertection T T ihickness S (1.3)



where obui is the annealed configuration, Oimperfection is the additional stress arising
from the formation to the film and resultant pinning of the dislocations, and Ginickness
results from a thickness dependent imperfection density also taking into account line

tension or surface effects. [59, 68]

Traditionally the mechanical stress o of crystalline materials is believed to be

largely controlled by the grain size d often described by the Hall-Petch relationship
O = hd ™" +0q. | (1.4)

Here A is a constant taking into account the effect of restricting the thickness on the
dislocation motion, and o is the bulk stress corresponding t6 the some lattice defect

structure as the film. [59, 68]

1.2.3 ElegtﬁcaLPropert-ies of Metallic Thin F ilms

Electrical properties of metallic thin films are mainly cbncemed with their.
electron transpo'rf properties such as c()nductivity»and can be significantly different
from those observed for bulk materiéls, Very thin films are ﬁeqﬁently discontiﬂuous, _
where the electrical conductivity is many orders of magnitude smaller that that of the
bulk material and is generally characterized b)}‘a negative temperature coefficient of
resistivity (TCR). The c;onductivity is found to vary ggponentially with tvl‘le inv;rse of -
temperat'.ure, suggesting that the con,d‘uction mechanism is thermally activated. It is

ohmic at low applied ﬁe'lds,‘but nonlinear at high fields. [57, 59, 68, 69, 72, 73, 78]
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‘According to the free—electron—g_a's theory electrical conductivity of a metal is
directly proportional to the mean free path / of the conduction electrons and is giyeh

by [59, 68, 79, 80]

7y

. where n is the number of free electrons per unit volume

.875 mVe'sy | | _ ,
n——( P j (1.6).

3

where e is the electronic charge, m, is the effective mass of the electron, Ve-lis: the
average velocity of the électron at the s'urvface of the Fermi distributiori, and his -
Planck’s consfant. When the film thick'ne‘:ssuis of similaf magnitude as the mean free
path, the éonductivity of coﬁtinuous meta} films depends strongly oﬂ ﬁlrﬁ thicknes;, ‘
because of diﬁ‘usé éonduciiér}-electron écatﬁedng from both surfaces of ‘the ﬁlrﬁ. [81j

Thus, the film resistivity pr is the sum of contributions of ideal lattice scattering pp, -

. surface scattering ps and imperfections pf, including impurities, and is written as

Pe=PstPstp. an

1.3  Physical and Chemical Ads_()rption & Absorption -
Adsdrption occurs w_ﬁen a gas or vapor reaches equilibrium on a solid or liquid
surface, the concentration of gas molecules is always found to be greéter»in the

immediate vicinity of the surface than in the free gas phase regardless of the nature of
: : : - ' ’ 11



the gas or surface Atoms at the solid or liquid surface are subject to an attractive

force normal to the surface plane that is partlally balanced by the adsorption of gas |
molecules. The solid or hgu1d is called the adsorbent, and the gas or vapor is the
adsorbate or analyte. Absorption is.also used to describe the diﬁ'usion process of gas
penetrating into the bulk of SOlld or quurd [56 82-85] In lrterature adsorptron and
‘absorptron are mterchanged In thrs thes1s adsorptron wﬂl be used in thrs thesrs to

describe our systems.

Adsorption of a gas at the solid surface is a spontaneous process and causes the
" reduction of the free energy G of the two phases (gas/solld) system Because the gas '
adsorbed at the solid surface has fewer degrees of freedom than in 1ts gaseous state,

the entropy change AS of the ‘whole system and the enthalpy'change AH are
negative [56]
. AG = AH-TAS. , . (1.8)

Adsorption processes may be classiﬁed as‘physical or chemic‘al depending on
the nature of the force involved. Physrcal adsorptlon is driven by van der Waals
forces resulting from the interaction of ﬂuctuatmg d1poles The formatlon ofa
physrcally adsorbed layer may be llkened to the condensatlon ofa vapor formmg a
liquid. The enthalpy of physical adsorption (or the bmdmg energy of the adsorbate) is
of similar magnitude to that of the correspondmg heat of condensatron of the gaseous
adsorbate. [84] Chemrcal adsorptlon on the other hand, is a chermcal reactlon that
involves the transfer of electrons between the solld and gas and formatron ofa
chemical compound
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The difference between the physical adsorption and chemical adsorption is _

distinguishable by the following criteria; [56]

1. The heat of physical adsorption is of the.same order of magnitude as the heat of
'liquefaction of the adsorbate, where the heat of chemical adsorption is of the same

order as that of the corresponding bulk cherical reaction.

. 2. Like condensatlon physical adsorptlon could occur in any gas-sohd system at
- suitable temperature and pressure, but chemrcal adsorptlon w1ll take place 'only if
the gasis capable of fomung a chemrcal bond w1th the surface atoms.
3. Physical adsorption is_r'eversi‘ble by remo'vlngl gas p‘:ressu{'re_at the same temperature
" at which adsorption took place, although the process may be slow as gas atoms
_ diffuse out from the solid. To reverse the chemical adsorption normally‘ requires

more effort even to remove the chernisorbed layer at the surface.

4. Under suitable conditions of temperature and pressure physically adsorbed layers
several molecular diameters in thickness are frequently found. In contrast,
chemiso,rption is complete once a monomolecular layer is built up, although

physical adsorption may occur on top of the chemisorbed monolayer.

1.4 - The Scope of This Thesis

Recent developments in MEMS (I\'Ilcro-Electro-Mechamcal Systems) have
demonstrated the possibility of fabricating complex structures of microscale electro-
mechanical devices. MEMS based solid-state sensors and actuators are gaining

importance and interest. [36, 39, 42‘-45, 47-49, 51-55, 86-89] In order to sense
: ' : 13



| physical and chemical enyireMental A.changes, di-ﬁ'erent coating layers are utilized. As
the structural scale reduces to the microscale the limitsto the conventional description
ot‘ certain phenomena need to be reestablished. New mechamsms (such as adsorption
and stress) of these thin ﬁlms that may come into play at these very small dlmenswns

need to be explored and studied.

‘The objectiye of this thesis is to understand the adsorption and adsorption-

X 'induced stress of thin metal films at micrometer scale using the ultra-high sensitivity
of microcantilevers. In order to do so, palladiu_m (Pd) and gold (Au) coated -
nticrocantilevers yvere expesed to hydrogen (Hy) gas and mercury (Hg) vapor
respectively (properties of l’d, Au, H; and Hg may be found in Appendix E).
Theoretical discussions about bi-material microcantilevers, diffusion, free surface
energy and stress are introduced "rn.C_lhapter_Z. Chapter 3is a detail'ed description ef
microcantilever deflection detectlon methods, experimental setup, thin film
preparation and its resistance measurement, data acquisition and MUMPS chip. The
experimental results, analyses and discussions will be included in Chapter 4 and>5 for

hydrogen-palladlum and mercury-gold systems respectively.

Experimental results indicate that hydrogen gas induces bulk-like adserption_ '
onto palladium film and causes stress and electrical resistiv‘ity: (or conductivity)
changes in palladrum films. Surface-llke adsorptlon was found for mercury vapor on
| thin gold ﬁlms as shown by induced stress and the eleetncal resxstxylty (er A
conduct1v1ty) changes in gold film. Film thrckness asa ﬁ.xnctlon of sens1t1v1ty and

response time were systematically studred.
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A novel and simple experirﬁenfal method was also devéléped to enable
measurement of adsorption-induced stress and electﬁcal resistivity changes -
simultaneously for the ﬁrst_t,imé, ‘The response _time‘delay bétweén the adsorbtion-
" induced stress and electrical resistivity chaﬁge revéals the Spécial_ properties of thin

metal films duting the adsérption process. This nery discovered phenomenoln
implies that there are complex mechanisms ‘th.at have not been discussed in previous
. works. Inﬁﬁences of temperature and relative humidity at the thin films were also

investigated.

Sincé both hydrogen gas and merc.u-ry vapor are hazardous, explosive, or toxic, ‘
théy cause threats to safety and envirbnment in wﬁ&ihg places. Finding low-cost,
lightweight, small size, and Méh sensitivity:sensqrs isa con‘timljous éﬁ‘-ort. [38, 45, 49,
70, 78, 90-1 15] The MUMPS (Multi-Uéer MEMS Process) chip developed by Oék
Ricige National Laboratory (ORNL) is a cantilever-ﬁased micro-mechanical sénsor
platform. Up t0 30 cantilevers have been integrated into one hélféinch;square sili_'éon
cﬂip with capabi—lity for both wiréd and wireless multi-channel readout allowing multi-
target detection. The discussion of MUMPS design and'corlr'lprehensivg detection
results will be found in Chapter 3, 4 and 5 accordingly. - A summary will be presented

in Chapter 6. .
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- Chapter'Z

THEORY

2.1 . Theory of Microcantilevers
'2.1.1 Simple Beam Theory and Cantilever Deflection
According to simple beam theory, the general differential equation of the -

elastic curve is given as [116]

d’Z M S
dx2 =E—I’ . (21)

where x is the distance from the fixed-end of cantilever, Z is the vertical deflection of
the sensor at a position x along its length L, M is the external moment, I is the
moment of inertia of the section of the beam with respect to the neutral axis and E is

Young’s modulus of elasticity of the material. -

Considéring the case of an uniform load w(x) =w along the cantilever as

shown in Figure 2.1(a), we can use Eq.(2.1) to evaluate it and obtain the deflection . 4,
curve of the cantilever beam. Taking the moment A = %(L -x)? into Eq.(2.1), we -
have _

2 . N
‘fle =2 (L-x). | 2.2)

2ET
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Figure 2.1: Umfomﬂy loaded cantilever. (a) Loaded beam (b) Loading dlagram; .

(c) Moment diagram; and (d) Curvature dlagram
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After integrating the above equation once and twice, the equation becomes

dz

& et @3)

TR |
Z(x)—24EI (L-x)"+Ax+B, | 2.9

where A and B are the integration constants and may be determined by applying the

“boundary conditions: Z(0) = 0 and dZ(0)/dx:= 0. Then the integration constants are

A= d B=- ) . ,
661 ™ " apL . @)

Therefore, the cantilever displacement (deflection) Z(x) as a function of the

position x is given as

wlL®
24E1

Z(x) =5 1= 1)+ (47 - D). @

At the free end of cantilever, shown in Figure 2.1(d), the cantilever has a

maximum displacement that is

Zpa(®=L) = Q2.7)

8EI

2.1.2 Natural Frequency of Cantilever

As mentioned in the pfevious chapter, most commercially available AFM

microcantilevers are either V-shaped or bar-shaped and made from silicon (Si) or

18



~ silicon nitride (SisNs). The theoretical calculation of mechanical properties associated

with cantilever beams may be found in many engineering or structural dynamic

books. [116-118]

Cantilevers are basically represented as a mass on a spring and thus possess a
set of eigenfrequencies or resonances, the lowest of which is referred to as its natural
or fesonance ﬁ'equénc'y, Jo. The value of f is dependent upon the cantilever’s mass
and mass distribution along the cantilever, the load placed on the cantilever and load
distribution on the cantilever, the material properties and the dimensions of the
cantilever plus the damping effects caused by the surrounding environment. For an
undamped rectangular cantilever with a mass of m, and length L, its natural frequency

Jois expressed as [10, 116, 118]

1 3EI
~ L , 28
Jo 27 \ L*(m +0.24m,) 28)

where ET is the flexural ﬁgidity of the beam and m is & concentrated mass at its end.

The derivation of this equation may be found in Appendix B.

In general, the equation of motion of the cantilever for an undamped system is

given by

0? 0’Z 0’z
?G;E(El—ax—’”p”A” 5 -0 (2.9

where E is the Young’s modules, / is the moment of inertia , 4. is the cross-sectional
area at position x, and p is the density of the cantilever. The classical solution of

normal modes of cantilever is given as [10, 46]
19



i k2 |EI | )
n = - _’ ’ 2-
/ zﬂwpr (2.10)

where x; is a parameter determined by the properties of cantilever. For a cantilever
with uniform, rectangular cross section, x; is about 1.875 for the first serial values Jo.
In general, V-shaped cantilevers have been treated as two rectangular (bar) beams in

parallel. [10, 46, 119, 120]

For a silicon cantilever as shown in Figure 2.2, the author used a laser spot to
measure the vibration amplitudes at the different position along the cantiléver beam
and for different normal modes of oscillation. Data was taken from a \C-‘type |
Microlever using BioScope (Digital Instrument, CA) in ambient without external
driving (Brownian excitation only). The results are shown in Figure 2.2 for four -
resonant frequencies (f; = 6 kHz; f> =37.5 kHz; f; = 41.75 kHz; and f; = 67.5 kHz).
The dimensions of the cantilever are: overall length L = 320 um, inside clearance L, =
280 um, width W= 22 um, thickness #; = 0.6 um, and spring constant £ = 0.01 N/m.
The x-axis in the plot is expressed by tﬁe relétive pdsition toward the free end of the
cantilever. The left y-axis is the peak amplitude of vibfation frequency in mV and the
right y-axis is the equivalent cantilever displacement in nm (deflection sensitivity =
90.5 nm/V) Each spot in the ‘plot is a measurement point of a 20-um diameter laser

spot with an average spacing of ~10 um between points.
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2.1.3 Volume Expansion of Bi-material Microcantilevers

The Si or Si;N, microcantilevers used in the experiments have been coated
with a layer of metal (palladium for the hydrogen experiment) resulting'in so-called
bi-material c’anti.levers. To analyze the bi-material cantilevér beam systems, we |
consider bending ot" the cantilever caused by the differential volume expénsion during
gas adsorption. Since the 'length of the cantilever is'much greater than its thickness
and width, it is'treated asa single-degree—of-ﬁeedom system in spite of the complexitg;'
of the real system. Although both V-shaped and IT-shaped cantilevers have been
employed in our experiment, for.simplicity we model the sensor z-1s a rectangular beam
with one degree of freedom. From the literature it is ciear that this simplification is

good for modeling cantilever motion. [46, 50]

For a bi-material beam with different expansion coefficients, the differential

equation Eq.(2.1) becomes [121]

&L+t
& =6(C?1—a2)( ltsz)C(x), (2.11)

where #-12 and @, , are layer thickness and expansion coefficient with the subscripts

referring to the two layers of the sandwich structure respectively. Here the quantity
C(x) is a generalized load that in our case corresponds to gas concentration. The

quantity X in Eq.(2.11) is given by:

g ity gt s Bt By by
K =4+60) 1461+ GO + D)
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https://Eq.(2.11

Ifit is assume;d that the gas co;icentration is uniformly along the length —Qf the
caﬁtilever, then C(x) is a constant for position x. It is also aséumed that the Young’s
moduli do not change during the adsorption (t};;: adsorptic;n variatioﬁ is negligible
especially fgr le;v conc;entrétion). [122-124] E‘q'.(2.. 11) can be solved in a similar
fashionvfor. a can%ilever with uniform load. The Qéntilévgr deflection can now be

expreésed as: [121]

t+t,

Zy=3ay- .42)( Z)CLZ : (2.12)

where L is the léngth of the cantilever at room temperature, and @4 is the adsorption
induced éipansion coefficient for each material. | |
Eé.(2. 12) shows that for any given gas concentration C, the cantilever
displacementv Z, varies as a function of each of the coating thicknesses and can be
optimize& for maximum response. Illustrated in Figure 2.3 is a calculation of the
deflection of a palladium coated silicon cantilever in etiuilibrium' with dilute hydrogen
gas. The pélladium thickness, #,, is varied and choose L =85 pm, £, = 0.7 um,
E, =12.1x1 0" N-m?, Ez =‘1.,"79 X 10”N-m'2: Experiments indicate that for low
hydrogen concentration (< ’2000 pplrrlx) the adsorption-induced linear expansion
coefficient is about a,, =1x107 ppm*. The predicteci detection'éensitiyity initially:
increases with the coating film thickﬁess reaches:its maximum value, and then falls

, more slowly to zero, agam for a smgle material. The maximum deflection sensitivity is

. obtamed when the thlckness ratlo is. about 0.2 for thlS partlcular conﬁguratlon
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Figure 2.3: Theoretical curve of thickness dependénce-sensitivity for a bi-material
~ cantilever. The calculation was based on a 700 nm thick and 85 mm long
silicon cantilever coated with-palladium film. :
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The optical detection method, which will be introduced in the later part of this
chapter, is used for small angles. The cantilever deflection is proportional to the

output voltage of the photodiode and can be defined as § = AV . Deflection

sensitivity 77 can be obtained from experiments. [46]

_For the case where a,, ~ 0, a good approximation for Si and Si3sN4 used in

this thesis, @, may be determined from

nt;K - AV

- . ‘@13
T3 ) C @13)

2.1.4 Thermal Effects
Similar to Eq.(2.11) the differential equation for a bi-material cantilever due to

the different thermal expansions of two materials is

d’z t, —t
=6(7, — 7, (L2
axc* RN ¢

NT(x)-T,]. (219

Here 712 is the thermal expansion coefficient with the subscripts referring to the two

layers of the sandwich structure, and T'(x) - T, is the profile of the temperature

difference relative to the ambient temperature along the length of the cantile\)er beam.

If the cantilever is in a temp-erature bath (uniform temperature), the cantilever

~ thermal deflection Zr can be expressed as

Wby o, (2.15)

Zy =3(r, - z'2)(‘ tzzK
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= Obviously; the t:o'tal'déﬂec't\’ioiﬁvc.)f the cantilever is the sum of adsorption-induced
deflection plus the heat-indiiced deflection

ZtolaI=ZA+ZT" . '. (216)

At 40 °C the thermal expansion coefficient for palladium is 1.176 x 10 /°C. [125]
Hydrogen adsbrption—induéed linear expansion coefficient measured éxpeﬁmentaﬂy is
about 10™ ~ 107 ppm™. Thus, it is important to reach the thermal equilibrium before

any experimeﬁt can be conducted.

2.2 Diffusion Theory

" As mentioned in Chaptef,l gas 'adsorption’on a solid surface does not always'
involve .qnly a few layers of étpms at the ‘solid ‘surfacej Sometimes gasﬂatc->m‘s can
migrate through the bulk of the mate;'ial: and dissolve within the solid: It is necessary
to have some bas\ic understan&ing about how this process takeé place. The thgdry,used
to describe the atom (or molecule) migration is called diffusion fheory. In this section.
t'he' diﬁ'usion‘the.ory and related equétioné that will ilelp ﬁs to explain'the results from

our experiments will be intrddilced.

~ 2.2.1 Diffusion in Solids’
Diffusion is a process in which atoms or-molecules‘are transported from one
position to another. Such atomic migration is a random motion for individual atoms

and can occur within gas, liquid and'so‘lid materials. [77,' 126-128] The diffusion that
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takes place in a‘pure substance is called self-diffusion as ennrgetic awtb\ms jump to the
lattice defects. Diffusion that nccurs at the interfacq of two substances is called binary
difﬁjsinn or interstitial diffusion. In fact, this kind of diﬂilsion can be found at almost A
any interface combination among gases, liquids and solids such as gas-gas, gas-solid
of -solid-éolid interface, etc. Thn smaller atoms such as gases like hydfbgen, nitrogen
and oxygen may migrate into solid matenals such as st'e_a'el, palladium, nickel, and

polymers. [122-124, 127-155].

Vacancy, interstitial, interstitialcy and exchange are four main types of
diffusion mechanisnjs. For each of these there are many possible van'ationn. For
example, in the multi-vacancy case, difﬁlsion occurs in a different manner from the
one in the single vacancy case. [129] 'As shown in Flgure 2 4, the mte'rstmal
mechanism is the simplest and also the most common diffusion mechanism. It is also
called the direct interstitial mechanism. Because of interatomic forces the potential
energy is a function of diffusion atom location. Expeﬁments have indicated that the
rate of diffusion (the coefficient of dlﬁhswn) varies exponentially w1th tempnrature
[127-129, 131, 137, 147 148] The temperature dependent coefficient of dlﬁ'usnon D
for interstitial diffusion may be expressed as |

D=D, exp(—k—Qf , 2.17)
. B .

where Dy is the pre-exponential factor and is relati{'ely independent of temperature. O
is the activation energy for diffusion, 43 is the Boltzmann constant and 7 is the

absolute temperature.
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In this thesis all experiments are conducted at room temperature except for
those involving temperature dependences. Thus the coefficient of diffusion is treated

. as a constant unless stated otherwise.

2.2.2 Diffusion Equations

In 1855 Fick first introduced the following equation and put diffusion on a
. quantitative basis by adopting the mathematical equation of heat conduction derived
. some years earlier by Fourier (1822). Ebr one-dimensional diffusion, the diffusion

current (flux) without an applied force is

oC :
J=—D—a-x—, ‘ (2.18)

“where D is the coefficient of diffusion for the substance under consideration, C is the
concentration of the diffusion substance and x is the coordinate chosen perpendicular

_ to the reference surface. Generally Eq.(2.18) is referred as Fick’s first law.

Because matter is conserved the time dependent concentration indicates

aC _

> 0 'ac
- VvV.J==(DZ ‘
ot Ox (‘ ax) 2.19)

If D is a constant, then Fick’s second law is expressed as’

‘ 2 .
x_poc
ot Ox?

(2.20)
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~ Inthis thesis thin metal films were coated onto silicon (or silicon nitride)
cantilevers. Gas adsorption into the metal film induced film expansron and stress
change thus causing bending of the cantllever and th1n film res1stance var1atlon
Therefore, it is necessary to lcno_w the di_ﬂ'usion processes of gas atoms into metal '
films. Experiments were performed when one side of the bi-material cantilever was
composed o_f gas active me,tal‘ﬁlm and the other side was a gas inert substrate'. RCoated
—cantilevers were always exposed to. constant gas concentrations The diffusion
processes in the following two cases are here. calculated _Case one is the case of
dlﬂ'uswn in a plate of sheet where both s1des of the sheet have constant concentratlons
Case two is the case of diffusion in a plate sheet vi/hen both sides of the sheet have |

impermeable surfaces in which the concentration gradient is zero.

Case 1:  Initial concentration distribution 18 f(x) in the region 0 < x <l and the '

concentrations at both ends are constants.

In the case in which the ends are kept at constant concentrations C; and C; find

the following boundary conditions:

At time >0, cC=C, x=0; (2.21)
Attime >0, C=Cy x=1I (222
At time =0, C=fx),  0<x<Il . (2.23)

The solution for Eq. (2.20) in the form of a trigonometric series is [156-158]
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| ‘C:(x;;)=cl'+(c2 TC1)§+£ZC2 S iy sin n7x exP(,—Dn2ﬂ21L2)
"'._ & S 0 T n - .

/

2& . (o ‘
+ 725mnTmexp(—Dnzn'2 liz)jf(x )sin ndex . (2.24)
1 ‘ . ° ,

If at time 7= 0, the concentration distribution f{x) is zero, the last term of the above

equation vanishes.

Case 2:  [Initial concentration distribution is f{x) in the region 0 < x < I and the

surfaces at both ends are impermeable.

An impermeable surface is one in whieh the concentration gradient is zero.
This cendition holds at the central plane of a sheet provided that the boundary |
conditions are symmetnc about the plane. It follows, therefore ‘that the symmetrrc
: solutrons already grven for the plane sheet occupymg the region — / < x < lapply also |
to the sheet 0 < x </ when the face‘x = 0 is impermeable. If both surfaces x=0andx

= I are impermeable and the initial distribution is f{x), the solution is [156, 158]
1¢ 28 t. nmf nmx! |
C(x, t) = 7J.f(X' )dx'+72 exp(—-Dn27z'2 1—2) Ccos TJ.f(X') COSTdX' (2.25)
o n=1 0 ’

Diffusion from one layer to another may be calculated by treating the system

as a single layer with impermeable boundaries in which the distribution at time 7= 0 is

. as follows: /

f62) = Co, 0 < x <d: @2
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f0) =0, d<x<l e

Then the solution for this particular case becomes

C(x,t)=C,| — d Ezlsm@exp(—Dn tz)cosE .. | (2.28) -
n Tiin l l .

Eq.(2.28) can be.used to calculate the concentration distribution for diffusion into a
coating layer. For the process of diﬁixsion dut simply fcverse the diffusion direction
and assume at time ¢ = 0 the concentration inside the solld is Co The concentration -

dlstnbutlon m51de the solid then may be described by the following equation [126]

Cx,)=C,-C, l: f: 1nLexp(—Dn )cos%]. ' (2.29)

For the case of hydrogen diffusion in palladium, the numerical evaluations are shown
in Appendix A under different concentrations and diffusion coefficients. More

discussions about palladium-hydrogen system will be introduced in Chapter 4.

2.3 Stress and Surface Energy

2.3.1 Stress and Strain

The conventional definition Qf stress is

o=— o A t2.30)
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https://Eq.(2.28

where F'is applied force and 4 is the area upon which the force is applied.[77] The
change AL in a length divided by the original length Lo before any stress is apphed is

deﬁned as the linear strain ¢ as

£= (231

AL
LO '
For the elastic isotropic material, the transverse strain can then be defined as
Ep=—, (2.32)

where Ar is the change in cross-sectional length, and 7o is the original length. The
ratio V of the transverse strain &, in a direction perpendicular to the applied stre‘ss', to

the normal strain £is given by
v=-", L (2.33)

where v is called Poisson’s ratio which is a constant for an isotropic material. As long
as the deformed body is in its elastic regime, there will bea liheer relationship |

between the stress ahd the straiu
: O (234)

where E is Young s modulus

"“"aﬁv.,m -
. Lo
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2.3.2 Surface Energy and Surface Stress

Atoms at a surface or interface are in a very different position and environment
compared with those atoms in the bulk. The asymmetricgl atomic structure and
surface anisotropy are the sources of the extra interatomic force tensed surface stress,
which is parallel to the solid surface. Surface energy is stored at the surface keeping a
stable surface formation and boundary. Changes of surface energy may cause changés
.of surfgce stress or vice veréa. The’ energy at the surfaces can be changed if the
phy‘éical' arezls of fhe surface yairy ér th¢ atomic positions at the surface change through
elastic deformation. ’[1591 S

To create a’ surface it is necessary to do work on the system, break bonds or
remove neighboring atoms. Under conditions of equilibrium at constant temperature 7

and pressure P, the reversible surface work AW surgace Tequired to increase the surface

area 4 by an amount d4 in a one-component system is given by
dWslurfm(T.P) = 7dA ’ (235)

where y is called the surface energy and its units are J/m® or (N/m).

In the absence of any irreversible process the reversible surface work
AW surfacerr.p) i equal to the change in the total free energy of the surface dWp,. . The
- change of total surface work Wuc. is thus equal to the change of specific surface free

energy Giuyace times the surface area 4

Su

AW sucer py = A GrupacsA) - . (2.36)
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.-Consider two ways to form a new surface: (a) simply increasing the surface

area or (b) stretching the t;AXisting‘surface. Eq.(2.36) may be rewritten as .

aG.smﬁzca
04 -

)rrA. 2.37)

§

aw. urface (T ,P) = G.\'mfacedA' + (

If the new surface is created by increasing the area, the specific surface free

. energy Guuyace is independent of the surface area so.that (_aGa'me ), =0, then the
surface work is given by

Su

dW.\'ll'ﬂl“(T,P) = G 'faC‘M . - (2.38)

Comparing Eq.(2.38) with Eq. (2.35), it is eéSy to see Gsu‘,ﬁwe' =y, which means that the
surface energy is equal to the specific sﬁrface free énergy. o

| The elastic defc‘)rmati.on ofa soli.d can léad to a new sqrfaée due to strain and
be expressed in teﬁns of a surface elastic ;train ten‘slor' &J= 1,2 Deﬁﬁe a surface stress
tensor S,~¢ with the variation in 4 and the tot"él excess ffge'energ'y of the surface due to
the strain dg;; as [132, 160]

1dOd). .. dr
SU =__ﬂ =7_5i.j +_r‘
Ad(g, ;) de

i

(2.39)

This equation shows that the surface stress tensor S;; changes may be due to the
~ variation of surface free energy ¥ and the energy gains from the relaxation of the
' surface strain. For high-symmetry surfaces the surface stress is isotro;ﬁic and can be

taken as a scalar quantity. The total surface energy yis a scalar as well. [159] Thus

Eq.(2;3 9) may be expressed as
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https://Eq.(2.39
https://Eq.(2.38
https://Eq.(2.36

, P : , .
S =y + —/—. 2.40
4 " 0€ - ( )

If the total free surface energy y is a constant, the surface stress is equal to the change .
of surface free energy per unit changé in elastic strain §f the surface. - This relationship
- may help explain mercury adsorption on a gold sur_face (Chapter 5) and the creation of

a Stress that causes bending of the microcantilever. =

&
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Chapter 3

EXPERIMENTAL

3.1 Detection Methods

Two methods have been utilized to detect the small deflection of
microcantilevers. Optical position-sensitive detection (PSD) was used to measure the
deflection of commercially available AFM microcantilevers, and an electrical
detection technique was used to measure the Eaﬁtilever 5ending on the MUMPS chips.

The two detection methods will be introduced separately in this section.

3.1.1 Optical Cantilever Deflection Detection Technique

As shown in Figure 3.1 the movement of a microcantilever can be detected
using a laser beam that reﬁects from the backside of thé cantilever (opposite from
tipped-side). ‘This is the most common means for commercial AFM heads. In fact, a
commercial head with built-in laser, cantileve.r holder and optical detector was used in
these expeﬁhents (Digital Instru‘ment, Sahtai Barbara, CA). A reflected laser beam
projects onto the segmented photodiode sensors. Cantileve} deflection causes a
- vertical displacement in the reflected laser beam that is émpliﬁed by tile optical
projection system since the projected laser spot travels a muph greater

N
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distance on the phptodiode, which can generate more detectable signals. The
differential Sighals obtained f‘rom the segmented photodiodes are sent out to a
computerized data acquisition and analysis system. The optical position-sensitive
detector (PSD) uged_ in this thesis can precisely measure the displacements of the
cantilever with better thgn 10"° m accuracy. For small deflections, the deflection is
approximately equal to the slope ath the cantilever end. [46] Thus, we can define the
optical deﬂ;action sensitivity 7 as

77=A~—V, 3.1

where deflection sensitivity 7 can be measured experimentally, &'is the deflection of
the cantilever and AV is the readout voltage from the output device. In order to
measure the deﬂecfion sensitivities for different cantilevers, the cantilevers were
placed within the AFM head in such a way that the cantilever tip gently touched the
top of the piezoelectric scanner. Then voltages were applied to the piezoelectric -
scanner making the fop of the scanner move up and down. The cantilevers then
moved up and down along with the scanner fop cé;lsing a corresponding change in the
photo detector output voltage. The vertical movements of the scanner could thus be
precisely calibrated ffoni the voltages applied to the scanner. The output changes of
the optipal detector permitted measurement of the corresponding vertical
displacement§ of the cantilevers. For C-type and D-type silicon [Ht;alevers their

- deflection sensitivities were found to be about 62 nm/V and 63'.‘9 nm/V respectively.
The detailed description and mechanical characteristics of Ultralevers and Microlevers

may be found in Appendix C.
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3.1.2 Electrical Detection Method and MUMPS Microcantilevef

Since the optical detectjon ﬁethod requi}es special designed and arranged
optical devices and mechanical components, aligr{ment difﬁculties and other problems
(i.e., only can read one cantilever at one timé) limit its application and portability
despite its many advantages. Using the MUMPS (l\dulti-User MEMS Process,
Chronos Intemationgl Microsystems, Inc, Research Triangle Park, NC) fabrication

‘technique, n-shaped cantilevers were developed at Oak Ridge National laboratory
(ORNL). [43-45, 48, 55, 86] The cross-section view and top vie_w of a MUMPS
microcantilever are ShO\;VII in Figure 3.2 and more information about the;. MUMPS chip

can be found in Appendix D.

As shown in Figure 3.2(a) & (b), the cantilevers act electrically like a
- capacitor. Neglecting fringing, the capacitance of a parallel plate capacitance is
defined as

£0Ac

C= <, (3;2)

where Ac is the plate surface area, &, is the dielectric constant of air (8.85x10"2 F/m),

and d is the distance between the piates. The cantilevers on the MUMPS chip havc_alan
area of 56 x 10° m? and a typicai plate separation of 2 x 10 m. This gives a
calculated capacitance of 0.25 pF. The measured capacitance of these cantilevers
vl"xs'ingva Rbb'eert's:Lc')op has typically been between 0.5 and 1 pr[48]ﬁ "'I‘he disparity in

'4 ‘-_thesé_nu'mbers cari'be attributed to a variety of diﬁ'erent reésons including fringing

effects, stray capacitance, bending of the cantilevers due to residual stress and silicon
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dioxide remaining between the cantiléver and the lower plate thereby changing the

dielectric constant of the capacitor.

An approximation of the deflection of a cantilever tip for small angles of

_deﬂgdtion can be determined from the measured cépacitance value by [161]

c=Eelt | 2o t59 22, | 33)
¢ | 2d,-bp-22,

where -do is the distance between the parallel plates prior to any mdvgment, ais the
~ width of the cantilever plate, and b represents the length of the overlap between the
plates. The ¢ in the equation represents the angle between the two plates, and Z,, is a

measure.of the distance between two plates at the midpoint of overlap.

3.2 Thin Film Conductivity and Small Resistance Measurement

The resistance R of a sheet has a length of L, width a and thickness d is defined

as

. R=p—= ,
R=p— | G4

where p is called the coefficient of resistivity.

As mentioned in Chapter 1 thin metal films have some special electrical
conduction properties compared to their bulk materials. If the films are in
discontinuous formation, electrons may transfer between the disconnected nucleation /

islands by tunneling or thermionic emission. [79] For a continuous film as was the
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case here, Fuchs indicated that the »conduc‘:tivity of the metal films is strongly
dependént on film thickness. [59, 79-81, 162] The éondugtionfelectrons scatter froxﬁ
both surfaces of the film 1f the film thickness is as the same order as the mean free
path. Furthermore, unlike bulk metals, where lattice scatteri.ng is the main reason for
having electrical resistivity, electron scattering from the grain boundaries and
impurities also have noticeable contributions to the increase in resistivity. These

effects cause dramatic changes in thin metal film conductivity.

Developing upon Fuchs’ theory, Sondheimer derived the following equation

for the thickness d dependent resistivity [163]

d)=p,+=p,—(1-
PA)=po+2py-(1-p), - (3.5

where py is its bulk resistivity and p is a scatter related parameter.

L N | jObiainipg a.precise meaé_urement of a thin metal film is not simple, especially
when the film résistémce is small. <A contact point res_istance existing between the
| mete‘r‘ probe and film surfac;e'i‘s often iarge enough to cause reduced accuracy of the
measurement when the n,omfxal ‘two-point (wire) method is used. To avoid tﬁis
problem, (as shown in Figure 3.3) an improved 4-i)oint (wire) method is generally
preferred for low-resistancé measurements. These measurements can be made usiqg a
digital multimeter (DMM), micro-ohmmeter, or a separate current source and.
- ‘'voltmeter. With this configuration, the test current 7 i§ forced through the test
resistance Rg through one set of test leads, while the voltage Vi across the film is

measured through a second set of leads called sense leads. Some small current may
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ﬂow which can generally »be ignored for all practical purposes. Since the voltage drop -
.across the sense leads is negllglble the voltage measured by the meter Vs i i "

essentlally the same as the voltage Vi across the film re81stance Ry =V, /1.

Consequently, the resistance value. can be detérmined much more accurately than with

the 2-point (wire) method. .

| 3.3 Experixnental Setup

‘The 'microcantilever gas adsorption experimental setup diagram is illustlated in
Figure 3.4, and it contains five basic units: gas cell, gas mix and controlsystem, ‘
optical detection unit, 4-point resistance measurement unit -and data acquisition

' system Two photographs of the expenmental setup on an optical table are shown in

Figure 3. S(a) & (b).

33.1 Gas Cell

A homemade glass and plastic gas cell was used to houSe the mictocantilever '
and provide a controllable environment for gas adsorptlon expenments Prermxed gas
or vapor ﬂowed into the gas cell from one end and a small hole was opened at the
other end in order to avoid pressure build up inside the cell. The mtemal space Was
about 9 mm in dlameter and 10 mm tall giving a volume of 0. 64 cm’. The small
" volume of the gas cell made the task of mamtalmng constant gas concentratlon much
easier. Wltl‘l 10 ccm (cubic-centimeter-per-minute) ﬂow the entire volume. of the gas

cell could be flushed once in less than 3.8 seconds. The cexlmg of the gas cell was
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made of transparent glass alldwing the laser beam from the optical detection unit to
pass through as shown in-Figure 3.5(b). A small spring secured the cantilevers onto

the glass mount.

3.3.2 Optical Detection Unit

The optical detection unit was a converted NanoScope III AFM head (Digital
Instrument, CA). | As introduced in the detection method section, a laser beam emitted
from a semigonductor laser~diode was focused on the backside (opbosite from tipped-
ﬂ. side) of the microcantilever. The foéusea laser spot was about 20 um in diameter.
The reflected laser beam was projected onto the position sensitive detector (PSD).
Ahy movements of the microcantilever inside the gas cell éh;nge the ﬁosition of the
~ laser spot on the PSD. The differential signals obtained from the upper and lower

photo diodes of the PSD were ampliﬁed by a pre-amplifier (Preamp).

3.3.3 Four-point Resistance Measurement Unit

When the thin film resistance measurement experiments were conducted, the

* 4-point (wire) resistance measurement technique was used. Becausev the total length
from one ena of the V-shaped cantilever leg to the other was only about 500 pm, the
resistance of the coating film on the cantilever was normally- smaller than 10 Q. Four
0.001-inch-thick copper wires were stresslessly attal.ched to the base of microcantilever
to make a four-point probe. The electrical contacts were made using silver glue. The

four wires were carefully arranged to pass through a small gap between the top glass
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mount and plastic sidewall without touching each other. Outside the gas cell the four
wires were connected to a computer-controlled digital multimeter for measurement

(details will be introduced in the data acquisition system section).

3.3.4 Gas Mix and Control Unit

The gas mix and. control system included a stainless-steel tﬁbing manifold
using a MKS Flow Controller Systemb that contained one MKS 4-Channel Readout
(Typé 247) unit and four MKS MASS-FLO® Controllers. Depending on the
‘experiments, controllers with different flow rates were used. Three flow controllers
were used with a maximum flow rate of 1000 ccm (Model: 1479A13CSIAM), 100
ccm (Model: 1479A12CS1AM) and 10 ccm (Model: 1479A141CSIAM). According to
the manufacturer’s manual, the MKS Type 1479A MASS-FLO® controllers have +
1% full-scale accuracy (i.e. for 100 ccm unit the accuracy is about 1 ccm), legs than 2

seconds settling time and control range from 2% to 100% full-scale.

A schematic diagram of flow control and gas mixture is shown in Figu;e 3.6.
Pressurized pure nitrogen gas (99.99%), hydrogen gas (99.99%) and mercury/nitr;)gen
mixed ‘vapor were connected to the flow controllers -Flow 4, Flov;f3 and Flow2
respéctively. Regulated flows were mixed in a 0.25-inch-diameter stainless-steel
‘tubing network that.li{lkgd the flow vcontrollers (The “dead” volume within the tubing
' network aﬁd ﬂovlv qqr'ltrp‘ile\rs i‘s‘é}l-ac‘)lyjt- 10 cubic centimeters. ). 'All these stainless steel

R

tubes were connected to each other either by stainless steel couplers or T-connecters.
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Before assembly, all parts were wgshed in warm soapy water a few times then rinsed"
with methanol in order to remove oil and dirt. After letting air drying all tubes and
connecters were screw-tightened and no lubrication was used. A leakage check was
performed. In order to have a steady flow into the gaé cell and have minimum flow
disturbance inside the gas cell, a 10-ccm flow controller (Flow 1) was employed and
placed between the gas cell and the tubing network. Thus, the gas cell flow did not
vary in spite of the flow changes of Elow 2,3 or 4. The placement of Flow 1 not only
.ensﬁred ;chat experim"er;tal results would not be disturbed by the concentration changes,

but it helped to minimize the noise induced by the flow turbulence.

Because the flow coﬁtrollers a positive pressure gradient between intake and
output, it is neceésary to keep some pressures within the tubing network. Too much
pressure can greatly reduce the efﬁci’enc'y of the ‘mixing‘ rate control or even shut down
the system (when the pressure inside the tubing network is equal to the gas input end
pressure). A 5-psi pressure-relief valve was use to vent flows in excess of that

. demanded by F lo;Jv 1. This exhaust was also used to monitor mercury concentraiions

by an independent instrument. (see below).

For hydrogen experiments, the hydrogen concentrations were determined by
the flow ratio of Flow 3 and Flow 4. For example, 1% hydrogen concentration was
obtained by setting 1-ccm hydrogen flow though Flow 3 and 100-ccm nitrogen flow

though Flow 4.

For mercury experiments, the nitrogen gas through Flow 2 was sent to a

container in which mercury was stored. Inside the container, mercury vapor mixed
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with mtrogen gas exhaustmg through a one-way valve. A Jerome 431 X Mercury
Vapor Analyzer (Arizona Instrument Phoemx AZ) was connected after the pressure
‘release valve to deterrmne the mercury/mtrogen vapor. concentration t. The J erome
hasa detection range from 0. 000 t0 0.999 mg/m Hg with 0 001 mg/m’ Hg, resolution .»

and 0. 003 mg/m Hg sens1t1v1ty Its callbration was unknown

335 Data Acquisition Svystem' |

Dunng the expenments two data acqursxtion systems were adopted to collect :
'expenment results At the begmmng a four-channel lock-in ampliﬂer (Stanford
Research Systems Model SR850 DSP) was employed to record data. However the
built-in memories in this instrument limited the number of data pomts that ¢ould be - |
taken and the time that experiments could run. Additionally,‘the lock-in amplitier

only can receive + 10 VDC voltage signals, and it-cannot record or measure resistance.

Later l"\ye purchased a Hewlet:t”Packard (HP_) Data Acquisition / Switch Unit |
(Model: 34970A) with a 20-channel multiplexer (Model: 3490lA), . This .unit is
controllable by a personal computer (PC, IBM compatible) and has three slots for
plug-in modules for extend applications The measurement results maybe displayed
on the front panel of the data acqursrtion unit or be sent through a serial cable to the
| computer. Computer software provrded with the unit tumed the computer into a
multi-channel data measuring, recordmg and analysis devrce The biggest advantage
of this system is that it can s1multaneously measure and‘_record results of more than

one voltage or resistance signal (i.e., read signals from both optical detection unit and
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R R R
Tesistance mieasurement ‘unit.). Thus, both cantilever bending signal and film
resistance changes can be observed at same time. In fact, this function allowed us to -

have the first side-by-side observation of thin film stress and resistance changes

caused by gas adsorption.

In order to reduce the thermal effects in our experiments systems were allowed
to warm up for a period of time before expeﬁments. To minimize the temp_eratufe
variations a sealed box was employed, and the room temperature was keptina

controlled manner.

3.4 Thin Film Preparation’
| T\yo metal thin films (palladium and ‘go”‘ld) Qere prépared for most of the
experiments carried out for this dissertation. Palfadium—nickel, platinum and
aluminum films were also tested in a fe\ﬁv c‘omp:arison experiments. At the beginning
of the experimehts aﬁ electron-beam-heated cva{;orator waé used for film prepafations. |
‘HoWevef, the evaporator required a ‘better' thaﬁ 10” torr vacuum for ex'/ap'oration and
on a,vérages it took up fo 4 hdurs to purrip down. Problems were éncc;untered during:
the evaporation, as the electron-beam heé.ted the sampleé to rathef hxgh temperafu,re.
The thé;mal radiation heat lappérentfy ~cal;sed ur;wénted s'tress; build‘up' iﬁ the coating
layers. The canti!evers curlgd bzidly and sent the reflection beam out of the defec&ibie
_ range of fhe optical detebtjon unit. 'Thus, low vacuum spﬁttef ‘coating systems were
used to prepare the most p;lladium,'gold, palladium-nickel alloy and platinum films

on all commercially available microcantilevers and MUMPS cantilevers. The
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electron-beam evaporator prepared only aluminum films on a few MUMPS cantilevers

at limited occasions.

Sputfer codting techniques were developed in the last century to_prepare thin
films on the object surfaces and various spptter deposition methods exist. [164] But
no matter which method, the common goale are to generate and maintain a desired
plasma and to establieh a bias or electric field for the acceleration of ions from the
souree to the sample. During the ion‘bombardments, some ions lose energy and are
deposited on the surface forming a film. One adva.atage of sputter coating is surface
~ cleaning. Because the highly energized ions remove atoms fremvt‘he sample surface, it
- actually cleans the sample surface before deposition. As witd othepthin'ﬁlm
preparation .methods, sputter coating also produces eome stresses in the coating
layers.[74] But as no high temperature wae involved during the coating, these stresses

were manageable and almost all cantilevefs were useable after sputter coating.

The Hummer VI sputtering system (ANATECH Ltd', VA), which is
magnetically enhanced was employed to prepare palladium, palladlum-mckel alloy
and platinum ﬁlms The sputter targets were obtained from commermal sources (Pd:
99.99%; Pd/Ni: 90/10% wt.; Pt: 99. 99%) Ca.ntllevers were placed in the center of the
vacuum chamber and_a 3-1pch x 1-inch cl‘eaned microscope glass slide was also placed
udderA or beside the cantilevere. The parpose of the glass slide was to check the

ceating thickness of the thin film afterwards by optical transmission.

Some pictures of coated cantilevers are shown in Figure 3.7. In the case of
- : ‘ | \
preparing films for 4-point resistance measurement, a very sharp V-shaped shadow
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mask was made to place between the two legs of the microcantilever As shown in
Figure 3.7(b), the space (at the base) between the two cantilever legs was very small.
(less than 150 pm) and the size of the shadow mask had to be smaller than 100 pum. If
the shadow mask was too small then it would not create enough shadow clearance on
the cantilever base to prevent direct electrical conduction between two sides of

- measure points. Thus, making, placing the shadow mask and later attachmg
nucrometer-srzed wires was challengmg, it was necessary to perform the entire o
operation under an optical microscope. A few micrometers offset could break the.
cantilevers or put shadow on wrong place. I',ea‘r'ning‘ to do this job andireﬂn'i‘ng the
necessary skills was time-consuming. Another shadow mask was also used for
MUMPS rmcrocantilever coating shown in Figure 3.7(c) & (d). ‘In this case, wrongly
located metal ﬂlms could not only decrease measurement sensrtrvrty but also displaced

metal films could cause short circuits on the Chlp,:

To sputter coat palladium films the cantilevers were placed in the vacuum :
| chamber, and the system was pumped down until a better than 40 mtorr vacuum was.
obtamed Then pure argon gas (99.99%) was released into the vacuum chamber at
200 mtorr to flush the chamber. After pumping down the vacuum to ~30 mtorr again,
the high voltagewas turned on and argon gas leaked m The coating current was-
maintained at about ~11 mA and coating time‘ was rec‘orded Each time, th'e coating
thickness was md1v1dually venﬁed by checking the ﬁlm reﬂection and the :
,Y transrmssron mdex on the glass\slide placed i in the vacuum chamber besides the

cantilevers; ‘A .Sliiinadzu UV-Visible Recording Spectrophotometer‘(Model: UV-25 0)

55






was used to measure the reflection index at a wavelength of 500 nm and results were
printed by Shimadzu Graphic Printer (Model PR-1). Then film thlcknesses were
calculated by a computer program based on pubhshed optical 1ndlces [165] The
average palladium ﬁlm thickness was founded to increase about 3 nm per minute.

Similar procedures were taken to prepare palladium-nickel alloy and platinum films.

The sputter coating system used to make gold film is the Polaron SEM Coating
.System Very smular steps have been taken dunng the coatmg, a quartz thlckness
momtor equlpped with the system prov1ded ﬁlm thlcknesses The coatmg vacuum

- wasset to 2 Pa and hlgh voltage was set to2.5 KV,

3.5 MUMPS Chip Experiment

- The MUMPS cantilevers and readout chips used in this project were designed
by the Instrumentation and Controls A(:I&C) Division at Oak Ridge National Laboratory
(ORNL). [43-45, 86] The fabrication ot’ the eantilevers was done using the MUMPS |
(Multi-User MEMS Processl process at MCNC (now Chronos International |
'Microsystems, Inc., Research Triangle Park, North Carolina). The MUMPS process is
a three-layer polysxhcon surface rmcromachrmng process. [48] More information

about the MUMPS chrp and its readout chip may be found in Appendlx D.

There are thn'ty microcantilevers on each MUMPS chip, ten on each of three
sides. Each cantilever is IT-shaped with two legs, 150 um long by 100 um wide by 2
pum thick. Two legs joina capacitive cross plate 112 um long by 500 pm wxde and -

are anchored at the base of the legs 2 um about the base plate. The chip was surface
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mounted on the circuit board ahd connects to an.eight-channel readout chip fabricated
in a 1.2 um bulk CMOS pr'ocess.A The typical readout noise of 1 mV corresponds'to
about 3 nm of cantilever de‘ﬂection.' "Up to eight microcantilevers signals on one side
of chip can be individually measured and readout. The coating on these cantilevers
can be in any combination dependmg on the expenmental requirements. For example
they can be coated by the same matenal but having different thicknesses or dlfferent
matenals with different thlcknesses A proximal shadow mask was utilized to ensure

. the coatmg area was only on the leés of the cantllevers Before and after coating each -
‘cha,nnel was checked for shorts or opens. The entire circuit was powered by 4 AA-
sizeti hatteries and sealéd in a grounded aluminum box to reduce the ncise level.
Mixed hydfeg-en or mercu-rx-‘nitrogen‘ Vaporyvere sent in the box and hesults were

recorded by the HP_data acquisition system.
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- Chapter 4

ANALYSIS OF PALLADIUM-HYDROGEN SYSTEM

4.1 Int_roducti('m

In this chapter the bulk-like adsorption of gases in the thin metal films will be
discussed. Because hydrogen can quickly adsorb into the bu_lk of palladium and much
is known .about this system, the palladium-coated cantilevers were selected. When
palladium-coated cantilevers were exposed to hydrogen, expanéion of the pailadium
layer caused the cantilever bending. Hydrogeﬂ é.dsorption-induced palladium thin film

resistance changes were also observed.

At the beginning the historical background and properties of hydrogen
adsorption in palfadium will be introduced. Then experimental data of hydrogen
adsorption-induced stress changes and thin film resistance changes will be presented
with discussion and analysis. The last section of this chapter will present.more.
detailed discussions about the observations. ‘In an effort to understand the
experimental results, a palladium surface model will be introduced followed by related
considerations. Finally, the use bi-material microcantilevers as chemical and physical

sensors will be discussed.
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4 1.1 Palladlum and Hydrogen

Palladlum (symbol Pd) is a rare metal and was dlscovered in 1803 by
‘Wollaston Propertxes of pallad1um and hydrogen may be found in Appendix E. As

an element it has 46 protons and is located in the group VIIIA of the penodxc

" table [166] In nature; most palladlurn is found in the ores of platmum Although
palladxum has low electric conduct1v1ty (16% that of copper) itis valued for 1ts
resistance to oxidation and corrosion. [167] Palladlum-rlch alloys are wxdely use for
low-voltage electric contacts Mres mstrument parts dental plates fountam-pen nibs
and even Jewelry Palladlum has the-unusual property of adsorbmg large volumes of
hydrogen gas Therefore it is also used to purify and to store hydrogen [}66 168

169]

Hydrog’en is the. first element in the penodxc table and has very small atomic
wexght of 1.00797. Hydrogen was prepared many years before Cavendxsh recogmzed
it as a distinct substance in 1766. Hyd_rogen is the most abundant of all elements in
the universe, and it is thou'ght that the heavier éiémehts'w&é, andstlll are'being, built
from hydrogen and helium, It has been estimated.that hydrogen makes up more than
90% of all the atoms or three-quarters of the mass of the universe: The small weight
of 'hydrogen m the gaseou_s'state can make up very large volum-e‘ and was a rnaj'or fill-
in material for l;alloons.or dlrigibles. But hydrogengasi\is also highly ﬂanrmable and
becomes explosive when it is mixed in proper portion with oxygen or air. It has been

used as fuel for space travel and missile propulsion for many years. Historically;
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hydrogen explosions were blamed for many tragedies such as the explosion of the

Challenger space shuttle and the Hindenburg disaster.

- Detection .of explosive levels of hydrogen gas has always been a safety
concern. [170] Recent de\;elopments of hydrogen ﬁxel cells promise a very
environmentally fn'éhdly fuel source to power homes a'nd.automo.biles. Therefore
hydrogen will appear' much closer to the general population than ever before. The
need for a sensitive, small-size, low-cost, reliable hydrogen leakage detection unit is

obvious.

4.1.2 Hydrogen Adsorption in Palladium

Gaseous state hydrogen has a unidue‘ability to penetrate many solid-metals .
directly. [122-124, 149, 151-155, 17 1'] The absorption of molecular hydrogen by
metallic palladium has been the subject of theoretical and practrcal interest for over a
century. As hydrogen is absorbed the metalhc conductrvrty falls until the material
becomes a semiconductor at a composition of about PdHys. The adsorption of
molecular hydrogen by metallic palladium has, been observed and studied since 1866
when T. Graham reported that not only did palladrum permit high throughput of
hydrogen, but that large volumes 6f hydrogen (up to 935'times its owrl volume) were
absorbed and formed “hydrogen alloys” (or “occlude” as Graham called it). Palladium
is unique in that it does not lose its ductility until large amounts of H have been

absorbed. [172, 173]
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~ When a metal surface is exposed to hydrogen gas, its surface adsorbs a thin -

*layer of hydrogen molecules. An aétivaped adsorption or chemisorption follows this
surface adsorption where hydrogen molecules dissociate into atoms, then hydrogen
atoins diffuse into the interior of the metal bulk and the so-called a- and B-phase .

hydrides are formed. [122-124, 149-155, 171, 174-176]

Palladipm was the first element observed to form a metal hydride, and the
,pallgdium—hydrogen 'system has b'een hea\)ilyv sﬂdied becé.use of its éuitability as
hydrogén-stofagré. system. In addition, the intiiéction of H with Pd surfaces has drawn
rﬁuéh attention m connection with hydrogenation catalysis, electrolysis, and. hydrogen.
~ purification. There are many reports of hydrdgen adsofption in Pd and Pd allo‘ys; arlld

their applicatipris aslche'mical sensors. [45, 49, 65, 90, 94, 95, 100-102, 108, 111-113,

122, 1‘24, 130, 134-136, 144, 146, 149, 151, 173, 174, 177-193]

Hydrogen adsorption-in palladium can cause expansion up to 10% by volume.

[1%2] Dissolving n hydrogen atoms in a metal changes the volhﬁe Vof the metal by

AV =nhv o @)
where Av is the characteristic volume changekpfer. hydrogen atAolm‘ and it is dirgctly '
related to the mean paftial mbiar volume ¥}, = Av-L (L is Avogadro’s number). [171]
For a métal crystal with the vol.ume. Vcontaiﬁing N metal atoms, the mean atonljc

volume of a metal atom'is @, Thus 2 = N - ®.and the relative volume change due to

an atomic fraction § =n/N hydrogen atom is

" ‘ iy T C— ) - 6D
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The length change for small volume changes (eicp‘ansion coefficient) is then

about one third of volume change

A
L

W |y

Y | “3)

In general, hydrogen atoms have a high mobility \ivithin the lattice and diffuse
rapidly through the metal. [1229l24, 139, 1'50-1155, 171] According to the data
collected-[l’l-l], at room temperature the value of Av/®is about 0.2 in ct-phase. A
relative length change typically caused bya hydrogen atom concentration C =~ 2000

ppmi (part-per-million) is about"AﬂL_"l/A;I-_, =107 for a sample Pdg9Ago; where

L=tempy s

413 Hydrogen Diffusion in Palladium

lt is believed that adsorbed hydrogen molecules (Hy) dissociate at the outer
surface of palladium to form hydrogen atoms (Hmm) Hydrogen atoms then quickly
move between palladium atoms and. diffuse-into the bulk This isa reversrble process
' and hydrogen atoms reassociate again (recombination) becoming hydrogen molecules

at the surface. '[94, 95, 193, 1'94] |
H; © 2Huom o (4.4)
When hydrogen atoms diffuse into thin palladium coating layer on Si or SizNj
substrate, it may be considered as non-steady state one-dimensional diffusion into a

medium bounded by two parallel planes. Because the interface between palladium
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and silicon (or silicon nitride) is almost impenetrable for hydrogen gas, [94, 95, i93,
194] it can be treated as an imbermeable boundary for hydrogen.

At room temperature (T =125 0C), the diffusion coefficient for h_ydroéeh
diffusing into singlé cfystai palladium i; about D =1.6x10" ;:ﬁlzs'l. [171, ‘173j In =
contraét.to‘.pa'lladiuny silicon and silicon nitride have orders—of-magnitﬁde smaller

diffusion coefficient and solubility. [94, 95, 131, 147, 193]

- Using the above values for thin coating film Eq. (2.24) was evaluated
mimgljiq.allyrwith ithé f:dncqngr%tibn,at'At_hl;_:gas-solid interface and diffusion coefficient
as constants. The hydroger(—bgqgcxjtrétion distribution diagram withiﬁ the filmasa
function of -tifne t‘is shown in Figure 4. 1. M;)re details about this calculation may be;
found in Ap’pendix A. Hereitis assun;ed' that the palladium sur‘face is ideally “clean”
even though the surface conditions in experiments were ﬁot so ideally. This will be
discussed more in the later part of this; chapter. It can bé seen that initially hydrogen

atdms are concentrated at the hydrogen/palladium interface (where x/d =0). As
| diffusion proceeding, the distribution becomes more even throughout the entire
volume. Theorétically, it should take an infinitely long time for the concentration at
" the impér_niea,blé surfa;:e to rgach the same level .as the: concentfation Coat the = .
hydrogeﬁ/palladiﬁm interface.
| fof é’paﬁicular location x the concentration depend§ only orni the time . When
fhe bu;cside hydrogen pressnire ghz;né;s, the concentration Cy at the g';is-sqlid interface
changes acco;dipgly. Shown in Figure 4.2 is thét concentration distribution was

1

plotted as a furiction of time at x = d surface. »
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Figure 4. 1 Hydrogen atom concentration distribution diagram at different time #in a
* plane sheet. One normalized constant surface concentration is at one

. surface and one impermeable layer is at another surface. Here, the

diffusion coefﬁcxent for hydrogen-palladlum system D is a constant and is
equal to-1.6x107 cm?s™. The sheet thickness is d.
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~We have used sputtgr-coated films in our exben'ments. Sputter coated and
sputter coated thin films are polycrystalline. [195-197] Previous studies have found
that hydrogen diffusion coefficient in singly crystal paliadium is a constant of
hydrogen pressﬁre but it can vary in as much as two orders of magnitude for
polycrystalline palladium. [143, 198] Therefore, shown in Figure 4.3, the
concentration distﬁbution curves are plotted with different diﬂhéioq coefficients (D), |
D2, D3 and D) plotted at different surface co’hcentrations.(C.;, C2,Csand Cy).
‘Obviously, the Smaller the D is the longer time'.is neéded to reach equilibrium. The
reported experiments shbw that .hydrogen' adsorption the proceés appeared faster than
its desorptioﬁ brocess in palladium. [94, 95, 152, 1.93, 194] Thus, the case ;s
illustrated where diffusion coéfﬁcients are different for hydrogen adsorption and
desorption. The coefficients are labeled as Do and Dpo respectively. Here, the
adsorption diffusion coefficient is three times faster than the desorption diffusion
coefficient (D4o = 3DD0).‘ From this plot it is clear that smaller C and D have‘ léwer
maximum poéitions and a longer time is needed to reach the equilibrium position. The
curves showfx in Figure 4.3 are similar to the experimental results observed except that
the time conStmté are much shorter. More details and 'diséussions will be introduced

later.. . .-

4.2 Hydrogen Adsorption-Induced Stress in Palladium Film
Using the properties of the palladium volume expansion on dissolving hydrogen, bi-

material >s'trip's ‘composed of palladium and another low hydrogen pérmeabe

KU SR
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material (such as Si or SiN) can be used to detect hydrogen as well as study the
adsorption induced stress changes. [92] Taking advantage of the small spring constant
(< IN/m) and small size of microcantileVers,,bi;material microcantileyers have.ultra- |
high force and stress sensitivity. Since the optical detection method is capable of
picking up sub-A vertical displacements at the end of the cantilever, it is possible to
study.very small stress (pN level) variations on the microcantilever. For example, for
a IOO-um long cantilever with 0. S.N/m spring constant, 1 A stress-induced deflection
corresponds to a force of about 50 pN (1 pN =10"2N) along the cantilever length or

0.5 pN/um per umt length Then the work done by the force is equal to W(work) =

F( force) xZ (displqcement) =5x10J.

42.1 Hydrogen Adsorp‘tionu Induced Cantilever Bending |

As expressed in Eq.(2.9), the end displaceinent of a cantilever is proportional
to the hydrogen atom concentration inside the_palladium, which for low concentration
is proportion to the external hydrogen pressurezi,‘['122, 123, .15.2,\ 171, 173] Thus, the
"bending of a paliadium-coated cantilever shouid directly indicate the hydrogen atom
: concentration inside the paliadium film and reﬂect the hydrogen pressure changes in
ambient conditions In Figure 4.4(a), a palladiurn-coated microcantilever (D-type
Ultralever 8. 5 nm Pd -coated) has been exposed to about 0.98% hydrogen/nitrogen
mixed gases. The bending voltage (leﬁ y-axis), which measures the cantilever

bending, increases as hydrogen is introduced into the system and returns to the starting
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level after removal of hydrogen. The correspo_nding cantil_eve;' deflection is marked on
the right y-axis in nm. It is also noticed that the cé.ntilevér stops bending (flat top) |
éﬁer a short time even though Sarﬁe hydrqgen conqentration was maiqtained. The

_ hydrpgen’s partial pressure in the gas cell decides the hydrogén ﬁtom concentration in
palladium film. [173] Consequently, the maximur_n' deﬂé_c_:tion of cantilever is ‘decided
tdo according to the bi-material dantiiever theory. When the hydrogen concentratioﬁ
was changed as shown in F.igure'i4.4‘(b), different rha;)dfﬁum bending positiqr;s were

observed corresponding to hydrogen concentrations.

Comparing ;hé two figures in Figu;e 44 wi;h the theoretical cg'lculations of
hydrogen diffusion in palladium (Figure 4.>3), an éxcellént match can Be observed.
Especially, in Figure 4.4(a) it took muc:h longer time (about four times longer) for the
caﬁtilever return to its original position than bend to the maxi;rlum amplifude, From
the diffusion equations this reqﬁires that the diffusion céeﬂicients.be different for in
and out processes. The diffusion-out coe_fﬁciént is much smaller and hydrogen atoms

need much lon_ger time to diffuse out of palladium film than to diffuse into the film.

According to the hydrogen diffusion calculation shown in Appendix A, for a
micrometer-thick film the diffusion time to reééh equilibrium should be within 1 ms.
The similar experiments of hydrogex; adsc;rption on ciean surfaces confirmed that the
adsorptién and desorption processes can be very fast (milliseconds) in ultra-high- |
vacuum (UHV) environment. [199] ’However, time meaguréd from F igure 4.4 was in
minutes. To explain this big difference, it is necessary to fémember that the reported
diffusion coefficient was obtained from clean surfaces in UHV enviroqment. In order

to simulate the field conditions for future applications, the samples had been exposed
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to atmosphere before and between experiments. Layers of other rﬁaterials such as.
water and oxides are expected to be found on (the film surfa‘ce.‘ In another words, the
“real” surfaces were used and they were not “clean” (in UHV standard).. The

existence of t‘hose layers can significantly reduce thelhydrcv)gen pénetrati'onicapability
and slow down t‘he énﬁpe process. The origin of water layer céuld not only came from _
the’ hurrﬁdity found in the atmosphere, it wa.s.known that hydrogen atoms‘and oxygen
‘atoms cc;uld form water molecules too. [82] 'S,eco,nd, it was assumied that the diffuision
..coe.:fﬁcierit was not depended én the hydrogen pressure. That is clearly not the case

for sputter coated polycrystalline palladium ﬁlrﬁi [143, 198] Actually, if'the va.lue of

diffusion coefficient is reduced to two orders lower, using the calculation shown in

-Appendix A the time constant increases about two orders too. Finally, as mentioned

before, there is a chemical reaction that takes p>lwace' at the gas/solid interface.
Hydrogen m:olécule;s first need to dissociate into, elemental hydrogen atoms before
diffusion into ‘the sol~idvcan take place. This is a“;:.omplex chemical process and the
mechanisms invoivg:d are still under: study. The time coilnstant_fqr this process is not

quit clear yet at this point. A palladium surface model will be introduced in the

discussion section of this chapter. This model will be used to explain the experimental
observations.
- It was found that not only the cantilever bending amplitude was a function of

hydrogen concentration but its bending rate (the speed of bending) was also a function

of hydrogen concentration. As shown i.n Figuré _4.5(a), both bending amplitude and

bending rate were plotted vs. the hydrogen concentration in the gas cell. From

N

4
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Figure 4.5(a), it can' be seen that excellent one-to-one correspondence exists hetween
the cantilever bending rate and hending'amplitude. This means that hydrogen
concentration can be obtained either by measuring the maximum deflection ‘signal

. (take longer time) of a cantilever sensor or by measuring the speed of its bending\(tal(e '
short:time). The plot shown.in Figure 4.5(b) shows this more directly; a linear
function exists between -the.bending amplitude and bending rate over a large range.
The non-lmear relatlon at the high hydrogen concentration end (right side of the plot) |
is doe to the slow acqu1s1t10n rate that ‘was not sufficient for the first denvatxve
calculatron Another 1mportant observatlon of Figure 4. 5(a) is that the pomts in this

| plot were not m a stralght llne Therefore the bendlng amplitude (or bending rate)
was not a linear function of the detected hydrogen co,ncentratlon. It appears that two
basic slopes were followed.- When the concentration is smaller than 2000-ppm, the
‘slope was blgger For higher concentration a lower slope is observed. This'may be’

* evidence of palladium a- to B-phase transaction orocess. If so, the hydrogen
concentration at which the transaction occurred was much lower than what had been

reported in literature. [149, 152, 153, 171, 173]

4,2.2 Hydrogen Charge and Discharge Time
If folding diffusion-in and diffusion-out curves together as shown in Figure -
4.6(a), the difference of the cantilever bending rates for adsorption and desorption

under various concentrations can be seen much easier. The hysteresis loops suggest
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that the mechanisms of the palladium thin film expansion and contraction processes

are different. Two conclusions may be proposed here:

(1) Hydrogen adsorption in palladium is dependent upon hydrogen concentration

(partial pressure);

(2) The time needed for adsorptibn is not same as the time needed for
desorption. According to our experimental results, the time necded‘ for
desorption process is about 2~5 longer than the time needed for a&sorptidn
process. This difference may imply the existence of different coefficients for

adsorption and desorption.

To show these two points mofe clearly, in Figure 4.6(b), the charge time (the time
for cantilever reaches the maximum bending position) and discharge time (the time for
- cantilever returns 90% of its start position) were plotted .agains.t the hydrogen
concentration in fhe gas cell (note X-axis is‘logarithmic-) using data obtained from
Figure 4.4(b) After curve fitting, two experimental equations are obtained from this -

plot.

(1) Charge time Tinarge expressed as a function of the concentration in the gas
cell Coe (ppm) is
Toparge = 37087 - 59.914 log C | o); | (4.6)
2) Dischargé time T, dm;;arge expressed as a ﬁaﬁction of the concentration in the
gas cell Coc (ppm) is

Tischarge = 1112.1 - 194.09log C (5. 4.7)
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The microcantilever used in these experiment was silicon 85 pm lcng Ultralever (D-
typed) with 2.1 N/m spring constant and 8.5 nm palladium coating layer on one side.
Above rwo equations show thar at lower hydr'cgen concentration the cantilevers need
longer time to reach the maximum position or reetore, to their start positions. Ueing

Eq (4.6) and (4.7) Tenarge and Tyischarge for different Coe were calculated and the results

are presented in Table 4.1.

It is important to point out that Tenarge and Tiischarge not only depend on the
physrcal propertles (i.e. spring constant and size etc ) of the cantllever but also depend
on the surface condltlons of the ﬁlm and the thickness of the film (this point w1ll be
discussed later). The values in the table may change from one cantilever to another in
a wide range and can only be used as gulde lme for better understandmg of these
phenomena. Misa parameter used to describe how long the disch‘arge time is when it
is ccmpared to the charge trme under same conditions. In general, M varies frorn 2to
5 for over all experimental resnlts obtained in this 'dissertati‘on It shonld be noticed
that T d,,c;,a,ge becomes a negative va.lue when C=100%. Thrs is understandable
because Eq. (4 6) & @. 7) were obtained from the experiments conducted when C was
less than 1.2 %. For higher concentration, the transition of a-phase and B-phase
totally changes the e:;pansion mechanism and can cause damage and Qefomaticns in
palladilum.[l49, 174] Then the above equations are no longer applicable in this

region.
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Table 4.1: Hydrogen Charge / Discharge Tﬁne |

T dischdrge (S)

Cec (ppm) Tetarge (5) M =T gscharge / Tetarge

_ 1,000,000 1139 253.44 -4.60
" 100,000- 7130 150.65 2.11
716,000 13121 344.74 | 2.63
©11,000 - . 191,13 538.83 . - 2.82
1100 251.04 732.92 2.92

10 310.96 927.01° 2.98

1 370.87 1121.10 - 3.02

0.1, - 430.78 1315.19.. 3.05

0.01 490.70 1509.28 3.08 -
0.001 550,61 1703.37- 3.09
~0.0001 610.53 © 1897.46 3.11
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4.2.3 Coating Film Thickness Dependence

‘Because of the individual differences among the commercially available

cantilevers, and because experimental conditions might change from the time-to-time, '

- it is difficult to draw any meaningful conclusion from the results of different’

cantilevers and experiments. The MUMPS chip offered a unique opportunity to
simultaneously investigate eight identical microcantilevers on one chip. Therefore,

MUMPS chip is an ideal platform for comparison experiments.

-Shown in Figure 4.7(@) were the effects of coating thickness observed in
MUMPS chip expéﬁmenﬁs.’ i‘hree~&ﬁcr6cantileyefs were sputter coated with
palladium films tha£'have tﬁicknesses of 15 nm, 30 nm and 45 nm respectively. It is
easy to see that the canfi]ever with thicker coafing'layer took longer time to reach the -
maximum bending position ‘than the cantilever with thinner coating laygr: The same
observation may be found in-discharge period. Buf fhe cantilever with the thicker
coating had laréer bending amplituae than the thinner ones. More evidence of the
above observations :may be found in Figure 4}7(bfWhén thfee cantilevers were "

repeatedly exposed to 1% hydrogen gas. This figure also shows that the responses of

_ three cantilevers to the same hydrogen concentration were uniform with better than

95% repeatability.
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. Cantilever with thicker films bent further under same hydrogen concentration

that suggests:

(1)  Hydrogen adsorpfion inside palladium films is bulk-like adsorption. The

adsorption process is dependent on the film thickness.

(2)  Hydrogen atoms did not stop at the gas/solid interface. The atoms actually

penetrated the entire thickness of the films.

(3)  The overall adsorption and desorption time is much longer than the time

suggested by the diffuéion model.

(4 The sensitivity of coated cantilevers is adjustable in a certain range by

.controlling the coating layer thickness.

The theoretical model for the bi;material cantilever suggests the existence of
an optimal coating thickness for best sensitivitf. Trying to vérify this point, a series of
experiments were coﬁducted to study th;e thickness effects. An extended raﬁlge of
thicknesses is shown iﬂ Fig. 4.8. The.e:‘cperimenta‘il data were collected ﬁom nine
different éantilevers (Ultralever, D-type) with more than twenty coating thicknesses
(some of them were coated more than oncg). Also shown is a normalized comparison
with Eq.(2.9). The functional form iq Eq.(2.9) is not élearly apparent and additional
data with increased Pd thicknesses must Be -aéduired to observe the expected
* maximum in sensitivity. Hc;wever, wit_h limited time and resources (the Acpsts of

materials, equibmen_t and human efforts) during the experiments reported in this
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dissertation prevented further investigation in this subject. According to literature,
other groups have done similar thickness dependence experiments and their results

confirmed a similar theoretical model. [50]

4.3 Hydrogen-Induced Resistance Changes in Palladium Film

It is well known that hydrogen adsorption in-palladium and its alloys can cause
electrical resistivity changes. >In fact, several hydrogen sensors have been ‘developed
explontmg these adsorptlon-mduced res1st1v1ty change. [99-102, 105, 106 122-124,
| 130 133 136 140 151 153 171 173 179, 180, 200, 201] To confirm if this is still
l' true for the thm palladlum we prepared' a strip of palladium ﬁlm (15 mm long, 2 mm
wide and 45 nm thlck) was sputtered on a SiN substrate along w1th shadow-masked
mlcrocantllevers The typlcal res1stance (4-point method) changes are plotted in
Figure 4.9 when the palladlum strip was exposed to hydrogen gas. The y-axis in this
plot is the percentage change of film resistance with a startmg reslstance of 72.1 Q. A
cornparison ex_periment was- performed to4mal4c\e sure that the film resistance ,on the
coated cantilever behaves in same manner as the filmstrip. The results are shown-in
" Figure 4.10(a) & (b). The same’r'esoonses are observed in both cases except the signal
obtained from the cantilever was much noisier than the one ohtained from the strip.

This is understandable since the resistance on the cantilever was only 5.6 Q, and the -

cantilever was bending during the experiment.
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~ The Shape of this resistance curve ﬁnd the shépe (;f the bending response of
palladium_-coa?ed cantilevers appear very similar. Thié indicates that the Hydrogen
adsorption in palladium p;oduced similar changes in both film stress and film
resistance. It will be interesting' to see how closely these two very different properties
are ‘related. Using both the optical detection method and the ~4-poilnt resistance
rﬁethod, the cantilever bending and it; coating léyef fesistancé ‘change can Be

measured simultaneously.

The results of the measurements are shown in Figure 4.11. Two curves appear
to have the ‘sa'im‘e qlialitétive shape. However,-the,stress.-induced cantilever bending
(dashed line) has a different time constant fro‘m' that of the film-fesistance variation
(solia line). Th;'s observation was not anticipated; since it is hard to imﬁge that the
‘very same hydrogen atoms can cause two effects at diﬁ‘erent rates. Furthermore, as-
shown in the figure the time constants of stress and reéistancé variations are variable
under different hydrogen concentrations. More importantly, this observation implies
that the n-lechaniqalw rhe'sp'onse can b‘e faftér thax} ghe electrical responée under certain
con&itidns. :Tl'fis conclusion is troubling ‘be'cause the electrical response sh(;uld féstér
than the chhanical response. ‘These expeﬁments are believed to be the ﬁr»st
observation of these phenomena.’ As no existirié fheories and models can be used fér
explanation,i ﬁqﬁher inv‘esti-gatioh and more experimenial data are néedéd l‘)efo‘re better
and deeper understanding of this proble@ can Bé eystablislied.' SRS

Out of curiosity, another experiment'w’a's péffdnned iri'a-ksimilar‘ wfay and tried

to see whether the same results can be obtained. This time a platinum film was
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exposed to hydrogen gas instead of palladium film, A similar-result for the time . |
constant dlscrepancy was observed. However the res1stance of platmum ﬁlm
decreased when hydrogen gas was mtroduced into the gas cell The varlatlon of
platmum ﬁlm res1stance was not only in'the oppos1te d1rectlon as that ol’ palladlum

film, but also opposite to that predlcated by the theory of electron conduct1v1ty The -

electron conductivity theory states that the 1mpur1t1es (such as hydrogen atoms) inside

| the metals cause more scattering of electrons and redllce'the mean free path. Asa

- result higher resnst1v1ty should be observed. It.is poss1ble that the stress s may play a

role in 1t as the stress in thin ﬁlms can also mduce vanatlon of electrical

resistance. [72]

4.4 Discussions

4.4.1 Hydrogen Adsorption in Palladium

From the aboye experimental results and analysis, it can bezseen that the
adsorption of hydrogen in palladium is not a simple dili'tlsion process. Its complex
mechanisms inyolve_ changes in electrical and mechanical prOperties._ Bi-material
microcantilevers have very high stress-sensitiyity. As shown in/‘Figure 4:12 the |
deflection of the cantilever is very sensitive to'low .hydr:ogen .concentration changes.’

Part-per-million (ppm) levels ofhydrogen can be easily‘detected by a palladium-

" coated cantilever. In fact, there exists almost a lmear response between the cantllever

deflection and low hydrogen concentration (< 1000 ppm) The stress force involved in
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Figure 12: Cantilever deflection vs. low hydrogen concentration in the gas cell
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this particular cantilever (Park Ultralever, D-type) was about 1.23 oN (=~14.4 pN/um

length) per ppm hydrogen concentration. Therefore the microcantilever is a good

testing stage for thin film stress studies.

A’s the hydrogen concentration increases cantilever deflection is no longer a
linear function of the hydrogen concentration in the gas cell. As shown in Figure 4.13,
the cantilever bending appears to be a power function of the gas cell concentration.

The fitting curve in this plot follows the equation
V=aCl,, (4.8)

wherga ~7.47 and b ~0.818. (The unit of cantilever bending voltage ¥V is in mV and
the gas cell hydrogen concentration Cgc is in ppm.) chording to the results obfained
from the literature,[173] for low concentratioﬁ (<10,000 ppm or ~ 9 mmHg partial
pressure) the hydrogen atom concentration within palladium is about C=1.17 ch.
Substituting Eq. (4.8) in Eq. (2.10), the relative expansion 'coeﬂici‘ent for palladium
becomes

MKV iR a
aAl = 2 = 2 ~GC
3(t, +1,)L° 1.17C,.  3(¢,. +1,)L°1.17 -7 -

L (49)

For a silicon cgntilever (85 um long, 600 nm thrle, 22 um wide,:'andAS."S nm
Pd-cdated), the relative adsorption-induced gxpahsion cpeﬂicient aa1 was plotted as a
function of hydrogen concentration Cac in the gas cell iﬁ Figure 4.14 (note X-axis Cgc
is logarithmic). It can be seen that due to the phase translation the expansion

coefficient decreases when the hydrogen concentration increases. The expansion
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coefficient in pure a-phase can be as much as one order high'er than .it isin b-p'haéé.
The published expeﬁrhental results haye shown éirriilar changes. [171] But cputter
coated palladiur‘nﬁlr'ns are polycrystalline'and have a_cponge-like structure, [’/4] Up
to 40% film volume was fonnd empty (fill in with air) for the,:spntter-'coated ‘pailadiurn
ﬁlrnst The adsorption-induced expancr_on coeﬂicienté c_an be expected: to ‘varyi with the

film density and structure.

Adsorption-desorption processes can change the surface of the spu.tter-jcoated
ﬁlm until a"relatively stable structure is formed (lower surface energy) in Figdre '
415, a newly sputter-coated palladrum ﬁlm was exposed to hydrogen for the first
time. The increase of the cantilever bendmg 1mp11es that the film expanded when the “
hydrogen was introduced for the first time. .The ﬁlm first contracted for ashort
duration and then expanded It should be noticed that the cantrlever had an 1ntrmsrc
bend1ng due to coating-induced stress. This 1nd1cates that the film had a trghter or
more contracted surface than before. The amount of stress change can be calculated
by measure the difference of bending posrtlons. ‘Normally, aﬁer a several runs of high
concentration hydrogen_ (1~2 %) the films have more uniforrnly and mo're'predictable"

responses. .

442 | Hydrogen Diffusion Time Delay and Palladium Sdrface Model
-Comparing ‘theoretical calculations, the hydrogen adsorptionh (or decorption)

time rn our experiments is seVeral orders-of-magnitude higher than the theoretrcal |

.values. But the time in our calculation is the time for’ hydrogen atoms to diffuse

93



94

Hydrogen Concentration (%)

I == Hydrogen Concentration (%) I

Time (minute)

0

1

I == Bending Voltage

Figure 4.15: Sputter coated palladium film exposed to hydrogen at first time.

4 }

- o~ (=) o

©
(n) abeyjop Buipuag

12
10
8




within the-palladium bulk with no",consideration of the surface conditions. T'he
expenmental results obtained in a UHV system confirmed that- on clean metal surfaces ,
the hydro gen adsorption (or desorption) time is in the same order of magmtude as the
.theoretical calculation that was presénted earher [199] Some reported expenments
which have similar expenmental conditions as ours, have shown the same adsorption :

time constants (in rmnutes_).‘ [65, 94, 95, 111‘1_13’, 185, 193, 194, .202]

Some modeis were u_sed'to-ex'plain the time delay of hydrogen adsorption on
the “real” palladium surface [194] The proposed models include surface
contammations oxxde layer, water layer formation, and hydrogen molecule
dissomation at the palladium surface that may sigmﬁcantly slow down the adsorption
process Therefore, the total adsorption time Zyoral is equal to

o .ttotqi_;= Leontam  Lwater T Lpio + Etatom +t1fd, | (4.10) ‘ _'
where t.ontam 1S the time needed‘to pass though the surface contaminations layers, tw;,,erl
is the time needed to form and pass the water layers,‘ tédoi is the time needed-to p‘as.s'.
the oxidized palladium'layer triatomt 1S the time needed'fto disassociate“hydi'ogen
'molecules into hydrogen atoms at palladium surface and tpd is, the time needed for

hydrogen atoms to diffuse through the bulk of palladium '5 , ,

Then, it is necessary to single out in 'Eq.(4i 10) which one of ﬁye terms plays
 the doininant role in the adso‘rption timie delayt.i The last_ two terms (t,?a,?;, ¥t )in iiq: |
‘ (4. 1‘0)‘ shouid survive even ifideally‘ ciean surfaces are'used.' A,T he adsorption and

~ desorption time obtained from the UHV system is in the'millisecond range; it should
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include at least fcheSe two terms. [152,.153, 171, 199] ‘Ther.eforé, these two terms ére

not the problem at here.

Next sfep is to check if the surface contamination is the reason. It is true that is”
impossible to totally évéid the contaminati(;ns‘ on ;cmy surface in the ambient. All .
possible ways have been taken to reduce the possible contaminations (incfudihg
specimen handling, gas sdurcés, and storage methods, eté.) It 1s not anticipafged that
 the surface con;amipatioh is a mayor problem in the experiments. To confirm this
énticipation, we compared the samples tﬁat .‘were stored under various conditions.
‘Some of them ﬁefe kept ina covefed plastic culture dish in the ‘ambient; some of them
were kept in a low vacuum chamber (vacuum was provided by the wall-mc;unted
vacuum tubes in'qﬁ_r'-laboratory); and some of them were kepf_in pure nitrogenA that
flowed at a pons;;.nt» fg.t-é. After being left thé‘sampleé over ﬁight, no rﬁatte; ‘which of
storage methoci was, used they all shqwed some aging gi_’fects éyhen they were e).(p'osed _
to hydrog¢n gas ééaiﬁ. No'experimeﬂtal results can help to identify which palladium-
coated cantilever ﬁad better responses than any otﬁers based on_tl';e storage method
used. As in&irect: 'evi-dence, ‘one pélladipni—éoé;ted MUMPS chip “was'»passed around as
a 'd,emonstrati.or—l‘ umt an§ was exposed to vaﬁogs environments; After glmost one year
from its original prébared date, it. cbuld still respond to hydrogen.’ The response time .
is slow buf it is still Qeil wifhin the"sémé;,olrcfier-qf-rgagnitude. ‘"’Ii‘her‘efo;e, the d_elay

Lo

caused by the contamination is not the major reason. o
: SR

A R T T R

* It has been known that at least one ﬁlo:nolaye;-lof water.can be f_‘ou"ﬁd_ on all -
surfaces unless it is kept in a baked ultra-hi‘ghl vacuum system.. When hydrogen gas is

mixed with oxygen gas, their atoms can form water molecules: [82, 94, 95, 193]
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Ozga:+2Hatom:>20Hawma | A - (412)
,.OHatom+Halom:>H0 ) - ) - . (413)

Under room pressure liquid water will become vapor when it is heated over-100 °C.
Experlments have shown that the hydrogen adsorptlon and desorption t1me were
improved when palladlum film was heated over 150 °C or s0. [65 185, 193] But’ such
improvement,was less than one order of magmtude, the entire adsorption (or
desorption) process was still in minutes. [l93] |

Aﬂer rulmg out four terms from Eq.(4.10), the only one left is the time delay
caused by the palladlum oxlde layer on the outer surface. It is well known that almost
all metals includmg‘ some semiconductors (i.e. silicon) can be oxidized in the ambient.
[82, 84, 155, 1‘72, 203-207] Generally, an 0xide layer has very different physical and
* chemical properties compared with its bulk material. | |

,Because the oxide layer on _the outer surface is very muchvlike the sugar ,
coatings on M&M chocolate candies.{ The following model.is:proposed for the
palladium surface and it is called “sugar coating model”. Plott:ed‘ in Figure 16 is a
cross-section of palladium surface. As shov\rn in Figure 4, 16(a), a thin layer of
palladium 'oxide film is between palladium bulk and the ambient. Researih has shown
that most perfect or nearly perfect oxide surfaces. a're‘ essentially inert to H and
hydrogen molecules cannot disassociate on the perfect oxide surfaces. [VISA] But
hydrogen can adsorb at the dei’ects of an oxide surface. [154] ”_l‘hose'surface ‘def_ects
(or~cracks) prouide a entry and pass'ag'eu'ay for small-,sized hydrogen mol.ecules to

reach the inner palladium bulk. ‘Each defect or crack may.be seen as a yéry thin pipe
’ - 97
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or “bottleneck”. These small cracks. or defects limit the amount of hydrogen that can
- pass through and slow down the eﬁtire adsorption .procéss. Therefore, it will takes
much longer time to fill hydrogen atoms into the palladium bulk. -IfObviouély, high
hydrogen pressure can speed up fhe adsorbtion process as mdre hydrogeﬁ ;cltoms pass

the oxide layer.

Naturally, more such defects can speeci ﬁp the total passing rate too and that is
what will happen next. Once hydrogen molecules reach the actual pélladium surface
and disassociate into hydrogen atoms, they can quickly diffuse into the bulk of
palladium film and cause the volume e)'cpansions.A Uneven surface expvansions between
the oxide layer and palladium film will create more and Bigger cracks (or defecfs) on
the oxide surface. As a result, more hydrogen atom.s' will enter palladium bulk apd
cause more expansions until the hydrogen atém concentration inside the palladium
reacﬁes a balance with the extemaly hydrogen pressure (Figure 4.16(b)). This process
may appear as the slow start at the beginniné of adsprption then reach to a steady but
faster rate, wﬁich is similar to the cantilever bending or palladium film resistance
change curves; It may also explain why hydrogen charging and discharging times
decreased exponenti.al'ly with the increasihg of hydrogen concenfration (pressure)

shown in Figure 4.6.

Figure 4.16(c) shows that newly created defects or cracks are left on the oxide
surface after hydrogen atoms desorbed from the palladium bulk. If hydrogen is
reintroduced back into the system, a faster responsé time is expected because there are

more entries on the oxide surface than before. This is exactly what was observed in
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Figure 4.16: - Schematic of hydrogen diffusion, :model on the oxidized palladium ﬁlm
‘surface. (a) Hydrogen diffuses through the oxidized palladium surface
with a few cracks on it. (b) More cracks were created as a result of
hydrogen adsorption-induced volume expansion. More hydrogen
passed through the newly created cracks. (c) After hydrogen desorbed-
. from the palladium, new cracks were left on the film surface. (d)
'Oxygen in the ambient oxidized the surface and healed some cracks.
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the experiments. In order to obtain more uniform and more fepeatable data, before
each hydrogen experiment the palladium-coated ‘cantilevers were first exposed to high
hydrogen concentrations several times especially after they have left in the ambient for
some time (more than one day). Du_ring the experiménts, the cantilevers were aiways
exposed to high concentrations than those we were going to perform on that day. For
. example, if we Were going to measure hydrogen éoncentration at 1% or lés;s for that‘ ‘
day, 2% or higher concentrations were used at the beginning of the experiments.
During ea;ch high concentration cycle (it was called “warm up period”), shown iﬂ
Figure 4.17, the cantilever bending amplitude got bigger and bending bepame faster.
until they reached to a stable level. When palladium-coated cantilevers were left in
the ambient for a period of time (say several days), the oxjdizﬁtion process oxided the
newly exposed palladium surface resulting in fewer cracks left on the palladium
surface. The cracking damage,. which has created during the hydrogen adsbrption-
induced expansions, “heals” over time (Figure 4. 16(d)). If expose to hydrogen again,
the palladium—cdated cantilevers wi}l behave as what is seen in Figure 4.17.
Comparing Figure 4.15 with Figure 4.17, they appéar simjlar; But if takea, closer

_ look, it can be ﬁeen thaﬁ the ﬁeslﬂy prepared surfgcg in Figure 41}5does pot have the !
- gradually increasing of benciing amplitude periodé (cycle 2 to 4). It may imply, that
the freshly prepéred surface had a thinner oy;ide layer than the aged surf_gce. The
perfod of the gradually increasing cantilAev‘er bending amplitudes is the period of the’

crack formation on the oxide surface in this model.
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Cracked surface model maybe also used to explain why the desorption rate ls ‘
slower than the adsorptlon rate. During the adsorptlon hydrogen molecules canbe
found anywhere outsrde the oxide, therefore hydrogen molecules can not only dlrectly
"~ adsorb on the defects but also more and blgger entnes appear durmg the adsorption.
But durmg the desorptlon process thrngs work in the opposite ways. Not only all
g hydrogen atoms have a direct exit out from the palladlum bulk, and those exits
.(defects) are getting smaller during the desorption pro’cess. Longertime for desorption

is expected.

Limited by the current equipment and technlcal skills, the small cracks on the
palladium coati‘ng surface on the cantilevers cannot be directly observed. Those
cracks have to be very small (<1 uml because th'ey»cannot be seen under-a light
.microscope (~ 500 X) system. Though the model canlwellvexpla'in almost all
observations and problems in this dissertation there is no direct evidence to.prove it.
In the hterature a- perfect oxlde layer was report inert to hydrogen and hydrogen could
) only adsorb at the defects on the oxlde surface [154] But it has been known that
hydrogen can crack or blister the palladlum th1n film’ and occasxonally peel oﬁ‘ the ,
substrate [1 15 124 149 150 154, 155 174] Micrometer-sized bhsters and cracks -

- were observed when palladrum thm ﬁlm was exposed to 10% hydrogen/mtrogen |
rmxtures [100] It is not very hard to 1mage that the low concentratlon hydrogen can ‘
do similar damage ina much smaller scale Some lrterature has reported problems like
surface agmg effects but few of them have made detalled dlscusswns and most of
them just consxdered this problem caused by surface contamlnatlons\ [92 94 '95 100-

102, 108 111- 113 115, 149, 181, 193 208-211] Slzes ofthe cracks are expected to :
S TR 02



be in the range of from one nanometer to a few tens of nanometers dependmg on
hydrogen concentration. How to catch those cracks in action is Stlll a techmcal
challenge, and it was beyond the eﬁ'orts that the author can aﬁ'ord dunng the wr1tmg

of this thesis.

4.4.3 Hydrogen Detection and Nﬁ'crocantilever Sensors

Hydrogen gas is well known asa dangeroijs explosive gas when it mixes with
certain concentrations of oxygen It can also cause structural damage in many
materials mcludmg metals and sermconductors [115, 122- 124 149-151 154, 155,
173, 174, 191, 212] There are a large number of commercral mstruments that have
been developed for measuring hydrogen concentrations including electrocheniioal
cells, thermal' conductivity sensors, gas ch’romatographs, mass spectrometers,
combustible gas sensors, ﬁb'er’optical sensors, and me_tal-'oxide‘Semiconducto‘r y
resistance sensors. [90-95, 98-102, 105, l'06, lll\'-1'13, 194, 202, 213;217] In spite of ’
the commercial instruments available as indicated‘above, the measurement of H,
continues to be a challenging technological problem. 'Small lightweight low-power,
low-cost, fast-response, remotely ﬁeldable devrces are still in great demand |
‘Applications would range from pomt detectron of leaks in liqu1d-H2-ﬁ.leled rocket
. motors, semiconductor-fabrication clean rooms to future hydrogen (or battery) -

 powered automobiles.
Stress-sensitive palladium (or its alloys) may be used as a sensor platform. For =
a 30-nm Pd coating on a 0.7-pm silicon base Ultralever (D-type), the sensitivity was -
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determined to bé 9.13 mV/ppm or .~0.9 nm/ppml The noise level r'or.cunent
conﬁguration is about 1 mV, whioh corresponds ro a detection limit of ahout 100'
parts-per-billion (ppb). Current optical detection niethods have very high :sensi‘tive'
(<0.01 nm equivalent to 1 ppb detectlon) but the complex optlcal and electncal
systems make i it not a promising candrdate Modlﬁed MUMPS mlcrocantllever arrays N
seem more realistic. However many techmcal dlfﬁcultles have to be solved before a

A real device can be made. Those problems include keeping film surface clean,
preventing aging effects, paokaging, sampling and' data readopt etc. But the high -

’ sehsitivity, nriniaturization, low power, and ability of manufacfure in high volume -

give technology a bright future.
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Chapter 5

ANALYSIS OF GOLD-MERCURY SYSTEM

5.1 Introduction
The investigation of hydrogen adsorption in paJladiurn films provided a good

understanding of bulk-like adsorptlon system. In t}us chapter another adsorption
“mechanism — surface-like adsorptlon will be discussed. Wlth the goal of investigating
| surface adsorption, mercury on gold as a model was selected for the investigations.
Experimental results of the surface adsorption;induced stress change and the thin film.
~ resistance vanatron wrll be presented. First, some background mformatron about gold
and mercury w111 be 1ntroduced Then, surface stress vanatronv causes the
mrcrocantrlever bendrng will be discussed.” Based on our expenmental results a ‘
: surface adsorptron model will be proposed The last part of t}us chapter contarns a
short drscussron of surface energy and surface stress-and how the mrcrocantrlever can
be used as a sensor p1atform by explortmg the adsorptron-lnduced vanatron of surface A

vz
3 B

energy and stress.

5.1.1 Gold and Mercury = -
Both gold (At. No. 79) and ’mercury V(At.‘ No. 80) are heavy metals. Their
atomic radii and atomic weights are very close (Their properties are detailed in
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Appendix E). The discovery and usage of gold.c‘an be traced back to the very early

stages of human civilization. Gold is found in nature as a free metal and in tellurides.

It is very widely distributed and is almost always associated with quartz or pyrite.

[169,218] In additioxj to its usage for jewelry and coins, gold is a good conductor of

“heat and electricity, and it is unaffected by air and most reagents. Thin-film gold is a

very good reflector of infrared and visible light and is widely applied in optical

. systems and satellites. ' ' L

Meréhry is the only metal that is iiquid at ordinafy ;emperqtﬁres asit hasa
melting temperature of -38.87 OC, In Chinese, mercury is’calle‘d “liéuid-like silver” or
“water silver” and has bee'n known to ancient Chinese and Hindus for thousands of
years. It occurs free in nature, but the chief source is cinnabar (HgS) that Was widely

used in the ancient world as a pigment (vermilion). [169, 218]

Compared with other metals, fnercury has rather poor heat conductivity and
fair electrical conductivity. It is widely used in thermometers, barometers, diffusion
pumps, mercury-vapor lamp, switches, and many other instruments, Because Of»i.tS'

high volatility, mercury and its compounds enter the atmosphere through emission in

~ the form of vapors and particulates from industries (such as coal-fired power plants,

- laboratories and hospitals) and also by evaporation from soil and water. Once in the

atmosphere, mercury atoms can easily move with the winds and reenter the ground
and water sources. Evaporation from ground and water can eventually reintroduce . -

mercury atoms back into the atmospheré and complete the cyéle. ‘[219] '
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- Even though mercury exists naturally in our environment excessive amounts of
.mercury concentration in air and water can be.toxic. [219, 220] At high concentration .
: mercury and its compounds are very harmful to humans and animals and can cause

various illnesses even death [170, 219] Thus today as soc1ety becomes moré and

more 1ndustr1ahzed concerns of env1ronmental protectlon have drawn more attentlon S

than ever from government, industry and the general public. There errists a

. widespread'need for highly sensitive contamination detection methods and systems

| that includes the d‘etection of mercuryvapor.- However, at present not only are the
prices for existiné mercury vapor sens’ors e}rpensive, but these systems also suﬁer
from the poor‘sensitivity and response time. Therefore, new methods of sensing are

needed for the development of inexpensive and extremely sensitiye MeErcury sensors.

512 Mercury Adso'rption' on Gold Surface. - .

It has been known for a long t1me that metal surfaces such as gold and silver
have a strong adsorptron afﬁmty for mercury [70 97, 103 110 2211 As compared to
the palladlum-hydrogen system more hnnted research has been done for mercury— -
vapor adsorptlon on gold surface Moreover the mechamsm of mercury on gold is not .
thoroughly studled [69 96, 104 222- 227] Itis known that mercury atoms adsorb on
gold surfaces when gold substrates are exposed to gaseous mercury [38, 49, 78, 96,
97, 103, 104, 110, 222 225 228-232] |

Close surface observations performed byAFM and STM found’that some’ -

" jsland-like structures are formed on gold ,surfaces“'subsequent‘t'o‘ mercury exposure: .
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. [104, 222-225, 233, 234] Depth profile _analyses sho\yed thatmost mercurylatoms are
adsorbed on the surface and that mercury atoms can only difﬁ.ise into the g‘old

substrate for a few nanometers at room temperature [222] Other techmques have.

been employed to aiialyze the property vanations of thm gold ﬂlms asa result of
mercury adsorption The reported property changes mclude reﬂectmty, resxstnvrty and .
frequency shift of piezoelectnc resonators. [78, 104 110 226 229 230 235] |
However no research attempts have been reported about the «mercury adsorption- .
induced stress changes on the gold surface The only related article. that the author
could locate was the early work done in our group [3 8] Therefore there exist many
unanswered questions about mercury adsorption on gold surfaces because of lack of
research in this area. To address this problem, the ultra-high stress sensitivity of

microcantilevers have been utilized to investigate the stress changes induced by - ‘

mercury adsorption on thin gold film.

52 Surface Stress and Cantilever Deﬂection

Before presenting any experimental results, it is necessary to present the
relationship between surface stress and cantilever deflection. Cantilever deflection
caused by surface stress ‘differences between the two surfaces of a cantilever will be

discussed.

The. adsorption-induced stress on two identical surfaces are expected to be _
‘equal. For example, if we have a cantilever that is made of gold, it should not hend, :

since mercury adsorption-induced stresses are equal on both surfaces. In the actual
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: expenments it is poss1b1e to observe a small bendmg caused by the small asymmetrlc
nature of two surfaces and tmy vanatlons of material propertles on both surfaces. The
easiest way 'to enlarge the stress differences of two surfac_es is by making one surface. _

different from the other surface. .

'Research using dissimilar surfaces of cantllever structures to .stud)./ stress have
been reported from the early 1900s through recent works [27 29-41, 49 55, 92, 120,
236-238] If the surface tens1on of one side decreases, then the cantilever beuds away
 from that side withNbending radius R as sheuvn in Fiéure 5 1. Fora cantrlever with a

~ thin film coating (£> >> t;), the radius of curuature, R, is given by [26, 236]

-11?=6(1 V)(Aal AO'2), ¢.1)

where E is the Young’.s modulus of the substrate,_ v is the Poisson ratio, and f;is the
‘thickness of the cantilever. 4c; and Ao; are the surface stress changes on the surface

of coating film and substrate surface, respectively.

. To simplify our problem; the bending'ot' a cantilever can be treated as a simple
‘one-dimensional spring. The well-known Hooke’s law-¢éxpresses the re_latiouship ofa
simple spring as the followingf the restoring force F of the spring caused by the elastic

deformation Z of the spring is
F=kZ, - (52
_where k is called spring constant and is a parameter is determined by the physical

property of the spring such as material, size and formation; etc.
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Figure 5.1: A schematic of bending cantilever with the radius of curvature R.
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In the case of the surface adsorption—induced cantilever bending, if the free-end
déﬂectién Z of the cénfilever can be measured, then thé accumulated stress force F
along the <.:antil'ever can be deterr'ninea. When the oétical detection r'n;:thod isv us;ed,
suﬁsﬁtﬁting Eq;(3 1) in£ol Eq.(5.2) the restoﬁng force F, induced by the cantilever

deflectionZ=4'is
- E=kS=kpAV, . (53)
- where 7 is the deflection sensitivity and AV is the readout voltage from oﬁtput device.

If we use F to represent the surface stress force (surface tension) induced by' each -
atomic adsorption, then the restoring force F; of the bent cantilever is equal to the

accumulation of the surface stress force F; induced by each atomic adsorption and it is

given as

N,

F.=F,= ) F2 =N, ipiF ' (5.4)°

r atom adsrobed”. atom >
n=1 '

where N,gorsea is the total number of adsorbed adsorbate atom. Therefore, if we know
the total number of the atoms adsorbed that are on the cantilever surface, the surface

stress force (surface tension) induces by each atomic adsorption is

Fo- B __ ko O (5:5)

atom
N adsorbed N adsorbed

In Eq.(5.5), the spriﬂg constant %, déﬂectigq sensitivity 77 and the odtput voltage AV~ . -
" can be measured. ‘Then the only undetermined parameter is the total adsorbed atom

number N, gsorbeq OF adsorbate.
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Itis irnpossible to count directly and accurately how many (adsorbate) atoms
adsorb on the surface of adsorbent. However, the number of adsorbate atoms arriving '
' the surface In a unit tlme should proportlonal to the vapor partlal pressure
(concentratron) Therefore the total number of the adsorbate atoms Norive that arrive

the adsorbent surface in tlme At can be calculated as

N,..=BCAt, o (56)

vuhere Cy is the volume concentration of mercur)_' vapor, (B is an experimental
configuration parameter. Nam-é,e obtalned from Eq.(5.6) is not the total adsorbed atom
number N adsorbed at the adsorbent surface yet. To find out how many atoms can

" adsorb at the adsorbent surface,. we need to establish a model .for the surface

adsorption mechanism this will be describe in the following section. -

53 Surface Adsorption Mcdel

As mentioned in the earlier part of this chapter it has been reported in the‘
-'_lrterature that mercury atoms stay .only on the top layer or near the surface of the gold
© film surface at room temperature. [96, 222, 225, 23 0]. At h1gher temperature adsorbed
mercury atoms can dlfﬁJse into the deeper layers of gold ﬁlm up to several nanometers
from the surface [222] Various experlmental methods mcludmg ours have conﬁrmed '
that the adsorption of mercury atoms at the gold surface is a continuous process untrl

one monolayer of coverage is reached Also the adsorptron rate decreases along with

the increase of monolayer coverage [38 49 104 110 222 226, 230 231 235]
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Langmuir [239-243] propos.ed a 'm_odel for the gas- adsorptio'n‘process in the
1910s. I;Iis idea was that whén an inc§ming atom (or r'nole'cule) collided with a *
surface it could be “trapped” in a weakly bound state: The atom (or moleéulé) wou‘ld
then have to find a bare site before it could “stick”; if not, the molecule v'vou@ desorb. |
Langmuir modeled his adsorption data by assunﬁ\n”g that trapping probabilities were
unity. Considex‘iﬁg the particular mercury/gold sy?stem is used here, the Langmuir’s
model has been modified by adding the following two main assumptions (more details
about these assumptions may be found in Appepdix F). The illustration of this mgdel
| is shown in Figure 5.2 in which mercury is the adsorbate (in vapor) and gold is the

adsorbent (substrate).

1. Ifthere is an acceptable site available on the adsorbent surface, an incoming
adsorbate atom will adsorb on that site with no further movement and

interaction between the adsorbed atom and the adsorbent surface.

2. An adsorbed atom will not desorb from the surface unless the adsorption

conditions changed.

Conventioné,lly, a sticking coefficient S(6) is used to describe the probability-‘éf
an incident molecule (or atom) adsorbing on the surface. The sticking coefficient is

defined as [82, 244]

Nn'lr . :
e . 6D

amve

- S@) =
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(b)

©)

~ Figure 5.2:

Adsorbate Atom ™~ . . O Adsorbent Atom

A model of the surface adsorption process. (a) Fresh adsorbent
surface, all adsorbate atoms are accepted by the surface; (b)
Adsorbent surface partially covered by the adsorbate atoms,
some arriving adsorbate atoms are rejected; (c) When all most

 all the adsorbent surface coved by the adsorbate atoms, no

more adsorbate atoms are accepted. -
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where Nycr is the number of moleculés (atoms)"thét sti‘ck on the adsorbent surface,‘and
Norrive is the number of rﬁole&ulés (atoms) fhaf impinge .o_n. tHe a&sorbent_surface.
However, the values of both Ny and Nam-ve cannot be méasured in the e);periments,
and they also depend upon the mercury vapor concentratibns, flow rate and other
conditions. Therefc;re, it is very‘ difﬂculf to even estimate a reasonable value for S(4)

based'upon these uncertainties.

The adsorbent surface area generally can be measured rather preéisely. A
reasonable estimate of the total adsorption sites.on the adAsorbent surface can be made
based upon the adsorbent atom size and étom arrangement on the -surface.‘ Here, a new. :
parameter J is introduced as the- adsqrbent surface rgjectiqn factor (formal definition of
J will be iﬁtroduced later) that describes a ratio by which the adsorbate atoms are
I;revented' from adsorbing on the surface. Thefefore, unlike sticking coéfﬁcit_ant S’(O)
the rejection factor Jis a ﬁJr;ction of surface covérage. For exa;mple, ifJ=0.11it
means that 10% adsorbate atoms will be rejecteld' from the gdsorbent silrface While |
90% of the adsorbate atoms succéssﬁllly adsorb on fhe adsbgbent surface. For fresﬁly
prepared adsorbent surface, J has its minimum value rof ze'rot(‘l OO% adsi)rpt:iéﬁ). rV'AVIf
one mqnolayer has already formed t‘hen‘J hya;‘s-'a valie of 6&1& (1 00% ;réject'ion)‘. LR

» S
E

Therefore, equation for Nadsorsea and Narrive is givenas -
Nadsorbed = (1 - J)Narrive'-l 'u - - : 4 ) ‘ (58)
Substituting Eq.(5.6) & (5.8) into Eq.(5.5), we have

o _ k7 kn AV
atom = AV =
) A-DN,,.,  (A-DBCA

69
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If the adsorbent surface s exposed briefly to the vapor, for a very low surface
coverage we can consider the value of J~0fora period of time. Then Eq.(5.9) may

be rewritten as -

| AV kn
F® = ) here 0 =-L. : : 5.10
alem QCAAt where Q B . ( 3 )

Since Q is an experimental parameter and all terms in Q should not change during the

Atom

- experiment, then () can be treated as a constant. Based on the assumption F

Atom

should be a constant. The value of F7), should not depend upon the adsorption rate,

adsorbate (vapor) concentration and the adsorbent surface coverage. Therefofe, two

adsorbate (vapor) concentrations C4; and Cu, should have a relation as

H Vo | (5.11)

where y = % is the rate of cantilever bending which can be measured from the

experiments for each concentration. If experimental results can confirm that Eq.(5.11)
is valid, then the proposed surface adsorption model is a suitable one. More

discussion of our model will be introduced experimental section that follows.

The next step is to determine the value of J when the adsorbate concentratlon
is considerably hlgher and a larger portxon of the adsorbable 51tes is already occupled
As more and more adsorbate atoms are rejected by the adsorbent~surface, the eﬁ'ects

caused by J are no longer negligible.
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-Recall the two assumptions of our sufface adsorption model: (a) only one gold
atom can associate with one mercury atom; aﬁd (b) one (adsorbent) position (site). can
only be occupied by one adsorbate atom. First we need to find out the total number of
acceptable (ayailable) siteslon>the adsorbent surface. Assume the cantilever is thong
and W wide and surf;.ce area of gold-coated cantilevgr is équal to LW. The atomic
>radii of the adsorbent (i.e._gqld) atom anci the adsofbate (i.e. mercury) étorﬁ are labeled
asrg and ry, respectively. For a square, uniform array, the total acceptable (available)

‘ bositions on the adsorbent surface is equal to

_w_w
total (ng)z 4r2 .

8

(5.12)

Acéording to the assumptions, the adsorbent surface rejection factor J(¢) actually is the
possibility that an adsorbate atom arrives at a preoccupied acceptable position. J(7) is
equal to the ratio of the occupied sites Nocoupied at that time divided by the total

_acceptable positions Nsir. On the adsorbent surface as

J()=—2pd , (5.13)
v NStotal ’

Initially, Nsorar is much larger than Na,,,ve Therefore, statistically J(f) can more

reliable reﬂect the actual adsorption process than the stlckmg coefficient S(6). The
occupied positions Nocaypiea is equal to the sum of adsorbed atoms N pioa =1,

~ 2...m) and is expressed as
occupted Z N g‘?:upied X . (5 . 14)
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Considering the history of the adsorption on the adsorbent surface, Eq.(5.13)

and Eq.(5.8) may be rewritten as

m | 1 “ i . . . .
J(t)( ‘ =_ZN§czmpied L] ’ o (515)
. Stotal i=1 )
L ‘ 1 om1 o ' '
N == OO, =1-—L 3 yoye (5.16)

. ! Stotal i=1
where m in the superscripts denotes the number of atom adsorbed per unit time: -
N is the number of the adsorbate atoms that arrive at the adsorbent surface during

the m™ unit time. Obviously for a fresh surface (first time adsorptibn); when m =1

thenJ(#)” =0 and N© = N©

amive *
If thereis a non-steady flow with variable (vapor) concentrations, the number

| arrive

of the arriving adsorbate atoms N™, is different and its value depends on the flow

rate and (vapor) concentration. If there is a steady flow and constant (\}apor)'

concentration, the number of thé arriving adsorbate atom N . isaconstant,”
N, =N,, during each unit time #. Then Eq.(5.13) can be evaluated further as (the
detailed evaluation may be found in the Appendik F)

m-1 .
. Z (m - i)Nz(zi‘vaxed’
SO =lm-=—s ]

Stotal

N,
N,

Stotal

(5.17)

_ Using an integration to replace the sum in Eq.(5.17) for ﬁnit time #, =1the

surfacé rejection coefficient over the total exposure time Ty is equal to
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Tl . Nocoupiea | Ny~ | .
tal) Idt— I occupied }N ={1_ N Pdi|N 2 Ilotal' (518)

lotal 0 Stotal Stotal Stotal

Substitutirig Eq.(5.13) into Eq.(5.17), and rearranging the equation as

AT

total erere A=
1+ AT,

total o . Stotal” .

J(T) = N ':(5.19)

Since A is a constant for a given concentration and flow rate, at the beginning

T,

w = 0then J(T,,,)=0. After a gold surfaee is"expe‘seli to nlercury s/aper for a long

time (47, >>1), then J(T,,,;) ~ 1.

| F igure 5.3.shows how adsorbate atoms aceumulate on the adsorbent surface
under a constant flow rate and vapor concentration. There are two curves in F igure
5.3: the smgle accumulatlon durmg each umt tlme ty (dashed-line) and total
accumulation (solid line). It can be seen that as the accumulation time proceeds, more
and more adsorbent surface is covered by the adsorbate atoms. In the meantime,'
beeause fewer and fewer acceptable surface sites are available, less and less ac_isorbate .

atorrrs adsorb on the adsorbent surface within each unit of time #, even though tlle ,

adsorbate' atoms arrive the surl'ace at a constant rate. F or'F igure 5.3,4=0.1 per unit
t1me t ls assumed. The smaller value of A means that the fewer adsorbate atoms
arrive per unit tlme the longer the tlrne is needed to form one monolayer Notice that |
when the monolayer coverage is less than about orle-third to entire surface area, the
accumulation is close to linear. ln'the next section ’we'will see if this surface ’

adsorption model fits the experimental results.
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5.4 Mercury Adsorptioh-lndué_ed Stress in Gold Film
54.1 Mercﬁry Adsorption‘-lnduced ACantilvever Bending
As'in thé case of the palladiurh/hydrogen syétém, similar ben’ding‘and_ coating
‘ film resistance changes were observed on thg gold-coated nﬁcrocéntilevers with
mercﬁry vapor adsorption. Figure 5.4 ié a t}"pi'cal‘ can'tilever bending response to
. various mercury vapor concentra'tions.. The data shéw that the ,curvéture is away from
- the gold surface. The higher the conccntlratiorn is, the faster the cantilever bends.‘
Unlike hydroéen #dsorpfion, there is no maximum 'bending' position for given mercury
vapor concentration uﬁless the éntire gold su&’ace‘ is vcov'eré.d by mér_cur'y atoms., Once
the flow of mercury vapor is stopﬁed (nitrogen gas ﬂov?s continuously at same ﬂow
| rate), the can.t'ileve_r bending is stopbed too. | )
54.2 Cantiléver Bending Rate and Adsorption-Induced Stress
According to our surfgce ads;qrption model, the adsorption-ix;ducéd sltre_s.s
chahgé per adsorbed mercury atom is a constant and it is independent of mercury
vapor concentrati_o_n. Shown in Figﬁre 5.5 is the ;esult from an e;xpgn'ment where a
freshly gola-coated can-tilever was e;(posed tc.)Alow lévgls of mercury conéentrations (ih
ppt level). The first observation.is that the'higher th;;same vapor concentration, the
faster the cantile\}er beﬁt. The second obs;éi'Vation is that for sa‘ime-va‘po‘r concéntration
the cantilever bendiﬁg rate (or slope) is constant 'In'fth‘j's'exfp'eri.m:éri't, two 610 ﬁpt level
mercury vapor (wncentrationé were introduced intp the gas cell separated by a few

minutes of pure nitrogen. It still can be seen that the cantilever bent:ét the same
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Figure 5.4: Typical gold- coated cantilever beﬁding responses to meréury vapor.

Mercury concentration was monitored by a commerc1al mereury detector
at the pomts 1nd1cated '
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Figure 5.5: .Gold-coated microcantilever is exposed to various mercury Vapors.
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' rate during these two periods at where mercury Qapors ‘were rntroduced. .To see these
more clearly, two dashed lines are extended from tlrese two periods of rrrercury vapor
concentrations. The two exten(red.liqee paralle} to eeeh other. - Ihe thrrd observation
is that the gold-coated cantilever stays at sarrle pesition when no mercrrryr y'epor -

' presented. - | | -
One,of the goals in this rhesis was to verify rf Eq(5 11) is obeyed in our

_ experiments To do so, in Figure 5.5 the cantilever bending rates y; = 0. 11§5
V/mmute Zh 0 1810 V/mmute w;=0. 1964 V/minute and va= =0.2724 V/mmute
are measured and calculated for four mercury concentration regrons of 366 ppt, 610

ppt, 610 ppt and-854 ppt, respectively. Then we divided the bendmg rates by their

corresponding mercury vapor concentratlons as follows

- 0.1195

When Hg = 3§6 ppt; | %_~ 366 & 327x 1074 | ‘ (V/mihute/pr)t) : (-5.20)" :
When Hg =610 r)pt; EW:: "06119(10 ~3.13% 1‘0'4 o (V/minute/ept)-" (5;21).
When ng =610 ppt_; ' CL; = 0'611954 ~ 3.22:x:110""-;. ) (V/mrrruie/eet) " (5.22) .
When ﬁg = 85‘4 Ppt; '~ g; = 0825734 .z3,19.2<10“<‘_ | (Y)minute/ppt) (5.23) ‘- r

,Cdmpériﬁg the reéults' of E_q.(5.20) to (5.23), all four calculations are in-
excellent agreement. The mean value of above four reéulrs is y/C, ~3.203x107 '.

V/minute/ppt with a standard deviation of SD ~0.058x10™ V/minute/ppt.
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Consrdenng the expenmental errors and other factors (such as ﬂow ﬂuctuatrons over
time, etc.), the four values are close enough for us to belreve the valrdrty of (at least it
consistent to) our surface adsorptlon model This rnodel rs not only good for
mercury/gold system, but also for other surface adsorptlon systems where all

assumptlons of thrs model may apply.

The correspondence between the cantilever-'bendiné rate and lrnercury vapor
con_centration is further shown in Figure 56. It ‘can be seen that the cantilever-bending :
rate is a linear function of mercury vap'o‘r concentration for these low exposur'es, and is
also consistent with the surface adsorption model. Even the absolute values of the
cantilever-bending rate are dependent upon the adsorbent surface coverage or the
adsorbent surface rejection factor J(¥). Plowever, their relative values are vnot affected l‘

by the surface coverage.

5.4.3 Monolayer Coverage and Long Time Exposure

In our theoretlcal calculatlon we showed that when the adsorbate atoms arrive
at the surface at a constant rate the atom accumulatronlrate decreases as the adsorbent
surface coverage increases. Frgure 5.7 shows‘a gbld-coated cantrlever bendrng for
long exposures to a constant of mercury vapor concentratrons Companngl vvlth the’
theoretrcal monolayer coverage '(d:ashed‘lme; usingN, /N Stotal =00l asa ﬂttmg |
parameter), the experimental ‘data fits the theoretical curvevery well until about 60%

surface coverage. The decrease of the cantilever bending rate over time indicates
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: more arriving mercury atoms being rejected by the gold surface. A linear part is at the
begmmng of this curve (ﬁrst ~ 40 mmutes) Th1s linear part corresponds to the first

' one-thlrd of surface monolayer coverage in our, calculation Other experiments, such
as resistance change, mass loadmg mduced frequency shift in quartz crystal
microbalance (QCM), also show this behavror [226 "230] Actually, most of the

mercury vapor detection instruments work only in th1s linear range.

The cantilever bending rate'y./was defined as the rate of stress-induced

~ cantilever bending. However, a broader definition is needed for detailed analysis.
Furthermore, in addition to the stress chanées due to the adsorption of mercury atom

_ on the gold surface, gold film resistance variation and mass loading also take place.
[78, 104, 226, 229, 230, 235]. Therefore, t/}can be redefined as a generalized rate
parameter that can be either stress changing rate or resistance changing rate Or mass
deposition (frequency shifting) rate. But no matter which character y represents, for
low vapor concentration and low surface coverage Eq.(5.11)is still'yalid. For high .
vapor concentration and high surface coverage, the adsorbent surface rejection f'actor J

has to be taken as a correction factor. Eq.(5.11) can be rewritten as

Wl = WZ - <‘ ’ . (524)
A-Jw,C, (1_J2)VA2CA2 a

where J; and J; are the adsorbent surface rejection factors during periods.1 and 2,
respectively, and v4; and v4; are the adsorbate atom arrival rates for each period.
4 Theoretically, after including the adsorbent surface rejection factors J; and J,

Eq.(5.24) should hold over the whole range of surface coverage and vapor
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concentrations. However, in practlce it is very dlfﬁcult to precisely detemnne the
value of J and to know every detail of the adsorption history of the adsorbent surface.
Therefore, it is much easier to use a fresh or regenerated surface to conduct

experiments at low vapor concentrations. .

5.4.4 Gold Film Thickness Dependence

Preparing gold films in different thicknesses and exposing them to the same
fnercury concentration is the best way to verify if mercury adsorption at gold surface
is the pure surface-adsorption mechanism assumed in our model. Taking the
advantage of multi-channel signal oufput capability of the MUMPS chip, we prepared
gold films (10.2 nm and 20 nm thick, respectiyely) on two microcantilevers on the
same chip. Shown in Figure 5.8 is the cemparisdn between the responses of the two '
cantile\.lers. Even when the gold film thickness ‘on one cantilever is almost doubled,
there is very little difference. In order to have a clean plot, two cantilever bending
lines in this ﬂgure are given as the mean valuee of the actual data. This is consistent

with the mercury being on the top surface of gold film j _|ust llke our surface adsorptlon

model.

5.5 Mercury Adsorption-Induced Resistance Changes in Gold Film
Similar to thr pallédium/hydrogeh system, the gold film resistance changes on
the cantilever were also measured when it was exposed to mercury vapor. In Figure :

5.9 the cantilever bending signals (for the same cantilever) were also recorded
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Figure 5.8: Gold thin film thickness dependeh.c‘es of mercury vépor.

130



131

Cantilever Bending (V)

n o

25

(wyow) abueyy asuejsisay Jaasnue)

—
o
g
m - - n o o >
v T [ ———— T ~ WJ
2 & B
£ - 1 3]
W 1 © O
@ =S g
B I .
9 =1 o .8
2 = “
= = a ¥
c bt o ' &
3] N
; ipd o 3
' =Lt e 1° cl
1 % - ' - w
||||||||||||||||| =
Im lllllllllllllllllllll m
o] a .z
b a — ]
n ~ c -
o o~ o o
T e
- W & E S
= \] o @ o e -3
=N 'l ps b= W | o -} o0
i . S ° E
)‘nﬂ prrserflecrc e - - o= .m
=~ ® - o
i " a <]
£ g 2
(]
: (™
) H & 3 [
c ) a >
2 24 ™ Qo
T =
o : S g
m |||||||||||||||||||||||||| s _nn g
“ i [$]
m e ° T
3 . 5
(4 2N a-.. % .
B E
[ AV} 'Y
3 — o
£ =2
] (@]
o ©)
L 1 1 N . 1 = _ o wy
- Q
-] . © . A3 N o, Wlu
R~




simultaneously. To make it easier for dlSCuSSlon, thlS plot has been separated 1nto four
regions (I, 1L, I and IV) Mercury vapor were 1ntroduced in the region I and allowed it
to stabilize at about 32 ppb in the-region II. Then the vapor concentration was reduced
to about 22 ppb in range I and cut off the mercury vapor flow in region lV. Both
' cantilever bending rate and gold film resrstance changmg rate were reduced when the
mercury vapor concentration decreased from- about 32 ppb to 22.ppb.- Furthermore
the changing rates of both cantilever bending and gold film res1stance are proportional
as can be seen in the two angles a; and . Similar to the hydrogen experiments, the
signal obtained from the gold film resistance is noisier than the cantilever-bending ’
signal. | )

More interesting observations can be made if the same data (used in Figure |
5.9) are plotted in diﬁ'erent way. Shown in Figure 5.10, the cantilever bending was
presented asa ﬁmction of the gold film resistance on the same cantilever Previous.
deflected lines between the region 11 and I in Figure 5. 9 become a straight line
, despite the fact that the mercury vapor concentration was changed ThlS provides
: | further evidence for the generalized rate parameter y/that'was deﬁned earlier. All
charactenstlcs (stress resrstance or mass) depend only upon the number of mercury

atoms adsorbed on the gold surface.
CTtis also noticed that the response time between the cantilever bending'and
gold ﬁlm resistance change is different. In Figure 5.11 the g'old ﬁlm resistance change

acted in a much faster pace than the stress-induced cantilever bending Unlike the ‘

palladium/hydrogen thlS time constant seems not to change (at least in the .
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experiments that were performed in this thesis.) with mercury vapor concentration,
The reason for this phenomenon is not clear, and further investigation is required to

answer this question.

5.6 . Discussions: |
5.6.1 Mercury Adsorption on Gold Surface

. Experimental data implyuthat r'nercury adsorption on gold su'rface indeed is‘a
: s'urface-like ‘ads‘orption that is very similar to what has been d'escribed" in the proposed
mode1: Therefore both gold and mercury atoms coexist on the surface vvithout much .
’1nteract10n since further changes of both cantrlever bending and gold ﬁlm res1sta.nce
were not observed aﬁer stopplng the mercury ﬂow The average surface energy is the
werghted average of the clean gold surface and the mercury covered surface energy.’
Tromp proposed that the dependence between the surface energy and monolayer

coverage isa srmple lrnear lme [245 246] , oL

Inour experiments it has been found that gold-coated‘cantilever always bent
, toward the uncoated side, mdlcatmg the mercury adsorptlon-rnduced surface
' relaxatlon (expanslon) on gold-coated surface Adsorptlon-rnduced surface relaxatron

1mp11es the mcreasmg of negatlve stress w1th the coverage of the monolayer [247] In
' Eq (2.40), surface stress is expressed as the sum of surface ﬁ'ee energy and surface
free energy per elastrc strain. Therefore, observed mercury adsorptlon-lnduced gold

surface relaxation may reflect the decreasing of the surface free .energy on the gold

- surface.
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It has been reported that after héating the e?(f)osed gold substrate to -
teﬁperamrcs above 150 °C, the éold sﬁrfgce can be régene"r‘ated. [225, 230] One
possible reason fpf tfxis surface fegeneration is that at high t'em.perature;so(fne‘ top-.
surface-adsorbed mercury atoms migfate into _tﬁe bulk of gold substrate, while some of

. them leave the surface into vapor phase. S(;me positions occupied before become
ayailable for ﬁJﬁher adsofption. However, si_xrface rggenerati.on. is not unlimited.
~ Since mercury atoms cannot diffuse very far- from the gold surface, mé;cury atoAmsA
| will eve;ltually take over all available spaces and positions on. and near the gold
gurfaée. At this point, thﬁ gold film cannot adsorb any ~mc,)re mercury atoms on.its -
surface. That is also why when thye_ gold film thic‘:kness:i.s more than é few ;;anometefs,
. [222] increaéing‘ of the gold film thickness v.v;).uld have no benefit either for improving

adsorption process nor for prolonging the film lifetime.

5.6.2 Microcantilever Stress Sensor

As one can see from thé experimental results, microcantilevers are very
sensitive to surface stfgés éhé.nges. Bi-material microcantilevers can be used as
detectors for extremely small variation of surface stress or as a sensér fér chemicaf '
detection. If one chemical '(compound) can adsorb on a sﬁrface, and su'ch adsorption
processes involve surface stress chaxiges on §uyfagfss, qﬁcrocgntilevers can be used to

measure such stress changés and obtain information-about what kind of chemical (or.

2 . L
" PEARIEE - N

_ compound) is involved. The gold/mercuryfsystem is jus; an example of one of these

reaction couples.
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In our experirnents; gold-coated’ cantilevers appear to be able to sense part-per-
trillion (ppt) levels of mercury vapor in nitrogen.' Cantilever bending ‘was-observ_ed in
| more diluted concentration, but the precise vapor concentration could not:be 4 |
determined because the lack ol’ reliable reference sources. The ‘MUMPS cantilevers
werealso coated with gold and palladrum with drﬁ'erent tlucknesses on each of them
Then the MUMPS chrp was exposed to hydrogen and mercury vapor mixture gases
The expenmental results are shown in Figure 5. 12 One can see that each cantrlever
demonstrated very drstmgulshable responses to the rmxed gases that proved the
concept of microcantilever array Sensors. Carefully arranged and prepared cantllever

arrays are capable of sensing multrple targets at one time.

The most common and the brggest threat to any sensor performance is
contamination from the amblent Hurmdrty or water vapor is one of these
contammatron sources. The brggest trouble wrth humrdrty is that it can be found
almost anywhere on the earth. To study the‘eﬁ'ects of relative hunndrty to the
cantilever arrays ‘one MUMPS chip was coated with palladiurn (two thicknesses 15
| nm-& 30 nm), gold (three thrckness 10 nm, 16 nm & 20 nm) and alumrnum (17. 4 nm)

and leﬁ one cantilever uncoated for the reference. Then the MUMPS chrp was placed :
~ina humldlty chamber. The hurmdrty sens1t1v1t1es (maxrmum bendrng / RH%) of each
cantrlever are shown in Fi igure 5.13. Thrckness changes in the palladlum coatings did :
. not aﬂ‘ect humrdrty sens1t1v1t1es very much. In contrast the gold—coated cantllevers
showed strong thickness dependence to relatrve humrdrty changes In other words for '
‘water adsorptlon, palladrum.surfaces acted surface-llke in adsorptron?"-whrle gold
surfaces acted bulk-like (sponge-like) in adsorption.:, The aluminum- _snrface did not ‘
" S 137
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respond to water vapor very much and_ the uncoated polysilicon‘cantilever moved
toward the opposite direction, indicating a sllght asymmetry.' »~

There are,ways to relieve this 'problem. One solution is to‘ let the'fcantilever |
sensors work at an elevated temperature (i.e., at 100 °C). At this temperatu_re ‘( 100 °C),’ -
little water will be adsorbed on the sensor surface. In‘ fact, an elevated working'
temperature can also help reduce other contaminations (such as oil, etc.)','improve' the
sensor response time (i;e.‘hvdrogen atoms move much l‘aster“ in and out palla‘dium at
higher temperature) and diminish the:eﬂ;ects caused by the temp‘erature change' 1n the
surrounding environment.. However like everything in this vvorld no solution can -
. solve all problems Expenments have found that the cantilever bendmg sens1t1v1ty
. ‘was reduced at the elevated temperatures for the palladlum-coated cantilevers More
systematic tests are needed for thereal sensor device development. " Another way_ to.
help relieve water combination is by placinéia lilter or me.mbra‘ne to _adsorb water
“from the sampled air on its way to the sensor'cha_mberT The ﬁlter seem'sa good
solution because the filter cannot onlv take carevthe water problem but it can also
reduce and other_contaminations. However, -_the lifetime of the filter and its

replacement can be new problem too. o o }‘ R

f
-t r. P . (- .
oo v b b0 ;v L

This author belreves that w1th a properly packaged desrgn, the most problems can be
- reduced to the mlmmum.' It will not taketoo long before many mlcrocantrlever-based :

devices are utilized in our dai_lv life-at much lower costs.
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Chapter 6

SUMMARY

The investigations in this thesis show that gas or.vapo'r adsorptions in thin

. metal films can induce ﬁlm stress changes Depending on the system studled there
exist two types of gas-solid interaction: bulk-like absorptlon and surface-hke
adsorption. ‘Either case can result i m‘dlﬂ’erentlal stresses when the metal film is 4
attached toa thin microcantilever beam. The consequent effect is bending‘ of the

cantilever that~can be related to expo'sure of the interacting vapor species.

In bulk-hke absorptlon, the gas specres penetrates the whole film as in the case
of hydrogen in palladium that expands the lattlce The uptake of hydrogen in
palladlum appears to be rate-hmlted by a surface barrier that can be actlvated by initial -
exposure to hydrogen. An increase of film thickness increases both the sensitivity and

response time of coated cantilevers and can be used: to optimize the system.

For surface-like adsorption, the number of adsorbed adsorbate atoms °
determines film characteristics such as stress and resistance. Adjustments of film
thlckness have very little effect on the sensmvrty and response tlme of coated

N

cantilevers. Mercury adsorptlon onto the gold surface decreases the surface stress as

evidenced by the cantllever bendmg away from the gold-coated s1de For the ﬁrst time

' mercury adsorptlon-mduced stress on thin gold ﬁlms is uncovered completely
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Expenmental results were in good agreement wrth a proposed surface adsorption L

model ‘which may be very useﬁJl for future work

Gas (vapor) adsorption on the solid surfaces may be reversible or irreversible
at room temperature For hydrogen in palladium, equilibnum is established that limits
the stress and resistance at a particular extemal hydrogen pressure. Thus, a coated
cantilever deﬂects to a specific posrtion until the extemal pressure of hydrogen
changes In contrast mercury adsorption onto gold is not reversrble and acts as dose—

1ntegratmg surface that continues to change 1ts stress and resrstance as long as there

are open places for mercury to adsorb.

A novel ‘simult'aneous' stress- and resis_tance;measurement .method develo'pedv
during this study vrevealed that more complex, mechanisms are involved than a simple
relationship. This innovative experi‘m‘ental‘method may offer a nevv app'roach for
‘material property_studies. | |

Bi-matenal rmcrocantilevers have shown ultra-high stress sensrtrvrty, which
may be utilized to study thm film stress or employed as a sensor platform
Investigations of two adsorption mechamsms provided a much better understanding of
gas (or vapor) adsorption onto solid surfaces as vvell as adsorptron-mduced stress;

Both theoretical models and expenmental results could be used to desrgn and improve

theperfonnance of rmcrocantilever-based Sensors.. . .

- The research involved in this dissertation has been described in part, in more
than thirty pubhcations conference presentations and patents The author has wntten

or co-authored seven Joumal papers and has personally presented talks at 1ntemat10nal
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conferences in Los Angeles, Atlanta and Hayvaiil The concept of microfabricated
Sensor arrays has also attracted federal and pnvate investment to develop and
commerclallze chenncal phys1cal and blologlcal sensors. The expenmental results |
presented here have shown that current laboratory systems can detect ppb (part-per- .
billion) or ppt (part-per—tnlllon) levels of hydrogen or mercury, respectlvely

Addltlonal coatlngs may be chosen for detectlon of other vapor specles._ Ttis | .
foreseeabie that in the near'-term‘»and long-range future nﬁcrocantiiever-based sensors

‘may play active, important roles in our daily lives.

143




BIBLIOGRAPHY

144




10. .
11.
1.
13.
4. -
15.
16,
1.
18.
19: -
20.
21.
22.
3. .
24.

25.

Binnig, G., C.F. Quate and C. Gerber Atomic Force Mtcroscope Phys Rev Lett 1986.
56(9): p. 930-933

Binnig, G.K., Atomic-force microscopy, Physica Scripta (Sweden), 1987 T19A: p. 53-4
Binnig, G, et al., Atomic Resolution with Atomic Force Microscope, Surface Science, 1987
189-190: p. 1-6.

Marti, O. and M. Am:em, eds STM and SFM in Btology 1993 Academic Press, Inc.: San
Diego. .

Wiesendanger, R. and H.-J. Giintherodt , eds. Scanmng Tunnehng Mcroscopy I : Theory of
STM and related scanning probe methods Spnnger series in surface sciences, ed. 29. 1993,
Springer-Verlag: Berlin,

Wiesendanger, R., ed. Scanning Probe Mtcroscopy Analyttcal Methods Nanoscnence and
Technology. 1998 Berlin. -
Wiesendanger, R., Scanning Probe Microscopy and Spectroscopy Methods andAppItcattons

. 1994, New York: Cambridge University Press.

Wiesendanger, R. and H.-J. Giintherodt , eds. Scanmng Tunnehng Mcroscopy I : Further
applications and related scanning techniques Springer series in surface sciences. 28. 1992

* Springer-Verlag,: New York,.

Woodruff, D.P. and T.A. Delchar, Modern Teckniques of Surface Sciénce. 2nd ed. Cambndge :

* Solid State Science Series, ed. E.A. Daws ILMF. Ward, and D.R. Clarke. 1994, Bambndge

Cambridge University Press.
Sarid, D., Scanning Force Microscopy; with Apphcattons to Electrtc Magnettc and Atomic

"Forces. Rev ed. 1994, New York: Oxford University Press.

Thundat, T., et al., Atomic Force Microscope Investtgatwn of C60Adsorbed on Sthcon and

Mica, Appl. Phys. Lett., 1993. 63(7): p. 891-3.

Thundat, T., et al. Atomtc Layer-By-Layer Surface Removal by Force Mlcroscopy, Surf. Sci.
Lett., 1993. 293(1-2) p. L863-9.

Thundat, T., et al., Atomic Force Microscopy of Smgle-Stranded and Double-Stranded DNA
Adsorbed on ChemtcaIIy Treated Mica, Bull: Am. Phys. Soc., 1993.-38(1): p. 118.

Thundat, T., et al., Role of Relative Humtdujy in Atomic Force Mcroscopy Imagmg, Surf. Sci.
Lett., 1993. 294 p. L939-43,

Alhson, D.P,, et al., Mapping Individual Cosmtd DNAs by DzrectAFM Imagtng, Genormcs
1997. 41(3): p "379-384.

Allison, D.P., T. Thundat, and R.J. Warmack, Scanmng Probe Mtcroscopy in Genomxc .
Research, mAutomated Technologxes Jor Genomeé Characterization, T J. Beugelsdljk, Editor.
1997, Wiley. p. 167-188.

Allison, D.P., et al., The AnaIysxs of Genomes byAtomtc Force Mcroscopy, Scanmng, 1997.
19(3): p. 136 137.

Brugger, I, et al. chrofabncated Ultrasensitve Piezoresistive Canttlevers for Torque
Magnetometry, Sensors and Actuators, 1999. 73: p. 235-242.

Lee, C., et al. Smart Piezoelectric PZ T Microcantilevers with Inherent Sensing and Actuatmg

‘ Abllmes Jfor AFM and LFM. in Materials Research Socxety 1996.Fall ' Meeting. 1996

Pechmann, R,, et al., The Novolever: A New Cantilever Jor. Scanning Force Mcroscopy
Microfabricated From Polymeric Matericals, Rev. Sci. Instrum,, 1994. 65(i2): P, 3702-3706.
Piner, R.D,, et al., "Din-Pen" Nanolithography, Science; 1999. 283 p. 661-663.

Walters, D. A et al ‘Short Cantilevers for Atomic Force chroscopy, Rev. Sci. Instrum.,

-1996. 67(10): p. 3583-3590

Minne, S.C., Bringing Scannlng Probe Microscopy Up fo Speed Mlcrosvstems (Serle_) Vol
3. 1999, Boston.
Harris, J.GE., et al., F abrzcatton and Charactenzatton of 100-nm-th1ck GaAs Canttlevers

_Rev. Sci. Instrum 1996. 67(10): p: 3591-3593.

Meyer, G. andNM Amer, Novel OptxcaIApproach to Atomic Force chroscopy, Appl Phys.
Lett., 1988. 53(12): p. 1045-7.

145



26.
27,
| 28.
29,

30.

3L
32..
.33,

34,

35.
36.
37.
38.
39.
40,
41.
42,

43.

44,
L
46.
/.
48.

49,

50.

Butt, H. -J A Sensitive Method to Measure Changes in the Surface Stress of Solids, J. Colloid
and Interface Science, 1996. 180: p. 251-260.

Chen, G.Y., et al., Adsorption-induced Surface Stress and Its Ejfects on Resonance Frequency
of. Mlcrocanttlevers Journal of Applied Physics, 1995. 77(8): p. 3618-3622. .
Raiteri, R. and H.-J. Butt, Measuring Electrochemically Induced Surface Stress with an Atomic
Force Mcroscope, J. Phys. Chem., 1995,

Thundat, T. and L. Maya, Momtormg Chemical and Physical Changes on Sub-Nanogram
Quantities of Platinum Dioxide, Surface Science Letters, 1999. 430: p. L546-L552,

Thundat, T., et al. Highly Selective Microcantilever Sensor for Cesium Ion Detection. in 1999
Intematlonal Electrochemical Society AnnuaI Meeting. 1999. Honolulu, Hawaii: The
Electrochemical Society, Inc.

Thundat, T., et al., Microcantilever Immunosensors in Immunoassays: Methods and
Protocols. 1999 Humana Press: New York.

Thundat, T., et al. Microcantilever Chemical Sensors. in The Second Micro Nano Technology
Conference. 1999. Pasadena, CA. :

Thundat, T.G. and E.A. Wachter, Mlcrocanttlever Sensor, 1998, Lockeed Martin Energy
Systems, Inc. Oak Ridge, Tenn.: USA.

Thundat, T., P.I. Oden, and R.J. Warmack, Chemical, Physlcal and B:ologlcal Detection
Using Mcrocantllevers in Microstructures and Microfabricated Systems I1I, P.J. Hesketh, G.
Barna, and H.G. Hughes, Editors. 1997 The Electrochemical Socnety Pennington, NJ. p. 179-
187. -

Thundat, T., P.I. Oden, and R. J Warmack, Microcantilever Sensors, Microscale
Thermophysncal Engineering, 1997. 1: p. 185-199. ,

Thundat, T., et al. Mlcromechamcal Radiation Dosrmeter Appl Phys. Lett., 1995. 66: p.
1563-5, .

Thundat, T., et al. Vapor Detection Usmg Resonatmngcrocant:Ievers Anal. Chem 1995.
67(3): p. 519 521, .

Thundat, T., et al., Detection of Mercury Vapor Using Resonatmg Mlcrocantllevers Appl.
Phys. Lett., 1995 66(13) p. 1695-1697.

Wachter, E A. and T. Thundat, Micromechanical Sensors for Chemical and Phystcal
Measurements, Rev. Sci. Instrum., 1995. 66(6): p. 3992-3667.

Wachter, E.A. and T.G. Thundat, M:crobar Sensor, 1995, Lockheed Martin Energy Systems,

" Inc. Oak Ridge, Tenn.: USA.

Wachter, E.A., et al., Remote Optical Detectlon UsmgMcrocantlIevers, Rev. Sci. Instrum.,
1996. 67(10): p 3434 3439,

Berger, R., et al., Micromechanics: A TooIbox Jor Femtoscale Science: "Towards a-
Laboratory on a Ttp Microelectronic Engineering, 1997. 35: p. 373-379.:

Britton, C.L., et al. MEMS Sensors and Wireless Telemetry for Distributed Systems. in 5th

: Internatlonal Symposium on Smart Materials and Structures. 1998. San Diego, CA:

Proceedings of the International Society for Optical Engineers - SPIE.

Britton, C.L., et al. Multiple-Input Microcantilever Sensor with Capacitive Readout. in
GovernmentMicroc:rcu:tsAppI:cat:ons (GOMAC). 1999. Monterey, CA.

Britton, C.L., Jr., etal. Multlple-]nputM:crocant:lever Sensors Ultramicroscopy, 2000 82: p.
17-21.

Chen, G., Theory and Applications of Atomic Force Mlcroscopy Mlcrocantllevers in Dept of
Phys. andAstro 1995, Univ. of Tenn.: Knoxville.

Datskos, P.G., et.al., Remote Infrared Radiation Detection Usmg Plezore.s'lstlve o

’ M:crocantllevers, Appl. Phys. Lett., 1996. 69(20): p..2986-2988,

Jones, R.L., MEMS Cantilever Sensor System W:th CMOS Readout Clrcmt in Dept of Elec.
Eng. 1998, Umv of Tenn.: Knoxville." :

Hu, Z., T. Thundat, and R.J. Warmack. Metal Coatendrocant:Iever Hydrogen and Mercury
Sensors in 1999 International Electrochemical Society Annual Meeting. 1999 Honolulu,

" . Hawaii: The Electrochemxcal Society, Inc.

Lai, J., et al., Optimization and Performance of ngh-Resqutzon Mcro-OptomechamcaI
Thermal Sensors, Sensors and Actuators, 1997. A 58; p. 113-119.

146



51.
.52,

53.

54,
55.
56.
57.
58.

59.

61.

62.

64.
65.

66,

67.

" 68.
- 69.
0.
7.
72.
7.
74,
75.

76.

Lang, H.P., et al., A Chemical Sensor Based ona Mtcromechantcal CanttIeverArray for the
Identifi catton of Gases and Vapors, Appl. Phys. A, 1998. 66: p. S61-S64.
Maute, M., et al., Fabrication and Application of ‘Polymer Coated Cantilevers as Gas Sensors

-Microelec. Eng 1999. 46: p. 439-442,

Oden, P.L, et al. Infrared Imaging Using Microcantilevers. in The American Society of

Mechanlcal Engineers Symposium on Microscale Thermal Phenomena in Electronic Systems

(MEMS). 1996. Atlanta, Georgia: American Society of Mechanical Engineers.

Oden, P.1, et al., Uncooled Thermal Imaging Usmg a Ptezore.ﬂstlve Microcantilever, Appl.
Phys. Lett 1996 69(21): p. 3277-79.

Warmack, R.J., ef al. Multiple-Input Microcantilever Sensor with Capacmve Readout. in.
Hilton Head Sensors and Actuators Conference. 1998. Hiltion Head, SC.

Young, D.M. and A.D. Crowell, Physical Adsorption of Gases., 1962, Washmgton, D.C.:
Butterworths & Co.

Metals, A.S f. Thin Films: papers presented at a seminar of the American Society for Metals,
October 19 and 20, 1963. 1963. Metals Park, Ohio: American Society for Metals;

Thun, RE., Structure of Thin Films, in Physics of Thin Films: Advances in Research and
Development G. Hass, Editor. 1963, Academic Press: New York and London. p. 187-232. -

- Chopra, K:L., Thin Film Phenomena 1969, New York: McGraw-Hill Book Co.

Blech, 1.A. and E.S. Meieran, Enhancéd X-ray Diffraction [from Substrate Ctystals Containing
Discontinuous Surface Filems, J. Appl. Phys., 1967. 38(7): p. 2913-2919. - K
Blech, I. and U. Cohen, Effects of Humidity on Stress in Thin Silicon Dioxide Films, J. Appl.
Phys., 1982. 53(6): p. 4202-4207. o
Braunstein, AL, Calculation of Electric Field and Absorptton Dtstrtbuttons in Thin Film

" Structures, Thin Solid Films, 1976, 37: p. 181-184.

Brundle, C.R., C.AJ. Evans, and S. Wilson, Encyclopedia of Materials Charactenzatton
Surfaces, Interfaces, Thin Films. Materials Characterization Series, ed. C. R, Brundle and
C.A.J. Evans. 1992, Boston, London: Butterworth-Heinemann, °

Hoffman, R. W Mechanical Properties of Thin Films, in Thin Films. p. 99-134.

Fogelberg, J., et al., Kinetic Modeling of Hydrogen Adsorption/Absorption in Thin Films on
Hydrogen-Senstttve Field-Effect Devices: Observation of Large Hydrogen-]nduced DlpoIes at’,
the Pd-SiO Interface, J. Appl Phys., 1995. 78(2): p. 988-996. .

Jesson, D.E., ef al., Crack-Like Sources of Dislocation Nucleatton and Multtphcatton in Thm
Films, Sc1ence 1995 268: p. 1161-1163,

Kalli, K., A. Othonos, and C. Christofides, Temperature-Induced Reflectivity Changes and
Acttvatzon of Hydrogen Sensitive Optically Thin Palladium Ftlms on Sthcon Oxide, Rev.

Scientific Instrum., 1998. 69(9) p- 3331-3338.
- Maissel, L., I. andR Glang, eds. Handbook of Thin FtIm Technology 1970, McGraw Hill

Book Co.: New York.

McGinnis, W.C. and P.M. Chalkm, Electron Localzzatzon and Interaction Effects in Palladium
and Palladium-Gold Films, Phys. Rev. B, 1985, 32(10): p..6319-6330.

Yoshida, Z., Preparation of An Ideal Thin Mercury Film Electrode and Its Electrochemtcal
Property, Bull. Chem. Soc. Jpn., 1981. 54: p: 562-567. T ¢

Priest, J., H.L. Caswell, and Y. Budo, Mechantcal Stresses in Szltcon Oxzde Films, Vacuum
1962. 12: p. 301-306.

Parker, RL. and A, Knnsky Electrical Resistance-Strain Charactenstlcs of Thin Evaporated
Metal Films, J. Appl. Phys., 1963, 34(9): p. 2700-2708.

Munitz, A, and Y. Komem, Structural and Resistivity Changes in Heat-Treated Chromium-.
Gold Films, Thin Solid Films, 1976. 37. p. 171-179.

Windischmann, H., Intrinsic Stress in Sputter-Deposited Thin Films, CRC Critical Rev1ews in-
Solid State and Matenals Sciences, 1992. 17(6): p.-547-596. - .
Zhu, W., et al., Synthesis, Microstructure and Electrical Properties of . Hydrothermally
Prepared Ferroelectnc BaTiO3 Thin Films, J. Electroceramics, 1998. 2(1): p.21-31:

Story; H.S. and RW. Woﬂinan StressAnnealmg in Vacuum Depostted Copper Ftlms Proc
Phys. Soc. London 1957. B70 p. 950-960. : 2 T

147



7.

78.

79.

80.

81.

82.

83.

84.
85/

86.

87. '

88.

89.

90.

91.

92.

93.

94,

95

96.
97.

98.

99,

" 100.

101.

: Hutchlson, T.S.and D.C. Balrd, The Physxcs of Engmeermg Sohds 2nd ed.- 1967 New York:

John Wiley and Sons, Inc. -
McNerney, J.J. and P.R. Buseck, Mercury Detection by Means of Thin Gold Films, Science,

-1972.-178(10 November): p. 611-612.

Coutts, T.J., Electrical Conductxon in Thin MetaI Fxlms 1974, New York: Elsev1er Scnentrﬁc‘

* . Publishing Co.

Pollock, D.D., Electrical Conduction in Sohds An Introductxon 1985 Metals Park Ohlo

. American Socrety for Metals.
-Fuchs, K., The Conductivity of Thin Metallxc FzImsAccordmg to The Electron Theory of

Metals;, Proc Cambridge Phil. Soc., 1938. '34: p. 100-108. o

Masel, R.1, Pinciples ofAdsorptlon ‘and Reaction on Solid Sur;faces Wlley Senes in Chemlcal
Engineering. 1996, New York: John Wiley & Sons, Inc.. . -

Ross, S. and J.P. Qlivier, On Phys:caIAdsorptxon 1964, New York London Sydney
Interscience Publishers (a Division of John Wiley & Sons Inc.).

Tompkins, F.C., Chemisorption of Gases on Metals. 1978, New York Academic Press.

Ricco, A.J.G.C., ed. Solid-State Sensor and Actuator Workshop 1998 Transducers Research
Foundation, Inc.: Hilton head Island, SC.

_Britton, C.L., ef al. Battery-Powered Wireless MEMS Sensors for ngh—Sensmwty Chemical

and onlogtcal Sensing. in Advanced Research in VLSI, 1999, Atlanta, GA.
Hu, C., Silicon Nanolelectronics for the 21st Century, Nanotech., 1999. 10: p. 113-116.
Barnes, J.R,, et al., A Femtojoule Calorimeter usmg A/!xcromechamcal Sensors, Rev. Sc1

- Instrum., 1994, 65(12): p. 3793-3798.

Ferreua, L.O.S.and S. Mochlecke, 4 Silicon Micromechanical GaIvanometrtc Scanner
Sensors and Actuators, 1999. 73: p. 252-260. }

Thomas, R.C. and R.C. Hughes, Sensors for Detecting Molecular Hydrogen Based on Pd
Metal Alloys, . Electrochem. Soc., 1997. 144(9): p. 3245-3249. .

Tabib-Azar, M,, et al., Highly Sensmve Hydrogen Sensors using Palladium Coated Fiber .
Optics with Exposed Cores and Evanescent Field Interactxons, Sensors and Acuators 1999.

“B(56): p. 158-163.

Shaver, P.J., Bimetal Strip Hydrogen Gas Detectors The Review of Scientific Instmments
1969. 40(7): p. 901-904.

Maffei, N. and A K. Kuriakose, 4 ‘Hydrogen Sensor Based on' a Hydrogen Ion Conductlng
Solid Electrolyte, Sensors and Actuators, 1999. B(56): p. 243-246. . .
Lundstrom, I. and D. Soderberg, Hydrogen Sensitive MOS-Structures PartI Prmcxples and
Applications, Sensors and Actuators, 1981. 1: p. 403-426.

Lundstrom, I. and D. Soderberg, Hydrogen Sensitive MOS-Structures Part2: Characterxzatxon

“Sensors and Actuators,.1981/82. 2: p. 105-138.

Levlin, M., ef al., Mercury Adsorption on Gold Sur;faces Employed in the Sampltng and
Determination of Vaporous Mercury A Scanmng Tunneling A/!tcroscopy Study J. Anal.
Chem., 1996. 355: p. 2-9.

Korolczuk, M., Sensitive and Selective Determination of Mercury by Dlﬁ'erentlal PuIse
Stripping VoItammetry after Accumulation of ‘Mercury Vapor on a Gold Plated Graphlte
Electrode, J. Anal. Chem., 1997. 357: p. 389-391,

Johansson; M., I. Lundstrom and-L.-G. Ekedahl, Bridging the Pressure Gap for PaIIadmm '
Metal- Insulator-Semzconductor Hydrogen Sensors i in Oxygen Contatnlng Environments, J.
Appl. Phys., 1998. 84(1): p. 44-51.

Janega, P. and L. Young, PaIIadmm-StIverAIon Gates in MetaI-Oxlde-Semlconductor
Structures_for Use as Hydrogen Sensors, J. Electrochemical Socrety, 1987. 134(Jan.): p. 252-
253,

Hughes, R.C, et al., 77un-F11m Palladium and StlverAlloys and Layers Jor MetaI-InsuIator-
Semtconductor Sensors J. Appl. Phys., 1987. 62(3): p. 1074-1083.

Hughes, R.C., W.K..Schubert, and R.J. Buss, Solid-State Hydrogen Sensors Usmg PaIIadmm-
Nickel AIons Effect ofAIon Composmon on Sensor Response, J. Electrochem. soc., 1995
142(1): p. 249-254. . ‘ .

148



Hughes, R.C. and WK. Schubert Thin Films of Pd/Ni AIons for Detectzon of ngh Hydrogen
Concentrations, J. Appl. Phys., 1992. 71(1): p. 542-544.

Himmelhaus, M., M. Buck, and M. Grunze, Mercury Induced Reorientation of Alkanethiolates
Adorbed on GoId 'Appl. Phys. B, 1999. 68(3): p. 595-598. .
George, M.A,, et al., Investigation of Mercury Adsorption on Gold Films by STM, J.
Microscopy, 1988 152(3): p. 703-713.

Eriksson, M. and L.-G. Ekedahl, Hydrogen Adsorptlon States at the Pd/SIO p) Inter;face and

Simulation of the Response of A Pd Metal-Oxide:Sémiconductor Hydrogen Sensor J Appl
Phys., 1998. 83(8): p. 3947-3951. o
Ekedahl, L.-G., M. Eriksson, and I. Lundstrom,,Hydrogen Sensmg Mechamsms of MetaI-

Insulator Interfaces, Accouiits of Chemical Research; 1998. 31(5): p. 249-256.

Dobos, K., et al., The Influence of Different Insulators on Palladium-Gate Metal Insulator-

: Sem:conductor Hydrogen Sensors, IEEE Trans. Electron Devices, 1984. ED—31(4) p. 508-510.
D'Amico, A., A. Palma, and E. Verona, Sur;faceAcoustzc Wave Hydrogen Sensor, Sensors and
Actuators, 1982/83 3:p.31-39. . '
Chaudhary, V.A., 1.S. Mulla, and K. Vuayamohanan, Selective Hydrogen Sensmg Porperttes
of Surface Funct:onahzed Tin Oxide, Sensors and Actuators, 1999. B(55): p. 154-160. -
Butler, M.A., A.J. Ricco, and R.J. Baughman, HgAdsorpt:on of Optically Thin Au Films, .
Appl. Phys., 1990 67(9): p. 4320-4326,

Butler, M.A. and D.S. Ginley, Hydrogen Sensing wzth PaIIadmm-coated Optlcal Flbers J
Appl. Phys., 1988, 64(7): p. 3706-3712.

Butler, M.A., Micromirror Opt:caI Fiber Hydrogen Sensor Sensors and Actuators 1994
B(22): p. 155 163. ,

Butler, M.A., Fiber Optic Sensor for Hydrogen Concentrations near the Eproszve Lzmlt L.
Electrochem. Soc., 1991. 138(9); p. L46-L47. )

Beinrohr, E., et a1 Calibrationless Determination of Mercury by Flow-through Str:ppmg
Coulometry, 'J. Anal. Chem., 1996. 356: p. 253-258.

Armgarth, M. and C. Nylander Blister Formation in Pd Gate MIS Hydrogen Sensors IEEE
Electron Device Letters, 1982. EDL-3(12): p. 384-386.

Rossow, E.C., Analysis and Behawor of Structures. 1996, Upper Saddle River, New Jersey
Prentice Hall.

Jenkins, W.M., Chapter 6: The Analysis of Beams, in Structural AnaIyszs Using Computers
W.M. Jenkins, Editor.. 1990, Longman Scientific & Technical: New York. p. 92-143.

. Paz, M., Structural Dynamics: Theory and Computation. 4th ed. 1997, New York Chapman&

Hall; Intematnonal Thomson Publishing. g

Bhushan, B., Handbook of. MzcroWano Tribology. 2nd ed The mechamcs and materlals
science series. 1999.

Tabib-Azar, M., Microactuators: Electrical, Magnetic, Thermal OptzcaI Mechanical, -
Chemical & Smart Structures. The Kluwer International Series In: Electronic Materials:
Science and Technology, ed. H.L. Tuller: 1998 Boston; London: Kluwer Academic

Publishers.

" . Young, W.C., Roark's Formulas for Stress and Strain. 6th ed. 1989, New York McGraw-Hill

Book Company

Fukai, Y. and H. Sugimoto, D:jfuszon of. Hydrogen in Metals, Adv. in Phys 1985. 34(2): p.-
263-326.

Smith, D., Hydrogen in Metals. 1948, Chxcago Illinois: University of Chlcago Press.
Fullenwmder M., Hydrogen Entry and Action in Metals 1983, New York, Oxford Pergamon
.Press. -

Hodgman, C., D., et al., eds. Handbook of Chemtshy and Physlcs 1962, The Chenucal
Rubber Publlshmg Co.: Cleveland, Ohio.

Barrer, RM.,, Diffusion In and Through Solids, 1951 Cambndge Cambndge University Press.
Jost, W. D:ﬁilszon in Solids, Liquids, Gases. Physical Chemistry-A Series of Nonographs ed.
E. Hutchinson. 1952, New York: Academic Press Inc., Publishers. :
Stark, 1.P., Solid State D:jfusxon 1983, Malabar, Flonda RobertE Kneger Publlshmg Co.

149



Aaronson H.L, ed. Diffusion: Papers presented at a seminar of the Amerzcan Society fbr
Metals, October 14 and 15, 1972, . 1973, American Society for Metals: Metals Park, Ohio.
Ash, R. and RM. Barrer, Diffusion with a Concentration Discontinuity: The Hydrogen-
" _Palladium System, J. Phys. Chem. Solids, 1960. 16: p. 246-252.

Dayananda, M.A. and G.E. Murch, eds. Diffusion in Solids: Recent Developments. . 1985 The
Metallurgical Society: Warrendale, Pennsylvania.

Feibelman, P.J. and R. Stumpf, Adsorption-Induced Lattice Relaxation and Dtjﬁlszon by

" Concerted Substitution, Phys. Rev. B, 1999. 59(8): p. 5892-5897.
" Devanathan, M.A.V. and Z. Stachurskj The Adsorption and Diffusion of Electrolytic
Hydrogen in Palladium, Proc. of a Royal Society of London, 1962. A270: p. 90-102.

Frank, R.C. and J.E.J. Thomas, The Diffusion of Hydrogen in angIe-CrystaI Germanium, J.
Phys. Chem. Solids, 1960. 16: p. 144-151,

Holleck, G.L., Diffusion and Solublhty of Hydrogen in PaIIadmm and PaIIadmm-StIverAIons
J. Phys. Chem., 1970. 74(3): p. 503-511.

Jewett, D.N, and A.C. Makrides, Diffusion of Hydrogen Through Palladium and Palladium-
Silver Alloys, Trans. Faraday Soc., 1965. 61: p. 932-939,

Nowick, A.S. and J.J. Burton, eds. D:j]‘us:on in Solids: Recent Developments Materials
Science and Technology, ed. AM Alper, J.L. Margrave, andAS Nowick. 1975, Academlc
Press: New York. .

Sakamoto, Y.,.et aI "Uphill" Hydrogen -Diffusion Ejfects of H ydrogen ]nterstmal Stratn
Gradients in PaIIadmm and Palladium Alloys, 1996, .
. Schmiz, G., et al., Diffusion of Hydrogen Through Metallic Multilayers, Phys, Rev. B, 1998.
. 58(11): p. 7333-7339

Silberg, P.A. and C.H. Bachman, Diffusion of Hydrogen in Palladium, J. Chem. Phys 1958.
29(4): p. 777-781.

Simons, J.W. and T.B. Flanagan, Diffusion of Hydrogen in the a-phase of the Palladium-
Hydrogen System, J. Phys. Chem., 1965. 69(10): p. 3581-3587.

Tong, X.Q., et al.; "Uphill" Hydrogen Diffusion Effects and Hydrogen Diffusion Coeﬂ‘ Tcients
in Palladium, Int. J Hydrogen Energy, 1997. 22(2/3): p. 141-144.

Mutschele, T. and R. Kirchheim, Segregation and Diffusion of. Hydrogen in Grain Boundaries
of Palladium, Scripta Metallurgica, 1987. 21: p. 135-140.

Li, Y. and G. Wahnstrom, Molecular-Dynamics Simulation of Hydrogen Dtjfus:on in
Palladium, Phys. Rev. B, 1992, 46(22): p. 14528-14542.

Levine, H.S. and C.J. MacCallum, Grain Boundary and Lattice Dzjfus:on in PoncrystaIIme
Bodies, J. Appl. Phys., 1960. 31(3): p..595-590.

Knapton, A.G., Palladium Alloys for Hydrogen Diffusion Membranes Platinum Met. Rev
1977. 21: p. 44 50.

Kirkaldy, J.S. and D.J. Young, Diffusion in the Condensed State. 1987, London: The Institute
of Metals.

Kaur, I., w. gust, and L. Kozma, Handbook of Gram and Interphase Boundaty Dtjfusxon Data
Vol. 2. 1989 Stuttgart: Ziegler Press.

Beachem, C.D., Hydrogen Damage. 1977, Metals Park, Ohio: ‘American Society for Metals.
Moody, N.R. and A.W. Thompson, eds. Hydrogen Effects on Material Behavior. . 1989, TMS
Minerals, Metals and Materials: Warrendale, Pennsylvama .

Ash, R. and R M. Barrer, Permeat:on of Hydrogen through Metals, Phﬂ Mag., 1959. 4 p.
- 1197-1206.

Alefeld, G. and J. Volkl, Hydrogen in Metals II: Apphcanon-Onented Properties. Topics in
Applied Physics, ed. HK.V. Lotsch. Vol. 29. 1978, New York: Springer-Verlag. : ’
Wipf, H., ed. Hydrogen in Metals III: Properties and Applications. TOplCS in Applied Physics,
ed. HK.V. Lotsch. Vol. 73. 1997, Springer-Verlag: New York. “
Schlapbach, L., ed. Hydrogen in Intermetallic Compounds II. Topics in Applled Physncs ed.
H.K.V. Lotsch. Vol. 67. 1992, Springer-Verlag: Topics in Applied Physics.

Schlapbach, L., ed. Hydrogen in Intermetallic Compounds I. Topics in Applied Physncs ed.

. HXK.V. Lotsch. Vol. 63. 1988, Springer-Verlag: New York.

Crank, J., The Mathemancs of Diffusion. 2nd ed. 1975 Oxford Clarendon Press.
150



157,
158.

159.
160.
161.

162.
163.

164.
-"165.

166.
167.

168.
169.

170.

171. .
172.

173,
174.

175.
176.
177.
178. -
179.
180.
181.
182.
183.

184.

Crank, J., Free and Moving Boundary Problems. 1984, Oxford: Clarendon Press.

Carslaw, H S. and.J.C.-Jaeger, Conduction of Heat in Solids. 2nd ed. 1969, Oxford: The
Clarendon Press. )

Howe, ].M.,, Interfaces in Materials: Atomic Structure Thermodynamics and Kinetics of Solid-
Vapor, SoI:d -Liguid and Solid-Solid Interfaces. 1997, New York: John Wiley & Sons, Inc.
Feibelman, P.J., First-Principles Calculations of Stress Induced by Gas Adsorption on Pt(111),
Phys. Rev. B, 1997. 56(4): p. 2175-2182.

Puers, R. and D. Lapadatu, Electrostatic Forces and Their Effects on Capacmve Mechanical
Sensors, Sensors and Actuators, 1996, AS6: p. 203-210.

Eckertova, L., Physics on Thin Films. 1977, New York; London: Plenum Press.

Sondheimer, E.H., The Mean Free Path of Electrons in Metals, Advances in Physlcs, 1952
1(1): p. 1-42,

McClanahan, D. and N. Laegreld Production of Thin F:Ims by Controlled Deposition of
Sputtered Material, in Sputtering by Particle Bombardment III, R. Behrisch and K Wlttmaack,
Editors. 1991, Springer-Verlag: Berlin; Heldelberg p. 339-377.

Borghesi, A. and A. Piaggi, Palladium (Pd), in Handbook of Optical Constants of Solids I1,
E.D. Palik, Editor. 1991, Academic Press, Inc.: Boston. p. 469-476. .

Lynch, C.T., Practical Handbook of Materials Science. 1989, Boca Raton, Fla.: CRC Press
Brady, G.S. and H.R. Clauser, Materials Handbook. 13th ed. 1991, New York: McGraw-Hill,
Inc.

Ma, Y.H. Dense Palladium and Perovskite Memberanes and Membrane Reactors MRS -

" Bulletin, 1999 24(3): p. 46-49.

Weast, R.C. and S.M. Selby, eds. Handbook of Chem:stry and Phys:cs 47th ed. . 1966, The
Chemical Rubber Co.: Cleveland, Ohio. -
Valerio, E.L., D.W. Vanosdell, and D.G. Welles, Chapter 44: Control of Gaseous Indoor Air
contammants in 7 999ASHRAE Handbook: Heating, Ventilating and Air-Conditioning
Applications, R.A. Parsons and C.D. Tate, Editors. 1999, American Society of heating,’
Refrigerating and Air-Conditioning Engineers, Inc.: Atlanta, GA.

Alefeld, G. and J. Volkl, eds. Hydrogen in Metals I: Basic Properties. Tipics in Applied
Physics. Vol. 28. 1978, Springer-Verlag: Berlin, New York.

Greenwood, N.N. and A. Earnshaw, Chemistry of the Elements. 1984 Oxford; New York:
Pergamon Press.

Lewis, F.A., The Palladium Hydrogen System. 1967, New York, London: Acadenuc Press.
Kolachev, B A., Hydrogen Embrittlement of Nonferrous Metals. 1968, Jerusalem: Israel

. Program for Scientific Translations.

Nakatsuji, H. and M. Hada, Interaction of a Hydrogen Molecule with Palladium, Journal of
American Chemical Society, 1985. 107: p. 8264-8266.

Nakatsuji, H., M. Hada, and T. Yonezawa, Theoretical Study on the Chemisorption of a
Hydrogen Molecule on Palladium, J. of Am. Chem. Soc., 1987. 109: p. 1902-1912, -

Behm, R.J., et al., Evidence for "Subsurface" Hydrogen on Pd(110): An Intermediate Between
Chemisorbed and Dissolved Species, J. Chem. Phys., 1983. 78(12): p. 7486-7490.

- .Blackford, BL., et al., A Scaining Tunneling Microscope Study of A Palladium Sphere in

Hydrogen Gas: Expanslon and Surface Topology, J. Appl. Phys., 1994, 76(7): p. 4054-4060.
Brodowsky, H., Das System Palladium/Wasserstoff, ZeltschnﬁfurPhysmahsche Chemie Neue
Folge, 1965. 1965(44): p. 129-142.,

Brodowsky, H. and E. Poeschel, Wasserstoff in Palladmm/SlIber-Leglerungen Zeitschrift fur
Physikalische Chemie Neue Folge, '1965. 44(S): p. 143-159.

Cabrera, A.L,, et al., Structural Changes Induced by Hydrogen Absorptton in PaIIadmm and
Palladmm-RuthenmmAlloys Appl. Phys. Lett., 1995. 66(10): p. 1216-1218.

Davenport, J.W., G.J. Dienes, and R.A. Johnson, Surface Effects on the Kinetics of Hydrogen .
Absorption byMetaIs Physical Review B, 1982. 25(4): p. 2165-2174,

Eberhardt, W:, F. Greuter, and E.W. Plummer, Bonding of H to Ni, Pd, and Pt Surfaces,
Physical ReVIeWLetters 1981. 46(13, April 20): p. 1085-1088.

Elsasser, C., et al., Vibrational States fbr Hydrogen in Palladium, Phys. Rev. B, 1991. 44(18)
p. 10377-10380

151



185.

186.

187.

188.
189.
190.
191.
192:
193,
194.

195.
196.
197.

198,
199.
200
201
202,
203

204.
205.

206.

207.

Fogelberg, J. and L.-G. 'Petersson Kinetic Modeling of the H, - O, Reaction on Pd and of its
Influence on the Hydrogen Response of a Hydrogen Sensitive Pd MetaI-Oxlde-Sem:conductor

" Device, Surface Science, 1996. 350: p. 91-102.

Gronbeck, H., et al. Hydrogen 1nducedMe1tmg of Palladium CIusters Z Phys D, 1997.
40(1-4): p. 469-471

Gross, A., S. Wilke, and M. Scheﬂ'ler Szx—Dlmensmnal Quantum Dynamics ofAdsorpt:on and
Desorpt:on of Hyat Pd(100): Steering and Steric Ej]écts Physical Revres Letters, 1995,
75(14, Oct. 2): p. 2718-2721.

Gross, A. and M. Scheffler, Ab initio Quantum and Molecular Dynamlcs of the Dlssoctattve
Adsorption of Hydrogen of Pd.(100), Phys. Rev. B, 1998. 57(4): p. 2493-2506.

- Halstead, D. and S. Holloway, The Influence of Potenttal Energy Surface Topologies on the

Dissociation of H, J. Chem. Phys., 1990. 93(4): p. 2859-2870.

Kay, B.D., C.HF. Peden, and-D.W. Goodman, Kinetics of Hydrogen Absorption by Pd(110),
Phys. Rev B, 1986. 34(2): p. 817-822.

Ledentu, V., et al., H- Induced Reconstructions on Pd (110), Phys. Rev. B, 1998. 57(19) p.
12482- 12491

Nylander, C., M. Armgarth, and C. Sversson, Hydrogen Induced Drift in Palladium Gate

‘MetaI-Oxlde-Semzconductor Structures, J. Appl. Phys., 1984, 56(4, 15 Aug.): p. 1177-1188.

Lundstrom, 1., ef al., A Hydrogen-Sensitive MOS erld-ej]'ect Transistor, Appl. Phys. Lett.,
1975. 26(2): p. 55-57

Lundstrom, I, M. Armgarth, andL.-G. Petersson, Physics With Catalytic Metal Gate Chemical
Sensors, CRC Critical Reviews in Solid State and Materials Sciences, 1989. 15(3): p. 200-278.
Behrisch, R. and K. Wittmaack, eds. Sputtering by Particle Bombardment II: Characteristics
of Sputtered Particles, Technical Appliations. Tipics i in Applied Physics, ed. H.K.V. Lotsch.
Vol. 64. 1991, Springer_Verlag: New. York, Berlin.

Behrisch; R., ed Sputtering by Particle Bombardment II: Sputtertng of AIons and Componds
Electron and Neutron Sputter:ng, Surface Topography. Tipics in Applied Physics, ed HK.V.
Lotsch. Vol. 52. 1983, Springer Verlag: New York, Berlin. -

Behrisch, R., ed. Sputtering by Particle Bombardment I: Physical Sputtering of Single-Element
Solids. Topics in Applied Physrcs ed. HKV Lotsch. Vol. 47. 1981, Springer-Verlag: New
York, Berlin.

. "Kaur, L, w.-gust, and L. Kozma, Pallad:um/Hydrogen Dzjfuszon Coeffi crents in Handbook of

Grain and Interphase Boundary Diffusion Data. 1989, Ziegler Press: Stuttgart. p. 1197.
Shanabarger, M.R., Absolute Desorption Rate Measurements for H3 Chemisorbed on Nickel,

Solid State Commun., 1974, 14: p. 1015-1019.

Barrer, RM,, Statxonary and Non-stationary States of Flow of Hydrogen in Palladium and
IronTrans. Faraday Soc., Trans. Faraday Soc., 1940. 36: p. 1235-1248.

Alguero, M, et al’, In situ Measurement of the Rate of H Absorption by a Pd Cathode during
the EIectronszs oquueous Solutions, Rev. Sci. Instrum., 1997. 68(2): p. 1324-1330.
Ballantine, D.S.J., et al., Acustic Wave Sensors: Theory, Design, and Physico-Chemical -
Applications. Applrcatrons of Modern Acoustics, ed. R. Stern and M. Levy 1997, San Diego:
Academic Press.

" Adam, NX., The Physzcs and Chemrsby of Surfaces 1968, New York Dover Publications

Inc.
Bruch,L.W., M. W Cole; and E. Zaremba, Physical Adsorpt:on Forces and Phenomeéna. 1st

. ed. The InternatJonal Series of Monographs on Chemlstry ed. JSF. Rowlmson 1997, New
" York: Oxford University Press Inc.

Canjar, L.N. and J.A. Kostecki, Physical Adsorption Processes and Prmc:ples Chemical
Engineering Progress Symposium Senes Vol. 63. 1967, New York: Amencan Insutute of
Chemical Engineers.

Dash, J.G., Films on Solid Surfaces: The Physzcs and Chemxsby of. Physrcal Adsorpt:on 1975,
New York: Academic Press.

" Smith, J.R,, ed. Theory of Chem:sorpt:on Toprcs m Current Physrcs Vol 19 1980 Spnng-

Verlag New York.
1 52



208.
209,
210.
211.
212.
213.
214.
215,

216.
217.

218.
219.

220.
1.
222,

223,

224,
225.
226.

227.
228.

229,

230. .
. 231

232,

233.

Armgarth, M. and C. Nylander A Stable Hydrogen-Sens:txve Pd Gate Metal-Oxtde
Semiconduction Capacitor, Appl. Phys. Lett., 1981. 39(1): p. 91-92. R
Lee, M.-W. and R. Glosser, Pressure Concentratxon Isotherms of Thin Films of the Palladium-
Hydrogen System as Modified by Film Thickness, Hydrogen Cycling, and Stress J. Appl. ’
Phys., 1985. §7(12): p. 5236-5239. .

Armor, J.N., Challenges in Membrane Catalysis, ChemTech 1992. Sept.: p 557-563.

- Hughes, R.C and R. Bastasz, Low-energy Proton Detection by Pd Metal-InsuIator-

Semiconductor Diodes, . Appl. Phys., 1988. 64(12): p. 683 9-6844."

Tomanek, D., S. Wilke, and M. Scheffler Hydrogen-Induced Ponmorph:sm of the Pd(II 0)
Surface, Phys Rev. Lett., 1997. 79(7): p. 1329-1332; IR

Butler, M.A. and R.J. Buss Kinetics of the M:rom:rror Chemical Sensor Sensors and-
Acutators, 1993. B(11): p. 161-166.

Martinelli, G,, et al., Screen-Printed Perovsklte-Type Thick F ilms as Gas Sensors Sfor
Enwronmental Monitoring, Sensors and Actuators, 1999. B(55): p. 99-110.

Poteat, T.L. and B. Lalevic, Transition MetaI-Gate MOS Gaseous Detectors IEEE Trans
Electron Devices, 1982, ED-29(1): p. 123-129. :
Sessler, G.M., Acoustic Sensors, Sensors and Actuators, 1991, A(25-27): p. 323-330.

Stiblert, L. and C. Svensson, Hydrogen Leak Detector Uisng a Pd-Gate MOS Transistor, Rev.
Sci. Instrum., 1975. 46(9): p. 1206-1208.

Williams, R.A , Handbook of The Atomic Elements. 1970, New York Philosophical lerary
Sittig, M. Mercury, in Environmental Sources and Emlsswns Handbook M. Sittig, Editor.
1975, Noves Data Co.: Park Ridge, NJ. p. 88-97. .

Johnson, D.L. and R.S. Braman, Distribution ofAtmospher:c Mercury Species Near Ground
Environ. Sci. Technol., 1974, 8(12): p. 1003-1009.

Beinrohr, E., ef al., Fi Iow-thoughl Stripping Chronopotentlometry for the Monitoring of
mercury in Waste Water Fresenius J.'Anal. Chem., 1998. 362: p. 201-204,

Battistoni, C., ef al., Interaction of mercury Vapour with Thin Films of GoId Appl Surf. Sci.,
1996. 103: p. 107-111.-

Inukai, J., S. Sugita, arid K. Itaya, Underpotentlal Deposition of Mercury of Au(111)
Investlgated by ms:tu Scanning Tunelling Microscopy, J. Electroan. Chem., 1996 403: p. 159-
168.

Yang, XM, et al., In-situ Observatlon of the Electrochemical Hg/Au amalgam Process on an
Au EIectrode Surface by Atomic Force Microscopy, Surface Science, 1994, 319: p. L17-L.22.
Levlin, M., E. Ikavalko, and T. Laitinen, Adsorption of Mercury on Gold and Silver Surfaces
Fresenius J. Anal. Chem., 1999. 365: p. 577-586.

Scheide, E.P. and 1 K. Taylor Piezoelectric Sensor forMercury in Air, Env1ron Sci, Technol.,
1974, 8(13): p. 1097-1099.

Braman, R.S. and D.L. Johnson, Selective Absorption Tubes and Emission Techmque Jor
Detemination of Ambient Form of Mercury in Air, Enwron Sci. Technol., 1974, 8(12) p. 996-
1003. :

Castilhos, Z.C., E.D. Bidone, and L.D. Lacerda., Increase of the Background Human Exposure
to Mercury Through Fish Consumption due to Gold Mining at the Tapajos River Region, Prar

_ State, Amazon, Bull. Enviorn. Contam. Toxicol., 1998. 61: p. 202-209.

George, M.A,, et al., Electrical, Spectroscopic, andMorphoIogzcal Invesitgation of Chromium
Diffusion Through Gold Films, This Solid Films, 1990. 189: p. 59-72,
George, M.A,, Electrical, Spectroscoplc and Morphological Investigation of Mercury

‘Adsorptlon on Thin Gold Films, in Dept. of Chemistry 1991 Anzona State Umversny Tempe,

AZ,
Joyner, R.W. and M. W Roberts Auger Electron Spectroscopy Studies of Clean
Polycrystalline Gold and of the Adsorption of Mercury on Gold, J. Chem. Soc Faraday Trans

. 1, 1973. 69: p. 1242-1250,

Levlin, M., et al., Evaporation of Gold Thm Fllms on Mca Ejfect of Evaporation Parameters
Appl. Surf Sci., 1997 115: p. 31-38.

~ Nowakowski, R et-al., Atomic Force Mcroscopy ofA u/Hg Alloy Formation on Thin Au

Films, Appl. Surf Sci., 1997. 118: p. 217-231.
' 153



234, -

235.
236.

237.

238,
29,
240.
- 241.
242.
243,
244,
© 245,
246.

247,

Chen, C.-h. and A.A. Gewirth, In Situ Observation of Monolayer Structures of .
Underpotentially Deposited Hg on Au(111) with the Atomic Force Mcroscope, Phys. Rev.
Lett.,, 1992. 68(10): p. 157-1574.

Mam C. and JM.A. Lenihan, A Compact Mercwy Vapor Concentranon Meter, J. Phys. E:

- Sci. Instrum., 1978. 11:p. 1123-1124.

Stoney, G.G., The Tension of Metallic Films Deposxted by Electrolysxs Proc. Royal Soc
London A, 1909 82: p. 172-175.

Ciria, M,, et al., Determination of. Magnetostrxctxve Stresses in Magnetxc Rare-Earth
Superlattxces by a Cantilever Method Physncal Rewew Letters 1995 75(8 Aug 21) p 1634- ‘
1637.

Thundat, T., et al., Thermal and Ambxent Induced Deﬂectxons of Scanmng Force chroscope
Cantxlevers, Applied Physics Letters, 1994. 64: p. 2894-96.

- Langmuir, 1., The Constitution and Fundamental Properties of Solids and quutdsI Solid, 1.
-Am. Chem, Soc 1916. 38: p. 2221-2295.

Langmuir, I., The Evaporation, Condensation andReﬂectzon of Molecules and The .
Mechanism ofAdsorptwn Phys. Rev., 1916. 8: p. 149-176.

Langmuir, I, The Dissociation onydrogen Into Atoms. 111 The Mechamsm of the Reaction, 1.
Am. Chem, Soc 1916. 38(6): p. 1146- 1156. ,
Langmuir, 1., The Constitution and Fundamental Properties of Solids and lxqmds 11, Liquids,
J. Am. Chem. Soc., 1917. 39: p. 1848-1906.

Langmuir, 1., The Adsorption if Gases on Plane Surfaces of Glass cha and Platinum, J. Am.
Chem. Soc., 1918 40: p. 1361-1403. . .

Morris, M.A., M. Bowker, and D. King, Kinetics of Adsorption, Desorptxon and Diffusion at
Metal Sut;faces in Comprehensive Chemical Kinetics, C.H. Bamford, C.F.H. Tipper, and RG.

. Compton, Editors. 1984, Elsevier: Amsterdam; New York. p.'1-179.

Tromp, R.M., Personal Communication, 1999,

* Tromp, R.M., Surface Stress and Inter:face Format:on Phys. Rev. B 1993 47(12): p. 7125-

7127,
Ibach, H. Adsorbate-mduced Surface Stress J. Vac. Sci. Technol., 1994 A 12(4) p 2240-
2245 :

154 .



‘Appendices

155




| Appendix A

MATHCAD EVALUATION FOR A PLATE SHEET DIFFUSION

."(Mathcad_s ,Profes'sional Program)
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Case 1: Hydrogen dﬁ’uses into a plahi‘ sheet when initial hydrogen
concentration distribution is C = f)=0 (when t = 0) in the region. 0<x
<l and the concentrations at two surfaces are constants for all t > 0.

Initial condltlons (normahzed concentratlon) _
C1:=1 "~ foralltatx 0

c2:= 1 foralltatx =
Substrate thickness (cm) [=5106
Diffusion distance (cm) © x:=.0,1002. |

- Diffusion coefficient (cm*2/s) .. D:=1-16"
Time (s) : ti=104 )
B 1= 0005, 2:=002t: 13:=0.1t t4 =025¢; t5:=06t; 8:= It

Concentratlon msnde the palladium

, 100 . o S » |
lp1(x) = c1 + (cz c1) 2 1 CZ'COS(n'n ) - C1.sin<n.“ ._T_).exp (—Dﬂ%ﬂ.%%)
n : n 4 -
n=1 . . . Y I .
1100 o
vax) = Cle(c2-cn Xy 2 T CRO0OR) T Ol gy X) o D2y 212
. ( I = : n- 1 12
S A
__— 100 o . _
v¥x) = C1+(C2-c1) X + 2 Z Cz-cos(\n-n ) -’q-sin(n-n:-.’i)-exp -Dn24 2.8
' I = n Co- | 2
- n=1 : :
< 100 . ‘ |
va(x) = C1r (C2-cn) X ¢ 2 N7 CRoosnn) - °‘-sin(n-ul-£)-exp -Dn?g 28
' Il = N ) 1/. 1>
' n=1" " : o
e - 100 S - _ .
v&x) = C1+(c2-c1)X + 2. ) ,°2'°°s(""")'°1-sin<n-n -i)-exp D228
. I n I , S O
' : n=1
1 - 100 . » : . .
y6(x) =C1+(C2~ c1)'-5+3- Z C_:z-co.s.(n-u )_'. 'C1-sih<n-n -i)-exp -D'n’a 2-t_6
. l .= n i ool | ) lz
_ ne 1 '



https://t2:=0.02

t6.

avacese®
hessccasesossssenncsceces

Figure A.1. Hydrogen atom concentration distributions at various times in a plate.
sheet. Both surfaces of the sheet have constant surface concentrations.
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Case 2 Hydrogen introduced into palladium with various
concentrations on one surface and impermeable on another one;
diffusion coefficient is a constant.

If normalized concentration 4
‘ Co1:=1. C02:=08. CO3=06 co4_04 cos-oz 06 := 0.1
Substrate thickness (cm) | di=5 106 I:2 10-1({6 a
 Diffusion distance (cm) Coxa=| '
Diffusion coefflment (cm"2/s) D:=110" |
‘Time(s) . : t: --o 21075, 1072
.Concentratlon distribution |n3|de palladium fllm as a function of tlme ton the
impermeable surface (where x = = /) o " -

100
C1(t):= CO1- £+3 : l-sin nx E -ekp -D'n*n 2-1 .cos{nx X
o 1T = n | 12 ) 1
n=1 :
. ) 100 )
C2(t) := C02 £+i Z -.l'sin n-n’--g -exp (-D-n*x 2-1 -cos(n-n X
I = n 1) P |
' n=1
100 - | y
C3(t) := CO3 4.2 Lgin(ns -3 -exp [-D'n*x 28 cos(nn X
AT % 4 n O ~ P2 |
n=1 .
: 100 - -
cact) = cos (9 + 2. Z Lsin[ns -E)-exp -Dn2x 21| cos(nn ﬁ) '
Il = n I/ - R ) |
. n=1 : )
C5(t) := CO5 £+i Z i-sin nn -E)-'exp -D-nx 2-1 ‘cos|n'n X
I = n | T |
: n=1
A 100 o ,
C6(t) := CO06: d.2 Z _l--sin(n'n -£>-ekp -Dn2n 2t -cos(n-n i)
B I = - | n | 2/ \ |
ns= . ‘

159



T T T T -
0.5 [~ o -
) C1(t)
0s - .
045 C -
- C2(t)
04 |~ r,.‘_..,.....,................._...........;........
e1(t) ‘ ,
c2(t) R ]
i C3t)
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Figure A.2. Concentratxon distributions inside palladlum ﬁlm as a function of tlme t
on the impermeable surface (x = /) for various concentratlons at gas-sohd
surface (x = d). :
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Case 3: Hydrogen adsorbs into palladium with various concentrations
‘0n one surface and impermeable on another one; diffusion
coefficients vary with concentrations.

if normalized concentration
co1 :4=‘ 1. cbz = 0.8; 03 := 0.6; CO4:=04. CO5:=02. CO6:=0.l
Substrate thickness (cm) d:=510°%  |:= 1'0,10-5 |
Diffusion distance (cm) x =1 ‘
.Diffusion coefficient (cm*2/s) -  D:=1-107
If diffusion coefficient depends on hydrogén pressure (cm*2/s)’
D1:= D;' D2 :=0.8-D; D3 :=0.6D: D4‘:=' 04:D; D5:= 0.2:0;1, D6 :=0.1-D
Time (s) o : ti=0,210%. 4103 .
Concentratlon distribution inside palladium film as a function of tlme ton the

impermeable surface (where x =)
100 V .
C1(t) = CO1 g +_ - sm(n 1 %)-éxp (—D1-n2-n 2-_t. -cos(n-n ?)

n=1

n
n=1

100

d. 2 Lsin[nx- g -exp (-D3n*x 2%\ cos[n-n X
i n n I |

100
CZ(t) = C02 ( 2 l-sin(n-n -%)-exp (—Dz-nz-n 2-1 -cos(n-n ;) '
p _ :
CS(t) = C03 (

ccoald.2 NV 1of d
C4(t): 004( +’I Z nsm(qn I

—
o
o
Zle
(L]
>
k-1
/—I\
=
&
=
[¥)
=2
L8]
) Kas
o
[=}
o
~ —_—
i S :
. —l'x )
—

n=1

100 : ) o ,
C5(t) := 005 _+E Z l-sin(n-n,,:ga-’exp .-DS-nz-q 2:1 'cos<n-n‘-.§>‘,
; : n n -\ [ N (A e

’ n=1 o

100 v ., cT L

cs(t) = C06 ._+E Z l-sin(n-n -£>f‘exp -D6:n*x z_t. -cos(n-ﬁ_', i)
n n I to- - I . |2 a . \| X
n= : : ) :
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Hydrogen Adsorpton
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F fgure A3. Hydfdgen introduced into palladium when‘ diffusion coefficients vary

with concentrations. Notice the lower diffusion coefficient is, the
longer time needed to reach €quilibrium position.



Case 4: ~ Hydrogen desorbs from palladium with various concentrations
" at one surface and impermeable on another one; diffusion
coefficient is a constant - ~

If normalized concentratlon
cot := 1. €02 -08 cos = 06: co4 _04 cos -02 ¢os -01
Substrate thickness (cm) d=5 106 1= 10106 |
Diffusion distance (cm) x=1 -
Diffusion coefficient (cm"2/s) - D:=1107 ‘ ,
‘If diffusion coefficient deperids on hydrogen pressure (crh"2/s)
~ D1:=D: D2 -osb D3 :=0.6-D; D4:= o4D D5 = 0.2-D; D6 -o1D '
Tlme(s) . . ' t-ozl(r’ 3103
Concentration msnde the palladium (evolutlon process) fllm as.a functlon of
time t on the impermeable surface (where x=1)

T

100 : . . '
: co1 d 2 1 ., d 2 2t X
Cd1(t) i=— -CO01' |-+ — - —'sin{n's ‘—|-exp (~-D1'n"n “—}-cos(n'n ‘=) |
M== e 2 ("l> p( i -.s'(” |>)
n=1 : o X
_ 100 - L . '
_cd2(t) : -%- co2 | d +2 Z Lsinfns 4 -exp (-D2n%x 2.8 ). cos X |
I T ‘n | 12 R | .
n=1 : B
A 100 3 o L -
Cd3(t) : _%- co3 (%42 Z Lisin[ng 9 -exp (-D3n%n 21\ .cos(n X A
1t n | : 2 . |
n=1 = _ _
100, . o | ‘
Cd4(t) -2044.— C04- | — d 2 Z l-éin(n n E) exp (-D4 n’a 2-.1 -cos(n-n _{>
| P n 2 |y
' n=1 .
100 . e R A
'CdS(t) -°_°5— cos|d.+2 Z Lsin(nz-9)exp[-D5n2n 21 ) cos(ns X
1 1t | n l O PR |
n= : ' . . i

100 . E .
Cd6(t) := EE - C06 (% +£ Z _1 sm(n 1 %)-exp (- D6n*n 2-1 -cos(n-n ?)
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Hydrogen Evolution '
T
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Figure A.4. -- Hydrogen diffusion-out palladium when difﬁjsion coefficients vary “
~ with concentrations. Notice same as diffusion-in process, the lower
diffusion coefficient is, the longer time needed to reach equilibrium
position - o ' '
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Appendix B

CALCULATION OF CANTILEVER BEAM NATURAL FREQUENCY

In this appendix the vibration resonance frequency of a.distributed-mass’-
rectangular cantilever beam with a concentratéd mass is ‘determined' The beam has a
_ total mass 7, and length L The ﬂexural ngldlty of the beam is EI and the

. concentrated mass at its end is m, as shown in Flgure B.1(a).

NS
h 4

@ i wm

Figure B.1: Cantilever deflection. (a) Cantllever beam of umform mass w1th a
> mass concentrated at its t1p (b) Assumed deﬂectlon curve. -

[ FN

Assummg the shape of deﬂectlon curve of the beam is that of the beam acted
upon by a concentrated force F apphed at the free end as shown in Flgure B. l(b) For

this stat1c load the deﬂectlon ata dlstance x from the support is -
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§=2(=--2y, » 1
where y = deflection at the free end of the beam. Upon substitution into eq.(B.1) of y
= C sin (ot+ @), which is the han_nenic deflection of the free end, we obtain

2 . ’ .
0= 3L2LL—szm(a)t+a) L B.2)

" The potential energy is equated to the work done by the force F= ma=m y as it
gradually increases from zero to the final value F. This work is equ'al to 3 Fy, and its

- maximum value that is equal to the maximum potential energy is then

V =—FC_—C2

(B.3
mx 9 212 (B.3)

. since the force F is related to the maximum deflection by the formula from elementary

strength of materials,

FI

=C= 4
Yaax = 3EI B4
The kmetlc energy due to the dlstnbuted mass of the beam is given by
= J' ( )5 dr, L @BYS)
0 .
and using eq (B 2) the maximum value for total kmetlc energy will then by
| ’”JI‘(3 vios WCde s ToiCt . @e)
""""\ 2L ] 20 o
After integrating eq.(B.6) and equating it with eq.(B.3), we obtejn
3B, 1 33 S
—C*=—a’C*(m+—-m . 7
20} 2 ( 140 ), | (87
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- and the resonance frequency becomes

f;%:%\/ 3. (B.3)

33
Lm+ 2
Lm0 ™)

This can be approximé'ged as: .

fwll 3EI
27\ L’(m +0.24m,)

L ®9

The approximation given by eq.03.9) is still g‘ood. whenm = 0 and the errofs are

within 1.5% compared to the exact solution (Eq. BS). . .
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Appendix C

MICROCAN TILEVER DATA SHEET

(The two cantilevers 11sted here were purchased from Park Scientific Instruments, CA)

C.1 Ultralevers (Maxnmum Resolutlon Cantllevers)
- Silicon cantilever with s1hcon comcal t1p
e Sharp, high aspect ratio tip.
e Four different cantilevers on every chip.
¢ Gold coated for high reflectivity.
e Boron doped silicon, 0.001 ohm/cm
* ~Wide range of spring constants.

e Available for tipless cantilever.

P OB mm : |
, A ]
T Lhew A _

Bum

306 om

; 1,8 mm | %?
0.3 rom
Chip Cantilever Tip

Figure C.1: Ultralever Diagram.

'Table C.1: Ultralever Properties - .

Cantilever Type A B C D
Length (um) | 180 180 85 . 85

Width (um) ' 25 383 18 28
Thickness (um) 1 1 T l

Force Constant (N/m) 026 040 16 2.1
Resonant Frequericy (kHz) 40 © 45 140 160
Deflection Sensitivity* (nm/V) | 88.8 749 62.0 63.9
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C.2. Microlevers (General Purpose Cantilevers)
e Silicon Nifride (Si3N4) cantilever.
o Typical radius of curvature of the t1p ~ 50 nm (Mlcrolevers) ~20 nm
(Sharpened Mcrolevers) o
- @ Six different cantllevers on every Chl};
o Gold coated for hlgh reﬂect1v1ty
e Recessed corners for easy sample approach

e Wide range of spring constants.

Lm’

Canlilevers ‘

ﬁramidal tip ) sharpened pyramidal tip ‘
F igure C.2: Microlever Diagram.
- Table C.2: Microlever Properties

_ Cantilever Type © A B C D E F
Length (um) 180 200 320 220 140 85

“Width (um) . | 18 20 22 22 18 18
Thickness (um) 0.6 06 06 06 -06 06
Force Constant (N/m) | 0.05 0.02 0.01 003 010 0.50
Resonant Frequency (kHz) j 22 15 7 15 . 38 120
Deflection Sensitivity* (nm/V) - 488 905 686 486 31.1

* Measured in our laboratory using NénoSéope III (Digital Instrument, CA). o
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Appendix D .
MUMPS MICROCANTILEVER AND READOUT SYSTEM

There were many diﬂ'erent fypes of surface micromachined eantilevers tested_ ‘
at Oak Ridge National Laboratory (ORNL). These Were _done'ontest chipe from
several different '_MUMPS fabrication runs in-1 99;1 .and ‘1 999 inclu_ding MUMPS17,
MUMPS 18, MUMPS20, MUMPSZZ and MUMPS24, The resnlts described in this
‘, thesis are for rmcrocantllevers fabricated on the MUMPSZZ and MUMPSZ4 runs. The. |
| dimensions of MUMPSZZ and MUMPS22 are 1dent1cal and they are hsted in Table
D.1. Over the vanous runs many dlfferent types and sizes of cantllevers were |
fabncated and tested The layout of these cantilevers was done usmg the mtegrated

circuit layout program MAGIC

> Table D.l:. Dimensions of MUMPS Cantilever -

‘Length  Width
Cantilever Plate | 112 um 500 pm
Reflective Ears | 40um  35um-
~Legs | 150 ym- 100 um- -
Anchor 40 pm © 500 um

P

MAGIC enables the user to draw each ind‘iyidu'a‘l.‘rayer of the desired design.‘
Each of these layers is *represente"d on a screen by a different color. The software is

then capable of taking the designer’s layout and generaﬁng a file, containing all the
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layout information. ’This ﬁle is then used to determine all the processing steps‘, and
masks needed to produce the desired design. |

Flgure D. 1(a) isa photograph of MUMPS22 cantilever chip. The chip is 1 cm.
square w1th 10 cantllevers on three sides. The cantllevers at the bottom of the chlp |
were used for testing. The input drive signals come from the opposite side of the chip
to .minimiie parasitic eoupling of the drive signal into' fhe‘cantileVer output. A
- photograph of the readout chipv from the MUMPS chips is shown in Figure D.1(b). |
"Each readout chip contains eight-channel readout circuita. ‘As we were in the testing »
period and modiﬁcations were alwa).'s needed after each test. Normally; we only used
one MUMPS ‘chip with one readout chip for our tests. Therefore, we were capable to
monitor up to eight MUMPS microcantilevers simultaneously. By adding more
readout c_hips.on' the circuit board, we can test more cantilevers on the MUMPS chio.
Shown in Figure D.1(c), two readout chips were cohnected to-one side of a MUMPS
22 chip and signals were readable from all ten cahtilevers on that sid'e.- Entire unit can
easily fit into ones palm, and four AA-srze batteries were used .to power the whole
circuit board (including MUMPS chip, readout chip and test boards). After attached a
RF circuit board detectlon s1gnals from the MUMPS mrcrocantllevers can be
wirelessly transmitted and we have successfully conducted a four-channel wireless test |

in our laboratory.
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Appendik E

" PROPERTIES OF ‘PALLADIUM,.HYDROGEN; MERCURY AND GOLD _

Table E.1: Propertles of Palladlum Hydrogen Mercury and Gold*

5

Element Palladium - Hydrogen - ‘Mercuryr. Gold
Principal . ' B
Quantum No. > \ - 6 6
" Atomic No, 46 . 1 80 ° 79
Atomic Wt. 106.14 1.00797 200.59 196.967
X-Ray Notation - Q K - P P
* Group " VIIA 1A IIB _ IB
: Heavy transitional Heavy transitional | Heavy transitional
Category mietal . Gas ‘ __metal metal
State Solid Gas - " Liquid - Solid
. Valence +2;+4 +1;-1 +1;+2 L +2+3
Atomic Radius 137R - 1.57A 1.44 A
Covalent Radius e 037A - 11494 1.50 A
Tonic Radius 0.50 A 208A¢-1 | 1L10RAH#2) ~137A@+)D)
Atomic Vol. 8.9 WD 141WD - 148WD | 102 WD
Valence 10 1 2 1
Electrons - L 4 i ls_ 65 .(+ 2) - 6s (+])
Core Krypton - Krypton Amphoteéric
Density 12.0 g/ml 0.071 g/ml . 13.6 g/ml 19.3 g/ml
qurystal FCC Hexagonal Rhombohedral FCC
tructure P
- Electro- 22 21 19 - 24
. negativity . i
_ Electrical o : o
Conductance 0.Q93 pohm . 0.011 pohm - 0.42 p.ohm
F"’;‘;L“:;;"?" 192 keal/g-mole | 313 keal/g-mole | 241 kcal/g-mole | 213 keal/g-mole -
Tonization - o ' A
. Potential 83V 13.6 eV 10.4 eV . 9.2eV
Boiling Point 3980 °C -2527°C. 357°C 2970.°C
Melting Point 1552°C . -259.2°C -384°C 1063 °C -
Electronic 15252 P63SZ3P63d 'ls‘ (Pd)4f *55°5p°5d™ (Pd)4f”5s25p‘55d]0
configuration 194524 64d 51°5g°s’ 5t°5g°6s

-*Listed data obtained from Handbook of The Atomic Elements by R A. Wllllams Phﬂosophlcal
Library, New York 1970 :
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| lApperidix F
SURFACE ADSORPTION MODEL. .
F.1 Surface Ads‘orption quel - g |

Based on above knqwn phen'omen; ahcigun% obseﬁations, we pr‘opqse la’model.
for thé sprfacé adsorption mechaniém _t}iat can be appliéd for tvhe mercurj,' vﬁpor "
adsorption on the gold sur"face. ’fhere h;ve been seve-ral édsoi‘btion m;dels v.vere
intr'odu;:ed since Lémgmuir proposed hi§ model~'f6r gas adsorptioﬂ in 1 9105. Howe_ver,'.
. all these models have their limitations and caﬁnot be d'irectly used to explain our
inercury/gold system without modifications. Consiciering the particular systém we
haveihc;,fe, we .propose‘a surface adsérption mt;dél‘bagéd on't_he following

asSumptions. In o{;r ‘model; mercury is the adsorbate (in vapor) and gold is the

#dsorbent (substraté)j The assumpt'i'ons for our model include the fbllowing termAs.:'. -
1. Wh;an an adsorb#te atom arrives at an acééptéb}e site on'the adsorbent surface,
. it has a sticking boéﬂicient'c;f one (100% adsorption).
2. Adsorbate atoms orﬁy adsorb on the top léyer‘qf adsorbe'nt su‘rface.--

3. Once adsorbate atoms are adsorbed (trapped) on the adsorbent Surface, théy

remain fixed.

~ 4. Adsorbate atoms 6:11y simply sit on the top or the side of adsorbent atoms with

no-other interactions between them.

174 -



5. Only one adsorbent atom can associate with one adsorbate atom (one

adsorption site per atom).

6. Ifa particular (adsorbent) position is already occupied by one adsorbate atofn,

the same position cannot be occupied by another adsorbate atom.

7. If an adsorbate atom arrives to a position that has already been occupied by
another adsorbate atom, it will be reflected back to vapor or it will replace the

occupied atom and send the occupied atom back to ambient.

8. Once one monolayer of adsorbate atoms is formed on the adsorbent surface, no

additional adsorption can take place on that surface.

F.2 Surface Rejection Coefficient

According to our assu.mptions, the adsorbent surface rejection factor J(7)
acfually is the possibility thét an adsorbate atom arrive's at a occupied site. J(f) is
eql_,lal to the ratio of the occupied sites Nocaupiea at that time divided by the total
acceptable bositions Nstorat 01 the adsorbent surfgce as

Jy=Nompes T F.1)
Sro:a( L R ., f';: ‘\- | R

As méntioned in the Chapt.er S, it is necessary to consider the adsorption
history in order to determine the occupied posi&ions Nocoupied. If we hévé a non-steady
flow and variable (vapor) co,nceliiratlio.ns, the number of the arriving adsorbate atoms

arrive

N, is different and its value depends on the flow rate and (vapor) concentration, If
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we have a steady flow and constant (vapor) concentration the number of the amvmg

adsorbate atom N7 isa constant N No , during each unit time 1. Then‘we

can evaluate Eq. (F.2) further. Consider the folloWing events during?m accumulation

time ¢:

occupied

, © - _
1%t5,  ~ t=ty,. NO .. =N,;

' occupied I ‘
occupred (l : )N 0>

Stotal

IR m
2"y E=21, N3

NO. ,I+.N‘2’ -

3" 1y, t=3t, - Ngggu,,,e,, (1- - Wos -
- Stotal
. N(l) . N(z) ] N‘(,::L ’ .
. 4th to’ S 4to,’ gzc)'upted (l P d occupt d pred )N 0>
' ’ o N Stotal
o . ) @ (m)
- mth t0, ‘ 1= mto’ ] (m) (1 Noccuplad N occupied oot N o:lcupwd ) No :

occupwd - N .
Stotal

~ where N is the accumulated atoms during the i* unit time. Therefore, afiera

occupi

total of m-time accumulations, the total adsorbed atoms (occupied positions') Noceupied -

N,

Stotal

is equal to
Noccupied = N(l) + N(Z) ipied + N(3) g tooot th::"clpled
m—lN“) +(m-2)N® +---+N‘"",' :
— [m _ ( ) occupied ( ) occupied occupied ] N . » (F2)
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m-1

2 m=DNE, .,
Nocaupied = [m - N ]No (F3)

Stotal

Or

Substituting Eq.(F.3) into Eq. (F.1), for m-time accumulations the adsorbent surface
rejection factor J(7) is equal to

m-1

Z (m - I)N g?cupied No

J@)™ =[m- =L - ] (F.4)
N Stotal N Stotal
If we use integration to replace the sum in Eq. (F.4), and rewrite Eq. (F.1) as
AT
J T = total , 5
( total) 1+A];ow (F )

where 4 = N,

and Tyora is the total exposure time. Since A is a constant for a
Stotal

given concentration and flow rate, at beginning 7, =Othen J(7,,,)=0. Aftera
gold surface is exposed to mercury vapor for long time (A47,,,, >> 1), then

J(Z ) = 1. The surface rejection coefficient J(Z,,,,) as a function of the total

exposure time Tio is plotted in Figure F.1 in which 4 = 0.05 per unit time 7.
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Figure F.1: Surface Rejection coefficient vs. the total exposure time (4 = 0.05 per
unit time 7o)
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