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ABSTRACT OF DISSERTATION

MICROSTRUCTURAL EVOLUTION AND PHYSICAL BEHAVIOR OF
PALLADIUM AND OSMIUM-RUTHENIUM NOBLE METAL FILMS

Nanostructured noble metals exhibit novel physicagchanical and chemical
behavior, and hold promise for applications suchassensing and electron emission. A
strong emphasis was placed on the processing ardathrization of these materials, in
the form of nanoporous or nanocrystalline thin §lmPalladium-based and
osmium-ruthenium alloys were investigated in thissdrtation research and will be
presented as follows:

(1) Preparation and Characterization of Nanopohetal Thin Films
(2) Characterization of Osmium-Ruthenium Coatings

Nanoporous palladium (np-Pd) thin films were preparby dealloying
co-sputtered palladium-nickel precursor alloys. d&f@rous structures were created with
3-D interconnected ligaments and open pores. Sizgaments and pores was ~5 nm,
achieved with a novel processing method developéhis study. Hydrogen cycling tests
performed with np-Pd films demonstrated a significanprovement in sensitivity to
hydrogen and response time for sensing. Effectdlofing element (Ni), film thickness,
local stress and pore/ligament size on hydrogetingydehavior were investigated in
detail. Additionally, nanoporous gold and gold-pdium thin films were studied to
clarify the evolution of microstructure during deging, including the formation of
nanoporous structure and effects of substrate tuneveon dealloying behavior. The
results from this project have yielded a new undeding of dealloying as well as an
ideal coating material for hydrogen sensing.

Nanocrystalline osmium-ruthenium (Os-Ru) thin filmwere deposited on porous
tungsten substrates with varied sputtering parasietdnese parameters were mapped to
microstructure, film texture and film composition samples that were comparable to
commercial devices. Using this map, Os-Ru films bamproduced with higher stability
during annealing and/or high-temperature operafldrese results should lead to Os-Ru
top coatings that increase the lifetime and emisperformance of dispenser cathodes.

KEYWORDS: nanoporous, palladium, dealloying, osmiuathenium
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Chapter 1
Introduction

This dissertation focused on two material systenasoporous Pd-based alloy
andosmium-ruthenium (Os-Ru) thin films. Pd, Au, Os and Ru are noble metals laanke
unique properties. For example, Pd has high ragactwith H, and can be used as a
sensing material in Hsensing devices. Os-Ru is capable to be the gpatiterial in
thermionic dispenser cathodes for decreasing thé& fwmction of a tungsten (W) diode.
In order to improve performance of the devices, Hgsensors and dispenser cathodes,

these two material systems were systematicallysiiyated in the study.
1.1 Introduction of Np-Pd Films

At atmospheric pressure and room temperature, Réissorb 900 times its own
volume of H in its lattices with no transformation of the iedt structure [1]. The
absorbed H atoms can be desorbed when the Pdtedhetaelevated temperatures or in
an atmosphere with low JHpartial pressures. During the absorption of ifl Pd, H
molecules firstly need physisorption on the Pd aef and the physisorbed, idan
sequentially dissociate into two H atoms and cherhisvith the surface Pd atoms. The H
atoms occupy octahedral sites in the face-centetdmc (FCC) structure of Pd. In
addition, the H atoms can reside in locations afcstiral defects in Pd, such as grain
boundaries, dislocation cores and vacancies [2].

Due to its high reactivity with § Pd is considered as a good candidate material
for applications of K storage, purification and sensing [3]. For theligapions, surface

area (or reaction front) plays a critical role ke tinteraction between Pd and. Hror



improving the H/Pd interaction, high surface-towuk ratio is a key factor. In order to
increase the surface-to-volume ratio, many invashig have paid attention on
structuring Pd in several forms: nanoparticles-detenl nanowires/nanotubes [4-6],
nanocrystals [7-9], thin films [10-12] and thinnfis coated on a nanoporous template (e.g.
anodic alumina) [13-15]. However, Pd nanopartitiase high surface-to-volume ratio,
but limited intrinsic mechanical stability. Convelg nanocrystalline Pd and Pd thin
films coated on either a flat substrate or a pormsplate offer improved mechanical
stability, but low surface-to-volume ratio. In thdissertation, Pd was prepared as
nanoporous thin films, which can have good meclausiability and high surface area.

Dealloying (or selective dissolution) is a relialjpeocess for making porous
materials. It is a process to leach out one (orenelements from an alloy using a proper
etchant solution. Under an appropriate dealloyiogdition, the porous material can be
produced with ligaments and pores from severaletes tof nm [16]. Due to its high
reliability and simplicity, dealloying has been &pg to produce a variety of nanoporous
metals in bulk form, thin films, or even nanowiresth nanoporous gold (np-Au) [17-21],
palladium (np-Pd) [22, 23], copper (np-Cu) [24] amdkel (np-Ni) [25] as examples. In
the study, dealloying is the method applied to aremp-Pd thin films from Pd-based
precursor alloys.

Many factors can affect the final nanoporous stmectproduced by dealloying,
such as alloying elements and composition of thecymsor alloy, temperature and
concentration of the etchant solution, and deafigyime. In addition, microstructure of
the np-Pd can directly and significantly influensensitivity and capability of H
absorption and desorption. Effects of the deallgyparameters on the produced

nanoporous structure, mechanisms of dealloying,raecdhanisms of Habsorption and



desorption will be discussed in more detail in Gha@. Also, relevant results and
discussion of the effects and mechanisms will esgmted in this dissertation to clarify
some scientific issues of dealloying and, Hbsorption and desorption in the
nanostructured Pd. Furthermore, in order to achfewer nanoporous structure of the

np-Pd, novel processing methods are proposed aodsdied in this dissertation.

1.2 Introduction of Nanocrystalline Os-Ru Films

A typical thermionic dispenser cathode used by $emAssociates, the industrial
cooperator for the Os-Ru project, mainly contahres heating elements at the bottom and
an emitting unit at the top of the cathode (seestdtic in Figure 1.1). The emitting unit
is a barium (Ba) calcium aluminate impregnated psr@/ pellet [26-28] inserted in a
molybdenum cup. The W pellet is coated with an @sk&er. During operation, the
heating elements can heat up the emitting uniénoperatures high enough to overcome
the work function of the emitting surface for etect emission. The Os-Ru coating can
effectively decrease the work function of the ingprated W from 2.1 eV to 1.85 eV [29,
30]. The decrease in work function can desirablyelo operation temperatures of the
cathode, and lead the cathode to obtain longeintiée

Two factors can shorten cathode lifetime: deplewdrthe Ba impregnant and
degradation of the Os-Ru coating. As Semicon Asgesi experience in operating the
cathodes, there is almost no cathode failed daeptetion of the Ba impregnant. Instead,
degradation of the Os-Ru coating is the primariinglissue to failure of the cathodes.
The coating degradation is because of excessieediffusion between the W substrate
and the Os-Ru coating during high temperature diperavhich eventually causes loss of

emission capability [31-33].



Figure 1.1 Schematic of the typical design of a thermionigdisser cathode used by
Semicon Associates. An Os-Ru thin film was coatedhe porous W pellet
on the heating element.

There are two types of diffusion paths for the ifudion through the Os-Ru
coating layer: volume diffusion by penetrating itas of the Os-Ru structure and short
circuit diffusion along grain boundaries in the Rg-ayer. In the case of W diffusion, the
diffusion coefficient is closely related to micmstture of the Os-Ru film, such as grain
structure and film texture. However, only a littltention has been paid to the
microstructure of the Os-Ru coating and its evolutat high temperatures. Some studies
characterized the film composition [34-38], and sostudies observed film morphology
[34, 39, 40]. The proposed results were not swfitito clarify and even limit the W
interdiffusion in the Os-Ru coatings.

Because the cathodes are mostly used in militady space-based applications,
where do not allow replacing the cathodes if tregledl, reliability and lifetime are of the
foremost importance for the cathodes. For inhibitime interdiffusion of W in the Os-Ru
coating, deposition parameters were tuned for oivigithe Os-Ru coating with the
highest stability of microstructure, film texturadacomposition during annealing. The

4



results were discussed based on the point of viewnaterials engineering in this

dissertation.

1.3 Hypotheses

In the study, two primary hypotheses were propasedelow. The hypotheses

were investigated by systematical experiments afidediscussed in this dissertation.

® Nanoporous Pd-based alloy thin films can provide a high surface-to-volume ratio. It
is hypothesized that the high amount of surface area might enhance physisorption,
dissociation and chemisorption of H, to surfaces of the Pd-based alloy. The
enhanced reactivity of nanoporous Pd-based alloy thin films to H, might be able to
improve rates of H absorption and desor ption because rates of phase transformation
between a-PdH, and s-PdHx might be accelerated due to increasing of surface area.
However, as the phase diagram of the Pd-H system, capability of H in a
nanostructured Pd-based alloy may be sacrificed due to decreasing of the Pd crystal
size. Sensitivity and capability of H absorption and desorption in nanoporous

Pd-based alloy films will be presented in the study.

® Texture and microstructure of Os-Ru thin films might be changed with substrate
biasing applied all the time during film deposition. Primary mechanisms of W
diffusion in Os-Ru thin films are grain boundary diffusion and bulk diffusion. It is
hypothesized that alterations in film texture and microstructure (e.g. grain structure)
can change rates of W diffusion and an optimized biasing power might be able to

inhibit W diffusion from the W substrate into the Os-Ru film.



Chapter 2
Background

Both nanoporous Pd-based alloys and Os-Ru are naaltine thin films. The
nanocrystalline structure can present physicalcmmical properties different from the
material in a bulk form, such as reactivity t@ Bind electron emission. The studies
described in Chapter 1 involve two material systemasoporous Pd-based alloy (np-Pd,
np-AuPd and np-PdNi) ands-Ru thin films. For the study of nanoporous Pd-based alloy
thin films, np-AuPd thin films were used to investie effects of dealloying parameters
on the final nanoporous structure. The np-Pd anéPdigdi thin flms were selected to
study H absorption and desorption behavior. Additiondllg-Ru thin films were utilized
to clarify effects of sputtering parameters of filen deposition on the film texture,
microstructure and stability of the film during @ating.

This chapter will review literatures relevant toetlssues presented in the
dissertation. Sections 2.1-3 describe applicatimis Pd-based alloy thin films,
mechanisms of dealloying, and hydridation/dehydiwte behavior of the np-Pd and
np-PdNi thin films. Sections 2.4 and 2.5 presemliaptions of Os-Ru thin films and W
interdiffusion in the Os-Ru films, respectively. tddhat the np-Pd and np-PdNi are new
materials, and no literatures reported the magehafore this dissertation (only one study
presents np-Pd in a bulk form [1]). So, some liimes mentioned in this chapter are for
clarifying theories, processing principles and evew ideas although the literatures

present different material systems from np-Pd gnédNi thin films.



2.1 Applications of Pd-based Alloy Thin Films

2.1.1 Electrode Material of Fuel Cells

Pd can be a good material fog Btorage, purification and sensing due to its high
reactivity to H at room and low temperatures. Pd [2] and Pd-babeys (e.g. PdPt [3, 4]
and PdPtRu [4]) are also considered to be usedotom exchange membrane fuel cells
(PEMFCs) as an H-catalyzed material for the eléesoIn a typical PEMFC, the layered
structure contains anode gas diffuser, anode eldetanode catalyst, PEM layer, cathode
catalyst, cathode electrode and cathode gas diffak&om the anode side to the cathode
side. The assembled unit in a PEMFC is the enemyemtion unit. Gas channel
structures are attached to the anode and cathodgifting H to the anode and Qo the
cathode. H and O ions combine at the cathode ctidyer to form water as waste
byproducts.

For enhancing utilization efficiency of Hnput from the anode gas channels,
materials of the anode require to rapidly adsorldl ahissociate K molecules.
Carbon-supported Pd [2] and PdPt [4] nanopartislese used as the anode materials
because the nanocrystalline Pd and PdPt have bagtivity with H due to the high
amount of surface area (particle size: 4.6-12.24n The material(s) is widely used as
anode sets in most current PEMFCs.

Erdler et al. [6] proposed a novel idea that Pd used as the H storing material
in an integrated fuel cell chip. The H-loaded Pskereoir was setup as the anode directly
attached to the PEM, which is a different desigmmfithe current PEMFCs. As electrical
performance tests for the fuel cell chip, the restbws that the single fuel cell chip

operated with a voltage higher than 0.4 V for ~168 (most PEMFCs with voltage



output of 0.5-1.0 V [5]). The chip fuel cell shoastrong potential for using the chips as
the power source of micro-actuators or the stackgus for high-power devices although
current density of the single chip was several & ttever than regular PEMFC modules.
For the application of PEMFCs, np-Pd and/or np-Pthii films might be able

for using as the anode materials because the itms have high reactivity to 5l high
surface area and high intrinsic mechanical stgbilihan the carbon-supported
nanoparticles. Furthermore, interconnected ligamémtthe np-Pd and np-PdNi films
should be able to provide channels for proton frartation to the PEM. So, it is
suggested that np-Pd and/or np-PdNi thin films migg a good candidate material for
building the anode structure although no literagunave pointed out this novel idea so

far.

2.1.2 H Sensors

Comparing with traditional Hsensors using a flat Pd thin film as the sensing
material, Pd mesowires [7, 8], nanofibers [9, 1) &d-decorated carbon nanotubes [11]
have been proposed to improve performance po6éhsors, especially shortening their
response time. The improvement is attributed toeimse in Pd surface area. Current H
sensors mostly measure changes in either electasatance or optical transmittance of
the Pd crystals duringhbsorption and desorption to reagldéntent in the atmosphere.
Baselt et al. [12] designed a Pd-coated micro-var H sensor, and the cantilever can
be bent downward when the Pd film absorbed Fhe H content can be detected by
reading changes in capacitance between the casttilewd the base-plate. However, all
types of Pd-based sensing unit mentioned aboveaated by Pd thin films, which can

limit sensitivity to H due to the restricted surface area of Pd.



For increasing the sensing performance (e.g. respdime and accurate
guantification of H content), the Pd structure with high surface s&atesired. Ding et al.
[13-15] deposited Pd thin films on a nanoporousdanalumina substrate as the sensing
material. Similarly, Luongo et al. [16] deposited FEhin films on a porous silicon
substrate to increase surface area of Pd. As tbsults, performance of the,ldensors
using a Pd-coated porous substrate was improvedisantly.

All current H, sensors utilize the measurements of changesatriebd resistance,
optical transmittance and even volume of the Pdcsire to detect fcontent. As
principles of the measurements, the np-Pd and mj-Bun films might be used in H
sensors because the films have interconnected reld{éi) ligaments and uniform film
thickness, which can provide the measurements gvitht accuracy. In addition, surface
area of the np-Pd and np-PdNi thin films is mucbhbkr than the sensing materials
mentioned above. So, using np-Pd and/or np-PdNifilms as the sensing material in H

sensors may improve performance of thesehsors.

2.2 Dealloying

2.2.1 Selection of Precursor Alloys and Etchant Sations

Selecting an appropriate precursor alloy is thet feaind important class for
producing nanoporous metals by dealloying. Two @tk are generally desired (in
cases of binary alloys):

(1) Two alloyed elements are miscible with no extnases, e.g. intermetallics.
(2) Two alloyed elements have the same latticeeiira.
Np-Au is a typical example presenting the nanopsrstiucture produced by

dealloying. For most cases of preparing np-Au, Aua\gised as the precursor alloy for



dealloying [17-29] because Au and Ag are miscibith\any compositions and have the
same FCC lattice structure. Kabius et al. [1] uBe€u (20 at.% Pd) as the precursor
alloy for preparing np-Pd by dealloying. Sun et[aQ] prepared np-Ni by dealloying the

NiCu precursor alloy.

Once the precursor alloy is decided, an appropattieant solution needed to be
selected by high dissolution selectivity for thioyed elements. Dealloying methods can
be with or without applied voltage. Dealloying wibpplied voltage is an electrochemical
process. Also, the precursor alloy can be dealloggdree corrosion in the etchant
solution with no voltage applied. Free corrosiou afectrochemical dealloying are able
to be combined for obtaining the nanoporous meitll &vlower amount of the sacrificial
element. For all the approaches of dealloyingetichant solution should be able to leach
out the less noble element, but does not attackntleee noble element. For the
requirement of high dissolution selectivity, Hh@s the ideal etchant solution for
dealloying of AuAg to prepare np-Au [17-29]. Kabiet al. [1] electrochemically
dealloyed the PdCu precursor alloy in a8@,+H,SO, solution (1 N, pH 2). Using an
appropriate precursor alloy and etchant solutiba,dorosity can be as fine as several nm,
and content of the sacrificial element can be lothan 10 at.%.

The np-Pd and np-PdNi thin films presented in thssertation were prepared by
free corrosion of Pd-based alloys. Selections ef fihal precursor alloy and etchant

solution will be discussed in the next chapter.

2.2.2 Mechanisms of Dealloying

A selected precursor alloy contains the more ngblbl) element and the less

nobel (LN) element. During dealloying, the LN elerhes leached out the precursor alloy
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and the MN element can agglomerate to form cluskatebacher [31] proposed a kinetic
Monte Carlo model to clarify dealloying evolutiormvan atomistic view. In his simulated
model, when the topmost atomic layer of the premuaioy was attacked by the etchant
solution, dissolution of the LN atoms and diffusiohthe MN atoms occurred at the
alloy/solution interface, where was with a non-éuum state. The LN atoms at the
etching front dissolved in the solution and remdimacancies in the topmost atomic
layer. The MN atoms preferred to agglomerate irtesters for satisfying the stable
atomic coordination. By the time, the next atonaigdr was exposed to the solution. The
dissolution/diffusion behavior can proceed repdsteantil forming a nanoporous
structure with a low amount of the LN element. Hoere dealloying can stop when the
etching front was completely passivated by the Mdires, which led all atoms beneath
the topmost atomic layer to be protected from tbkeiteon attacking. The passivation
phenomenon of dealloying can be verified by chaggiompositions of the precursor
alloy [27].

In Erlebacher’s model [31], diffusion distance bétMN atoms along the surface
(or the etching front) should be shorter than teegth scale between neighboring
ligaments/clustersAj. In other words, both ligaments and pores arméat in localized
regions. Using applied potential during dealloyirges of the dissolution {ksoution and

the surface diffusion {gusion) Were summarized as equations 2.1 and 2.2.

kdissolution = I/E exr{_ (nEb B %Ble (21)
Kaiftuson =V exﬁ(_ nE, kBT) (2.2)

Here,ve is a given frequency of 1@. vp is an attempt frequency of order of the Debye

frequency (18 s*, for most metals). Eis the bond energy between the LN and MN
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atoms, which is 0.15 eV for Ag and Au atoms in Audlpys. “n” is the amount of
neighboring atoms for the given LN or MN atom & #tching front. The n value is in a
range of 3-9, depending on locations of the givenma(e.g. steps or kinks), ks the
Boltzmann Constant and T is the temperature (K).

As equations 2.1 and 2.2, both dissolution of thikdtoms and surface diffusion
of the MN atoms require overcoming an activatiomriea of (nk,). Applying a high
potential can enhance dissolution of the LN atowiscannot affect diffusion rate of the
MN atoms. However, these two equations are not tabdstimate rates of dissolution and
surface diffusion in the case of free corrosiongpplied voltage).

For estimating surface diffusion rates of Au atamshe Au surface (same as the
case of free corrosion of AuAg alloys), Andreaseale[32] quantified surface diffusion
rate of Au atoms on Au particle surface isSdy (0.5 M) of 1.5x16" cnf/s by equation

2.3.

dt)'k,T
D, =/ b 2.
*= 3o’ (2.3)

where d is the particle size, t is particle coairsgrime, T is the temperature (Ky),is
surface energy of the particles, and a is theckaiarameter of Au. Using the, Ralue ,
Qian and Chen [33] estimated ligament coarsenitesraf np-Au during dealloying of

the AuAg alloy by equation 2.4.
n - E
dit) = ktexp — | = KtD 2.4
©) =k F(RTJ ; (2.4)
where d is the pore diameter, t is dealloying tiared T is temperature (K). Kgland R
are constants (K: proportional constang, k KDy, R: gas constant). Qian and Chen

obtained the n value is 3.4-3.7, which is clos¢hw value of 4 calculated by Dona and

Gonzalez-Velasco [34].
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Erlerbacher and Sieradzki [35] also proposed argesm for pattern formation
of the nanoporous metal during dealloying. In trstirdy, formation of ligament/cluster
was described in a 3-D space. The MN atoms aggkmento the neighboring clusters
by traveling a distance shorter tHanVith subsequent dissolution, the MN atoms need to
travel a longer distance for agglomeration duertdeucutting of the clusters. When the
traveling distance is longer than the MN atoms at the newly formed etching front
prefer to nucleate. Subsequently, the new nuclangycow as new clusters by collecting
the neighboring MN atoms. With formation of morewnelusters, curved pores are
created in the porous structure.

For pattern formation of the nanoporous structiBeradzki et al. [36, 37]
presented a percolating model for dealloying atyidloy. As their model, the MN and
LN atoms were not uniformly dispersed in the preouralloy, which means clusters of
the MN and LN atoms were pre-existed before deadfpyDissolution of the pre-existed
LN clusters causes subsequent dissolution alongtion paths into the precursor alloy.
By the time, the MN atoms can agglomerate into episted MN clusters, with no

demand of nucleation of the MN clusters.

2.2.3 Effects on Nanoporous Structures

As mentioned in Section 2.2.2, an over amount ef MN atoms can terminate
dealloying due to a completely passivated etchingtf However, the final nanoporous
structure can crack when the amount of the MN atisnbgo low [29]. Lu et al. [27] used
a thin film specimen with a compositional gradiemtthe precursor AuAg alloy (Au:
22-45 at.%, 1.6um thick) to study effects of the alloy composition the dealloyed

porous structure (np-Au). An open nanoporous girecdf the np-Au with a low amount
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of remnant Ag content (4 at.%) was obtained afealldying when Au content in the
precursor alloy were 22-26 at.%. However, only gin@in boundaries can be dealloyed
when the Au content was higher than 36 at.%, |lenthe dealloyed np-Au structure to
retain the AuAg alloy clusters. Cracks were obsgrivethe np-Au thin film when the
original Au content was (and lower than) 24 at.®4s suggested that 25-35 at.% Au was
the optimal composition of the AuAg alloy.

During dealloying, volume of the precursor alloyna@ontract due to loss of the
LN atoms. Parida et al. [22] used AuAg leaf sampdesieasure the volume change by a
contraction of 30 % during dealloying. Sun and Ba8] presented the AuAg thin films
contracted by ~15 % in the film thickness and 9 ®btbiaxial orientations during
dealloying. However, volume contractions during llbg@ng can be avoided by tuning
dealloying rates. Sun and Balk [38] proposed a irstdfp dealloying method for
dealloying the AuAg alloy (in bulk) with no volumehange. The proposed method
involves two steps: dealloyed in 1:2 diluted HN©Or 70 hrs then in concentrated HRNO
(70 %, stock solution) for 10 hrs. Using the mslep dealloying, most Ag atoms were
removed at a moderate dissolution rate firstlypwaihg the structure to maintain the
original dimensions and shape with formation of samanoporosity. Subsequently, the
remnant Ag atoms were leached out more rapidly withchange in the structural
dimension.

Qian and Chen [33] changed dealloying temperatiretudy the effects on the
np-Au produced from the AuAg alloy. After dealloginn concentrated HNO(70 %,
stock solution) for 4 hrs, diameter of pores waslb,and 27 nm when dealloying
temperature was -20°C, 0°C and 25°C, respectiWiih the increase in pore diameter,

ligaments also coarsened significantly (ligamerdtis: 7-12 nm).
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The final nanoporous structure is closely relatedtlie balancing between
dissolution rate of the LN element and surfaceuditin rate of the MN element. Both
studies by Sun and Balk [38] and Qian and Chen §i33d dealloying rates by changing
either concentration of the etchant solution orlldgemg temperatures. The final
nanoporous structure can be affected significaflyaddition to the reported dealloying
parameters that can affect the nanoporous stryatfeets of the substrate curvature on
the np-AuPd ultrathin films were investigated imstdissertation. Also, surfactants were
added to the etchant solution for achieving a finenoporosity. The issues were not
reported by any groups before, and the results bvallpresented in Chapters 5 and 6.
Furthermore, this dissertation will present morplgadal observation for the bottommaost

layer of ligaments to clarify formation of a nanopas structure in Chapter 7.

2.3 Hydridation and Dehydridation of Pd

2.3.1Hin Bulk Pd

Physisorption of K molecules on the Pd surface is closely dependerath
pressure and temperature. When the physisorptiomrecH molecules adhere to the Pd
surface by van der Waals forces and/or electrastdtraction with a binding energy of
1-5 kJ/mol [39]. Coverage ratio of the adsorbedrdlecules is a function of Hpressure,
binding energy, temperature and a rate constamt.rdte constant can be seen as sticking
coefficient, presenting a ratio of non-activatetu¢k) H. molecules to activated ;H
molecules. The higher coverage ratio is desired flllowed dissociation of K
molecules.

Mitsui et al. [40] used scanning tunneling micrgsedSTM) to investigate H

adsorption and dissociation behavior on a Pd (&@iface. The STM result shows that a
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success of Hadsorption and dissociation on the Pd surfaceimesjaggregates of three
of more vacancies. In other words, there should bmit value for the coverage ratio of
H, on the Pd surface. Based on density functionairihd.opez et al. [41] proposed a
similar result that formation of an “active sitebrfH, adsorption and dissociation
requires aggregation of at least three H-freeltetleal sites on the Pd (111) surface.

Once H molecules successfully physisorbed and dissociated H atoms at
tetrahedral sites on the Pd surface, the H atom®eahemisorbed with a strong binding
energy (>50 kJ/mol [42]). Subsequently, the cherbisd H atoms penetrate the topmost
layer of Pd atoms to reside at octahedral sitéxditattices as interstitial absorbates. With
the increasing of H content in the Pd, interacbetween neighboring H atoms increases
because the H-contained Pd lattices expand, caadngh interfacial energy between the
expanded lattice and the neighboring un-expandeéiddaFor decreasing the interfacial
energy, H atoms prefer to reside in the Pd lattieet to an expanded Pd lattice. So, the
second phase of Pglis formed by H aggregation in Pd.

Figure 2.1 schematically shows pressure-composisiotmermal diagram of Pd-H
system. There is a miscibility gap betweerandp-PdH,, and critical temperature {Jis
570K [43, 44]. H content ai- andp-PdH is x = 0.015 (Point A in Figure 2.1) and 0.58
(Point B), respectively. Both phases have the sB@E crystal structure but present
different lattice parameters, varying from 0.389 ton0.403 nm with increasing of H
content [45, 46]. Lasser and Klatt [47] proposdlenretical ax value of 0.703 at 1 atm
and room temperature. However, no experimentalysteplorted x values higher than 0.6
under the condition of atmospheric pressure anthr@mperature. Schirber and Morosin
[48] presented ultrahigh H-containgdPdH, (x near 1.0) with a lattice parameter of

0.408 nm under an extreme condition (T = 77K, PxBF Pa). XRD results show that
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the ultrahigh H-containep-PdH; still maintained the FCC lattice structure andldigce

parameter was linearly increased with increasinig obntent.
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Figure 2.1 Schematic of pressure-composition isothermal dragvathe Pd-H system.

In addition to tetrahedral site on Pd surfaces @etdhedral site in Pd lattices, H
atoms can reside at/near defects, including distmt@ores and grain boundaries, due to
tensile stress and disordered atomic arrangemeheitocal regions [49]. Nechaev [50]
used deformed and annealed bulk Pd specimens wstigate H segregation near
dislocations. Due to the nature of H segregatidmbm®r, it is proposed that region near
dislocations can form a local hydride-like phasenglthe dislocations with a diameter up
to several nm although the Pd specimens have dlgantent. Lemier and Weissmuller
[51] used nanocrystalline Pd to study H segregatibrgrain boundaries. The result
indicated that H segregation at grain boundaries deaninant although H content in the

Pd was very lowd phase), which agrees with Mutschele and Kirchhestatement [52].

17



Oriani [53] compared values of interaction enthedpof the dissolved H atoms at
edge dislocations (-60 to -70 kJ/mol [54, 55]) @mdin boundaries (-5.3 kJ/mol [52]) in
bulk Pd. It is suggested that the dissolved H atonght not be able to be desorbed from
edge dislocations as easy as grain boundaries wih@nge in interaction entropies of
edge dislocations and grain boundaries was netidbcause interaction enthalpy of
edge dislocations was one order higher than graimdaries. However, value of the
interaction entropies was not presented in thadliss. Pundt et al. [49, 56] also proposed
that edge dislocations can offer tensile defornagtices near the dislocation core beneath

the dislocation gliding plane for easy occupatibR@toms.

2.3.2 H in Nanostructured Pd

For applications using Pd as an H sensing matdpidlusually requires to be
structured in nanoscale for improving its sengiiidowever, H capability of Pd may be
sacrificed with the size reduction of Pd crysta#lit This concern was firstly proposed by
Eastman et al. based on their thermodynamics edionk [57]. Kuji et al. [58] presented
pressure-composition isothermal curves of the Pslysiem using annealed Pd sheets
with coarse grains and fine Pd particles (partisiee: ~200um), and a narrower
miscibility gap between- andp-PdH; was exhibited by fine Pd particles. For the Pd
sheets, x value at Points A and B in Figure 2.1 w82 and 0.57, respectively, which
agrees with H solubility measured in bulk Pd [4Bpwever, for the Pd particles, H
solubility in a-PdH; increased (x = 0.05, at Point A) and H contenft-irdH, decreased
(x = 0.52, at Point B). Kuji et al. [59] used nangtalline Pd (grain size: ~10 nm) to
investigate effects of Pd crystallite size on Hamfy. X value ofa- andp-PdH; in the

nanocrystalline Pd was 0.1 and 0.32, respectivelpddition, T of the miscibility gap
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decreased to 435K (570K for bulk Pd). As the restlis noted that H solubility can
increase ini-PdH, but decrease if-PdH, when Pd is nano-sized.

This finding of the narrowed miscibility gap in ramystalline Pd can be
considered to a higher degree of atomic disordehénlattices at/near Pd surfaces. For
nano-sized Pd, surface tension of Pd can deformPthdattices near the surface, but
degree of the lattice deformation can decrease witheasing of distance from the
surface. The deformed Pd lattices can cause a thdjficulty in H occupation at the
octahedral sites. Kishore et al. [60] utilized gpted Pd nanoparticles (particles size: 4-5
nm) to estimate that 68-69% Pd lattices behavetheasurface/subsurface lattices (i.e.
31-32% as bulk-like lattices). Kuji et al. [59] pased an explanation for the sacrifice of
H capability in nano-sized Pd that the deformetides led the certain octahedral sites to
have a smaller effective volume for H occupatiomioh caused a higher occupation
energy and even some octahedral sites in highlyrohefd lattices being not available for
H occupation. Reduction of H capability fjsPdH, was up to 50% in the nano-sized Pd
(grain size: 10 nm).

Additionally, Sachs et al. [61] investigated effeof particle size on H capability
of B-PdH; using surfactant-stabilized Pd nanoparticles. Xues of p-PdH, were
approximately 0.2, 0.26 and 0.3 for 2 nm, 3 nm &nadm nanoparticles, respectively.
Although the x value for 5 nm Pd nanoparticles wasdefined well due to lack of data
points in between 0.2 and 0.42, the estimated @8 was with a good agreement with
0.32 proposed by Kuji et al. [59]. The reductiontbtapability in nanocrystals was also
found in other metals/alloys. Jurczyk et al. [62lidéed effects of grain size on H

capability of magnesium-copper (Mgu) at 573K, and the result showed a 13.5%
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reduction (from 2.6 wt.% H to 2.25 wt.% H) whenigraize decreased from microns to
30 nm.

For nano-structured Pd, both higher occupation ggn@nd lower amount of
octahedral sites cause a lower H capability thak Bd. However, some forms of the
nano-sized Pd may lead the Pd structure to bekefibsorption. For example, both
nanoparticles and nanoporous structure have asuighce curvature. The highly curved
surface contains a high amount of surface atomslingsat step edges, kinks and
vacancies. Surface atoms near the surface defents B weaker binding to the
subsurface atomic layer because the surface atawesfbwer nearest neighboring atoms.
The weaker binding can lead the surface atomsféo bigher reactivity toward dissolved
H atoms [42]. Sachs et al. [61] verified that theface atoms near surface defects (e.g.
step corners and edges) can favor additional bintirthe dissolved H atoms.

Interestingly, Cox et al. [63] proposed an amazinglue (x = 3) of Pdkifor Pd
nanoparticles containing less than 50 atoms, whiehAns the nanoparticles were ~1 nm
in particle size. In other words, H atoms can beamdy stored at octahedral sites in Pd
lattices but also chemisorbed by the surface atoess surface defects. Considering
positions of the stored/chemisorbed H atoms, tleentéorbed H atoms which were hung
out of the lattices (actually, anchored on the aej might not significantly change
lattice parameters as the stored H atoms whicldedsat octahedral sites in Pd lattices.
However, the H atoms anchored on the surface carade rates of Hphysisorption and
dissociation due to less reaction sites on thelyighcovered surface.

In addition to offering extra positions for H ancimg, the atoms near surface
defects can be nucleation sitespePdH, due to the high interaction entropy and high H

content in the local region (only several latticesarest surface defects). For the
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nano-sized Pd structures with high surface-to-ve@lumatio (i.e. nanoparticles and
nanoporous structurd);PdH; is easy to be formed because of the lower H cépafi:
~0.3 for 5 nm Pd but 0.58 for bulk Pd) and high antoof nucleation sites near the
highly curved surface. In the nano-sized Pd strestunucleation density @fPdH, near
surface can be a critical issue affecting hydralaind dehydeidation behavior. However,
not much attention has been given to the issu@icieation density by experiments.
Asakuma et al. [64] numerically analyzed H absorptiand desorption
mechanisms with tuning nucleation density of hyerd metal clusters (e.§-PdH; in
nano-sized Pd). With a lower nucleation densitgrgwnucleus offi-PdH, can grow into
interior of the metal cluster with no contact witkighboringp-PdH, cluster until the
metal cluster completely transformed fiePdH,. Conversely, with a higher nucleation
density, a3-PdH, shell can be formed before the core transformeiti¢chydride phase.
As the result presented by Asakuma et al., it caaddressed that a core-shell structure
might be formed during initial stage of hydridatismhen nucleation density @tPdH; is
high enough. Furthermore, a higher nucleation demsay form a close shell earlier
during hydridation, which is supported by the siatign proposed by Crespo et al. [65].
Formation of the core-shell structure in nano-sif| i.e. theo-PdH; core
surrounded by #-PdH, shell, can lead subsequent hydridation to be nuffecult
because diffusion of H atoms #PdH, is faster than if-PdH,. After formation of the
B-PdH, shell, H atoms needed for full hydridation requibepenetrate the shell with a
lower diffusion coefficient. As diffusivity (B) and activation energy gEof H diffusion
in a-PdH; [53] andB-PdH; [66], diffusion coefficients of H im-PdH, andp-PdH, are 3.7

x 107 cnf s* and 9.8 x 18 cnt s*. Therefore, diffusion rate of H if-PdH, is 3.8 times
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slower than imi-PdH,, which means subsequent H absorption can taketdirge when
theB-PdH; shell is formed.

Both Pd nanoparticles and np-Pd can perform higisiseity to H, due to their
high surface area. As worse mechanical stability b sensing applications, Pd
nanoparticles usually require decorating on a sateste.g. nanowires or nanotubes.
However, the nanoparticle form might have anothesblem leading to decayed
performance after using for long time — H-inducestv@ld ripening. This phenomenon
of H-induced Ostwald ripening in Pd nanoparticlesswecently proposed by Vece et al.
[67]. The ripening phenomenon can cause changentinuity of Pd nanoparticles and
reduction of surface area during long-term hydratat

In this dissertation, np-Pd and np-PdNi thin film®re used to investigate
hydridation and dehydridation behavior for nancediPd and Pd-based alloys. The result
might offer a new sight for investigating H abs@vptand desorption mechanisms of Pd
sized as small as 5 nm (even smaller than 5 nnigvRet results and discussion will be

presented in Chapter 8.

2.4 Os-Ru Thin Film in Dispenser Cathodes

Os-based alloys, including osmium-iridium (Os-ImdaOs-Ru, were firstly
proposed as coating materials used in W-based riispeathodes in 1970 [68], which
was patented by US Philips Corporation, NY. Emissiait of the cathode was composed
of an Os-based alloy coated W pellet, which wapamed by powder metallurgical
processing for the mixture of W and BaO-CaQl (with a molar ratio of 5:2:3)

powders. Although Os can be toxic after oxidatithhe Os-based alloy has surface
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attractive force to tight activated Ba atoms andptdarize the Ba atoms for reducing
work function of the cathode.

A similar design of porous W dispenser cathodes pvaposed by Falce in 1979
[69]. Using this patented design, lifetime of thethomde was improved to 44,000 hrs
(operated at 10504y with a higher emission density than conventiodapenser
cathodes. Cortenraad et al. [70] presented thasseom density of porous W dispenser
cathode with an Os-Ru coating (80 at.% Os and 26 Riu, 50-500 nm thick) was 30 A
cm?, which is higher than Ir coatings (20 A érand rhenium (Re) coatings (~15 A€m
at T = 1030°@. The increase in emission density was correspomolet lower work
function of the cathode with a Os-Ru coating (1685, comparing to 1.85 eV for Ir
coatings and 1.93 eV for Re coatings. Using lowrgyeon scattering presented that
Os-Ru coatings had the highest Ba ion density ¥318"* ions cn¥), which was higher
than Ir (2.9 x 18 ions cn) and Re (2.7 x 8 ions cn¥). It is clear that Os-Ru is an
ideal material for lowering work function, decreagi operation temperatures and
enhancing emission density of the dispenser cathode

Os-Ru (or Os) thin films can be deposited by chaimapor deposition (CVD)
[71, 72]. However, deposition requires to be preedsat elevated temperatures (e.g.
300°C [71]). The elevated temperatures might affiegtregnated BaO-CaO-4D; in W
pellets. Moreover, precursor materials used for Gf@s-Ru films are toxic. Therefore,
sputtering is a desired method for deposition ofRDgfilms because of processing safety
and lower processing temperatures (e.g. room teatyey). Microstructure and film
texture of Os-Ru can be changed by sputtering petensy including film thickness,
sputtering power, deposition temperature and pressilistance between the substrate

and the target, and power of substrate biasing.
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2.5 W Interdiffusion in Os-Ru Thin Films

There are two factors which can limit lifetime apdrformance of the Os-Ru
coated dispenser cathodes: depletion of Ba impregmrad degradation of the Os-Ru film.
Depletion of Ba impregnant is caused by evaporatbrBa during high-temperature
operation in vacuum. Roquais et al. [73] proposkdt tevaporation rate of Ba
significantly increased with increasing porosity toe porous W substrate (e.g. 22%
porosity exhibiting an evaporation rate as 2.6 sirnigher than 16% porosity). Therefore,
higher porosity of the porous W substrate can limfétime of the cathodes due to its
higher Ba evaporation rate. However, higher poyosén lead the cathode to perform
higher emission density [74]. So, porosity of thesWbstrate should be compromised in
between lifetime and performance of the cathodes.

As Semicon Associates’ experience, almost nondef tathodes failed due to
depletion of Ba impregnant. Instead, failure of tnhcathodes was caused by excessive
diffusion of W in the Os-Ru film. The W diffusioran degrade the top-coating layer. In
Os-Ru films, some W (~40 at.%) is needed to enhafedron emission. However, high
W content (>80 at.%) in Os-Ru films can cause failof the cathodes [75]. The
excessive amount of W was from interdiffusion betwehe Os-Ru film and the W
substrate during high-temperature operation. Sig, ¢ritical for improving lifetime and
performance of the cathodes that W diffusion irite ©s-Ru film should be hindered
during operation.

As-deposited Os-Ru films were polycrystalline. ddagng about diffusion of W
atoms in the polycrystalline Os-Ru film, there a&m® types of diffusion paths: volume

diffusion and grain boundary diffusion. As volumd#fusion, atomic planar density is
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critical to W diffusion. Film texture can play amportant role to affect W diffusion rates.
As grain boundary diffusion, grain size can be g issue for W diffusion rates. Larger
grains are desired because the grain structurddweer grain boundaries as diffusion
paths for W atoms.

Crystal structure of Os-Ru is hexagonal close pa¢kiCP) lattices. Basal plans,
i.e. (0002), have the highest planar density. Thasdst planes can offer a higher
resistance for W penetration. In other words, (0082y be the desired film texture for
hindering volume diffusion of W atoms. For decregsgrain boundary diffusion of W,
Os-Ru films have to be deposited with larger graansl no cracks. Both issues are
relevant to microstructure and texture of Os-Rmgil Unfortunately, not much attention
has been paid on microstructure and texture of Q&HRs.

Jones et al. [76] presented scanning electron sgomy (SEM) micrographs of
as-deposited and activated cathode surfaces, bumninmstructure of the film was
proposed. Isagawa et al. [77] investigated morpgholof W surfaces prepared with
different processing methods, but no charactegmaivas performed with the film.
Several studies characterized surface compositiod depth profile using x-ray
photoelectron spectroscopy (XPS) or Auger elecsimectroscopy (AES) [78-81], but no
microstructure of the film was presented.

By cooperating with Semicon Associates, Bell [82kgented a systematical
investigation of substrate biasing during film dsion with microstructural and
compositional characterizations. As microstructurabservation (plan-view and
cross-section) and compositional analysis, Bell manzed that a substrate biasing
voltage of 50-100 V (DC) can improve stability dhf thickness and composition during

annealing.
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In this dissertation, effects of film thickness asdbstrate biasing power on
microstructure and texture of Os-Ru thin films waneestigated by linking to the results
of chemical analysis. Stability of film microstruce, texture and composition were

compared with specimens provided by Semicon Assxtia
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Chapter 3
Experiments

This chapter will present general information opesimental methods used in the
study. Experiments include thin film deposition ¢Ben 3.1), dealloying (for nanoporous
specimens, Section 3.2) and characterization (@ec3i.3). Detailed information of

experiments will be presented in each chaptersaflte and discussions (Chapters 4-9).
3.1 Magnetron Sputtering Deposition

Magnetron sputtering offers a high ionization yi¢tdgenerate plasma for thin
film deposition. In a high vacuum sputtering chamitiee ionized argon (Ar) atoms can
be driven toward the target surface (precursor nadteby electric field, resulting in
ejection of target atoms (or atom clusters). Maignietld B is perpendicular to electric
field E above the target surface. The electric and magfetd leads electrons to drift
with helical or cycloid paths, which can enhanceization efficiency of Ar within a

circular region of plasma (see Figure 3.1a).

Figure 3.1 Plasma (a) above the target and (b) near theratdsarrier in an Ar
atmosphere. The target and substrate are Os-RWaellets, respectively.

27



During deposition of thin films, substrates candbehed back by Arions when
the substrate carrier is biased with an applie@ma@l (RF) for generating plasma near
the substrate surface. The etching back processhistrate biasing. Substrate biasing can
result in high compressive stresses in the as-aeploklm and even be able to change
the film texture. However, substrate biasing cacre@se deposition rate by several
percents (e.g. 5% for deposition of Ni films withbstrate biasing). Figure 3.1b shows
plasma for substrate biasing during film deposition

In this study, thin films were deposited on sulisgaising magnetron sputtering
(ORION system, AJA International Inc., North ScieiaVIA, USA). Substrates included
single-crystalline (100)-oriented Si (180 or 3@@n thick, CrysTec GmbH, Berlin,
Germany), Kapton sheets (pfn thick polyimide, DuPont Kapton, type 200 HN) and
pellets. Deposition of thin films was performedairvacuum chamber (base pressure: 1.3
x 10° Pa or 1.0 x 18 torr) with an Ar atmosphere at pressure of 2.50% tbrr. Before
deposition, substrates were cleaned by ion etdbawg with bias power of 35 W (RF) at
2.5 x 107 torr for 1.5 min for cleaning the substrate suefand create nucleation sites.
Interlayer (e.g. Ta) was deposited for enhancirfgeabn of the film to the substrate (e.qg.
Si). During film deposition, substrate carrier tethfor obtaining a better uniformity of
film thickness and composition. Additionally, sulagé carrier was biased all the time
during film deposition for some specimens.

Target configuration of the ORION system is showrFigure 3.2. Four targets
can be set in the chamber, including Ni (or Ag);Ras(or Pd), Pd (or Au) and Ta. In
Figure 3.2, gun 1 was not capped and the targetrevasved. Thirteen magnets surround

the central magnet. These magnets can create aetiafiald above the target, yielding
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circular plasma on the target surface. Shutterstioér three guns are closed. Details of

film deposition will be presented below.

Figure 3.2 Target configuration in the sputtering chambermheaf ©RION system.
Magnets beneath the target can be seen by gundr @), which was not
capped.

3.1.1 Deposition of PdNi Precursor Alloy Films

Composition of precursor alloy is critical to therpus structure prepared by
dealloying. Film composition of the precursor all@yg. PdNi) can be adjusted by tuning
deposition rates of the co-sputtering targets. Bijom rate of each target was
determined individually at a given deposition powsing a stylus profilometer (Dektak
6M). For obtaining thickness difference on a flatface, straight lines were drawn by a
marker (Sharpie) on surfaces of a glass plate.rAftem deposition with a certain
thickness on the glass plate, specimens were mangettianol (95% purity) to dissolve

the marker lines. Film over the marker lines becdrae-standing and eventually was
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peeled off from the glass surface. By using thefilproeter, surface profile and film
thickness can be determined with nm scale. Figu8esBows a typical profile over the

peeled edge.
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Figure 3.3 Thickness measurement of a PdNi thin film by Dkldgarface pofilometer.
Measurement was taken over the peeling edge ofrikemiine. Measuring
parameters are shown on the left, and the meashikahess of the PdNi film
was 105 nm.

Results of the Dektak measurement were used talatdcdeposition rates for
individual target materials. The deposition rateswaed to tune composition of precursor
alloys for subsequent dealloying. In the studyarfieporous Pd-based films, composition
of the precursor alloy was optimized by makingpstspecimens with a composition

gradient. For example, one end of the strip spetimas Pd-rich and the other end was
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Ni-rich. Content of Pd or Ni between the two endaswgradually decreased with
increasing distance from the Pd- or Ni-rich engpesetively. Similarly, composition of
ternary precursor alloys (e.g. AuPdAg) was deteealinsing the same method but three
strip specimens were needed to determine composgradients between each two
targets.

After obtaining the optimal composition of PdNi poesor alloys (18-25 at.% Pd
and 75-82 at.% Ni), all PdNi films were depositedtbe 3-inch Si wafer with substrate
biasing at a power of 35 W (RF). A 2 nm Ta integlawas deposited prior to deposition
of PdNi alloy films. Deposition power applied to BRdd Ni targets was 20-30 W (DC)
and 350 W (DC), respectively. PdNi films were defgmbwith a thickness of 25, 45, 90
or 200 nm. Substrate biasing led the PdNi filmbadwe a high compressive stress (up to
1.4 GPa) in the as-deposited films, which can eobakealloying rates. For deposition of
AuPdAg precursor alloy films on the 3-inch Si wafiae substrate was not biased during
the film deposition, yielding lower compressivenfilstresses (~ 200 MPa). Method of
stress measurement will be presented in Sectiori.3The optimized composition of
AuPdAg alloys were 16 at.% Au, 11 at.% Pd and 7® &g or 21 at.% Au, 7 at.% Pd
and 72 at.% Ag. After film deposition, precursadioglfilms were dealloyed in a proper

etchant solution (see Section 3.2 for details afldging processes).

3.1.2 Deposition of OsRu Films

Substrates for deposition of Os-Ru films were Waqtel These W pellets were
prepared by Semicon Associates Inc., using stangandier metallurgical processes to
compress W powders (General Electric, US, averag#cfe size: 4.5um) into round

pellets. The W pellets were 3 mm in diameter a2¥ lam in height. The as-compressed
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pellets were sintered at 2200°C for 1 hr to reagomsity of ~16%. The top surface of
each sintered W pellet was CNC-machined into aaemshape and the concave top was
the surface for Os-Ru coating.

After cleaning in solvents, the W pellets were aged and stacked on sample
carrier by small pieces of carbon tape for film a&pon (see Figure 3.1b). There were
two sputtering systems used in this study: an OR#pttering system at the University
of Kentucky and an Omega coater (Omega Industmes, IMN, US) at Semicon
Associates Inc. Base pressure of the Omega caat27i x 1d Pa (2.0 x 18 torr).
Os-Ru target set in the ORION system was provide&dmicon Associates Inc. with a
composition of 60 at.% Os and 40 at.% (measureddy).

Semicon Associates Inc. deposited Os-Ru films u#iegOmega coater at an Ar
pressure of 2.7 Pa (2.0 x 4@orr) and a deposition rate of 10 nm/min. Os-Rmi
deposited by the ORION system (at UK) were perfatraean Ar pressure of 3.3 x40
Pa (2.5 x 18 torr) and a deposition rate of 16.7 nm/min. The filfs were deposited
with applying substrate biasing power of 0, 5, bd 20 W (RF), being equivalent to 0,
115, 163 and 239 V (DC), respectively.

In order to measure in-plane stress of Os-Ru fil@s;Ru films were also
deposited on Si substrates, including 3-inch wadeis Si strips, 50 mm (L) x 5 mm (W).
For improving adhesion of the Os-Ru films to thes@bstrate, a 10 nm W interlayer was
deposited prior to deposition of the Os-Ru film. Asasurements of the film stress using
a wafer curvature system (see details in Secti8ri3.Semicon films had a much lower
compressive stress (~20 MPa) than the UK films -3 GPa). Effects of the
compressive stress on film structure and textute bei discussed in Chapter 10. After

film deposition, some Os-Ru specimens were anneatdl050°G (brightness
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temperature) for 10 min in a mixed,N, atmosphere (75% N+ 25% H). Both
as-deposited and annealed Os-Ru films were chaimedeby XRD, SEM and EDS (see
details in Section 3.3) for investigating stabiliby the film composition, texture and

structure during annealing.

3.2 Dealloying

3.2.1 Dealloying of PdNi Precursor Alloys

Before using PdNi as the precursor alloy for pradgap-Pd or np-PdNi, PdAg
was selected as the precursor and dealloyed iic aidid. However, PdAg alloys had a
low selectivity of dissolution in nitric acid: botRd and Ag dissolved in concentrated
nitric acid and were not able to dissolve in ditutetric acid. Therefore, PdNi alloy was
chosen for dealloying in sulfuric acid. PdNi presur alloy films were dealloyed in
sulfuric acid (25 vol.% or 98 vol.% concentratiofor achieving a finer nanoporous
structure, some PdNi films were dealloyed in ddutsulfuric acid (25 vol.%) with
surfactants, including oleic acid {f133COOH, 90% purity, Alfa Aesar, USA) and
oleylamine (GgH3sNH,, 70% pure, Alfa Aesar, USA). The surfactants watded to 100
ml diluted sulfuric acid (25 vol.%) by 2 ml of eadbealloying time was significantly
varied with film thickness and concentration offgut acid. Details of dealloying time
will be presented in each chapter.

During dealloying, dealloying progress was tracksdthe PdNi alloy peak in
XRD scans, and dealloying completion was determiethe time where the PdNi alloy
peak completely disappeared. After dealloying catgal, specimens dealloyed with no
surfactants were rinsed with ethanol (95% purity)Z0-30 sec and soaked in ethanol for

15 hrs to remove residual sulfuric acid. Specimdnalloyed with surfactants were
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cleaned in boiling ethanol for 30 min, rinsed wathanol for 20-30 sec, and soaked in
ethanol for 15 hrs to remove residual surfactamis$ sulfuric acid before subsequent

characterization.

3.2.2 Dealloying of AuPdAg Precursor Alloys

AuPdAg precursor alloy films (70 nm thick) were teged in diluted nitric acid
(35 vol.%) with no surfactants for 35-60 min. Aghdae dissolved in nitric acid rapidly,
but Pd also can be significantly removed when dgall for a long time. Dealloying
progress was tracked by integrated intensitiesdifficiction angles of the AuPdAg peak
in XRD scans. As the tracked result, most Ag atevese dissolved in the first 30 min,
and then a significant loss of Pd occurred in 35¥60. Dealloying for 60 min can lead
almost all Pd to be dissolved. For maintaining sd?dein the final np-AuPd structure,
AuPdAg precursor alloy films were dealloyed for #dbn. Dealloyed specimens were
rinsed with ethanol for 20-30 sec, and soaked Iaretl for 15 hrs to remove residual

nitric acid before characterization.

3.3 Characterization

3.3.1 Wafer Curvature

In-plane stress of thin films deposited on a sdidstrate (e.g. Si) can be
measured using a wafer curvature system becausgrédssed film can change curvature
of the substrate. Figure 3.4 shows a schematialusteate curvature changed by the film
under a tensile or compressive stress state. Asmémesured curvature change of the

substrate, the film stress;( can be expressed by the equation:
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_ B [ K
90 = (1—|/S)[6Rhf] (3.1)

where E is Young's modulus of the substrateis Poisson’s ratio of the substratg,is

substrate thickness; is film thickness and R is radius of the curvethsdrate [1]. A
typical technique for measuring substrate curvatinienges associated with film stresses
is to scan the substrate before and after film si¢éipa (or dealloying) by a laser source.
Principle of the technique is a laser beam reftbdig the film surface (or substrate
surface before film deposition) with an andgle which corresponds to angles of the
curved substrate. When the laser beam moves aldxgdadirection, the laser beam is
reflected by a different angle. By comparing tharde in substrate curvature scanned
before and after film deposition (or dealloyinghnf stress can be calculated by Stoney’s

equation (eq. 3.1).

Figure 3.4 Schematic of substrate curvature associated wilxibl tensile (left) or
compressive stress (right).

In this study, film stresses were measured usingafer curvature system

(FLX-2320-S, Toho Technology Co.). The system kaslaser sources (wavelength: 670
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nm and 785 nm), which can be either automaticaljtched for obtaining a higher
reflectivity or manually fixed to use one of them some cases. Diametric scans were
taken with an interval of 15° to generate a strasa@ and average film stresses
representative of the entire film. Figure 3.5 shamsexample of the stress maps for a
PdNi precursor alloy film (90 nm thick) before aaffer dealloying. A significant stress
relaxation (~1.4 GPa) during dealloying was obtdibg comparing average stresses of
the as-deposited and dealloyed films. Stress offthand Pd interlayer (2 nm of each)
was subtracted from the total film stress. Averaggess obtained from the stress maps
was normally used in the study. For np-Pd and ngiPgbecimens that need to be
measured for their stress change during hydridadioeh dehydridation, film stress was
measured in an atmosphere-controlled chamber aaregtain orientation for the 3-inch
specimen, along which reference measurement ofsthistrate curvature was made

before film deposition.

a b
STRESS MAP Fllname: S92 UNITS. MP2 STRESS MAP Filaname: Stad1 UNITS MF=
LEVELS LEVEL
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Figure 3.5 Stress maps of (a) as-deposited PdNi precursmy €90 nm thick) and (b)
dealloyed np-Pd films generated by the wafer cumneasystem. The stress
was 1.4 GPa (in compression) in the as-deposikedaind decreased to 28
MPa (in compression) after the film dealloyed fdurS.
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3.3.2 XRD

Siemens D500 x-ray diffractometer was used in $hisly for tracking dealloying
progress and determining film texture. XRD scansewgerformed with scan rates of
0.1-4°/min and a step size of 0.01°. The inciderdxwas Cu K line, operated at 40 kV
and 30 mA. Wavelength of the x-ray source was 1A4For the study of nanoporous
metal thin films, XRD was performed to track degllm progress with change in
integrated intensity and peak shift of the PdNiljlfeak, appearing at 43.5-43.89).2
Because both Pd and Ni are with a FCC lattice strac the PdNi alloy film was
determined as (111)-textured and compositional ghaf the PdNi film was able to be
tracked during dealloying based on lattice pararsaiepure Pd and pure Ni (Pd: 3.8908
A, Ni: 3.5239 A [2]). Dealloying completion for Pdnd AuPdAg precursor alloy films
was also determined by disappearance of the PdRiAg alloy peak. Figure 3.6 shows
a typical example of tracking of the PdNi phaseirdyudealloying, which was a 90 nm
PdNi film dealloyed in diluted sulfuric acid (25 M) for 0-5 hrs. Additionally, XRD
was used to determine texture of as-deposited andatéed Os-Ru films. All XRD scans

were calibrated with either Si (400) or W (110) lpea
3.3.3 SEM and EDS

Microstructure of thin film specimens was charaizied by plan-view and
cross-section. For the microstructural observattarg SEMs were used in this study:
Hitachi S900 and S3200. Acceleration voltages @0&8nd S3200 were 3 kV and 20 kV,
respectively. Both SEMs were operated in seconé@gtron imaging mode. An EDS
system attached to the S3200 SEM was used for cesizng film composition.

Specimens were mounted on sample holders (Cu tsofderS900 and Al holders for

37



500

as-deposited

400 | T
300 -
=
w
=
@
I=
- 200 -
dealloyed
fors hrs
100

e

39 40 41 42 43 44 45
Z2theta (deg)

Figure 3.6 Dealloying progress of a 90 nm PdNi precursorydilon dealloyed in
diluted sulfuric acid for 0-5 hrs tracked by XRDtdgrated intensity of the
PdNi (111) peak (43.5-43.8°) decreased with inenggsf dealloying time.
The PdNi peak eventually disappeared and Pd (4R phowed up at
~40.6° when dealloyed for 5 hrs.

S3200) using colloidal graphite paint. No conduetiayers were coated on nanoporous
thin films for SEM and EDS characterization, butn®oOs-Ru specimens were coated by
a Au-Pt conductive layer with a thickness of fewiok improving imaging quality (not
for EDS measurements). Some specimens were tiltedglobservation if necessary.

A consistent working distance of 15 mm was appte@ll EDS measurements.
For all EDS measurements, the strongest peak &of €ament was selected to calculate
compositions, e.g. L-line for Pd, K-line for Ni, Mie for Au, L-line for Os, L-line for Ru,

M-line for W and K-line for Si. No selected peaker® overlapped for all specimens.
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Composition presented in the study was taken amgeefrom at least 3 measurements

for each specimen.

3.3.4 STEM

Microstructure of np-Pd ultrathin film (25 nm, 10% Ni) was also characterized
using a scanning transmission electron microsc83¥EM, JEOL 2010F), operating at an
accelerating voltage of 200 kV. STEM is an advanogdroscopic function affiliated
with TEM. During characterization, the specimen vpassed through by high energy
electrons, which is the principle of TEM operatidut, STEM allows the operation
similar to SEM that the election beam scans overstimple in a raster. Detailed features
(in nm scale) are able to be imaged with using STEM

Sample preparation for STEM mainly included sevezehniques: (1) deposition
of PdNi on SiN-coated Si, (2) ultrasonic cutting, (3) dimpling) chemical etching and
(5) dealloying. After deposition of the PdNi presor alloy film, the specimen was
flipped over and mounted on a glass slide by meadtgstal bond. The mounted specimen
was ultrasonic cut into discs (3 mm in diameter3-oit discs were removed from the
glass slide by heating and then carefully mountetha surface center of a cylindrical
quartz rod using melted crystal bond (film sidd &cing toward the rod).

The disc-mounted quartz rod was cautiously centeredhe rotating stage of
dimpler. Dimpling was done by 3 steps of polishwith colloidal diamond pastes (with
sequence of 6, 1 and Ouin diamond particles). Dimpling was stopped when dise
thickness was less than fth. The disc edge was protected by micropaint faiding
accident corrosion of the PdNi film from the disdge. Subsequently, the dimpled

specimen was chemically etched by HNOHF : acetic acid (2:1:1, in volume ratio)
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under observation with a stereo microscopy. Thbhagttcan dissolve remained Si layer
(from few to 10um) at the thinnest portion of the circular groumdaa The etching was
immediately stopped by soaking in ultrapure wathemwa dark pore was observed under
the microscopy. The dark pore is the area wher&iNglayer was exposed.

After etching, the etched disc was removed fromdbartz rod by soaking in
acetone. Hence, the disc was dealloyed in dilutdftirec acid with surfactants for 1 hr
(see details of dealloying in Section 3.2.1). Tlkaltbyed disc specimen was cleaned in
heated ethanol (not boiling) for 30 min and soakedethanol for 15 hrs to remove
residual surfactants and sulfuric acid. After dgyin the air, the disc specimen was ready

for STEM characterization.
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Chapter 4
Preparation and Hydrogen Sensing Behavior of Np-Pd@'hin Films

4.1 Introduction

Interactions between hydrogen and transition metals lead to reversible
formation of metal hydrides, with potential apptioas in H storage and purification. Pd
interacts strongly with H and the two can existaasolid solution hydride at room
temperature, where H atoms occupy octahedral siteése face-centered cubic (FCC)
structure of Pd. For a H/Pd stoichiometric ratibnmen 0.01 and 0.6, the hydrides exist
as immiscibleo and B phases that both have FCC structures [1]. In it
nanostructured Pd is believed to exhibit uniquerbgdn absorption and desorption
behavior, as well as a narrowing of the miscibilygp. These effects are attributed to
highly uncoordinated sites at the edges and cowfdesiges on crystal surface planes [2,
3]. In order to enhance its hydrogen absorptiorabdipy via size reduction of Pd clusters,
Pd has been prepared primarily in two forms, namelyoparticles [3-5] and thin films
[6, 7]. These materials hold promise for applicatio hydrogen storage and purification,
catalysis, and energy engineering. However, digger®d nanoparticles must be
stabilized on a substrate in order to be used pliGions requiring large amounts of
exposed surface area. For example, Ding et atlgBpsited Pd thin films on nanoporous
anodic alumina templates to serve as actuatingngsator hydrogen sensing.

A blanket thin film of Pd deposited on a substratiers improved mechanical
stability, but limited surface area. Using standdrith film deposition techniques, it is

difficult to simultaneously achieve both high sudaarea and good intrinsic mechanical
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integrity for the application of nanoscale Pd-basederials. In this study, nanoporous Pd
(np-Pd) thin films were prepared under differentalltg/ing conditions and were
compared with respect to their structure and susuify to cracking.

Dealloying, or selective dissolution, is a relialgeocess for obtaining porous
structures from an alloy containing two or more aligt elements. It is used to prepare
nanoporous metals, with np-Au being a prime examplihough dealloying to produce
np-Au has been reported by several research gi@ufik|, and although the mechanisms
of dealloying have also been discussed and simlliatesome detail [12, 13], Pd has
received very little attention, with two groups ogjing the fabrication of bulk np-Pd [14,
15], but no studies of thin film np-Pd. However,-lAg films should be effective for
applications such as heterogeneous catalysis atrddsn sensing.

Similar to the use of AuAg alloys to produce np-ARdNi alloys were used as
precursors to make np-Pd. Alloys of Pd and Ni aoenmletely miscible at room
temperature, which is helpful for obtaining a unifionp-Pd structure after dealloying.
Another reason for choosing the Pd-Ni system i taglectivity between Pd and Ni
during dissolution in sulfuric acid (Ni dissolvesuain more quickly). Additionally, there
is a large difference in atomic size between Pd lidand thus the lattice parameter
varies significantly (~10%) between pure Pd ancephi. This size discrepancy allows
the tracking of dealloying progress by x-ray diffian (XRD), which is not possible with
the Au-Ag system due to the very similar latticegmaeters of Au and Ag. The approach
has been used for tracking phase changes in Nig@agldealloying [16]. The current
study focused on the preparation of np-Pd thin dilloy dealloying, including
identification of the point at which dealloying wesmpleted, and on the microstructure

and hydrogen absorption/desorption behavior of dfHms.
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4.2 Experiments

PdNi alloy films were magnetron co-sputtered onteubstrates (CrysTec GmbH,
Berlin, Germany) using an Ar plasma in a high vaowystem (base vacuum better than
1x10° Pa) at room temperature. Substrates were (108jed, 18Qum or 380um thick,
single crystalline Si wafers coated with 10 nm gohous silicon oxide and 50 nm
amorphous silicon nitride. The amorphous silicotnicheé surface was cleaned, prior to
film deposition, by substrate biasing at 35 W (Riwpr) for 1.5 minutes. 10 nm Ta and
10 nm Pd films were sputtered as interlayers taawg adhesion between the final np-Pd
film and the substrate. Deposition of PdNi alloyn with different compositions was
achieved by varying the sputtering power for theaRd Ni targets. Substrate biasing (35
W, RF power) was applied during alloy film depamitj resulting in 90 nm and 300 nm
films with a strong {111} film texture. Film thicless was subsequently measured by
surface profilometry (Veeco Dektak 6M Stylus Prerfjland was found to differ from the
expected thickness (based on known deposition logtess than 4%.

The as-deposited alloy films were dealloyed in exitboncentrated (98 vol.%
stock solution) or dilute (25 vol.%) sulfuric acithich can remove Ni atoms from the
alloy phase and transform Pd into a nanoporoustsimel Initially, concentrated nitric
acid was used to dealloy PdNi and PdAg alloy fillHewever, Ni was not removed
efficiently from the PdNi precursor. Additionallypth Pd and Ag were dissolved by nitric
acid.

As-dealloyed specimens were rinsed and immersethanol (95%) for at least 1
hr to remove remnant sulfuric acid in the nanopsrstuucture. For tracking the progress

of dealloying, XRD (Siemens model D500) was useddtermine the presence of the
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PdNi alloy phase in the films. Consistent paransetegre used for all specimens: 38°-45°
scan range, 0.01° step size, and either 0.1°/m#i/arin scan speed. The position of the
Si (400) peak was measured for every sample, &rmi@te and correct any peak shift in
the XRD scans. Microstructure of np-Pd films waseased in plan view with a scanning
electron microscope (Hitachi S900) operated at 3 ikVsecondary electron mode.
Composition of the as-deposited and dealloyed Hdiis was determined by energy
dispersive X-ray spectroscopy (EDS, Hitachi S320BM§y Stress changes during
hydrogen absorption/desorption of np-Pd thin filwere measured with a wafer
curvature system (FLX-2320-S, Toho Technology Gmlipped with an atmosphere-
controlled chamber. Ambient hydrogen content wassteld from 0% to 20% (by volume)
and then back to 0% by mixing zero-grade hydro®@n9%o purity) with ultrahigh purity
nitrogen (99.999%), with each gas controlled byepasate flow controller. Stress was
measured at 20 sec intervals during hydrogen absofgesorption. During
measurements of response time, when hydrogen flas simply turned on/off and not
changed in small steps, stress was measured &cliftervals. All stress measurements

were made at room temperature.
4.3 Results and Discussion

Dealloying of PdNi alloys in a sulfuric acid soloni involves two mechanisms: (1)
dissolution of Ni atoms at interfaces between theyaand the sulfuric acid, and (2)
diffusion of Pd adatoms across the surface of oy and/or np-Pd ligaments [13]. The
microstructure of np-Pd, e.g. shape, curvature, sind of pores and Pd ligaments, is
determined by the competition between Ni removaimfrthe alloy and Pd surface

diffusion.
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4.3.1 Tracking the Extent of Dealloying

Dealloying of a 300 nm PdNi alloy film in concentd sulfuric acid (98% stock
solution) for 0 to 10 min was tracked by XRD, dastrated in Figure 4.1. Based on the
lattice parameters of pure Pd and Ni, their (139ks should appear at 40.1° and 44.5°,
respectively. XRD scans for each specimen weréredéd against the Si (400) peak
position, which should lie at 69.1°. In Figure 4aldiffraction peak at ~43.6° in each scan
(except for the scan of the PdNi film dealloyed 1@r min) is attributed to the Ni-rich
PdNi precursor alloy. Integrated intensity of tHéoy peak decreased as dealloying
progressed, until the peak eventually disappedi@dl disappearance of the peak, which
occurred abruptly and rapidly, indicated that tlitNPalloy phase could not be detected
by XRD, even though remnant Ni was detected bygndispersive X-ray spectroscopy
(EDS). New peaks corresponding to np-Pd were nsemfed in XRD scans of most
dealloyed films, e.g. that shown in Figure 4.1. écling to the peak shift relative to the
expected peak positions for pure Ni and pure RelPithconcentration of the as-deposited
alloy film was ~19 at.%, in agreement with the \ealof 18 at.% measured by EDS.
During dealloying, Pd concentration in the PdNowl/aried slightly from 19 at.% to 22
at.%, as determined from XRD scans.

Cross-sectional and plan view scanning electromasgope (SEM) images of the
300 nm PdNi films dealloyed with 98% sulfuric admk 2 and 10 min are shown in
Figure 4.2. In Figure 4.2a, cross-sectional micaphs (with the sample tilted by 10°) of
the film dealloyed for 2 min exhibited a multilagelr structure: from bottom to top, one
can see the Si substrate, ~50 nm amorphous shitode, ~15 nm total thickness of Ta

and Pd interlayers, 185 nm porous PdNi layer, adfl am top layer. The top layer above

45



10 min

e
/ \
7 min S L
s \
. \
2 [
(o) ; \.
= 2 min ) / |
- s
A
A
[\
as-deposited / \\\
— | L ] M
38 39 40 41 42 43 44 45
2 theta (deg.)

Figure 4.1 Evolution of dealloying in a 300 nm PdNi film imnsed in concentrated
(98%) sulfuric acid, as tracked by the integratadnsity of the PdNi alloy
peak at ~43.6" in XRD scans. The alloy peak issttibng after dealloying
for 7 min, but disappears completely by 10 min bgaig time.

the porous PdNi film exhibited a uniform thicknesd5 nm. As seen at higher
magnification of an area where the top layer watigly peeled away (Figure 4.2b), this
top layer sat on a rougher porous PdNi layer. Téreys PdNi layer exhibited elongated
pores, with dimensions ~20 nm wide and 150 nm lamgch were oriented roughly
perpendicular to the Si substrate. The inset iuféigl.2a is a plan view observation of
the partially dealloyed PdNi film. In this insethite clusters ~20 nm in diameter were
distributed over most of the surface, except fonuamber of dark areas, and the
cluster/hole size was the same as the grain sias-deposited precursor films.

Figures 4.2c and d show plan view and cross-seti®EM images of the

microstructure of the PdNi film dealloyed for 10m{at which point the alloy phase was
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Figure 4.2 (a)and(b) Cross-sectional SEM micrographs of a 300 nm Pdii f
dealloyed by 98% sulfuric acid for 2 min (parti&gadloying), which produced
a multilayered structure: Si substrate, amorphdie®s nitride coating, Ta
and Pd interlayers, np-Pd film, and a dense togrlayplan view observation
is shown in the inset of (a)c) Plan view andd) cross-sectional SEM
micrographs of the film dealloyed for 10 min, whigsulted in a nanoporous
structure with no dense top layer.

no longer detected by XRD). Pd clusters 15-30 naewvere surrounded by pores ~5 nm
in diameter. The cross-sectional image shown imureigt.2d reveals a porous structure
through the film thickness, but the top layer shawfkigures 4.2a and b has disappeared,;

moreover, pores are less than 10 nm in diameteragreement with plan view
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observations (Figure 4.2c). The thickness of thedldged film decreased by ~45%, from
300 nm to 165 nm. Sun and Balk [17] reported that thickness of 25Au-75Ag alloy
films decreased by ~20% during dealloying to formp-Au, much less than the
contraction observed here for np-Pd. The finalkinéss of np-Pd (165 nm) is believed to
result from contraction of the porous PdNi layeowh in Figure 4.2b (185 nm, not
including the 45 nm dense top layer). The top lasfeywn in Figure 4.2b peeled away
from the underlying film at longer dealloying timesd this appears to be responsible for
the rapid disappearance of the PdNi alloy peak XD scans.

Composition of the thin film varied during deallogi and was determined using
EDS, as shown in Figure 4.3. Total Pd content emed slightly during the first 2 min of
dealloying, from ~15 to ~19 at.%. As dealloying ¢impprogressed from 7 min to 10 min,
however, Pd concentration increased rapidly froma378 at.%, after which it exhibited
a plateau at ~78 at.%. The slight change in Pdecdmluring the first 2 min of dealloying
is consistent with the slight decrease in integratgensity of the alloy diffraction peak
shown in Figure 4.1, i.e. a small portion of precurPdNi was dealloyed to form np-Pd
and thus the total Ni content decreased. This 96 abnsistent with the formation of
porosity within the first 2 min of dealloying (sd@gures 4.2a-b). During continued
dealloying (to 7 min), total Pd content increasgphisicantly (Figure 4.3) and the alloy
diffraction peak experienced a concomitant decré@asetegrated intensity (Figure 4.1).
Starting at 10 min dealloying time, the np-Pd fierhibited a plateau in Pd content,
suggesting that the dealloying process had rucoiisse. Given that a post-dealloying Ni
content of 22 at.% was detected by EDS, the remhininay reside in the np-Pd
ligament structure. As seen in Figure 4.1, the yaltbffraction peak disappeared

completely by 10 min dealloying time, and SEM (Fig4.2d) revealed a fully porous
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film with no dense top layer. The lack of a np-Rifraction peak in Figure 4.1 is typical
of this material, for which diffraction peaks amM or non-existent. This may be due to
the small diameter of ligaments, which cause extrgraak broadening and may be

susceptible to rotation out of the diffracting cdioh.

Figure 4.3Changes in Pd content of PdNi alloy films at dmsafig times from 0 to 20
minutes. Pd content increases rapidly between 71L8mdin dealloying time,
and exhibits a plateau at ~78 at.% beyond thistpoin

4.3.2 Effect of Dealloying Rate on Nanoporous Striare

To investigate the effect of dealloying rate on nostructure of np-Pd, 90 nm
PdNi alloy films were dealloyed in concentratedy®8tock solution) and dilute (25%)
sulfuric acid, and the PdNi alloy peak was trackgdXRD, as shown in Figure 4.4.
Figure 4.4a presents a series of XRD scans of a &ty film in the as-deposited state,

and after dealloying (of the same sample) for 10teel20 sec in concentrated sulfuric
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acid. Similar to dealloying of the 300 nm PdNi filshown in Figure 4.1, the peak
attributed to the precursor alloy at ~43.6° waseobsd in each scan, except for a
dealloying time of 120 sed®d concentration in the PdNi alloy, as estimateunfithe
PdNi alloy peak position, was ~19 at.% before asailg. This peak shifted to higher
angles during dealloying, indicating that the iptanar spacing of the {111} diffracting
planes decreased. This is consistent with changdsei biaxial film stress measured at
various stages of dealloying: stress was initiddighly compressive (-1.4 GPa), but
relaxed to -28 MPa (compressive) at 120 sec. Tétigemsile change in film stress would
cause the spacing between diffracting planes toedse. Figure 4.4b shows a series of
XRD scans for a second PdNi film, as-depositedsarmsequently dealloyed for 5 min to

5 hr in dilute sulfuric acid. The PdNi alloy peaisappeared after 5 hr dealloying time,
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Figure 4.4 Evolution of 90 nm PdNi films dealloyed {g) 98% andb) 25% sulfuric
acid, as tracked by the integrated intensity ofRbali alloy peak at ~43.6° in
XRD patterns. During dealloying, the PdNi peak t&tifto progressively
higher angles, perhaps due to changes in filmsstiesXRD scans of both
films at long dealloying times, a low, broad pedlserved near the expected
Pd position of 40.1° is likely due to np-Pd.
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indicating that a disproportionately longer deaihgytime was required when the sulfuric
acid concentration was decreased from 98% to 258all@ying in the dilute acid was at
least two orders of magnitude slower than in theceatrated acid.

As shown by the plan view SEM micrographs in Figyr®, np-Pd films
processed in concentrated versus dilute sulfuitt echibited significant microstructural
differences. When dealloyed in concentrated swfadid, np-Pd consisted of 10-15 nm
wide, particle-like Pd clusters surrounded by p&d$ nm in diameter (see Figure 4.5a).
However, when processed in dilute sulfuric acid;Rtp exhibited a sponge-like
interconnected structure with elongated Pd ligasiet®-15 nm long and ~10 nm wide,
as shown in Figure 4.5b. However, randomly oriertetks ~50 nm long and ~20 nm
wide were observed throughout the np-Pd film a#&rhing in dilute sulfuric acid.
During dealloying, the removal of a majority of ai® tends to cause significant volume

contraction [18] and can also shift the film stré@sward more tensile values. Cracking

Figure 4.5Microstructure of np-Pd obtained from 90 nm Pdhiné dealloyed infa)
concentrated (98%) ar{d) dilute (25%) sulfuric acid solutions. The films
exhibit particle-like and sponge-like structuresspectively, with
cluster/ligament size on the order of 10 nm.
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tends to relax any film stress that is presentd@ss the rearrangement of Pd atoms
during ligament coarsening. All of these effectsuldocause the initially compressive

stress in PdNi films to relax toward zero, as waseoved here.

4.3.3 Effect of Pd Concentration on Nanoporous Sticture

Composition of the PdNi precursor alloy was vatiedhvestigate the effect of Pd
content on the final structure of np-Pd films. Tdesired microstructure for these films
was a 3-D interconnected network of Pd ligaments @en pores, with no film cracks.
The initial Pd content was 18, 22 or 25 at.% foNPdlloy films with a thickness of 90
nm. All films were dealloyed for 5 hr in dilute (& sulfuric acid. In Figure 4.6, the
three types of thin film np-Pd exhibited similarrpos structures, but with different
degrees of cracking. The Pd ligaments seen in Egydii6a and b (18 at.% and 22 at.% Pd
precursor films, respectively) were ~10 nm wide dfd20 nm long. In contrast, the
ligaments imaged in Figure 4.6¢ (from the 25 atdgpRecursor alloy) were much finer,
i.e. ~5 nm wide and 10-15 nm long. Additionallygtie 4.6b shows that the np-Pd film
was crack-free, whereas cracks were apparent umwrésgd.6a and c. It appears that film
cracking could be mitigated by setting the inital content at 22 at.%. This agrees with
earlier studies that found optimum precursor contjpos for producing crack-free films.
For example, Lu et al. [11] proposed that crackimgip-Au films can be avoided by
increasing the Au content in the precursor alloyatointermediate level. Additionally,
Sun et al. observed significant cracking in np-Am$ obtained from 25 at.% Au films
[17], but they found no cracking when the precuorcontent was increased to 30 at.%

[19].
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Figure 4.6 Microstructure of np-Pd produced from 90 nm Pdiicarsor alloy films
with (a) 18 at.% Pd(b) 22 at.% Pd, anft) 25 at.% Pd. All films were
dealloyed in 25% sulfuric acid and exhibited anmgEponge-like structure
with ligaments and pores smaller than 10 nm. Craek® observed in the
films obtained from 18 at.% Pd and 25 at.% Pd psauilms, but not in the
22 at.% Pd film shown in (b).

4.3.4 Hydrogen Absorption/Desorption Behavior of ngPd Films

In Pd hydrides, H atoms occupy octahedral intéabtgites in the Pd matrix.
During hydridation and dehydridation, which causeersible transformation between

pure Pd and hydride phases, the resulting lattiparmsion and contraction lead to stress
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changes in the film that can be used to track hy@imoabsorption and desorption. The
volume occupied by equivalent unit cells in eadtide is ~11% higher if-PdH, (x =
~0.6 at 1 atm) than in pure Pd [20, 21]. In therentr study, the stress of np-Pd films
exposed to varying amounts of atmospheric hydrages measured in order to evaluate
hydrogen sensitivity. Np-Pd was produced from 90RuiNi precursor films dealloyed in
dilute sulfuric acid for 5 hr. Hydrogen content wasreased from 0 to 20 vol% in 5 steps
and then sequentially decreased to 0 vol% usingpip®site sequence. After each step,
hydrogen content was held constant for 3 min aresstmeasurements were taken every
20 sec. The film stress at each step was takeheaavierage of all measurements at a
given hydrogen content, and the stress changeuwdrse initial stress of -28 MPa,
measured without hydrogen present) was calcula&sdseen in the plot of hydrogen
absorption/desorption behavior in Figure 4.7, fdtress became more compressive with
increasing hydrogen content, leading to a maximirange of -54 MPa in 20 vol%
hydrogen.

As the amount of atmospheric hydrogen was decreéibadstress relaxed toward
its original value. However, the stress did not iedmately recover when hydrogen was
reduced to 0 vol%, but maintained a residual stobssige of -20 MPa (compression).
After 10 min, the residual compressive stress letaked nearly to the original stress (-4
MPa residual change). This lag in stress recoveay bre due to trapping of H atoms
within the np-Pd ligaments. This trapped H coulguiee a longer time to be completely
released, due to capillary densification of gasethé small pores at pressures below the
equilibrium vapor pressure [22]. This effect canumelerstood by considering the much
smaller channel diameter (~10 nm pore size, assgghto a mean free path of 70 nm for

hydrogen at 1 atm), which hinders the escape ofdggh from the nanoporous structure.
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Figure 4.7 Hydrogen absorption/desorption behavior of 90 maPd film in an
atmosphere where hydrogen content increased frono@@% (by volume)
and then decreased back to 0%. The np-Pd filmsskresame increasingly
compressive with higher hydrogen content, and reathat a significant level
after removal of hydrogen from the atmosphere./Af@min in flowing
nitrogen, stress returned to approximately the saashee as that measured for
the as-dealloyed film before exposure to hydrogen.

Sensitivity of the np-Pd film to hydrogen was atssted by abruptly switching
between hydrogen content of 0 and 10 vol% in tbevifig, mixed nitrogen-hydrogen
atmosphere. Stress in the 90 nm np-Pd film was unedsat 15 sec intervals during the
test. Results were compared with a fully dense, dfdCthick Pd film, shown in Figure
4.8. The initial stress in the dense Pd and npiRd fwere +85 and +6 MPa, respectively.
When the hydrogen content was switched to 10 val¥ess immediately began to shift
to a compressive state. The dense Pd film exhilatggdadual change in stress to -287

MPa, with two plateau regions that were separateatane of ~5 min. In contrast, the
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np-Pd film stress rapidly changed when the hydragmrtent was switched from 0 to 10
vol%, initially settling at -28 MPa within 30 seadalater shifting to a plateau at -41 MPa
after ~8 min. When the hydrogen content was swidb&ck to 0 vol%, the np-Pd film

displayed a much shorter response time than theeded film, and stress relaxed nearly
to the original value. Overall, np-Pd exhibited agex sensitivity to hydrogen than the
dense Pd film. This is likely due to the higher amipof surface area and shorter
diffusion length in individual Pd ligaments. In the-Pd film, H atoms are more easily

absorbed at the ligament surfaces and can penaitatthe interior regions of ligaments.
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Figure 4.8 Stress changes measuredan100 nm dense Pd film arfd) 90 nm np-Pd
film, in an atmosphere where hydrogen content \wpglly changed from 0%
to 10% (by volume). The np-Pd film stress reachpkteau much more
quickly than the dense Pd film (which also exhilitsintermediate plateau).
The points at which hydrogen flow was switched @rdce indicated on each

plot.

4.4 Summary

Np-Pd films were prepared by dealloying PdNi allfiyns in sulfuric acid.

Evolution of dealloying in 90 nm and 300 nm PdNowlfilms was monitored with XRD,
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by tracking the position and integrated intensityh@ PdNi alloy peak. PdNi alloy films
dealloyed in dilute sulfuric acid yielded np-Pdnfd§ with a sponge-like and
interconnected ligament structure, with ligamergsgs ~10 nm in size. Film cracking
was observed in np-Pd films obtained from precualoys with high and low Pd content,
but an intermediate composition (22 at.% Pd) resuih crack-free films. Hydrogen
absorption/desorption behavior of np-Pd was evatidty measuring changes in film
stress. The fine pore/ligament structure and higbuat of surface area resulted in high
sensitivity and rapid response times upon hydraggrosure, suggesting that np-Pd may

be a promising material for hydrogen sensing.
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Chapter 5
Achieving Finer Pores and Ligaments in Np-PdNi ThinFilms
5.1 Introduction

Nanoporous metals can be produced by dealloyimdeaical or electrochemical
process that dissolves one or more metallic comgsnigom a precursor alloy. During
dealloying, dissolution of the less noble comporemd surface diffusion of the more
noble component occur continuously, alternately idatmg the evolution of porous
structure. As part of the non-equilibrium deallayiprocess that takes place at the
dissolution front, adatoms of the more noble congmbncan agglomerate on alloy
surfaces and eventually form interconnected ligamemith open pores [1, 2]. As
dealloying proceeds, the in-plane stress of anyaflm on substrate can change
significantly, with an initial shift toward highéehsile stress followed by a relaxation in
stress. This is attributed to Ag dissolution dortia the initial stage of dealloying,
transitioning to surface diffusion of Au and ligameoarsening after the less noble metal
has been nearly depleted [3]. The final porousctire can be significantly influenced by
these two mechanisms and when the transition betdtesn occurs [4]. A concentrated
etching solution or longer time for adatom surfagdfusion enhances ligament
coarsening. However, for applications that requimeximum surface area, a coarse
ligament structure may be undesirable [5].

Due to the strong interaction between Pd and hrpgnanostructured Pd,
including nanoparticles [6, 7] and thin films [§, & promising for applications such as

hydrogen sensing. Nanoporous-Pd (np-Pd) was émsirted by Kabius et al. [10], but no
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further studies on np-Pd have been published. Bmoporous structure in np-Pd thin
films offers a high amount of surface area, andllemaores and ligaments should be
beneficial when surface absorption of hydrogerhes riate-limiting step. Indeed, np-Pd
thin films (with some Ni content), with pores angaments on the order of 10 nm [11,
12], exhibit rapid changes in stress upon expouaehydrogen-containing atmosphere.
Oleic acid and oleylamine are used as dispersi@mtagfor preparing metallic
nanoparticles, e.g. Pd- and Pt-based metals [13 b&dause these molecules can attach
to the metal surfaces via physisorption due to danWaals attraction [15, 16], or via
chemisorption with covalent bonding [17, 18]. Oabns (G/H33COQ) can easily
adsorb on the Pd surface, and this micelle strac(onetal coated with surfactant
molecules) can prevent agglomeration during prejmerand storage of nanopatrticles. To
produce np-PdNi thin films with finer porosity ihi$ study, oleic acid (GH33COOH,
90% purity, Alfa Aesar, USA) and oleylamine(83sNH,, 70% pure, Alfa Aesar, USA)
were added as surfactants to diluted sulfuric a@8 vol.%) for dealloying of
co-sputtered PdNi alloy (90 nm thick, 18 at.% P21,a8% Ni). It was hypothesized that
surface diffusion of Pd adatoms and ligament coangewould be hindered by oleate

ions attached to Pd surfaces.
5.2 Experiments

PdNi alloy thin films were deposited by magnetraasputtering Pd and Ni onto
single-crystalline (100)-oriented Si (18@n thick, coated with 50 nm amorphousNgi
CrysTec GmbH, Berlin, Germany). The base pressutigeosputtering chamber (ORION
system, AJA International Inc., North Scituate, MASA) was 1.3 x 18 Pa (1.0 x 18

torr). 2nm Ta and 2 nm Pd interlayers were spuit@mor to deposition of the 90 nm
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PdNi film. Substrate biasing was applied with an pdwer supply (35 W) during
deposition of the alloy film, resulting in a stroffidl1} film texture.

Oleic acid and oleylamine were added (2 ml eachdlibote sulfuric acid (25
vol.%, 100 ml) to create a solution for dealloythg as-deposited PdNi films. The extent
of dealloying was tracked with x-ray diffraction RO, Siemens model D500, operated at
40 kV and 30 mA with a step size of 0.01°), uriid talloy peak disappeared. Ultrasonic
agitation was used to enhance the dealloying psofmessome specimens. All dealloyed
films were cleaned in boiling ethanol (95% purifgy 30 min, rinsed with ethanol for
20-30 sec, and soaked in ethanol for 15 hrs to vemesidual surfactants and etchant
before characterization. Microstructure of np-Pdidis was observed in plan view with
a scanning electron microscope (SEM, Hitachi S-3ffierated at 3 kV in secondary
electron mode). Film composition was analyzed usemgergy dispersive X-ray
spectroscopy (EDS, Hitachi S3200 SEM). In-plane fitress was measured with wafer

curvature (FLX-2320-S, Toho Technology Co., Japan).
5.3 Results and Discussion

For all films and etching solutions, the initial Wdalloy peak disappeared from
XRD scans after 5 hrs dealloying time. The disapgreze of the precursor alloy peak
was taken as an indication that dealloying was dete@nd the original dense film had
been transformed into a nanoporous structure. €i§ur shows the nanoporous structure
of np-PdNi films processed with and without surdaxts. Both micrographs exhibit
interconnected ligaments and pores. Ligaments enni-PdNi film dealloyed without
surfactants (Figure 5.1a) were ~10 nm wide andnrfBQong. However, ligaments in the

np-PdNi film dealloyed with surfactants (Figurelb).ivere noticeably finer, <5 nm wide
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and ~10 nm long, and were surrounded by poresamtaverage diameter of ~5 nm. The
addition of surfactants to the etching solution vewb to be effective for inhibiting
ligament coarsening during dealloying. The adsorp®f surfactants on the ligament
surfaces should increase the resistance to difiusid®d adatoms, limiting the mobility
of Pd adatoms. In other words, Pd adatoms wereiappprimmobilized by the
surfactant-enhanced etchant, which limited theasmerdiffusion and agglomeration of Pd

to a smaller, more localized region of the dissotufront.

Figure 5.1 Microstructure of np-PdNi films processed in ddwulfuric acid (a) without
and (b) with surfactants. Both micrographs showritdnnected ligament
structures, but the np-PdNi film dealloyed withfaatants exhibits
significantly finer nanoporosity.

Changes in film composition during surfactant-endesh dealloying were
determined using EDS measurement of Pd and Ni obriide stress in a separate thin
film specimen was measured at the same dealloyimg intervals. Plots of film
composition and stress are shown in Figure 5.2déaloying proceeded, Pd content
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(data points indicated by open circles, with valoeghe y-axis at the left) increased from
18 at.% to 54 at.%. Two plateaus were observechénptot of Pd content, between
dealloying times of 1-5 min and 10-20 min, as seethe inset of Figure 5.2. Within
these time intervals, Pd content was nearly comstén~31 at.% and ~38 at.%,
respectively. The final remnant Ni content measunethe np-PdNi films was substantial
(46 at.% at the end of dealloying), although XRRrscdid not detect a PdNi alloy peak
in samples dealloyed for 5 hrs. Longer dealloyinges (>12 hrs) resulted in no
additional Ni loss. The amount of retained Ni wasci higher than in np-PdNi films

dealloyed without surfactants, where the final cosifion was 77 at.% Pd and 23 at.%

Figure 5.2Changes in Pd content and film stress during dgialy with surfactants. Pd
content (open circles, values on y-axis at lefty@ased from 18 at.% to 54
at.%, and film stress (black circles, right y-axislaxed from -1420 MPa to
-28 MPa (in compression).
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Ni, after dealloying times of 5 hrs and 12 hrs.sTmay be due to surfactant molecules
attached to Pd surface atoms, since the tetherddctant covers a portion of the
ligament surface and could prevent acid from regotvith a number of Ni surface atoms
that would otherwise be etched from the ligaments.

The dissolution of Ni involves removal of a largarion of the original precursor
alloy volume, which shifts the film stress towardr@re tensile (or less compressive)
state. This is due to the high amount of volumetremtion that typically occurs during
dealloying [19], and the constraint on film contrac imposed by the solid Si substrate.
Surface diffusion of Pd along np-PdNi ligaments ldaelax any film stress. Stress in the
as-deposited PdNi film was highly compressive (dl4A2Pa), due to substrate bias
applied during film deposition. During dealloyinthis compressive stress decreased
rapidly due to dissolution of Ni and surface diftus of Pd, and the dealloyed film was
nearly stress-free (-28 MPa).

In order to shorten the time required for produanpgPdNi, ultrasonic agitation
was used to enhance dealloying. Figure 5.3a shbe/snibrphology of an as-deposited
PdNi film, with average grain size ~20 nm. Figuf®8b-d reveal changes in film
microstructure after dealloying with surfactantsl artrasonic agitation for 15 min, 30
min and 60 min, respectively (dealloying was coasidl complete at 60 min, as
determined by XRD scans and disappearance of gwumor alloy peak). After 15 min
dealloying (Figure 5.3b), the PdNi film exhibitedmerous pores ~5-10 nm in diameter,
as well as brighter areas that appeared to be soldel clusters of original PdNi alloy.
Longer dealloying times led to a decrease in thmbar of alloy clusters (compare
Figures 5.3c-d with 3b). In Figure 5.3d, the np-Pilkh dealloyed with surfactants and

ultrasonic agitation for 1 hr exhibited interconteet ligaments and pores, both with
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Figure 5.3Microstructure of PdNi films dealloyed with surfants and ultrasonic
agitation for (a) 0 min (as-deposited), (b) 15 n{@),30 min and (d) 60 min.
Grain size of the as-deposited PdNi film was ~20 Nanoporosity was
uniform and as small as 5 nm in size (for np-PdINig dealloyed for 30-60
min).

dimensions ~5 nm. Comparing Figures 5.1b and 3dsigoificant differences were
observed in these nanoporous structures, inclughtegzconnectivity of ligaments and

size of ligaments/pores. Thus, ultrasonic agitatwas helpful in accelerating the
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dealloying process but did not alter the final n@rous structure of np-PdNi films.
The improved processing route described here eesnltnp-PdNi films that
exhibit an improved response time when exposedhgdaogen-containing atmosphere.
Preliminary studies reported in [11, 12] showed tiaPdNi with coarser ligaments and
pores (~10 nm) reached a hydrogen-induced stressapl within 1 min, as compared to
5-10 min for a dense Pd film. The np-PdNi with fiperosity, discussed in the current
paper, exhibited an even faster response timehirgg@ plateau within 15 sec. A more

detailed investigation of this behavior is underway

5.4 Summary

In summary, the average ligament width and porendiar in dealloyed np-PdNi
films were decreased by ~50% after adding surféstém the etching solution. It is
proposed that the refinement of nanoporosity is tugartial immobilization of Pd
adatoms, which hinders surface diffusion alongrligats. Changes in film composition
and stress indicated that dissolution of Ni andxafion of film stress proceeded rapidly
in the initial stage of dealloying. In addition{ralsonic agitation was found to accelerate
the dealloying process while maintaining fine nasrogity. These np-PdNi films with
smaller pores may be well suited for applicatidms require higher amounts of surface

area, such as hydrogen sensing.
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Chapter 6
Effects of Substrate Curvature on Dealloying of Naaporous Thin Films
6.1 Introduction

Dealloying is a straightforward process for prodigca nanoporous material by
selectively dissolving one or more metallic compasdrom a precursor alloy. Typically,
the less noble component is etched from the allitly @& strong oxidizing acid, and the
remaining, more noble atoms undergo surface ddfusind agglomeration to form an
interconnected network of ligaments with open pitydd]. The typical length scale for
pores and ligaments in nanoporous metals is 2-10Arange of nanoporous metals has
been investigated in bulk form, as thin films, &rrmanostructured materials, including
nanoporous gold (np-Au) [2-4], palladium (np-Pd) §$, copper (np-Cu) [7], and nickel
(np-Ni) [8]. In addition, gold-palladium (AuPd) al)s have been investigated as
materials for bio-coating [9], hydrogen sensing-I18) and catalysis [14, 15]. Such
applications require high surface area for impropediormance, and thus nanoporous
AuPd thin films would offer excellent chemical astductural properties for these areas.

Two primary mechanisms, namely surface dissolutmoml surface diffusion,
operate during the dealloying process and can fgigntly affect the final nanoporous
structure. Several aspects of nanoporosity formaaod its relation to processing
parameters have been investigated. For examplg@etature of the dealloying etchant
affects the pore/ligament size of np-Au [16]. Créide thin films of np-Au on Si
substrates can be achieved using a two-step dedjloyjethod [17]. In addition,

electrolyte concentration and film stress may péasignificant role in determining
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dealloying rate and final nanoporous structure.rélfege many potential factors that can
influence both surface dissolution of the less aaloying element and surface diffusion
of the more noble element, thereby shifting thelldgiag stages dominated by each
mechanism. The results presented here suggessuhatrate curvature is also a critical
factor for dealloying rate and the nanoporous stinecthat evolves. This aspect has not
been investigated before, but is important to Hi®i€ation of nanoporous metal films on
irregular and non-planar substrates, which mayrbportant for application of these

novel materials.
6.2 Experiments

In this study, thin films of a gold-palladium-silveAuPdAg) alloy were deposited
on flat single-crystalline (100)-oriented Si (380n thick, CrysTec GmbH, Berlin,
Germany) as well as on curved Kapton sheety{®0thick polyimide, DuPont Kapton,
type 200 HN) by co-sputtering Au, Pd, and Ag. Fitleposition was performed by
magnetron sputtering (ORION system, AJA Internaldnc., North Scituate, MA, USA).
The base pressure of the sputtering system was 1.G° Pa (1.0 x 18 torr). Both
substrates were coated with a 10 nm tantalum (ejlayer prior to deposition of the 70
nm AuPdAg alloy film, to improve adhesion to thébstrate. As-deposited films were
dealloyed via free corrosion (no applied potentialdliluted nitric acid (35 vol.%) for 45
minutes at room temperature, then rinsed sevenaistiand soaked in ethanol (95% purity)
for 15 hours before characterization.

Composition of the as-deposited AuPdAg alloy filmsa20.3 at.% Au, 7.0 at.%
Pd and 72.3 at.% Ag, as measured by energy dispexsiay spectroscopy (EDS) in a

scanning electron microscope (SEM, Hitachi S32T0)s composition was consistently
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measured at all film locations on both flat andvear substrates. Texture of the
as-deposited film was determined by x-ray diffracti(XRD, Siemens D500) and
consisted only of a strong (111) component. Mictagtire of the alloy and np-AuPd
films was characterized with a Hitachi S900 SEMgraped at 3 kV in secondary electron
mode. Initial attempts at dealloying of the flatFPAdAg alloy film resulted in non-ideal
compositions: after 30 min dealloying time, too mmukg (> 35 at.%) remained in the
film, while after 60 min dealloying time, nearlyl &d had been removed (< 1 at.% final
Pd content). In order to minimize the remnant Ag amaximize the Pd content in the
nanoporous film, a dealloying time of 45 min wasdi this study. Final composition of

the film on curved substrate was dependent on lmaaiature.

6.3 Results and Discussion

Figure 6.1 shows the morphology of the as-deposke®dAg film and the
dealloyed np-AuPd film on a flat Si substrate. @sain the as-deposited film ranged in
size from 15 to 25 nm. After dealloying, the flditf exhibited fine pores and ligaments
with an average diameter of 15 nm, close to the sizgrains in the as-deposited film
(compare Figure 6.1a and inset of Figure 6.1b)uiper of cracks, 10-25 nm wide and
~100 nm long, were observed throughout the np-Afilfd Lu et al. reported that 30
at.% of the more noble constituent (Au in theiredas needed to prevent crack formation
in nanoporous thin films on flat substrates [18UnSet al. also reported an optimal
composition of the precursor alloy (30 at.% Au &i@dat.% Ag) for producing crack-free
np-Au films on Si [17]. Thus, cracking of the np-d film in the current study may
result from too little Au/Pd (27.3 at.% total) imet precursor alloy. Furthermore, although

Pd is more noble than Ag, it dissolves slowly itriaiacid, leading to significant Pd loss
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at long dealloying times. After 45 min dealloyingné, composition of the np-AuPd film
on flat Si substrate was 87.6 at.% Au, 4.2 at.%aRd 8.2 at.% Ag. By comparing the
relative amounts of Au and Pd before and afterlogaly, and assuming that no Au is
lost during dealloying, it is calculated that 77%ttwe initial Pd content was lost during
dealloying. This significant Pd loss reinforces tidea that crack formation in the
dealloyed film is due to a low noble metal contestthe amount of Au plus remnant Pd

accounts for only 22 at.% of the initial film congpion.

Figure 6.1 Morphology of (a) the as-deposited AuPdAg alldyfand (b) the dealloyed
np-AuPd film on Si substrate. Grain size in theleposited film was 15-25
nm. The np-AuPd film exhibited ligaments and poss an average size of
15 nm. A number of cracks, 10-25 nm in width an@6-hm in length,
appeared in the dealloyed np-AuPd film.

For the np-AuPd film on curved Kapton substrate, distribution and geometry
of cracks as well as the final nanoporous structamged considerably as a function of
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local substrate curvature. During film depositiamd aealloying, the Kapton substrate
was held in a curved shape by a polymer templatgh{thensity polyethylene, HDPE).
The top surface of the HDPE template was corrugat&tt periodic ridges that were 2
mm high and round at the top. Radius of curvattithextop of each ridge was 0.5 mm,
and center-to-center distance between neighboidlggs was 3 mm, i.e. the gap between
ridges was 2 mm. The Kapton substrate was placedeba two templates with this
shape, and these templates were then squeezetidogetinduce periodic curvature in
the Kapton. The substrate remained clamped inntlaisner for 20 minutes, after which
one template was removed to expose the Kaptonilfor deposition. The substrate
retained the periodic, corrugated shape. Both th®H template and Kapton sheet were
resistant to corrosion in the nitric acid soluti@ipwing the corrugated Kapton sheet to
remain fixed on the bottom template, with no changeurvature during deposition,
dealloying and subsequent rinsing/cleaning. For S&M EDS characterization, the
np-AuPd film on corrugated Kapton was carefully osed from the template, cut into
small pieces (2 mm x 4 mm), and then affixed tdah Sample holder using colloidal
graphite paint at one corner. Care was taken teeptethe Kapton from flexing during
the cutting and mounting process. It appears thatignificant flexing occurred, as the
np-AuPd film did not exhibit a deformed ligament nploology. Moreover, the cracking
patterns at various locations of the film are tppasite of what would be expected if the
Kapton substrate had flexed and caused crack®ifilth (see discussion below).
Cracking at different locations in the curved npPaLfilm is shown in Figure 6.2.
The distance between the valley (point A) and tbger (point E) was approximately 4
mm. Note that this is the distance along the satestsurface, not the half-width of the

periodic distance between template ridges. SEMaygraphs were taken at intervals of 1
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mm between adjacent points A-E. The substrate twneaat points A (concave) to E
(convex) varied between 1.48, 1.23, 0, -0.91 an8ll-inm', respectively. These values
were measured from a cross-sectional image ofagheigated Kapton sample (shown in
the image at the center/bottom of Figure 6.2). Hadarograph in Figure 6.2 consists of
two images taken at the same location, but at egbus low magnification (on the left

and right, respectively). Low-magnification imag&sthe np-AuPd film in the concave

Figure 6.2SEM micrographs at regular intervals along theamafof the curved
np-AuPd film sample, from (a) concave region ina#lay to (e) convex
region on a ridge. Curvature values at points Adfen .48, 1.23, 0, -0.91
and -1.51 mnt, respectively. The areal density and size of sackreased
from the valley (point A) to the ridge (point E).
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region (points A and B) revealed few cracks, wiiie flat and convex regions (points
C-E) exhibited significant cracking. Additionallyaeginning at point C, crack width
increased as the substrate transitioned fromdlabhvex and cracks were apparent even
at low magnification. The high-magnification image=veal detailed features of the
nanoporous structure and cracks. In the concaverrdpoints A and B), the ligaments
and pores were 10-15 nm in size, with crack widthghe same order or slightly larger
than this. Conversely, in the convex region (poiGtg), cracks were wider and more
open.

The latter crack morphology is similar to prior ebstions of cracking in thin
film np-Au on flat Si substrates [19], where thevér Au content (25 at.% in the
precursor alloy) caused significant film crackingote, however, that the amount of
Au/Pd appearing in the dealloyed np-AuPd filmstfia current study) was only 22 at.%
of the precursor film composition. Thus, the filmegented in Figure 6.2 would be
expected to exhibit a greater degree of crackinglldbcations. However, this cracking
was suppressed in the concave regions of the fibgaijon A and, to a lesser extent,
location B), compared to the flat film in Figurel6.Additionally, the ligaments
surrounding the cracks in Figure 6.2 did not appedrave undergone deformation, but
instead were in an as-dealloyed state, which spagé&mst the possibility that substrate
flexure during cutting and mounting led to the filoracking observed here.

The nanoporous structure at locations C-E was ealiy different from that in
the concave region (A-B). In addition to more esiea and wider film cracking, the
ligaments at points C-E were wider, longer and nomoked. The crooked shape of
these ligaments may be due to their length andehnigbpect ratio. These differences in

crack and ligament geometry caused the nanopoitoustige in the convex region to
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have a lower density than in the concave regiorfatt, the film in the convex region
(locations C-E) appears to consist of a singlerl@jdigaments, whereas the denser film
areas in the concave region (A-B) exhibit multifiament layers (one can observe
underlying ligaments below open pores, seen throinghtop of the film). This is
consistent with a separate study on films withrailar Au-Pd-Ag composition, where
after dealloying, a precursor film with uniform ¢kihess exhibited multiple layers of
ligaments on a flat substrate but only a singlarhgnt layer on a hemispherical bump in
the substrate [20].

Composition of the dealloyed, curved np-AuPd filtiazations A-E is shown in
Figure 6.3. Ag content decreased from 23.9 at.%heavalley (point A) to 3.7 at.% at the
ridge (point E). As the Ag content decreased, Anteot increased from 69.6 at.% (at A)
to 96.3 at.% (at E), but at the same time Pd comteareased from 6.5 at.% (at A) to 0
at.% (at E). The total content of Au and Pd inceglafsom 76.1 at.% at the valley to 96.3
at.% at the ridge. The dissolution rate for Ag veagnificantly higher in the convex
region of the film (ridge, point E), as evidencedtbe higher amount of remnant Ag in
the concave region of the film (valley, point A)daby more extensive film cracking in
the convex region. Additionally, the ratio of Aur(éu+Pd) to remnant Ag in the
dealloyed film was calculated at each location A¥hen plotted as a function of the
substrate curvature (calculated from Figure 6.Bg ¢lemental ratio exhibits a linear
dependence on curvature between points A-D, i.er awcurvature range of -0.91 to 1.48
mm®. The degree of dealloying was proportional to dleerease in curvature toward
more negative (convex) values. For point E, thenelgal ratio increased significantly,
suggesting that beyond some critical negative ¢urea(-1.0 to -1.5 m), the

dissolution of Ag and Pd was enhanced even mooegiy by changes in curvature.
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Figure 6.3Composition at intervals along the surface of tineved np-AuPd film,
measured from the valley (A) to the ridge (E). Poi-E are the same as
those mapped in Figure 6.2. Remnant Ag contenedsed from 24 at.% in
the valley to 4 at.% on the ridge. Pd also decit&sen point A to point E,
and was undetectable at the ridge.

As discussed earlier, dealloying is dominated im tby dissolution of the
sacrificial element (e.g. Ag in this case) or byface diffusion (e.g. Au and Pd).
Dissolution at the dealloying front dominates ie thitial stage of dealloying, when Ag
is lost rapidly and pores are etched in the alldy. Ag content decreases and pore
formation nears completion in a given region of aenple, the newly formed ligament
surfaces offer a pathway for surface diffusion of #&nd Pd to take over as the dominant
process. In the stage dominated by surface diffuskg content remains low and
ligaments coarsen due to the flux of Au and Pds Thodel of dealloying was described
by Erlebacher [21, 22]. Additionally, Schofield at [23] verified this transition in

dominant mechanism by tracking changes in remnamtcéntent as well as lattice
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parameter of AuAg foils during dealloying.

For nanoporous structures formed by dealloying &ogiven amount of time,
ligaments should be coarser if the transition fré dissolution to Au/Pd surface
diffusion occurs more quickly. An earlier transititime would occur if the dissolution
rate were higher. In the current study on np-AuRd film in the convex region (point E)
experienced relatively rapid dissolution of Ag frdire surface and thus underwent a
longer period of surface diffusion than did thenfiln the concave region. The rapid rate
of Ag removal in the convex region led to a highezal density of cracks, which were
also wider than those in the concave region. Thiferdnce in dissolution rates and
transition times between dominant mechanisms magiueeto different stress levels in
the film. It is suggested that the convex film nfeywe a higher tensile biaxial stress (or a
lower compressive stress) than the concave filrstréss state that is more tensile should
enhance dissolution of the sacrificial element amcrease the likelihood that film
cracking will occur. Additionally, dissolution shiouproceed more rapidly at high energy
surfaces such as grain boundaries, and grain bogmtissolution may proceed more

easily when the film experiences a higher tensitddwer compressive) stress.

6.4 Summary

In summary, characterization of np-AuPd on flat andved substrates revealed
differences in the dealloyed films. For the Kapsubstrate with curvature that varied
periodically between concave and convex, the npéAiiPn exhibited a transition in
ligament geometry, cracking and film compositionheTconcave region contained
relatively few cracks, shorter and thinner ligansemtnd higher amount of remnant Ag.

Conversely, the convex region exhibited numerous \aile cracks, thicker and higher
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aspect ratio ligaments, relatively low residual Agpd no detectable Pd. The observed
differences in dealloyed structure and composititay be due to a more tensile stress
state in the convex region, which led to a fastgrdéssolution rate and earlier transition

to ligament coarsening.
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CHAPTER 7

Transition from Single- to Multi-layered Structures in Np-AuPd

Ultrathin Films

7.1 Introduction

Dealloying, or selective dissolution, is a commangess for dissolving one or
more metal components from an alloy. By using geralealloying electrolyte with a
high selectivity of corrosion between alloying cotuents, less noble elements can be
easily dissolved from the alloy. Meanwhile, morebleo elements undergo surface
diffusion to form a 3-D nanoporous structure witkerconnected ligaments that range in
size from several nm to tens of nm. Dealloying isebable process for producing a
variety of nanoporous metals in bulk form, as thims, or even as nanowires, with
nanoporous gold (np-Au) [1-4], palladium (np-Pd) §, copper (np-Cu) [7] and nickel
(np-Ni) [8] as examples.

To understand and model the mechanism(s) of foamatf nanoporous structures
during dealloying, this process has been invesi@ydty both atomistic simulation and
microstructural observation [9-11]. According tastimodel, dealloying (either by free
corrosion or electrochemical dealloying) involvesface dissolution of the less noble
constituent(s) and surface diffusion of the morblaaonstituent(s). Surface dissolution
and surface diffusion proceed simultaneously, lhésé¢ two mechanisms alternately
dominate at different stages of dealloying. In geheurface dissolution of the less noble
constituent proceeds relatively faster in the ahistage of dealloying, due to a high

amount of the sacrificial metal component in thecprsor alloy. In contrast, surface
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diffusion of the more noble constituent along argptligaments and formation of new
surface area at the dissolution front dominate ntherostructural evolution during the
subsequent stage, accompanied by an increase facsuarea due to new porosity
formation. Ligaments are formed due to aggregatibthe more noble constituent on
sample surfaces, with the aggregation driven bynajal decomposition at
solid-electrolyte interfaces.

Np-Au is typically created by dealloying gold-sitvéAu-Ag) precursor alloys,
using Ag as the sacrificial alloying component heseaof its ideal miscibility with Au
and high selectivity of dissolution (compared to)AGiven the proper precursor alloy
composition and dealloying conditions, np-Au canpbeduced as a supported thin film
with no cracks [12] or in bulk form with no volummontraction [13]. These np-Au
structures exhibit ligaments and pores with dimamsiof 10-15 nm; that is, the cell size
(sum of ligament width and pore diameter) is ~25 fmorder for a nanoporous film to
have structural stability, the film thickness shibhk greater than the cell size. Otherwise,
a 3-D porous network cannot exist after dealloypegause the structure must contain at
least one layer of Au ligaments and one layer akepoOnce the nanoporous film is
thinner than (or close to) the critical thicknass, the cell size, an unstable situation may
arise for the nanoporous structure, e.g. leadin@dditional ligament coarsening via
surface diffusion and aggregation. This coarsemmay result in thicker, single-layered
ligaments [12]. The creation of single layers ghlinents should result from the interplay
of several factors, including surface diffusionesabn various crystal planes, surface and
interface energies of the ligaments and substiatd, wetting behavior between the
ligaments and substrate surface. The simultaneasaction of these factors during

dealloying is complicated, but as discussed belthe contact morphology of
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single-layered Au ligaments on the substrate sarégapears to be significantly different
from the connected structure of Au ligaments in altkrtayered porous network.

Understanding these differences in contact morgyoémnd the transition between single-
and multi-layered nanoporous structures will hdlity important details related to the
formation of nanoporous thin films. The motivatitor choosing np-AuPd stems from
potential applications in bio-coatings [14], hydeog sensing [15-18] and catalytic

coatings [19, 20].
7.2 Experiments

AuPdAg alloy films with a thickness of 70 nm werepdsited onto a 380(m
thick, single-crystalline (100)-oriented Si substrgCrysTec GmbH, Berlin, Germany)
using a magnetron sputtering system (ORION syst#&d#A International Inc., North
Scituate, MA, USA). The base pressure of the spngesystem was 1.3 x FPa (1.0 x
10° torr), and the Si substrates had previously beated with 10 nm amorphous silicon
oxide (a-SiQ) and 50 nm amorphous silicon nitride (a-gJiNyers. A 10 nm tantalum
(Ta) layer was deposited on the Si substrate poideposition of the AuPdAg alloy film,
to improve adhesion of the AuPdAg film.

In order multi-layered structures, a AuPdAg alldynfwas deposited through a
Cu grid onto the Si substrate, which patternedfitheinto a periodic array of squares.
The Cu grid was 2@m + 3 um in thickness, with individual grid squares havnegnd
corners and an edge length of 9@ (see the as-deposited, patterned AuPdAg film in
Figure 7.1a). The precursor film was dealloyedfrea corrosion (no applied potential) in
diluted nitric acid (35 vol.%) for 45 minutes atoro temperature. Nominal thickness of

the dealloyed film was ~35 nm, resulting in onlyotvayers of AuPd ligaments at the

79



center of the coated surface. The edge regions@tguares were used to investigate the
transition from single-layered to multi-layered pos structure in the np-AuPd film.
Dealloyed samples were rinsed with ethanol (95 %iyuand soaked in fresh ethanol for
~12 hrs prior to characterization. Film microstwretwas characterized using a scanning
electron microscope (Hitachi S-900, operated a¥ 3nksecondary electron mode) and a
FEI Strata 235 Dual Beam FIB system (operated k¥ 5n secondary electron mode).
Composition of as-deposited and dealloyed films waaalyzed with energy dispersive
X-ray spectroscopy on a Hitachi S-3200 SEM. Filmtuee was determined using a

Siemens D500 x-ray diffractometer operated at 3@ks 40 mA, with Cu K x-rays.

7.3 Results and Discussion

In this study, co-sputtered AuPdAg precursor aflgs (16 at.% Au, 11 at.% Pd
and 73 at.% Ag, as measured by energy dispersingg »spectroscopy) were used to
produce np-AuPd thin films. After dealloying, thengposition of the np-AuPd film was
79 at.% Au, 16 at.% Pd and 5 at.% Ag. The deallpyrocess transformed the curved
sides and edge regions of the np-AuPd grid squimtes sloped/stepped edges (see
Figures 7.1b-c), due to in-plane film contractiamidg dealloying of 0 to ~20% (the film
contracted more at its surface than at the intertacthe substrate). The resultant edge
region allowed investigation of the transition frasingle-layered AuPd clusters to a
multi-layered np-AuPd film with a 3-D porous networ

During dealloying, film thickness decreased fromnn@ (as-deposited) to ~35 nm
(dealloyed), as measured at the centers of griciregu This represents a thickness
contraction of 50%. It is noted that 70% of Pd adomere lost during dealloying, and the

np-AuPd film exhibits a Au:Pd atomic ratio of ~5:Wwjth some remnant Ag in the
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Figure 7.1 Optical micrographs of (a) as-deposited AuPdAg @)diealloyed np-AuPd
films patterned in a square array. During deallgyihe edge regions of
np-AuPd grid squares contracted inhomogeneousidiyig a sloped and

stepped transition region; this is seen in thetingé), and shown

schematically in (c).
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film. X-ray diffraction indicated a significant ghiof the AuPdAg alloy peak (initially at
20 = 38.66°) toward the expected position of the Ampeak (Au and Ag have essentially
the same lattice parameter of 4.08 A, corresponttiray diffraction angle of@®= 38.26°
for Cu-K, radiation) during the dealloying time range betwd® min and 60 min, i.e.
most Pd loss from the ternary alloy phase occuiltgthg this time frame.

When observing dealloyed AuPd morphology at regutdervals along the
sloped/stepped edges of patterned squares, iters that the AuPd clusters exhibit an
interesting transition from nanodots (in the thisineegion) to a 3-D nanoporous
multilayer structure (in thicker regions), as shownFigure 7.2. The micrographs in
Figures 7.2a-1 were taken along a line perpendidola grid edge, at intervals of 800 nm
between successive micrographs, using a scannaagr@h microscope (SEM, Hitachi
S-900, operated at 3 kV in secondary electron mattethe thinnest edge, AuPd clusters
appeared in plan-view as circular dots with a 2£é5-15 nm. Most nanodots were
distributed uniformly with spacing on the orderl® nm. As seen in Figure 7.2a, spacing
was larger between AuPd nanodots with larger diamd@hus it appears that the AuPd
nanodots accumulated Au and Pd atoms from thenognding regions and depleted
these regions of Au/Pd, as would be expected dupadicle coarsening. As film
thickness increased to the point where the precwaoy film first exhibited constant
thickness (~1.5 um from the edge) and as shownguarés 7.2b-c, neighboring AuPd
nanodots connected and created elongated clustegure 7.2d, the AuPd clusters
were more interconnected and formed a 2-D netwaitk f@w “hanging ligaments”. With
increasing film thickness, the AuPd clusters gremger and coarser (see Figures 7.2c-Q)
until a second layer of AuPd ligaments began tanforhis second layer of ligaments can

be seen in Figure 7.2h (marked by dashed ovalsghwiepresents the onset of a 3-D
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Figure 7.2Morphological change in AuPd clusters (or ligamgntsserved along an
edge of the patterned, dealloyed np-AuPd filmnaaged from the thinnest
film edge to the terrace edge with an interval 86 nm between
micrographs. AuPd clusters transitioned from dispdmanodots, shown in
(a), to a 3-D nanoporous structure with intercoteg@uPd ligaments at the
terrace edge, shown in (l). A second layer of Alifaiments was first
observed in (h), as indicated by dashed ovals.

multilayer network. Observing the microstructurbswsn in Figures 7.2h-1, an increasing

number of AuPd ligaments in the bottom layer carséen through the open porosity of
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the film surface.

Interestingly, the AuPd ligaments and pores intthe layer (see Figures 7.2f-1)
were rather uniform in size, despite significanamfes in film thickness along the
sloped/stepped edge, even with the creation otansklayer of ligaments. Additionally,
many pores in the top AuPd layer (e.g. Figures[J ®ere open down to the Si substrate,
with no AuPd ligaments in the bottom layer appegprfieneath these pores. Thus the
ligament structure observed here does not appedretacompletely random in 3-D;
instead, the bottom layer of ligaments seems t@ lzapreferred orientation. The details
of how the top AuPd layer can be supported abogestivstrate by the bottom AuPd layer
is a critical and interesting question, and mustlaeified to understand the transition
from single- to multi-layered structures. This via# discussed below.

As film thickness increased along the sloped/stépmiges of grid squares, the
structure of AuPd clusters transitioned from isedafuPd nanodots to an interconnected
2-D network. This can be seen by comparing the aogiaphs in Figures 7.2b-c.
Additionally, the electron micrograph in Figure {dbtained with a FEI Strata 235 Dual
Beam FIB system, operated at 5 kV in secondarytreleenode) reveals a rather abrupt,
albeit meandering transition between nanodots (daglon on the left) and the ligament
network (bright region on the right). This diffenin interconnectivity of AuPd clusters
can be seen clearly in the inset of Figure 7.3isdhated AuPd cluster near the interface,
but surrounded by the continuous ligament netwarid(marked by an arrow), appears
darker, suggesting that image brightness is closelgted to interconnectivity of the
AuPd clusters.

Based on SEM images of the tilted sample at ailmcathere the grid square was

scratched away, thus allowing a nearly cross-seatiview of the thin film, it appears
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that the continuous ligament network (bright regiorFigure 7.3) has a higher surface
level than the nanodot region on the left. This ldoexplain the abrupt change in
brightness under SEM imaging as the film transgidrom isolated nanodots to a
continuous ligament network. This line is locatezhinthe edge region of the original
precursor grid squares, where the film changed ftonstant thickness to a rounded edge
as shown in Figure 7.2c. In the outermost <1.5 fith@precursor alloy edge region, the
amount of Au/Pd atoms was insufficient to produamatinuous ligament network. The
abruptness of the transition line is likely dueathigh slope of the alloy surface and rapid
change in Au/Pd available for forming nanodots igarhents. Even the fully thick
precursor alloy film yielded only 1-2 ligament lageafter dealloying. The AuPd
nanodots and ligaments on either side of the tiiansinterface were ~15 nm wide.
Although the size of individual clusters does nbamge significantly at this interface,
there does appear to be a critical amount of Au#®ans needed to yield an
interconnected, single-layered np-AuPd network.

Once the amount of Au/Pd atoms exceeds the critiahle needed to form a
continuous single layer of np-AuPd, a second layekuPd ligaments can begin to form.
With the appearance of this second layer, additignastions arise: How does the 2-D
ligament pattern transition to a 3-D nanoporousvogt with interconnected porosity? In
the 3-D porous structure, is the contact behavioAuPd ligaments near the substrate
different from those near the film surface?

In order to address these questions, np-AuPd fllase produced on a convex
substrate that, after dealloying, exhibited opextks and revealed the through-thickness
ligament structure. Figure 7.4a shows a film pretb®n a convex substrate (a

semi-spherical droplet of Crystalbond coated by axth Ta interlayer). Near the center
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200 nm

Figure 7.3This SEM micrograph reveals an abrupt transitiamvben isolated AuPd
nanodots and clusters (darker region on the leff)an interconnected, 2-D
np-AuPd ligament network (brighter region on thght). Inset shows an
isolated AuPd cluster (marked by an arrow) thakaidker than the
surrounding, continuous ligament network. The défece in brightness is
due to differing height of the AuPd top surfacegach region.

of this image (also see inset), AuPd ligamentshmaseen in a nearly cross-sectional view.
Most ligaments in the first layer (closest to thébstrate) were perpendicular to the
substrate and appeared to terminate without sprgadong the substrate surface. This is
different from the morphology of single-layered AlLElusters, shown in Figures 7.2b-g
and 3. The 3-D np-AuPd structure in Figure 7.4asein of a ligament network
supported from below by numerous individual “namsle Figure 7.4b presents
additional observations of the np-AuPd structued teinforce this interpretation. Here, a

freestanding np-AuPd film with 10 nm Ta bottom layeas released by dissolving the
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(b)

Figure 7.4 (a) Np-AuPd films on a convex substrate exhibapdn cracks and a high
number of ligaments oriented perpendicular to thessate. (b) This
np-AuPd film and underlying Ta interlayer were esed from a dissolvable
substrate after dealloying; the film was foldeditself, showing both the
bottom of the film toward the substrate (top ins&t)l the top surface of the
nanoporous film (inset at right). Ligaments at bloétom of the film are
perpendicular to the substrate, as opposed to flangn the substrate
surface.
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Crystalbond droplet after dealloying, and the namops film became folded at this
location. Two areas (Figure 7.4b insets) were geldito view the AuPd ligaments at the
top film surface (inset at right) and near the agel at the bottom (inset at left). The
bottom layer of ligaments is seen to terminateifoutar ends that serve as attachment
points to the substrate, i.e. they are nanolegseasribed above for Figure 7.4a. These
nanolegs generally do not contact each other, buplg support the top layer of
interconnected np-AuPd ligaments.

The variation in structure of the nanoporous laggrthe substrate versus the film
surface can be partially attributed to surface atah of the Ta interlayer. During
dealloying, the majority of Ag and Pd atoms ardnetcfrom the precursor film, exposing
most of the Ta surface to the strongly oxidizingiaiacid solution. This creates a surface
layer of tantalum oxide that resists further chehattack, but the np-AuPd ligaments do
not bond with this chemically inert oxide. Only tleeations of incipient AuPd clusters
are able to retain sufficient metallic Ta to yiaeldtrong ligament-substrate bond. As there
is no wetting between AuPd and tantalum oxide,fils¢ layer of ligaments consists of
nanolegs that stand perpendicular to the substteve this, the random nature of AuPd
agglomeration results in a 3-D network of ligameand pores. Although this explanation
does not predict a preferred orientation for theaheg axes, it is expected that the
nanolegs are oriented along <111> directions, deadloyed metal retains the original
crystallographic orientation of its precursor alltly this case, <111>-oriented nanolegs
are similar to Au nanorods prepared by electrochahdeposition through a template
[21].

The findings presented here allow the final streetof nanoporous AuPd films to

be tuned by adjusting the thickness of the precwalioy film. In order to produce a 2-D
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network of interconnected ligaments that lie on shbstrate (similar to the right side of
Figure 7.3), the AuPdAg alloy film should be 30 timck. The 50% thickness decrease
that occurs during dealloying will result in ~15 ntimick ligaments, the same size
observed in Figure 7.3. Alternatively, for a sintiger np-AuPd network supported by
nanolegs, the thickness of the AuPdAg alloy filnowld be ~60 nm. While the exact
thicknesses of AuPdAg precursor alloy films forgwoing a given nanoporous structure
are particular to the material system discussed, htars approach should be generally

applicable, e.g. to thin films of nanoporous Au, ™, Cu.

7.4 Summary

The edge regions of patterned np-AuPd grid squaesaled a transition from
isolated nanodots to single-layer ligament netwankd finally to multilayer nanoporous
films, with concomitant changes in ligament struetuNanodots were created in the
thinnest edge regions, where the available volum&udPd was insufficient to produce
an interconnected network. In thicker areas, stagler films consisted of a 2-D network
of ligaments. In the thickest film regions, a 3-Bnoporous network of interconnected
ligaments was generated. However, the bottom laf¢his film consisted of individual
“nanolegs”, oriented perpendicular to the substratach supported the porous network
above. It is proposed that nanoleg formation wasaeoed by oxidation of the Ta
interlayer over most of the substrate area, ex@ptocations of incipient AuPd
agglomeration where bonds with metallic Ta weraldghed. The final structure of
ultrathin nanoporous noble metal films can be adl®d by tuning the thickness of the

precursor alloy film.
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CHAPTER 8
Hydridation and Dehydridation Behavior of Np-PdNi Thin Films
8.1 Introduction

Pd is a typical transition metal with high readinio H,. As pressure-composition
isotherms of the Pd-H system [1-3], Pd exhibit®adycapability for H absorption at low
and elevated temperatures due to a wide miscilyglty in between- andp-PdH, phases.
With varying H content in the hydride, Pdidan alternate between(x = 0.015, T =
293K) andp (x = 0.58) phases [3].When Pd exposes in an athewspcontaining K H
atoms can be absorbed in face-center cubic (FCQatRces after dissociation of,Hbn
Pd surfaces. Under an appropriate surface/subsurtandition of the Pd for H
dissociation [4-8], H atoms can be trapped at ltettleal sites on the surface, octahedral
sites in the FCC lattices, grain boundaries, daioa cores, and vacancy sites in Pd
matrix [9, 10]. This H absorption can cause volempansion of Pd lattices and lead to
local stress/strain [10, 11].

For enhancing reactivity between Pd andbiy increasing surface area of Pd, Pd
has been reported to be produced in several formkjding nanoparticles [12, 13],
nanocrystals [14-16], thin films [17, 18], and Phtfilms coated on a porous substrate
[19] or nanowires [20]. Additionally, Pd was pro@gicin a nanoporous form to increase
surface area [21, 22]. Under preparing Pd in thiessns by nano-engineering, the
miscibility gap differs from large-sized Pd, and Bdrface condition plays a more
dominant role in H absorption/desorption [14, 18], 2

In the nano-sized Pd, H content increases-RdH, (x < 0.06, but 0.015 for bulk

Pd), but decreases jaPdH, (x > 0.3, but 0.58 for bulk Pd) [24, 25]. This olge in H
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content leads to a narrower miscibility gap of HPid, and nucleation of nanocrystalline
B-PdH; occurs with a higher H content than in bulk Pd. #Asface-to-volume ratio
increasing in the nano-sized Pd, surface/subsurfacelition (e.g. crystal planes and
surface impurities) and lattice imperfection (e.gcancies, dislocations, grain boundaries
and deformed lattices) are more critical to affidcabsorption/desorption behavior [10,
15, 16, 26, 27]. The increased surface area oh#m®-sized Pd offers much more sites
on Pd surfaces for Hadsorption/dissociation and followed chemisorptidowever, the
higher surface area of the nano-sized Pd cannag larhigher capability of H absorption
(actually, reducing the capability by 50%) becaata lower H content if-PdH, and
anisotropic deformation of Pd lattices [15]. Butteirestingly, an abnormally high
capability of H (H/Pd = 3, and even 8 for some $raon metals) was obtained when Pd
particles were as small as 1 nm due to extremelly burface curvature, which provides a
high amount of sites at steps and edges of lowxirle crystal planes for H absorption
[23, 28]. Although capability of H content in thamo-sized Pd may be not increased with
increasing the surface area, this nano-sized Hchdsexhibits a high reaction rate with
H,, yielding this material to be ideal for;ldensing applications with short response time
even if in an atmosphere containing a low amourtdnfFor satisfying requirements of
structural strength and surface area for 9dnsing devices, the nanoporous thin film
might be a good candidate material for sensingPideor Pd-based alloys.

Dealloying, or selective corrosion, is a reliabteqess for dissolving one or more
metal components from a precursor alloy. By usimpgaper etching solution with a high
selectivity of corrosion between alloyed elemefdss noble elements can be dissolved
from the alloy more easily. Meanwhile, more noblengents can form a nanoporous

structure with 3-D interconnected ligaments thageain size from several nm to tens of
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nm. Dealloying has been used for producing a wardtnanoporous metals, such as
nanoporous gold (np-Au) [29-31], copper (np-Cu) ][3Rlickel (np-Ni) [33] and
palladium (np-Pd) [21, 34]. In order to achieve imef porous structure, adding
surfactants to etching solution was helpful in éasing ligament/pore size down to 5 nm
[35], which should yield high performance fog bensing.

In this study, nanoporous np-PdNi thin films wereegared by dealloying
co-sputtered Pd-Ni precursor alloy films, and tipePdNi were cycled in a mixed,MN,
atmosphere containing different ldontent to investigate hydridation and dehydrmfati
behavior. In addition to microstructure of the ngiNP thin films, effects of ligament/pore
size, film thickness and content of the remainextiiaial element (i.e. Ni) on klcycling

measurements will be presented and discussed.
8.2 Experiments

PdNi precursor alloy films were co-sputtered oni aubstrate (CrysTec GmbH,
Germany) using Ar plasma in a high vacuum sputgergystem (ORION, AJA
International Co., base pressure ~1%Hx). The Si substrate was (100)-oriented single
crystal, 180um thick, double-side polished, 3-inch in diamegard coated with a 50 nm
amorphous SiNlayer on both the sides. The amorphous SiNx serfe&s cleaned prior
to film deposition by ion etching back at 35 W (B&wer) for 1.5 min in Ar plasma to
clean up the surface and create nucleation sitgantproving adhesion of the PdNi film,
Ta and Pd interlayer (2 nm for each) was in tunmodéed prior to deposition of the PdNi
film. PdNi films were deposited with a given filrhitkness of 25, 90 or 200 nm with

substrate biasing in Ar plasma at 35 W (RF poweomposition of the PdNi alloy was
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18 at.% Pd and 82 at.% Ni. The film composition wpmized to prevent film cracking
during followed dealloying and to obtain an ideahaporous structure.

As-deposited PdNi films were (111)-textured andlldgad in diluted sulfuric
acid (25 vol.%) until the PdNi (111) peak disapgeain x-ray diffraction (XRD) scans.
Dealloying time depends on film thicknesses ofdhaleposited PdNi alloy (e.g. 1, 5 and
17 hrs for 25, 90 and 200 nm films, respective®eic acid (G7H3:COOH, 90% purity,
Alfa Aesar, USA) and oleylamine (gH3sNH,, 70% pure, Alfa Aesar, USA) were added
to the diluted sulfuric acid as surfactants for iofmtizing surface diffusion of Pd atoms
during dealloying [35]. Dealloyed specimens wereaoked in boiling ethanol (95 %
purity) for 30 min, rinsed with ethanol for 20-38cs and soaked in ethanol for 15 hrs to
remove residual surfactants and sulfuric acid egubsequent characterization.

Film texture of as-deposited and dealloyed films waalyzed by XRD (Siemens
model D500). PdNi alloy peaks in all XRD scans wesadibrated by Si (400) peak,
69.15° (®). Consistent scanning parameters were appliedl tspacimens: 0.01° step
size and 0.1°/min scan rate. Microstructure ofrthePdNi films was characterized using
a SEM (Hitachi S900, operated at 3kV with secondalgctron imaging mode) and
STEM (JEOL 2010FX, operated at 200kV). Compositdras-deposited and dealloyed
films was determined using the EDS attached to dHiteSEM S3200. H cycling
behavior of np-PdNi films were measured by filmests change with the np-PdNi on
3-inch wafers, performed using a wafer curvatustesy (FLX-2320-S, Toho Technology
Co.) in an atmosphere-controlled chamber. The wgchtmosphere was,;Nultrahigh
purity, 99.999 %) mixed with H(0-grade, 99.9 %), and,Hontent was varied from 0
vol.% to 20 vol.%. during the cycling measuremenhime interval of film stress

measurement was 15 sec.
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8.3 Results

After completion of dealloying with surfactantsl #lims exhibit a microstructure
with nanoporosity. Figure 8.1 shows plan-view mgtrocture of 25nm-30Ni,
90nm-coarse, 90nm-fine and 200 nm np-PdNi films, details in Table 8.1. Ligaments
in these films with fine ligaments (i.e. 25nm-30M0nm-fine and 200 nm films) were
3-5 nm wide and 5-10 nm long, and pores were 5riOmdiameter. Several abnormally
large pores were observed in the 200 nm film. Solmgters showing a higher brightness
in Figure 8.1a were suggested as the remnant Py, avhich was not completely
Table 8.1 Remnant Ni content (determined by EDS) and thisknef np-PdNi films.

thickness was estimated by assuming film contractad 45% during
dealloying, and was also measured from cross-sedtiSEM micrographs.
Due to different dealloying processes, 25 and 90ilms exhibited variations

in remnant Ni content (low vs. high) and ligamezegfine vs. coarse). Note
that ligament size of most films was ~5 nm, but Ww8snm for the “90 nm

coarse” film.
PdNi alloy estimated/measured film _ i
_ remnant _ , ligament size
thickness . thickness after dealloying _
Ni (at. %) (scale of porosity)
(nm) (nm)
25 10 15/---- fine
25 30 15/---- fine
90 46 50/50 fine
90 23 50/50 coarse
200 45 110/110 fine
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Figure 8.1 Microstructure of (a) 25nm-30Ni, (b) 90nm-coar@d,90nm-fine and (d) 200
nm np-PdNi films. Pore and ligament sizes in micapys a, ¢ and d were ~5
nm (except some abnormally large pores observetddrograph d). Pores
and ligaments in micrograph b were ~10 nm. All NPfilms exhibited 3-D
interconnected ligaments and open pores.

dissolved during dealloying. Comparing to 200 ntmf(Figure 8.1d), thinner films (25
and 90 nm films, Figures 8.1a-c) exhibited a mardoum porous structure in ligament

and pore sizes. It is due to the shorter time neéaledealloying completion for thinner
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alloy films. The shorter dealloying time resultedsome more stable conditions of the
nanoporous films, such as film thickness contractmd surfactants reactivity in the
etchant solution. Additionally, the thinnest filmrgbits the lowest remnant Ni content in
the final nanoporous film under the same dealloyiagdition (e.g. 30 at.% Ni remained
in 25 nm films but 42-46 at.% Ni in thicker films).

In the study, five np-PdNi specimens were usedniestigate effects of film
thickness, remnant Ni content and ligament sizehgdridation and dehydridation
behavior. 25 nm np-PdNi films have fine ligaments different remnant Ni content, 10
at.% and 30 at.%, which were denominated by 25nhi-a6d 25nm-30Ni, respectively.
The 25 nm films were used to investigate effectsemfinant content. 90 nm np-PdNi
films have different ligament size (with differememnant Ni content), named by
90nm-fine and 90nm-coarse. The 90 nm films were &blshow effects of ligament size
when effects of remnant Ni content were clarifi&éte 200 nm np-PdNi film has fine
ligaments and the same remnant Ni content as 9@mm-$pecimen, using for
investigating effects of film thickness. (See dsta Table 8.1)

Using a different etchant recipe with a higher gtghselectivity to Ni for
dealloying, np-PdNi films can be produced with wédo remnant Ni content of 10 at.%,
which was 30 at.% in 25 nm films dealloyed by theipe the same as for thicker films.
Figure 8.2 shows plan-view morphology of the 25rNilnp-PdNi film, observed using
STEM. In the STEM micrograph, it is seen that ligents were 2-4 nm wide and 6-9 nm
long, and pores were 5-10 nm in diameter. By takirgoser observation, some ultrafine
pores were seen on ligaments. These ultrafine poees ~1 nm in diameter, which led

some ligaments to have some ultrafine porosityinigded thickness of this np-PdNi film
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was 15 nm, which is close to the cell size (onarhignt plus one pore). So, it is suggested

that the film contains only 1-2 cells through timfthickness.

Figure 8.2STEM micrograph of 25nm-10Ni film. Most ligamentere 2-4 nm wide
and 6-9 nm long. Pores were 5-10 nm in diametaneSaltrafine pores were
observed on ligaments with a pore size of ~1 nciameter.

Pd lattices can expand during hydridation due toupation of H atoms at
interstitially octahedral sites in Pd FCC latticesyich lattice expansion leads the Pd to
be more compressive (or less tensile) due to thd, sbick substrate (Si). Conversely,
dehydridation can cause contraction of Pd lattemed an accompanied tensile (or less
compressive) stress [10, 11, 15, 36]. So, changinm stress is able to evaluate H

absorption and desorption of Pd or Pd-based tmirsfiincluding np-PdNi and dense Pd.
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Stress of the dense Pd and np-PdNi films was medgsiuring the kElcycling test
that H2 content was switched from 0 vol.% to 10.%o&nd held for 10 min; then, the H
content was switched off (0 vol.%). In Figure 8tBe film stress was normalized by
effective film thicknesses for np-PdNi films, suab 15 nm for the 90 nm np-PdNi film
(with coarse ligaments, 23 at.% Ni remnant) andnd®for the 200 nm np-PdNi film
(with fine ligaments, 45 at.% Ni remnant). Whepdéntent was switched on at 10 vol.%,
stress of the dense Pd film (100 nm thick) and dpiRilms rapidly became compressive.
The dense Pd film exhibited two plateaus in the m@ssive stress region. The film
stress gradually reached the first plateau (-23@M# 5 min and the second plateau
(-370 MPa) by 10 min. The np-PdNi films showed gn#icant difference in stress
transition. Stress of the coarse np-PdNi film (98 thick) increase by ~200 MPa in
compression within 30 sec, and the compressivestgimdually reached -270 MPa in 10
min. However, fine np-PdNi films (200 nm thick) elited the rapidest stress change by
-63 MPa in the first 15 sec, and the film stress wlawly equilibrium to -25 MPa by 10
min. This stress equilibrium during hydridation wast observed for np-PdNi films with
coarse ligaments. When,lontent was switched off (0 vol.%), stresses efrip-PdNi
films recovered back to the original stress in D5s8c, but the dense Pd film took 1 min
for stress recovery.

Performance of these films during hydridation anehydlridation can be
considered by two factors: response time and chiyaldis stress curves shown in Figure
8.3, the fine np-PdNi film showed the shortest oexse time but its capability of H
absorption (determined by stress change) was theslo Conversely, the dense Pd film
exhibited the slowest rate to saturation (the rsglv®mpressive stress) and the highest

capability of H absorption. It is interestingly foadi that np-PdNi films showed different
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stress transition during hydridation if the filmere with fine or coarse ligaments. This is

addressed as effect of ligament size and will Beutised later

100
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Figure 8.3 Stress changes in 100 nm dense Pd, 90nm-coarsO@min np-PdNi films,
measured when Hontent was switched between 0 and 10 vol.% in the
N2-H; mixed atmosphere. The dense Pd film exhibitedplateaus and the
longest time to saturation of stress. The 90nmsmap-PdNi film displayed
a more rapid response than the dense Pd film. T@aé np-PdNi film
exhibited the shortest time to saturation of strpesbably due to its thinner
ligaments.

Hydridation and dehydridation behavior of np-PdiNng with fine ligaments was

repeatedly tested in an atmosphere with,acéhtent switching in between of 0 or 10
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vol.% by three cycles. Change in film stressesmduthis B cycling test is shown in
Figure 8.4. The tested np-PdNi films were with fligmaments and the same remnant Ni
content of ~45 at.%, but film thicknesses were @0 and 200 nm. As stress curves
shown in Figure 8.4a, these np-PdNi films presegtamtl repeatability of change in film
stress, which change was corresponded to H absoratid desorption in np-PdNi films.
90 nm np-PdNi film exhibits a stress difference Pa in between hydridation (10
vol.% H,) and dehydridation (0 vol.% J stages, but 200 nm np-PdNi film shows a
lower stress change of ~35 MPa. This might be duénh contraction during dealloying
for the thicker films to be more than the thinn#ms$ (e.g. film thickness contracted
during dealloying by 45 % and 63 % for 90 nm an@ 20n as-deposited alloy films,
respectively). Under the higher film thickness caation, thickness of the dealloyed 200
nm film used for calculating film stress was oveti@ated (see Table 8.1) and resulted in
a lower stress change.

Interestingly, stresses of these np-PdNi films myrhydridation were not at a
steady value, but the initial high compressivesstr@as released with measuring time.
This stress equilibrium can be seen clearly infitlsé cycle but gradually alleviated in the
followed cycles. It is suggested that equilibratminfilm stress might be caused by H
diffusion from ligament surface to the core, ane $ltress can be at a steady value when
gradient of H content in the ligament disappeafadting 200 nm film as an example, the
H diffusion, took 10 min to reach the steady st(e82.5 MPa) in the first cycle but 7.25
and 5 min in the second and third cycle, respéegtivehich are indicated by arrows in
Figure 8.4a. This result presents that the shartex was needed for stress equilibration
in the followed cycles. Detailed mechanisms of ghenomenon will be discussed in this

article.
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Figure 8.4 Stress curves of (a) 90nm-fine and 200 nm; an@%b)n-10Ni and
25nm-30Ni np-PdNi films during Hcycling measurements. Hydrogen
content in the flowing atmosphere was switched betwO and 10 vol.%.
Arrows indicate the points at which stress is codaed to have equilibrated.

The np-PdNi films measured in Figure 8.4b were Miitle ligaments and the same film

thickness of 25 nm, but these two films have déferremnant Ni content of 10 at.% or
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30 at.%, named 25nm-10Ni and 25nm-30Ni np-PdNidil&tress change of 25 nm-10Ni
and 25nm-30Ni np-PdNi films between hydridation aledhydridation stages was ~200
MPa and ~270 MPa, respectively. During hydridat@snm-10Ni film exhibited clearer
stress equilibration than 25 nm-30Ni film. Additally, stress of 25nm-10Ni film reached
a steady value (-195 MPa) by a shorter time foraye than the prior cycle (e.g. 5.5
min, 3.75 min and 2 min for the first, second ahiddt cycle, respectively, indicated by
arrows in Figure 8.4b), which phenomenon is theesamstress curves shown in Figure
8.4a.

H absorption and desorption behavior of np-PdNndilwere also tested in an
atmosphere with varied tontent (0, 2, 6, 10, 15 and 20 vol.%). Film draader the
atmosphere was averaged by all data points (titeevial of each measurement of 15 sec)
during the holding time of 3 min for every,lontent. The averaged film stresses of
np-PdNi films are shown in Figure 8.5. Stress csireé 25 nm films were roughly
symmetric during Kl content increasing and decreasing stages. 25nm#B@Nexhibited
more significant stress change than 25nm-10Ni fiinall H, content. Additionally, the
thicker films (90 nm and 200 nm) showed smallezsgrchanges in the test. Similar to 25
nm films, both thicker films exhibited the highesimpressive stress in 20 vol.%. Hut,
stress of 200 nm film in 2 vol.% Hvas ~90% of the highest compressive stress in 20
vol.% H,. In other words, 200 nm film can be rapidly satedaby a low amount of H
content in the atmosphere. This rapid saturatiomd cibsorption is suggested that the
thicker film has the longer and more curved chasfebres) through the film thickness.
Moreover, mean free path of gas molecules at liatr¥0 nm, but the channel width
(pore diameter) is 5 nm. So, these long channefghtmioe helpful in trapping H

molecules for absorption due to higher possibiityollision between KHmolecules and
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ligament surface. Conversely, the thinner filmsibitra better symmetric stress change
and larger stress change corresponding to variedritent in the atmosphere, which are

ideal for applications of quantified,l4ensing.

stress change (MFa)

“‘ELH‘H
D\U -B-25nm=-10M
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—&—200nm

n 2 G 10 15 20 15 10 G 20
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Figure 8.5 Average stress changes in 25nm-10Ni, 25nm-30NipBfne and 200 nm
np-PdNi films as Hcontent was stepped through increasing then deaga
levels. The thinner films (25 and 90 nm films) éxted more symmetric
curves during Hcycling. The two 25 nm films also showed the hijlstress
changes at maximumyHevels.

8.4 Discussion

As results talked above, two issues need to beusksd in details:
hydridation/dehydridation of ligaments and effeofsfilm thickness, ligament size and
remnant Ni content on hydridation/dehydridation dabr, for clarifying details about
using np-PdNi films for H sensing applications.
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8.4.1 Hydridation and Dehydridation of Ligaments

Once H molecules reached ligament surface, somg mblecules were
successfully physisorbed on ligament surface. Thpbkgsisorbed K molecules
dissociated to H atoms if the pressure and temyeratre high enough. Sequentially, the
dissociated H atoms were chemisorbed at surfacémasdbsurface sites in ligaments.
Chemisorption of H atoms led to formation PfPdH; in Pd(Ni) lattices. Due to
extremely high surface curvature of ligaments (5 inndiameter) -PdH, can densely
nucleate on ligament surface, where had high dersitatomic steps, kinks and
vacancies. After nucleation ffPdH; on ligament surface and subsurface, diffusion of H
atoms was one of the primary mechanisms to domiiatieer hydridation of the entire
ligament.

Figure 8.6 shows stress curves of 200 nm film duhgdridation (10 vol.% b
held for 10 min in each cycle), which were takeonirthe measurement presented in
Figure 8.4a. In the figure, stress curve in eadfridgtion cycle can be divided by 2 or 3
regions exhibiting different slopes. Thé"Zycle is taken as an example for region
division based on change in slope, which is divitkgd3 regions and the division is
presented above the curve. Slope of tfferdgion in each cycle was in a range of
3.36-5.61, which is higher than thédZegion of 0.69-0.73 and the 3rd region of ~O0.
Additionally, transition time between thé' and 29 regions of the %, 2 and & cycles
was 3.75, 1.75 and 1.5 min, respectively, and itianstime between the"2 and &
regions was 7.25 min for th8%ycle and 5 min for the'8cycle (no transition of ™ to

3 region for the T cycle). It is noted that transition time of/2" and 293" regions

104



decreased cycle by cycle. Slopes of each regiol@ayere verified with logarithm plots

and can be seen as rates of stress relaxation.
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Figure 8.6 Stress relaxation of a 200 nm np-PdNi film durihg hydridation segments
of three consecutive cycles. Each curve exhibited 2 stages with different
slopes. Although the slope of th& dtage decreased with each new cycle, the
slopes of the® and & stages were consistent in each cycle.

Compressive stress in np-PdNi films during hydimaivas caused by expansion
of PdNi lattices due to H absorption. Lattice paggen of PdNi lattices has a linear
relation to H content. As reported lattice parametxpanded during H absorption [15,
36, 37], expansion of the lattice parameter was 108 when x=0.3 in nanocrystalline
Pd(Ni)Hx. The expansion value is strain of the porous filnmder compressive stress.

Gibson and Ashby [38] proposed a way to comparartbdulus of a solid material and
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its porous counterpart. According to the Gibson{fslscaling law, modulus of the

np-PdNi can be written by

2

* pn —PdNi

M rp-pani =M PdNi( — j (8.1)
Prani

where Mpgni andppgni are the bi-axial modulus and density of the sBlaiNi, andpnp.-pani

is density of porous PdNi. Therefore, the termpgfran/prani is relative density of the
np-PdNi, which was 0.285. Additionally, texture toe PdNi films is (111), which was
characterized by XRD before and during dealloyisp, bi-axial modulus of the

(111)-textured np-PdNi films can be calculated by

— 6044(("'11 + 2C12) (8 2)
111 '
Cll + 2C12 + 4C44
M PdNi,111 = M Pd,lllx Pd + M Ni ,lllx Ni (83)

where ¢ is stiffness of pure Pd and pure Ni [39], and Xr&ctions of Pd and Ni in the
np-PdNi film.

As equation (8.2), My 111 and Myi111 are 287 GPa and 390 GPa, respectively.
Content of Pd and Ni in np-PdNi were 55 at.% andt%, respectively. Based on the
calculated values of bi-axial moduli and measum@amositions of Pd and Ni, Mni1111S
334 GPa. Using Gibson-Ashby scaling law, bi-axialduus of np-PdNi is 27.1 GPa. A
plot of measuring time vs. strain of the 200 nmRgNi film can be generated from
measured stresses in Figure 8.6. Figure 8.7 shdrmas srelaxation curves during
hydridation of the 200 nm np-PdNi film. Strain wadaxed both with measuring time
and cycle by cycle, which exhibits similar curves dtress relaxation. However, the
measured strain was in a range of 1.2-1.8xthich is only one tenth of the calculated
strain (1.8x13). In addition to elastic deformation of the np-Rdfiim, another

mechanism is considered to interpret stress/stralaxation during hydridation —
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formation of defects in ligaments. Under a high poessive stress, Pd(Ni) lattices can
deform and even create defects to relax the strHss. lattice deformation can be
elastically and plastically, and defects may needbe¢ formed because of a significant

stress in the 5 nm wide ligaments during hydridatio

A2E3 |
o &
& G KGO
A13E3 | 5&
S
I o
143 L o
1.4E-3 by & N
L & O
N S
.% 15E3 <§
© o
“ N
-1.6E-3 [ o
o
ATE3 R ©
o
1.8E-3 |
| L | ' | L | L | L 1 " |
0 5 10 15 20 25 30

measuring time (min)

Figure 8.7 Strain relaxation of a 200 nm np-PdNi film durithg hydridation segments
of three consecutive cycles. Strain values wereutated from stresses

measured by wafer curvature system.

It is reported that misfit dislocations can be gaterl at incoherent boundaries
between thg-PdH; precipitates and the PdH; matrix during hydridation in bulk metals
[40, 41]. However, dislocations were not observethe ligaments by TEM in the study.
Also, couple studies present that no dislocatioeseviormed in hydrogenated Pd clusters
due to the high energy needed for creation of dalons in such small clusters (~3 nm)
[25, 42]. Based on thermodynamics, formation oédindefects (e.g. dislocations) can
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create a much higher increase in energy than peifieicts, such as vacancies. It has been
reported that abundant vacancies can be formedglhsidridation of Pd [43]. Formation
of vacancies was observed in Rdi high B pressures [44], high torsion [45] or high
temperatures [46]. Furthermore, amounts of vacarfoemed during hydridation can be
much higher than at the thermal equilibrium stdfé-49]. In addition, vacancies in the
host lattices (e.g. Pd) have a strong interactidth wterstitial atoms (e.g. H), and the
interstitial-vacancy interaction may change coheyeof lattice structures [50] and local
stress fields [51].

Avdyukhina et al. [51] used Pd-Mo alloy (5 at.% Mim) investigate role of
vacancies in the structural relaxation and regmat tormation of one vacancy in a Pd(Mo)
unit cell can cause the unit cell having a voluraat@action of 20%, which corresponds
to a 7.2% linear contraction of edges of the useit. &-ukai and Okuma [44] present
concentration of vacancies in Pdehn be 18 at.% at 800°C and aptfessure of 5 GPa,
and XRD scans show that a vacancy-ordered struofuRetVacH, can be formed with
superlattice structure of GAu phase at 300°C. They also suggest that suchge la
amount of vacancies and the vacancy-ordered steuatay be formed at lower
temperatures. The vacancy-ordered structure wasodlserved by Miraglia et al. in the
hydrogenated Pd sheet with vacancy concentratio2®fat.%. Formation of the
vacancy-ordered structure requires migration ofamates within a local area, which is
vacancy rearrangement in the host lattices.

Stafford and Bertocci [52] estimated compressivesses in Pd thin films under
H/Pd values of 0.45 and 0.6 were 2.5 GPa and 8a& @RBpectively. Nanostructured Pd
has a narrower miscibility gap in betwee®dH, andp-PdH, phases, which yields lower

stresses and volume expansion of the Pd latticesekier, the interfacial stress in PdNi
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ligaments may be still too high to be relaxed kgsgt deformation only, and formation
of vacancies may be the other mechanism to relaxasidual stress during hydridation.
As the difference between calculated strain (1.8%Hhd measured strain (1.2-1.8%)0
of the 200 nm np-PdNi film during hydridation, cemtration of vacancies can be
estimated by the 7.2% linear contraction of a gelt containing one vacancy, which is
~5 at.%. The amount of vacancies (5 at.%) meartsethery five unit cells contain one
vacancy.

Figure 8.8 shows log-log plot of stress change msasuring time for three
hydridation cycles of the 200 nm np-PdNi film. Imet ' cycle, slope of the *istage
(stage divided same as shown in Figure 8.6) is arfd 1.59. After 3.75 min, the'2
stage shows a slope of 0.37. However, there wasr tme duration about 1 min in the
1% stage which exhibits a slope of 0.33 in betweenréigions of 1.51 and 1.59. In th¥ 2
cycle, slope is 1.27 for the'stage and changes to 0.32-0.36 at 1.75 min. fhey&le
has slopes of 0.72 and 0.31 for tifeahd 29 stages, respectively. It can be seen that the
1% stage of all cycles shows a higher slope but libgesdecreases cycle by cycle, and the
2" stage of all cycles exhibits slopes in a narromgea

As Figure 8.8, it is suggested that tiieslage of stress/strain relaxation might be
caused by formation of vacancies, and tiesfage of stress/strain relaxation might result
from rearrangement of vacancies. Figure 8.9 showsugon of hydridation and
dehydridation of PdNi ligaments. Before hydridati®dNi ligaments should be with no
H atoms and vacancies (or very low amounts of khatand vacancies, shown in Figure
8.9a). When H atoms diffused into ligament subsigfg-Pd(Ni)Hx immediately

nucleated and grew to be a closed shell surrounit@g-Pd(Ni)Hx core (Figure 8.9b).
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Figure 8.8Log-log plots of stress change vs. measuring tfree200 nm np-PdNi film
during the hydridation segments of three conseeutycles. Each curve
exhibited 2-4 stages with different slopes. Slopthe ' stage (0.72-1.59)
was higher than the followed stage(s). Slope oPtfistage was with a
narrow rage (0.31-0.37).
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Figure 8.9 Sequence of transformation betweeRdH, andp-PdH, across the ligament
cross-section during (a-e) hydridation and (f-jhydridation. (a) The
ligament initially contained no/little H atoms andcancies in the lattices,
represented by a uniform light gray color. (b) Wihgdridation initiated,
lattices near ligament surface absorbed a high atafiH to formp-PdH;,
filled by dark gray as a shell surrounding thBdH, core. (c) The shell grew
thicker, and the core reduced. (d) Vacancies waradd due to high
compressive stresses. (e) Vacancies rearrangeawotig-range ordered
structure. During dehydridation, @PdH; shell surrounded th&PdH; core,
and some vacancies were remained in lattices, by black spots. (g)
Thea-PdH, shell grew thicker. (h) All H atoms were desorbaag some
vacancies were still in the ligament. With beinigrger elapsed time, (i and
J) vacancies can gradually disappear.

With H diffusion, the entire ligament transformed p-Pd(Ni)H; (Figure 8.9c).

Transformation of PdHphases led the ligament to experience a high cesspre stress.
The stress can induce formation of vacancies ataransites in the Pd(Ni) lattices to
rapidly relax the high stress state (Figure 8.2dje to high diffusion rate of H atoms in

Pd(Ni), it is suggested that the entire ligamemt lsa completely hydrogenated in"16ec
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[53]. Therefore, the *imeasurement of each hydridation cycle was takethégtage of
vacancy formation, which exhibits a higher rateeiax residual stress. After the 1st stage
of stress relaxation dominated by formation of vees, vacancies preferred to
rearrange for decreasing gradient of vacancy cdrateon over the ligament (Figure
8.9e). Rearrangement of vacancies caused the a¢sthess to be further relaxed but
with a lower rate. When the rearrangement finiststidiss reached an equilibrium level.
During dehydridation, H atoms near ligament surfaapidly escaped from Pd(Ni)
lattices. However, the created and rearranged céesmannot be removed as rapid as H
atoms. Vacancies need time to agglomerate as woiflsat to surface. In the"2and &
cycles, the equilibrium stress can be reachedeedHtan the % cycle. It is suggested that
some vacancies were remained in ligaments andtége ®f vacancy formation can be
shortened. An interesting fact in the study may psup this explanation: the 1
hydridation curve can be performed again if thecspen stayed in the air for several

days, which means removal of all vacancies andvexgoof the lattice structure.
8.4.2 Effects of film thickness and remnant Ni corint

Performance of np-PdNi films can be influenced ity thickness and remnant
Ni content. Thicker np-PdNi films (e.g. 200 nm) kdenger curved channels through the
film thickness. The channels are able to traprtélecules because mean free path of gas
molecules at 1 atm is 70 nm but average pore $it@gorous structure was ~5 nm only.
The small pores can limit traveling distance of gadecules [23]. That is why the 200
nm film exhibited rapid saturation during hydriaatiand lag of H desorption during
dehydridation, shown in Figure 8.5. So, thinneRgNi films have a better sensitivity to

change in H content in the atmosphere. In addition, as chand#m stress (shown in
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Figures 8.4 and 8.5), thinner np-PdNi films extaditn higher capability of H absorption.
It might be caused by non-uniform saturation oatrgents through the thick film. That is,
ligaments near the film top were easier to reatlradon, but the ligaments near the film
bottom were not saturated due to insufficient an®wh H, molecules traveling through
the long, curved channels to the film bottom.

Impurity in Pd lattices may change mobility and wgation energy of H atoms in
pure Pd. Also, stress in lattices may be changdodigygn atoms, such as Ni [54]. Due to
different lattice parameters of pure Pd (0.389 amgd Ni (0.352 nm), remnant Ni atoms
can change formation and diffusion energies of neies from pure Pd. Remnant Ni
atoms might cause less vacancies to be formedgithin £' stage of stress relaxation. It
can be seen that the 25nm-10Ni film presented laehidegree of stress relaxation in the

1% hydridation cycle than the 25nm-30Ni film, showaFigure 8.4b.
8.5 Conclusions

Np-PdNi films were prepared with open pores and BiBrconnected ligaments.
Pore and ligament sizes were from few nm to 10 nchsome remnant Ni (10-46 at.%)
were remained in the nanoporous structure, varpwyglifferent dealloying recipes.H
absorption and desorption behavior of these filmerewinvestigated by film stress
measurements.

During hydridation, compressive stresses causegbbgrption of H atoms can be
relaxed to an equilibrated stress level. The strelssation was divided into two stages,
and mechanisms were interpreted by formation aadaegement of vacancies. High
compressive stresses were firstly relaxed by faonatf vacancies for the first few min.

Vacancies were rearranged for balancing the coratem, and the residual stress was
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further relaxed by vacancy rearrangement. Additignahicker np-Pd/np-PdNi films
contained longer curved channels (pores) througHilm thickness, which may cause a
higher difficulty in H, molecules traveling to the film bottom and yietdver capability
of H absorption. Remnant Ni might change localsstrigelds of Pd(Ni) lattices due to its
smaller atomic radius. The change in local stréssl imight influence the amount of

vacancies which were created for tfiesiage of stress relaxation.
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Chapter 9

Microstructure and Texture of Os-Ru Coatings for Paous Tungsten

Dispenser Cathodes
9.1 Introduction

Dispenser cathodes are usually composed of healiangents at the bottom and a
porous tungsten (W) pellet at top of the diode. pheous W pellet is impregnated with
barium (Ba) aluminates and coated with a thin fierg. platinum-group metals or their
alloys). The combination of impregnation and thie fiim lowers the work function and
operating temperature of the diode which improweslifetime of the dispenser cathodes.
Since the 1970’s, osmium-iridium (Os-Ir) and osmituthenium (Os-Ru) have been
considered ideal coatings for enhancing electromss&on in dispenser cathodes [1].
Os-Ru coatings can lower the work function of inggra@ted W substrates from 2.1 eV to
approximately 1.85 eV, lower than that of rheniu®8 eV) and iridium (1.89-2.07 eV)
[2, 3]. Much attention has been given to Os-Ru tduiés low work function and potential
application in so-calleM-type dispenser cathodes [4].

In general, there are two main factors limiting lifietime of dispenser cathodes:
depletion of the Ba impregnant and degradatiorhef®@s-Ru coating. Both phenomena
can be aggravated by operation at high temperaamdscause failure of the dispenser
cathodes. Semicon Associates Inc. (a leading comiatecathode manufacturer and
collaborator in this study) has suggested from ma&g processing and operating
experience that almost none of their cathodegdizl to depletion of the Ba impregnant.

Instead, failure of the cathodes was primarily edulsy excessive diffusion of W in the
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Os-Ru coating from the W substrate after long-texperation at high temperatures.
Although the Os-Ru coating needs some W (~40 ai¥sjabilize and enhance electron
emission, the cathode can fail when W content tteatop surface of the Os-Ru coating
reaches a high level (>80 at.%) [5]. Therefore,esstve W interdiffusion should be
inhibited during high-temperature operation to ioy@ the cathode lifetime. The
interdiffusion phenomenon is believed to have aelelation to the microstructure of the
Os-Ru coating (e.g. grain structure and textur@weler, not much attention has been
given to the microstructural stability of the topating thin films, e.g. Os-Ru films.

Several studies utilized surface analysis and cheniaation techniques to
investigate how surface composition changed witptldeusing x-ray photoelectron
spectroscopy or Auger electron microscopy [6-9].abdition, Jones et al. [10] and
Isagawa et al. [11] characterized as-depositedéteti cathode surfaces and porous W
substrates, respectively, using scanning electrarostopy (SEM). All the previous
studies focused on either surface analysis or miiarotural imaging; but none have
clarified relationships between microstructure aminposition of the Os-Ru coating.
Bell [12] provided more systematic research forarsthnding the effects of applying a
substrate bias during film deposition on the mittagural change of the as-deposited
and annealed Os-Ru coatings. He concluded thatyiagpl substrate bias voltage
between 50 V and 100 V (DC) during film depositiwas optimal for ideal stability of
film thickness and composition. The deposition psscin the current study, specifically
the substrate bias parameter, was based on Betmfs.

The texture of Os-Ru coatings can be significargffected by varying the
processing parameters, such as substrate biagg@dtad by using different sputtering

systems [13, 14]. The result shows the Os-Ru cpalgposited with a substrate bias
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power of 5 W had the highest stability of film nostructure and composition during
annealing. A5 W bias power is equivalent to a @@age of 115 V, near the bias voltage
range suggested by Bell [12]. Considering path®uwk diffusion, it is suggested that
film texture might be an important factor to W irdefusion because of the variant planar
density of three texture components — (10-10), 200é8nd (10-11) — in hexagonal

close-packed (HCP) Os-Ru films. Furthermore, adamgrain size in the Os-Ru film

might be helpful in inhibiting W diffusion througie film thickness. A more complete
study of the effects of processing parameters enntiicrostructure, composition and
texture of Os-Ru coatings was designed with comatams for planar density, texture
components, and grain boundary diffusion. UndedstanW interdiffusion and its effects

will hopefully lead to producing Os-Ru coatingstthrcrease the lifetime of cathodes.
9.2 Experiments

Porous W substrates were prepared from W powdeendfal Electric, U.S.,
showing an average particle size of 4.5 um) bydstecthpowder metallurgical processes.
W powders were pressed into circular pellets, 3 immiameter and 1.27 mm in height.
Sequentially, the as-pressed pellets were sintate2200 °C for 1 h. The sintered W
pellets had ~16% porosity. The top surface of thps W pellets was CNC-machined
into a concave shape. After cleaning in solverits, W pellets were loaded into sputter
systems for film deposition.

There were two sputtering systems used for Os-Ruwgigon in this study: an
Omega coater (Omega Industries Inc., MN, U.S.) lise8emicon Associates Inc. and an
ORION sputter (AJA International Inc., MA, U.S.)assby the University of Kentucky

(UK). The base pressures of the Omega and ORIOtémgsare 2.7 x 1DPa (2.0 x 18
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torr) and 1.3 x 18 Pa (1.0 x 18 torr), respectively. Deposition pressure was 2120
x 102 torr) for the Omega coater and 3.3 x*Ha (2.5 x 18 torr) for the ORION system.
Depositions of Os-Ru films were processed by Asmpla with a rate of 10 nm/min for
the Omega coater and 16.7 nm/min for the ORIONesysiSubstrates were cleaned by
Ar plasma etching for 1.5 min at 35 W (equivalemtat DC voltage of 169 V) prior to
Os-Ru film deposition. Substrate bias was appliedng Os-Ru film deposition at 0 (no
biasing), 5 (115 V), 10 (163 V), and 20 W (239 Vhe bias can cause an atomic peening
effect on the Os-Ru film, and might change texamd film stress in the Os-Ru film. The
thickness of as-deposited Semicon films was 610and, UK films were in thicknesses
of 150, 300 and 550 nm. Table 9.1 shows deposiparameters in detail. After
deposition, a portion of Semicon and UK specimeesevannealed at 1050 g (Cs =
brightness temperature) for 10 min in a 75%+\25% H atmosphere.

As-deposited and annealed Os-Ru films were charaeteusing a SEM (Hitachi
S900) for plan-view and cross-sectional observatiperating at an accelerating voltage
of 3 kV in secondary electron imaging mode. Thetuex of the Os-Ru films were
analyzed by x-ray diffraction (XRD, Siemens D508)erating at 40 kV and 30 mA with
Cu Ka (A = 1.5406A) incident radiation. All XRD scans wererformed from 30° to 50°
(20) with a step size of 0.01° and all Os-Ru diffrantpeaks were calibrated using the W
(110) peak (appearing at & angle of 40.3°). Fractions of each Os-Ru text@mmonent
were calculated based on the integrated intensitiethe individual diffraction peaks.
Reproducibility was verified by making two measugsns on two specimens processed
with the same parameters. The composition of theeepssited and annealed Os-Ru films
was measured by energy dispersive x-ray spectrgnledS, Hitachi S3200 SEM) and

the reported values are an average of three memasnote from a given specimen.
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Table 9.1Deposition parameters and film thicknesses oDaHRu films deposited at UK
and Semicon.

. Thickness
. Estimated Measured )
, Sputtering Dep.rate . , contraction
Specimen Paeposition ] thickness thickness .
system (nm/min) during
(nm) (nm) )
annealing
2.7 Pa
, Omega 5
Semicon , (2.0x10 10 610 ~4%
(Semicon)
torr)
UK-0W-550nm 585
UK-5W-550nm 540
550
UK-10W-550nm 530
UK-20W-550nm* 520
UK-O0W-300nm 3.3x10 250
<5nm (no
UK-5W-300nm ORION Pa 310 )
3 17 300 contraction
UK-10W-300nm (at UK)  (2.5%x10 300
presumed)
UK-20W-300nm torr) 240
UK-0W-150nm 140
UK-5W-150nm 150 130
UK-10W-150nm 130
UK-20W-150nm 130

* UK-20W-550nm films were deposited by two diffetetieposition rates, 17 nm/min
(regular deposition process, listed in Table 9.bvah and 8.5 nm/min (specimen
named: UK-20W-550nm-slow), for understanding eBexftdeposition rate on texture.

9.3 Results and Discussion

The microstructure of the Os-Ru film in all specmeavas observed by plan-view
and cross-section. Each SEM micrograph for a gsgatimen shown in Figures 9.1 and
9.2 consists of a plan-view image (on top) andassisectional image (at the bottom).
As-deposited Semicon films have a majority of gsai®5-55 nm in size, and
preferentially grouped in clusters, isolated byckrake gaps, as shown in Figure 9.1a.

Isolated grain clusters were mostly in a range @#-200 nm with some minor, thinner
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crack-like gaps within the interior of a grain dlers Cross-sectional observation revealed
that as-deposited Semicon films consisted of coamyrains, extending completely
through the film thickness and roughly perpendicutathe W substrate surface. The
columnar grains transformed to equi-axed grainshvét grain size of 25-75 nm.
Comparing the micrographs in Figure 9.1a with thosd-igure 9.1b, it is seen that
several equi-axed grains were needed to transfaom fcolumnar grains in the
as-deposited film and stacked through the filmkhéss during annealing. Additionally,
the thickness of the as-deposited Os-Ru film was ih. However, the film thickness

contracted by ~4 % during annealing, correspondm@ thickness (585 nm) of the

Figure 9.1 (Top) Plan-view and (bottom) cross-sectional SEMragraphs of (a)
as-deposited and (b) annealed Semicon films. Theaad Semicon film
exhibits micron-cracks dispersing over the Os-Ru 8urface and transition
of grain structure from columnar grains (beforeealimg) to equi-axed
grains. Cracks appearing on the W grain boundadiytlaa regular W surface
were indicated by thick and hollow arrows, respeyi Two protruded
ligament-like Os-Ru grains were marked by a dasirete.
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annealed Semicon film, as shown in Figure 9.1beAfinnealing, uniformly dispersed

cracks appeared over the film surface of the Semiibm. The cracks were up to 120 nm

wide on the film surface, which allowed for somattees in the crevice to be observed.
Some ligament-like Os-Ru grains near the crack watled out but still bridged cracks.

In Figure 9.1b (indicated by a dashed-circle), tigament-like Os-Ru grains are shown
on the front fracture surface. The two protruding-Ru grains were located at

approximately one-third and two-thirds of the fithickness from the W substrate with a
diameter of 20-30 nm, and on the same order agridia size. It is suggested that the
protrusion in the Semicon film resulted from teesstresses due to texture transition
during annealing. Texture transition will be dissed later. In addition, the grain size did
not grow significantly during annealing (25-55 nor the as-deposited film and 25-75
nm for the annealed film).

By cross-sectional observation (shown in the botiorage of Figure 9.1b), it is
noted that cracks might appear on either grain dates or W grain surfaces, marked by
thick and hollow arrows in Figure 9.1b. All obsedveracks on the grain boundaries of a
W substrate extended through the film thicknesswaidely opened on the top surface of
the film. Tensile stress in the annealed film waggested as the primary cause for this
type of cracking; in-plane stress leads to a highementum on the top surface than at
the bottom of the film. The momentum can resulainorack extending through the film
thickness with a wide gap on the film surface. He&vesome cracks on W grain surfaces
were seen that did not extend through the filmkiféss but terminated at approximately
two-thirds of the film thickness from the bottons,iadicated by a hollow arrow in Figure
9.1b. It is suggested that cracks of this typeltedurom volume contraction of Os-Ru

grains, caused by texture transition during anngali
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Microstructure of as-deposited and annealed UK-B50800nm, and 150nm
films are shown in Figures 9.2, 3, and 4, respebtjwobserved by plan-view (top) and
cross-section (bottom) for each specimen. In thiese figures, a pair of images for one
specimen includes a micrograph for both the assiggabfilm and the annealed film.

Figure 9.2 shows microstructural observation for -BBOnm films. All
as-deposited UK-550nm films exhibit a grain stroetgonsisting of columnar grains,
similar to as-deposited Semicon films. Columnarirgravere roughly perpendicular to
the surface of the W substrate and extend throgfiilm thickness as shown in Figures
9.2a, c, e, and g. The majority of grains in thel@sosited UK-550nm films ranged from
10 to 40 nm, except the UK-20W-550nm film which ited a larger grain size of
50-100 nm. The bias power applied during film deégms did not significantly affect
grain size and columnar grain structure of the gmadited UK-550nm films. In addition,
the as-deposited UK-550nm films showed neitherngectustering nor gap-like cracking;
phenomena seen in the as-deposited Semicon filsgitdethe film thicknesses being
close to the Semicon film thickness. All as-depabityK-550nm films exhibited the
same microstructure — fine columnar grains. Howetlegse films present a different
microstructure from the as-deposited films duringealing.

During annealing, the grain size in the UK-550nimé significantly increased
from 10-40 nm (as-deposited) to 30-150 nm (anngaléte grain size of all Os-Ru films
is shown in Table 9.2. The surface roughness obtké50nm films also increased with
grain growth. Cross-sectional observation revedhed the columnar grain structure of
the as-deposited films changed. A few grains inUKe5W-550nm film transformed into

shorter, columnar grains (almost equi-axed); bugsingrains in the annealed
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Figure 9.2 Micrographs of (a, c, e, and g) as-deposited bnd,(f and h) annealed
UK-550 nm films. Specimens of (a), (c), (e), angWgre deposited with a
biased power of 0, 5, 10, and 20 W, respectivehades of (b), (d), (f), and (h)
were taken sequentially corresponding to microgsagih(a), (c), (e), and (g).
All as-deposited UK-550 nm films consist of columgaains, but the
columnar grains mostly transferred to equi-axedhgrduring annealing.
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UK-5W-550nm film were still columnar and the graiestended through the film
thickness. The UK-OW-550nm films consisted of betjui-axed and columnar grains
with lengths shorter than the film thickness. la thK-550nm films deposited with a bias
power at 10 and 20 W, most grains in the annedi®d fransformed to equi-axed, and no
columnar grains that extended through the filmkihess were observed. All the grains in
the annealed films were similar in that the grajnsw three times as large in diameter
and had facets. Furthermore, small voids appedrepglaan boundaries of the annealed
films as seen in the cross-sectional images ofreEgy@.2b, d, f, and h. The voids were
mostly as small as a few nm in diameter. Formatibthe inter-granular voids will be
discussed later.

The plan- and cross-sectional views of UK-300nm &h¢150nm films (in
Figures 9.3 and 9.4) revealed microstructures amid that of the UK-550nm films —
with the exception of the UK-OW-300nm film. The w@pinar grains were roughly
perpendicular to the surface of a W substrate atehd through the film thickness. The
grain size in the as-deposited films ranged fror2830m and 5-30 nm for UK-300nm
films and UK-150nm films, respectively. It is seenthe as-deposited UK-300nm and
UK-150nm films that the grain size decreased wittreasing bias power. However, this
tendency was not seen in the as-deposited UK-550ms (see details in Table 9.2). It is
suggested that applying bias during film depositaan introduce high compressive
in-plane stresses in the as-deposited Os-Ru fillmchvleads to a higher nucleation
density due to bombardment of Ar ions during dejpmsi

In-plane stress of the as-deposited UK-OW-550nmKdlOW-150nm films was
5.77-6.49 GPa in compression, high enough to buttldeOs-Ru films in a telephone

cord configuration due to the weak adhesion betwikernOs-Ru film and the substrate.
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However, as-deposited Semicon films have a mucledamempressive stress (~20 MPa)
than the UK films [15, 16]. The high compressiveess$ in the UK as-deposited films
might affect the film texture and grain structure.

During annealing, grains grew several times larged in-plane compressive
stresses were also released. The grain size ddrthealed UK-300nm and UK-150nm
films ranged from 30-120 nm, with UK-20W films shioy some larger grains up to 150
nm. UK-300nm and UK-150nm films changed the columgeain structure in the
as-deposited films during annealing. Annealed UK-800nm, UK-5W-300nm, and
UK-20W-300nm films exhibited columnar grains thattemnded through the film
thickness. Some shorter columnar grains appearétKriOW-300nm films with grain
lengths smaller than the thickness of the film. @ile the annealed UK-300nm and
UK-150nm films presented a stronger preferenceeédumnar (high aspect ratio) grains
with the exception of the UK-10W-150nm film, whitlad completely equi-axed grains.
Furthermore, small voids at the grain boundariesewadso observed in all annealed
UK-300nm and UK-150nm films. The voids can be aslsas an order of several nm in
some annealed films. The phenomenon of void foonatvas also seen in the annealed
UK-550nm films, but not the annealed Semicon films.

During annealing, grains in the UK films transfodn® completely equi-axed
(e.g. UK-20W-550nm); part columnar, part equi-ax@dg. UK-OW-550nm); or
completely columnar (e.g. UK-5W-300nm) configuratioSmall voids at the grain
boundaries were observed in all annealed UK filmisile the annealed Semicon films
exhibited cracks instead of voids. Formation ofdgois suggested to result from
agglomeration of vacancies and Ar embedded in tbeigg of the Os-Ru film and/or Ar

released by the porous W substrate. Manenschigh §17] reported that Ar released by
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Figure 9.3 Micrographs of (a, c, e, and g) as-deposited bnd,(f and h) annealed
UK-300 nm films. Specimens of (a), (c), (e), angWgre deposited with a
biased power of 0, 5, 10, and 20 W, respectivemades of (b), (d), (f), and (h)
were taken sequentially corresponding to microgsagh(a), (c), (e), and (g).
All as-deposited UK-300 nm films consist of columgaains, except
UK-0W-300 nm film. The columnar grains mostly tréersed to equi-axed
grains during annealing.

126



Figure 9.4 Micrographs of (a, c, e, and g) as-deposited bnd,(f and h) annealed
UK-150 nm films. Specimens of (a), (c), (e), anfWgre deposited with a
biased power of 0, 5, 10, and 20 W, respectivemades of (b), (d), (f), and (h)
were taken sequentially corresponding to microgsagh(a), (c), (e), and (g).
All as-deposited UK-150 nm films consist of columgaains. The columnar
grains mostly transferred to equi-axed grains duannealing.
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Table 9.2Grain size, void size, and grain structure of emiand UK Os-Ru films.

, As-deposited Annealed \oid size Grain structure
Specimen )
(nm) (nm) (hm) after annealing*
Semicon 20-65 25-100 equi-axed
UK-0W-550nm 10-15 30-120 10-15 col. + equi.
UK-5W-550nm 20-40* 50-150 5-10 columnar
UK-10W-550nm 25-35 50-150 15-20 equi-axed
UK-20W-550nm 50-100 50-150 15-20 equi-axed
UK-0W-300nm 15-25 40-120 8-12 columnar
UK-5W-300nm 15-25 40-120 5-8 columnar
UK-10W-300nm 10-20 30-120 15-20 col. + equi.
UK-20W-300nm 10-20 40-120 15-20 col. + equi.
UK-0W-150nm 25-30 50-80 columnar
UK-5W-150nm 15-20 50-120 8-12 columnar
UK-10W-150nm 10-15 50-120 equi-axed
UK-20W-150nm 5-10 50-156* col. + equi.

*1: shell-like grains, shown in Figure 9.2¢c
*2 fused and irregular grains, shown in Figure 9.4h
*3. “col.” — columnar; “equi.” — equi-axed grains

the sputtered Os-Ru film (100 and 600 nm thick) gredW substrate occurred at 1100K
and 1300K, respectively. Formation of Ar agglomedabubbles was at temperatures
higher than 1800K. The annealing temperature usethis study was 1050 gC(or
1323K), which is too high for Ar to be released bawer than the temperature for Ar
agglomeration via thermal-vacancy assisted difiugib800K). However, no results of
microstructural characterization were mentionedvlanenschijn et al. Consequently, it is
not clear if grain size and configuration of thedaposited Os-Ru films can affect these
temperatures.

Figure 9.5 shows voids formed in the annealed Uikgiwith two typical grain

structures, consisting of only columnar grains (BM~300nm, shown in Figure 9.5a) or
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only equi-axed grains (UK-20W-550nm, shown in Feg9r5b). Voids appeared in both
types of grain structures and were at inter-grarsitas in the Os-Ru film, such as grain
boundaries and tri-junctions. It is seen that treeng formed facets during annealing. In
the annealed UK-5W-300nm film, voids (dark spotsFigure 9.5a) linearly arranged
along straight grain boundaries (e.g. 5 spots éathetween two arrows) or curved grain
boundaries (ex. spots around the egg-like protrugtad, located at left of the bottom
arrow) with diameters of 5-8 nm. Voids appearingha annealed UK-20W-550nm film
consisting of equi-axed grains were not distingaidé from the cave-rich fracture
surface because some large caves resulted fromgpghains out during fracture. Some
dark spots indentified as the voids were markectgws in Figure 9.5b. Voids in the
film with a higher bias power and film thicknessreed 5-20 nm in diameter, which is 2-3

times larger than the voids that appeared in theaed UK-5W-300nm film.

Figure 9.5Voids formed at grain boundaries of the anneagd)K-5W-300nm and (b)
UK-20W-550nm films. These two annealed films exhdifferent grain
structures: columnar grains in the UK-5W-300nm fdmd equi-axed grains
in the UK-20W-550nm film.
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Bias power did not seem to have a significant ¢fbecvoid size. However, it was
interesting that voids were always smaller when d@heealed UK film consisted of
columnar grains than when the film was a mixturecolumnar/equi-axed grains or
purely equi-axed grains. Detailed information abeaid size and grain structure are
shown in Table 9.2. Since no reports have discussedrelationship between grain
structure and Ar agglomeration in Os-Ru films dgriannealing or high-temperature
operation, no proven mechanisms can be directlyd useunderstand relationships
between void size and grain structures. To intérfhrie unknown issue, it is suggested
here that Ar agglomeration during annealing ocdwsdiffusion assisted by thermal
vacancy motion.

Columnar grains have large and long facets on tam gides parallel to the grain
axis. The large and long grain boundaries are Mdtat grain boundary has a uniform
surface tension within a local area, but boundanyature is the driving force to push
vacancies moving once the temperature is high dndagmake the vacancy motion
proceed. That is, flat grain boundaries lack theimly force to push Ar desorbed by the
Os-Ru film passing a long diffusion path for aggération. Therefore, many — but
small — Ar bubbles form at the flat grain boundsargeirrounding to a columnar grain.
Contrastingly, equi-axed gains have a lower asp#ti and a much more curved grain
boundary which means a shorter diffusion path ameuah higher driving force for Ar
diffusion assisted by thermal vacancy motion. Feglr5 show that voids formed in the
films consisting of equi-axed grains were larged aneferentially located at tri-junction
points.

It is believed that the voids at grain boundarias stabilize the grain structure

and make difficulties in grain growth and/or Ostivaipening. Therefore, an
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understanding of void formation is very importaor forocessing the Os-Ru coated
dispenser diodes to improve their lifetime. Funthere, grain structure is a critical factor
for W diffusing into the Os-Ru film because gramubdaries can be circuit paths for W
diffusion during high-temperature operation.

Texture is another critical factor affecting W dsfon behavior in an Os-Ru film.
Texture components in HCP Os-Ru films contain {d0B&sal, {10-10} prismatic, and
{10-11} pyramidal planes. Basal planes have a higbkanar packing density than
prismatic and pyramidal planes. Considering W dgifin in an Os-Ru film by bulk
diffusion paths, a high planar packing density riga helpful in inhibiting W/Os-Ru
interdiffusion. In this study, textures of as-depad and annealed Semicon and UK films
were measured by XRD using the integrated intertdityach Os-Ru diffraction peak to
calculate the amounts of individual texture compasgeas shown in Figure 9.6.

Figure 9.6a reveals that Semicon films had {10-X®}smatic and {10-11}
pyramidal planes before annealing. However, thesal®a Semicon film shows a strong
{10-11} preference (0.93). As-deposited UK-550nnimi have all three texture
components: {0002}, {10-10}, and {10-11} planes. the UK-550nm films deposited
with a lower bias power (0 W or 5 W), {0002} bagdhnes are the majority of texture in
these as-deposited films (0.69 for UK-OW-550nm @rvd for UK-5W-550nm). However,
the fraction of basal planes decreased when biagipmcreased to 10 W or 20 W, and
pyramidal planes became the texture majority idg®sited UK-10W-550nm (0.43) and
UK-20W-550nm (0.50) films. During annealing, thexttee of the UK-550nm films
changed significantly. 5 W and 20 W biased UK-550iims presented a much stronger
preference for basal planes. However, the fraaiidmsal planes in 0 W and 10 W biased

UK films decreased during annealing. Instead, theealed UK-OW-550nm and
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Figure 9.6 Changes in texture components in as-depositediamnealed (a) Semicon and
UK-550nm, (b) UK-300nm, and (c) UK-150nm Os-Ru fim

UK-10W-550nm films exhibited a significant increasehe fraction of pyramidal planes
(increased by 0.12 in UK-OW-550nm films and 0.21UK-10W-550nm films). The
amount of prismatic planes in these two films remadithe same or slightly decreased.
Texture in UK-300nm films are shown in Figure 9.@&mmilarly to UK-550nm
films, all as-deposited UK-300nm films presentepatic, basal and pyramidal planes,
except UK-20W-300nm film showing basal and pyrarhigdanes only. In the
as-deposited UK-300nm films deposited with a lowes power (0 W or 5 W), basal
plans were the majority of texture (0.76 for UK-B®nm films and 0.75 for

UK-5W-300nm films). Increasing the bias power to\l0and 20 W caused the fraction
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of basal planes in these as-deposited UK-300nnmsfiiongradually decrease (0.42 for
UK-10W-300nm and 0.38 for UK-20W-300nm films). This similar to the texture
change found in as-deposited UK-550nm films in thas power of 10 W might be too
high to have the basal component as the majorifyrnoftexture, and the texture majority
was replaced by pyramidal planes. This phenomenaasideposited UK-300nm films
can be clearly seen once bias power was increasz@ \tv.

During annealing, texture change in the UK-300nimdi matched with the
UK-550nm films. Firstly, basal planes were stilletimajority of film texture in the
UK-0W-300nm film despite decreasing slightly (dexsed from 0.76 to 0.70). Secondly,
the UK-5W-300nm film showed a stronger preference lbasal planes than other
UK-300nm films during annealing. Lastly, the fracti of basal planes in the
UK-10W-300nm film decreased during annealing (frOm2 to 0.16), and pyramidal
planes became the texture majority (0.70). Howether,UK-20W-300nm film exhibited
different texture change from the UK-20W-550nm filduring annealing. The basal
planes retained a similar amount to the as-dembditen, but the prismatic planes
appeared with a fraction of 0.15 and a 0.13 reduoatf pyramidal planes.

Texture change in UK-150nm films was addressed@vipus work prior to this
study [13, 14]. In order to complete texture anialyd Os-Ru films with varing film
thicknesses, the result of UK-150nm films was atsmlved in this study for a better and
more systematic comparison. Texture of the as-deggband annealed UK-150nm films
is shown in Figure 9.6¢c. The as-deposited UK-15@imms processed with a lower bias
power (O W or 5 W) had basal planes as the majarityfilm texture (0.80 for
UK-OW-150nm and 0.79 for UK-5W-150nm). However, tfraction of basal planes

decreased to 0.46 and pyramidal planes becameexird majority when bias power
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increased to 10 W. Once bias power increased toM2(basal planes disappeared
completely but the as-deposited UK-20W-150nm filriibited prismatic planes only.
Based on the fraction change in basal planes irash@eposited UK-150nm films, there
is a tendency similar to thicker UK films (i.e. UB60nm and UK-300nm) in that basal
planes were the majority of film texture in thedeposited 0 W and 5 W biased films.
However, the fraction of basal planes decreasel widreasing bias power. In addition,
the UK-OW-150nm and UK-5W-150nm films present a matronger preference of basal
planes during annealing. The annealed films hakiglaer fraction of basal planes (0.92
for the annealed UK-OW-150nm film and 1.00 for @nenealed UK-5W-150nm film).
However, basal planes disappeared in both the #&thedlK-10W-150nm and
UK-20W-150nm films. {10-11} pyramidal and {10-10}rigmatic planes were the
majority of film texture in the annealed UK-10W-160 and UK-20W-150nm films,
respectively.

Considering texture stability of Os-Ru films duriagnealing, the fraction of
texture changes in the UK films are shown in Figiié The Fraction of texture changes
in Semicon films was 0.48 (not shown in Figure 9which was the highest value for all
Os-Ru films presented in this study. Figure 9.7wshohe fraction of exhibited texture
change of the films with a given film thicknessg(el150 nm, 300 nm, or 550 nm)
increased with increasing bias power. However, thi&-20W-150nm and
UK-20W-300nm films decreased their fractions oftte® change. Note that a film
having a smaller texture change was a more stalohetéxture during annealing (or
high-temperature operation). In terms of film tertstability, Os-Ru films are suggested
to be prepared with a lower film thickness and Ipawer.

In order to understand effects of deposition ratefibm texture and texture
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Figure 9.7 The plot shows the relationship between fractixmtating texture change
during annealing and bias power of UK-150nm, UK+300and UK-550nm
films. With a given film thickness, fraction exhiipig texture change
increased with the applied bias power increasirgejet the UK-20W-150nm
and UK-20W-300nm films. (Note: Fraction exhibititexture change of
Semicon films was 0.48, higher than all UK films.)

stability, two types of UK-20W-550nm films were daegited at different deposition rates:
17 nm/min (using the regular deposition rate shawrlable 9.1) and 8.5 nm/min
(UK-20W-550nm). The deposition rate was change dnlydecreasing the deposition
power by 50% with all other parameters remaining 8ame. The texture of the
as-deposited UK-20W-550nm-slow film was 0.79 fosddgplanes and 0.21 for pyramidal
planes. This texture is different from the reguardeposited UK-20W-550nm film (0.15

for prismatic, 0.35 for basal and 0.50 for pyrarhidamponents). However, it is
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interesting to note that the annealed UK-20W-55&how+ film shows a film texture
perfectly matching the annealed UK-20W-550nm filrB@ for basal planes and 0.17 for
pyramidal planes). Although the deposition ratet the film texture during deposition,
all films exhibited the same texture after annenliin addition, the comparison of
deposition rates shows that an Os-Ru film prepatediower deposition rate can have an
as-deposited film texture much closer to the figrttire of the annealed film. However,
the UK-20W-550nm-slow film presented a fractionexhibited texture change of only
0.03, which means the UK-20W-550nm-slow film hadeay stable film texture during
annealing.

As mentioned above, several issues involved wittresiructure and texture can
affect W/Os-Ru interdiffusion, such as grain simg¢er-granular voids, and texture. The
composition difference between the as-depositedtlame@nnealed films provides a direct
evaluation for W/Os-Ru interdiffusion. In this syydEDS was used to measure the
composition of every specimen. Each specimen (eiélsedeposited or annealed) was
measured from the top film surface, with the conitpms value taken as the average of
three separate measurements. However, it is knbainthe EDS technique can collect
elemental energy signals from the W substrate (O&iRs were only 150-610 nm thick).
Therefore, the W signals were from not only thenfbut also the substrate. However, W
content values obtained by EDS can be used to &#tiW/Os-Ru interdiffusion.

Figure 9.8 shows the composition change of Semimodt UK films during
annealing. The Semicon film has an increase in YWecd of 6 at.% with an equivalent
reduction in Ru content. In UK-550nm films, the WKV-550nm film exhibited the
lowest W content change (only 1 at.% change), shawirigure 8a. In addition,

UK-300nm films also showed that the films biase® &V had a lower W content change
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Figure 9.8 Composition change in (a) Semicon and UK-550nmyg-300nm,
and (c) UK-150nm films during annealing. As theutedUK-5W
films with all three film thicknesses show the heghstability of
composition and the best ability to inhibit W dsfan into the
Os-Ru film.

than other films (1 at.% change, shown in Figug&b®.For the thinnest UK films, both

UK-5W-150nm and UK-20W-150nm films had no changahincontent. Overall, based

on composition analysis, UK-5W films (150 nm, 30&,nand 550 nm) had the most
stable compositions. Again, it should be emphasihatithe EDS result shown in Figure
9.8 does not offer an accurate quantitative measemé Exact amounts of composition
change in the Os-Ru film need to be clarified ussugface analysis techniques with
depth profiling measurements, such as x-ray phettreln spectroscopy or secondary ion

mass spectrometry.
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9.4 Summary

A complete and systematic result involving microstural, texture, and
composition analyses for the sputtered Os-Ru fitrated on a porous W substrate was
done in this study. Effects of film thicknesses dnds power were investigated, and
results were compared with commercial specimemsjigeed by Semicon Associates Inc.

It was observed that columnar grains in the as-slggb Os-Ru films transformed
into equi-axed grains during annealing in some ispexes. UK-5W films (150 nm, 300
nm, and 550 nm) were the only set of specimensistimg of columnar grains before and
after annealing. UK-OW and UK-5W films had the heghstability of film texture during
annealing. Finally, UK-5W films also exhibited goasthbility of composition, which
inhibited W/Os-Ru interdiffusion in these films thg annealing.

It was shown that 5 W (115 V) was an ideal bias @oier Os-Ru film deposition.

In addition, lower film thicknesses and depositiates were suggested for obtaining high
stability of microstructure and film texture. Withese suggested parameters (biased at 5
W, 150 nm thickness and 8.5 nm/min deposition rate} lifetime of Os-Ru coated

porous W dispenser cathodes should be improved.
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Chapter 10
Conclusions
10.1 Concluding Remarks

This doctorate study focused on nanoporous Pd-b&sed’d, np-PdNi and
np-AuPd) and Os-Ru thin films. Np-AuPd thin filmsere used to study dealloying
mechanisms and formation of nanoporosity in potbusfilms. Np-Pd and np-PdNi thin
films were utilized to investigate hydridation amhydridation of the nanoporous
Pd-based thin films. Additionally, relationshipstween deposition parameters and film
texture/microstructure of Os-Ru were studied.

Microstructure of the Np-AuPd ultrathin film showsligament configuration of
nanoporous structure, a layer of nanolegs and er laly nanobridges, which has been
commonly observed in nanoporous thin films (e.g:Anp but has never been reported
and discussed. Formation of nanolegs was suggektedto low (or no) wetting in
between the ligaments and the oxidized interlafbove the nanoleg layer, ligaments
can be formed with random orientations. In additidnis verified that the convex
substrate has a higher dealloying rate in np-Auld thin films, yielding a nanoporous
structure with more cracks and larger ligaments.

Based on understandings of dealloying mechanismpgydnand np-PdNi thin
films were prepared with finer ligaments and pdmgsadding surfactants to the etchant
solution. The fine porosity led to a much shortesponse time of H absorption than
blanket Pd films and np-Pd/np-PdNi films with caarsggaments/pores. Hydridation

behavior of the fine ligaments was addressed toluavformation and rearrangement of
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vacancies in Pd (or PdNi) lattices. Formation aepdrnrangement of vacancies can
effectively relax the high compressive stress causehydridation and keep away from
permanent deformation and delamination of np-P&dpi thin films in a high
H-content atmosphere.

Os-Ru thin films were deposited with varied spuniigiparameters to change film
texture and microstructure. Optimized depositiorapeeters were suggested to obtain the
highest stability of film texture, microstructurenca composition. Understandings of
Os-Ru deposition may be helpful in improving lifeé and performance of the Os-Ru

thin films used in dispenser cathodes.

10.2 Key Findings

10.2.1 Dealloying of Nanoporous Structure

Results from the studies of np-AuPd and np-Pd/nigiBan films can be summarized as
below:
® Characterization of np-AuPd on flat and curved salss revealed differences
in the dealloyed films. The np-AuPd film on a ftatcurved substrate exhibited
a transition in ligament geometry, cracking anchfdomposition. The observed
differences in dealloyed structure and compositi@y be due to a more tensile
stress state in the convex region, which led tastef Ag dissolution rate and
earlier transition to ligament coarsening.
® AuPd clusters transformed from isolated nanodotsitmle-layer ligament
networks and finally to a multilayer nanoporousmfilwere observed in
dealloying AuPdAg films. Change in morphology of PPdi clusters depended

on thickness of AuPdAg precursor alloy films. It meoted that a critical
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thickness of the AuPdAg film has to be required formation of a 3-D
nanoporous structure.

The bottommost layer of a nanoporous film consistiehdividual “nanolegs”,
oriented perpendicular to the substrate, which supd nanobridges as the
second layer in the porous structure above. It nsp@sed that nanoleg
formation was enhanced by oxidation of the Ta laj@r over most of the
substrate area, except at locations of incipienPdwagglomeration where
bonds with metallic Ta were established.

Average ligament width and pore diameter in deaitbyp-PdNi films were
decreased by ~50% after adding surfactants to tbleing solution. It is
proposed that the refinement of nanoporosity istdygartial immobilization of
Pd adatoms, which hinders surface diffusion aloiggnhents. In addition,
ultrasonic agitation was found to accelerate thalloging process while
maintaining fine nanoporosity. These np-PdNi fimigh smaller pores may be
well suited for applications that require highercamts of surface area, such as

hydrogen sensing.

10.2.2 Hydridation and Dehydridation Behavior

Results from the study of hydridation and dehydraaof np-Pd/np-PdNi thin films can

be summarized as below:

During hydridation, compressive stresses causedHbgbsorption can be
relaxed to an equilibrated stress level. The stretsxation involved two
mechanisms: (1) formation of vacancies and (2rasgement of vacancies in

Pd (or PdNi) ligaments. The high compressive streas firstly and rapidly
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relaxed by formation of vacancies in the first fewn during hydridation. The
next stage of stress relaxation was dominated agraegement of vacancies,
and the vacancy rearrangement can relax film steeas equilibrated level.

® Thicker np-Pd/np-PdNi films contained a higher amtoof remnant Ni after
dealloying. Due to a much longer dealloying timesaed for thicker films,
porosity through the entire film thickness might bet as uniform as the
thinner films. Difference in remnant Ni content apdrosity may change H
absorption and desorption behavior. In additiommant Ni might change local
stress fields of Pd(Ni) lattices due to its smaldésmic radius. The changed
stress field might vary the amount of vacanciescWhiere formed during the

1% stage of stress relaxation.
10.2.3 Characterization of Os-Ru Films

Results from the study of Os-Ru thin films can bmmarized as below:

® Columnar grains in the as-deposited Os-Ru filmasf@med into equi-axed
grains during annealing in some specimens. UK-9Wisfi(150 nm, 300 nm,
and 550 nm) were the only set of specimens congistf columnar grains
before and after annealing. UK-OW and UK-5W filnedhthe highest stability
of film texture during annealing. Finally, UK-5WIrfis also exhibited good
stability of composition, which inhibited W/Os-Ruaterdiffusion in these films
during annealing.

® 5 W (115 V) was an ideal bias power for Os-Ru fdeposition. Lower film
thicknesses and deposition rates were suggestezbfaming high stability of

microstructure and film texture. With these suggegtarameters (biased at 5
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W, 150 nm thickness and 8.5 nm/min deposition rdte lifetime of Os-Ru

coated porous W dispenser cathodes should be imgrov

10.3 Future Work

Based on results of the doctorate study, some ideas generated for clarifying
unknown questions/mechanisms. The ideas might leetalestimate possibility of using

the materials for potential applications. In thestson, the ideas will be presented.

10.3.1 Nanoporous Thin Films

® Precursor alloy flms can be deposited with a nayér structure, containing
interrupted columnar grains in the as-deposited ihd oriented ligaments in
the dealloyed porous film. Nanoporous Pd-basedy dilons with oriented
ligaments might be able for membrane applicatiomsich require oriented
porosity. Additionally, composition of each laydrthe precursor alloy can be
tuned for obtaining optimal porosity gradient frdibm top to film bottom of
the final porous structure.

® Porosity dimensions of the nanoporous Pd-baseq é&lims dealloyed with
surfactants might be changed by adding surfactaitis varied length of
C-chains to the etching solution. Therefore, finanoporosity (2 nm or less)
might be able to achieve by using surfactants slitbrter C-chains. The porous
Pd-based alloy films with a finer porosity mighth&it better performance for
H, sensing applications, especially response time.

® Np-Pd/np-PdNi thin film might be a good electrodeatemial in proton

exchange membrane fuel cells (PEMFCs) when the pmaoas layer is
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prepared on a continuous thick Pd film. Due to hadpsorption rate and low
capability of H in the np-Pd/np-PdNi films, the @orous layer might be
helpful in rapidly “trapping” H from the atmosphere

® Sensitivity of np-Pd/np-PdNi thin films to H abstign and desorption can be
measured in an atmosphere containing loncéhtent, e.g. levels of ppm. High
surface-to-volume ratio of the nanoporous Pd-badley thin flms might be
still sensitive in the low-H atmosphere. It is saggd that np-Pd/np-PdNi thin
films can be cycled in the low-H atmosphere to dweiee limits of B content
for H, sensing.

® Ag nanoprecipitates-decorated np-Au thin films rbayable for applications as
a catalytic material for bacteria adhesion, whicas been recently verified by
few studies of Ag-decorated Au nanoparticles. Thyged&corated np-Au films
can be prepared by combination of dealloying arettsdplating. During
electroplating, Ag nanoprecipitates might be grogpitaxially due to its
well-matched lattice parameters to Au. SurfacerRtasof the np-Au thin films
might appear based on the periodic air/Au/air (@ielectric/metal/dielectric)
structure. Furthermore, surface-enhanced Ramariesogt (SERS) of the

np-Au thin film might be improved by decorationtbe Ag nanoprecipitates.
10.3.2 Os-Ru Films

® Os-Ru films can be deposited as a sandwich stricithie bottommost layer
can be composed of fine grains, which can impralleesion to the W substrate.
The 29 layer contains coarse grains to interrupt W diffasalong grain

boundaries. The topmost layer is composed of firaéng with a sharp tip on
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the grain top, which might lower work function dfet coating material and
improve emission capability. The improvement midgdd the cathodes to
operate for a longer lifetime.

In general, elements have high electron emissibaiericy once the elements
present their electronic configuration with a grduterm of sp, such as
magnesium, calcium and barium. These elementssaraly used in phosphors
at oxidation states. Based on electronic configomadf Pd, it is suggested that
work function of the Os-Ru film might be lowered dgping little amount of
Pd on the film surface because Pd has a groundaesg. The lowered work

function may improve emission capability and lifie¢ of the cathodes.
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