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Design of Surface Acoustic Wave Sensorswith Nanomaterial Sensing Layers.
Application to Chemical and Biosensing

Subramanian K.R.S. Sankaranarayanan

ABSTRACT
Surface acoustic wave (SAW) sensors detect chemical and biological species by monitoring the shifts in
frequency of surface acoustic waves generated on piezoelectric substrates. Incorporation of nanomaterias
having increased surface area as sensing layer have been effective in improving the sensitivity as well as
miniaturization of SAW sensors. Selectivity, sensitivity and speed of response are the three primary aspects
for any type of sensor. This dissertation focuses on design and devel opment of SAW devices with novel
transducer configurations employing nanomaterial sensing layers for enhanced sensing, improved
selectivity, and speed of response. The sensing mechanism in these SAW sensors is a complex
phenomenon involving interactions across severa different length and time scales. Surface acoustic wave
propagation at the macro-scale is influenced by several kinetic phenomena occurring at the molecular scale
such as adsorption, diffusion, reaction, and desorption which in turn depend on the properties of
nanomaterials. This suggests the requirement of a multi-scale model to effectively understand and
manipulate the interactions occurring at different length scales, thereby improving sensor design. Sensor
response modeling at multiple time and length scales forms part of this research, which includes
perturbation theories, and simulation techniques from finite element methods to molecular-level
simulations for interpreting the response of these surface acoustic wave chemical and biosensors utilizing
alloy nanostructures as sensing layers. Molecular modeling of sensing layers such as transition metal alloy
nanoclusters and nanowires is carried out to gain insights into their thermodynamic, structural, mechanical
and dynamic properties. Finite element technique is used to understand the acoustic wave propagation at
the macroscale for sensing devices operating at MHz frequencies and with novel transducer designs. The

findings of this research provide insights into the design of efficient surface acoustic wave sensors. It is
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expected that this work will lead to a better understanding of surface acoustic wave devices with novel

transducer configurations and employing nanomaterial sensing layers.
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Chapter One

Introduction

Surface acoustic wave (SAW) sensors detect chemical and biological species by monitoring the shifts in
frequency of surface acoustic waves generated on piezoelectric substrates. The frequency shifts and
therefore the sensor response depend on material properties of the sensing layer. Incorporation of
nanomaterials as the sensing layer has been effective in improving the sensitivity as well as miniaturization

of SAW sensors. These devices are conveniently small, relatively inexpensive and highly sensitive.

1.1  Motivation and objectives

Selectivity, sensitivity and speed of response are the three primary aspects for any type of sensor. This
thesis focuses on design and devel opment of SAW devices with novel transducer configurations employing
nanomateria sensing layers for enhanced sensing, improved selectivity, and speed of response. The sensing
mechanism in these SAW sensors is a complex phenomenon involving interactions across several different
length and time scales. Acoustic wave propagation at the macro-scale is influenced by several kinetic
phenomena occurring at the molecular scale such as adsorption, diffusion, reaction, and desorption which
in turn depend on the properties of nanomaterials. This suggests the requirement of a multi-scale model to
effectively understand and manipulate the interactions occurring at different length scales, thereby
improving sensor design. This research has manifold aims 1) Investigate the thermodynamic, structural
and mechanical properties of the bimetallic nanomaterial sensing layers, 2) Understand the surface acoustic
wave generation and propagation characteristics at the macro-scale for various novel transducer
configurations in devices operating in gas and liquid media and, 3) Investigate the fluid-substrate

interactions to eliminate biofouling in typical biosensing applications.



Although it is well known that bimetallic nanowires and nanoclusters are better suited for sensing and
catalytic applications, the sensing mechanism involved with the use of nanoalloys in acoustic sensors is
quite complicated and relatively less explored. The acoustic wave propagation is strongly dependent on the
materia properties of nanostructure sensing layers which in turn can be altered by the wave propagation
itself. Therefore, a through understanding of both the wave propagation and nanomaterial properties is

required to unravel the sensing mechanism and improve the performance of acoustic sensors.

Computational modeling is an important tool that allows one to gain insights into the materia behavior at
the nanoscale and acoustic wave propagation at the macro-scale. Molecular dynamics simulation is a
technique in which Newton's laws are applied at the atomic level to propagate the system's motion through
time. The thermodynamic and transport properties were obtained as time average over the particle positions
and velocities. In this thesis, this technique is utilized to derive the materia properties of finite sized
structures such as alloy nanostructures. At the macro-scale, the finite element method is used to study the
wave generation and propagation characteristics in SAW sensors. The finite element technique involves
solving the systems equation of motion typically expressed as partia differential equations. The domain to
be solved is discretized into elements connected by nodes and the equations of motion are solved at the
nodes. The nodes are represented by spatially varying but temporally constant shape functions. In the
present work, the coupled wave equations that relate the electrical and mechanical quantities in a
piezoe ectric media are solved using the finite element techniques to gain insights into the wave generation
and propagation. Optimization of various design parameters is achieved by evaluating the transient

response of the SAW device to various applied electrical input.

1.2  Organization of thesis
This dissertation is organized in the following manner:
1) Chapter two describes the various types of acoustic sensing devices with specific emphasis on surface

acoustic wave sensor. The use of nanomaterial sensing layersisalso discussed.



2) Chapter three discusses the molecular dynamics simulation study of thermal characteristics of
bimetallic Pd-Pt nanoclusters of different Szes and compositions. The melting mechanism and the

influence of temperature on the nanocluster microstructure are discussed in detail.

3) Chapter four discusses the thermal characteristics of bimetallic Pd-Pt nanowires of different szes and
compositions. The nanoscale phase diagram of aloy nanowires and nanoclusters is explored in

detail.

4) Chapter five gives insights into the influence of substrate/support interaction on the structure and
morphology of the bimetallic transition metal nanoclusters. The melting and evolution of graphite

supported clusters are discussed.

5) Chapter six discusses the mechanical properties of bimetallic nanowires under the influence of high
and low strain rates. The mechanism of deformation and rupture as well as the differences in the

mechanical properties of single component and alloy nanowires is discussed.

6) Chapter seven involves development of coupled field 3-D finite element (FE) model to understand the

sensor response of atypical SAW gas sensor.

7) Chapter eight focuses on the devel opment of fluid-solid interaction model to investigate the acoustic
streaming phenomenon induced by Rayleigh wave interaction with liquid medium. Optimization of
design parameters leading to enhanced acoustic streaming to eiminate biofouling in SAW

biosensors is discussed.

8) Chapter nineinvolves development of coupled field 3-D FE model of a novel hexagonal SAW device,
which finds applications in materials characterization as well as chemica and biological sensing.

The use of hexagonal SAW device based on LiNbO; for rapid and simultaneous extraction of



multiple film parameters (film material density, Lamé and shear modulii, sheet conductivity) of a

thin film material is demonstrated.

9) Chapter ten investigates the acoustic wave propagation and generation in focused SAW devices with
transducers shaped as concentric circular arc. Optimization of design parameters leading to enhanced

amplitude fields & lower propagation losses, thereby increased device sensitivity are discussed.

10) Chapter eleven summarizes the main contributions of thisthesis and provides suggestion for possible

future studies.



Chapter Two
Surface Acoustic Wave Sensors and Nanomaterial Sensing Layers

2.1 Acoustic wave sensors

A sensor alows the transduction of chemical and/or physical properties at an interface into usable
information (Fig. 2-1). A chemical sensor generates an output signa which is a function of the chemical
entity and/or concentration. The transduction methods are usually classified as electrochemical, acoustic,

optical, and thermal.

WRLl501
Input guardity Trangduction to -

: ) . . Crtgnst, quantity
(Physical irdermechate quantity ﬁ vl Processin i
chemdcal, etc.) (A coustical electtical & ¢ (Beriicd

etc)

Figure 2-1. Schematic diagram of a sensor producing el ectrical output in response to analyte
presence.

Acoustic wave sensors are devices which allow transduction between eectrical and acoustical energies and
are so named because they utilize a mechanical or acoustic wave as sensing mechanism®. As the acoustic
wave propagates through or on the surface of a materia, changes in the propagation path affect the
amplitude and/or velocity of the wave. By monitoring the changes in wave velocity and amplitude, the
frequency or phase characteristics of a sensor can be correlated to the corresponding physical quantity
being measured. Virtually all acoustic wave devices and sensors use a piezoel ectric material to generate the
acoustic wave. Piezod ectricity refers to production of electrical charges on imposition of mechanical stress
and occurs in crystals which lack center of symmetry’. The converse is also true which means that

application of eectrical field resultsin mechanica displacement.



Piezoelectric acoustic wave sensors apply an oscillating electric field to create a mechanical wave, which
propagates through the substrate and is then converted back to an eectric field for measurement. There are
several piezoel ectric substrates that can be used for acoustic wave generation. The maost common are quartz
(SIOy), lithium niobate (LiNbO3) and lithium tantalate (LiTaOs). Other materials that have commercia
applications include galium arsenide (GaAs), silicon carbide (SiC), langasite (LGS), zinc oxide (ZnO),
aluminum nitride (AIN), lead zirconium titanate (PZT), and polyvinylidene fluoride (PVF). Each of these
materias has its own advantages and disadvantages, which include cost, temperature dependence,
attenuation, and propagation velocity. The properties of these materials are influenced by the crystal cut

and orientation®*.

The devices commonly used for sensor applications and materials characterization include thickness shear
mode (TSM) resonator®, the surface acoustic wave (SAW) device®, the acoustic plate mode device (APM)’
and the flexural plate wave (FPW)® device. In one port acoustic devices such as TSM, a single port serves
as both the input and the output port whereas in two-port devices such as SAW, APM and FPW, one port is
used for input and the other serves as an output port. The input signal generates an acoustic wave that
propagates to a receiving transducer which regenerates a signal at the output port. The sensor response is

determined based on therelative signa levels and phase delay between the input and the output ports.

Chemical sensitivity isimparted to the device by attaching a thin film to the acoustically active region®*.
The film serves as a chemical-to-physical transducer wherein one or more of its properties change in
response to the presence of the species to be detected. Sensor response commonly relies on increased mass
density of the film arising from the species accumulation. However, changes in other film parameters such
as elastic and eectrica properties also contribute to the response. Acoustic devices such as SAW with
substantial surface normal displacement components are suitable for gas sensing applications'. On the
other hand, acoustic devices generating shear motion in the liquid, e.g. TSM and shear horizontal SH-APM

can operate with excessive damping when in contact with liquid and hence find applications in liquid



sensing ***. The interaction mechanism of SAW (Rayleigh) and SH-SAW devices'® with their immediate

environment (thin film, liquid or both) as well as the resulting response forms the focus of this chapter.

2.2 Surface acoustic waves. (SAW and SH-SAW)

Surface acoustic waves (SAW) are elastic waves which propagate along the surface of an elastic body, with
most of the energy density confined to a depth of about one wavelength below the surface. There exist two

main categories of surface waves, each with varying propagation characteristics:

2.2.1 Rayleigh wave (Gas sensing)

In 1885, Lord Rayleigh discovered the SAW mode of propagation and predicted the properties of these
waves'’. The Rayleigh waves have a longitudinal component and a vertical component that can couple with
the medium placed in contact with the device's surface (Fig. 2-2). The Rayleigh mode surface acoustic
wave has predominantly two particle displacement components in the sagittal plane'®®. The surface
particles move in dliptical paths characterized by a surface normal and a surface parallel component. The
surface parallel component is paralel to the wave propagation direction. The generated el ectromechanical
field travelsin the same direction. The velocity of the wave depends on the substrate materia and the cut of
the crystal. Typically, the energies of the SAW are confined to a zone close to the surface a few
wavelengths thick. An example piezoelectric substrate is lithium niobate (LiNbO3), where the dominant
acoustic mode propagating on a Y-cut Z propagating LiNbO; is the Rayleigh mode. The use of Rayleigh

SAW sensorsis applicable only to gas media as the Rayleigh wave is severdly attenuated in liquid media
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Figure 2-2. Rayleigh wave propagation in Y-Z LiNbOs.
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2.2.2 Shear horizontal wave (Bio-sensing)

The shear horizontal (SH) SAW devices shown in Fig. 2-3 are very similar to the SAW devices described
above®™??, However, the selection of a different piezodectric material and appropriate crystal cut yields
shear horizontal waves instead of Rayleigh waves. An example piezodectric substrate is lithium tantalate
(LiTaOs), where the dominant acoustic mode propagating on a 36°-rotated Y-cut X propagating LiTaOs is
the SH mode®. The particle displacements in this type of wave are transverse to the wave propagation
direction and parallel to the plane of the surface. This makes SH-SAW devices suitable for operation in
liquid media, where propagation at the solid-liquid media can be attained with minimal energy losses™. The
appearances of these devices are very similar to that of Rayleigh mode devices, but a thin solid film or

grating is added to prevent wave diffraction into the bulk.

Fa

Figure 2-3. Shear Horizontal wave propagation in 36°-rotated Y-X LiTaO; Adapted from Ref. (1).

2.3 Sensor response

Acoustic wave devices use piezoelectric materials for excitation and detection of acoustic waves. The
nature of all of the parameters involved with sensor applications concerns either mechanical or electrical
perturbations”*?®. An acoustic device is sensitive mainly to the physical parameters which may interact
with the mechanical properties of the wave and/or its associated electrica field. For chemica or bio-
sensing applications, a transduction (sensing) layer is used to convert the value of desired parameter (for
example: analyte concentration) into mechanical and electrical perturbation that can disturb the acoustic

wave properties. One such surface acoustic wave sensor deviceis shown in Fig. 2-4.

8



Output

Input
SAW
s Afg
' ,4/
EX

Piezoelectric sub.

Figure 2-4. Surface acoustic wave device used in sensing applications.

The surface acoustic wave velocity is affected by several factors, each of which possesses a potential sensor

response'¢%8,
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Eq. (2.2) illustrates the perturbation of acoustic velocity due to various factors. A sensor response may be
due to a combination of these factors. Understanding the acoustic wave perturbation due to each of the

above factors would help gain insights into the sensng mechanism as well as design efficient sensors.

2.4 Materials characterization

The recent progress in the area of materials science has resulted in newer materials being synthesized and
used/devel oped for applications such as paints and coatings, corrosion protection, lubrication, electronics,
chemica separations etc®*!. The properties of these materials are often complex. The ability of the
materia to meet the stringent specifications required for a specific application depends on its chemical and

physical properties. Thus, characterizing the material properties plays avital role in materials science.

Thin films form an important category of materias which find applications in a wide variety of industrial
applications®. Optimization of thin film properties requires techniques which can directly characterize the
same. SAW devices are idedlly suited to thin film characterization due to their extreme sensitivity to thin
film properties (Eq. (2.1)). The sensitivity of SAW devices to a variety of film properties such as mass
density, viscoelasticity, and conductivity makes them versatile characterization tools. The ability of SAW

devicesto rapidly respond to changesin thin film properties allows for monitoring dynamic processes such
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as film deposition, chemical modification and diffusion of species in and out of the film. The thin film
focus should not be viewed as a limitation of SAW devices. Bulk material properties can be derived from
thin film data although such extrapolations should be performed with care'. In this thesis, a novel
hexagonal surface acoustic wave device for nondestructive characterization of thin filmsis designed using

3-D coupled field finite element models.

2.5Modeling of surface acoustic wave devices

Many models have been proposed for the analysis of SAW sensor response to the various mechanica and
electrical perturbations'**>*** The simplest of these rely on perturbation theory, or use analytical
solutions based on approximations such as isotropic media with negligible piezodectricity®®®. These
techniques provide valuable ingght into the effects of changes in parameters such as layer height, liquid
viscosity or mass loading, but are limited by the assumptions made®. The response of SAW sensors have
also been studied by Green’s function methods using the quasi-static approximation®’. This is appropriate
for delay line devices where reflection, regeneration and bulk wave effects are negligible. Most existing
studies assume that electrodes are located on the upper surface of the SAW, whereas in actua sensing
applications they are often placed between the substrate and the guiding layer. Periodic Green’'s function
yields a great deal of information for SAW signal processing components (e.g. Plessky and Thorval dsson
(1992) *%). The models described above as well other simple models (Mason’s model “, equivalent circuit
models®®) either introduce simplifying assumptions or ese handle only small segments of the SAW
devices. For an accurate calculation of piezoelectric devices operating in the sonic and ultrasonic range,
numerical methods such as finite eement and/or boundary element methods are the preferred choice® .
Thisthesisinvolves devel opment of 3-D coupled field finite element structural models aswell as 2-D fluid-

solid interaction models to understand wave propagation characteristicsin typical SAW gas and biosensor.

2.6 Nanomaterial sensing layers

The sensor type and sensing purpose dictate the choice of sensing material. Biosensors involve use of

enzymes, antibodies or antigen, while gas sensors typically involve the use of transition metals and their
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oxides or polymers as sensing layers®®*°. Chemica and biosensing applications mainly involve surface and
interface interactions between the analyte molecules and the sensing materias. Therefore, nanomaterials
such as nanoclusters and nanowires, with their large surface to bulk atom ratio are potentially very efficient
sensing materia. It is well known that bimetallic nanomaterials are better suited for sensing and catalytic
applications than their single metal counterparts™. Therefore, in this thesis, we have focused on the use of

bimetallic transition metal nanowires and nanoclusters such as those shown in Fig. 2-5.

@ (b)

Figure 2-5. Bimetallic nanomaterialsfor enhanced sensing (a) Pd-Pt nanocluster (b) Pd-Pt nanowire.

As brought out earlier, the acoustic wave propagation is strongly influenced by the materia properties of
the sensing layer as well as the piezoelectric substrate. While the properties of the piezoelectric substrates
are fairly well established, those of nanomaterias particularly alloy nanoclusters and nanowires are
relatively less explored. Owing to the finite size effect, the nanomaterial properties are expected to be very
different from the bulk. In particular, the microstructure and morphological characteristics, which play a
vital role in sensing applications, can be significantly different and are expected to vary with the size and

composition of the alloy nanostructure. Knowledge of the influence of temperature, support interactions as
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well as mechanica stresses on the microstructure of the aloy nanomaterials is required before designing

efficient sensors.

2.7 Modeling the properties of nanomaterial sensing layers

Molecular dynamics (MD) simulation is a technique which alows for calculation of equilibrium and
transport properties of a classical many body system. The atomic positions and velocities are allowed to
evolve according to Newton's laws of motion. It takes advantage of the fact that statistica ensemble
averages are equal to the time averages of the system. Thisis known as ergodic hypothesis. Therefore, the
basi c thermodynamic properties can be calculated as the time averages of atomic trajectories obtained from

the MD simulations, after the system has equilibrated.

The thermal, structura and mechanical characteristics of bimetallic Pt-Pd nanoclusters and nanowires of
different sizes and compositions were investigated through MD simulations using the Quantum Sutton-
Chen (QSC) many-body potentials. Monte-Carlo (MC) simulations employing the bond order simulation
model were used to generate minimum energy configurations, which were utilized as the starting point for
molecular dynamics simulations. It is expected that the propagation of SAW as well as the presence of
piezodectric substrate would significantly alter the nanomaterial microstructure and properties. Similarly,
the anneal ed structure obtained upon thermal processing al so undergoes significant morphological changes.
Ingghts into the influence of temperature, substrate/support interaction as well as mechanical stretching at
various strain-rates on the properties of nanomaterial sensing layers are obtained by analyzing the atomic

trajectories generated using MD simulations. The details are discussed in the subsequent chapters.
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Chapter Three
Molecular Dynamics Simulation Study of M elting of Pd-Pt Nanoclusters

3.1 Abstract for chapter three

Bimetallic nanoclusters are of interest because of their utility in catalysis and sensors. The thermal
characteristics of bimetallic Pt-Pd nanoclusters of different sizes and compositions were investigated
through molecular dynamics simulations using the Quantum Sutton-Chen (QSC) many-body potentials.
Monte-Carlo simulations employing the bond order simulation model were used to generate minimum
energy configurations, which were utilized as the starting point for molecular dynamics smulations. The
calculated initial configurations of Pt-Pd system consisted of surface segregated Pd atoms and a Pt rich
core. Melting characteristics were studied by following the changes in potential energy and heat capacity as
functions of temperature. Structural changes accompanying the thermal evolution were studied by the bond
order parameter method (BOP). The Pt-Pd clusters exhibited a two-stage melting: surface melting of the
externa Pd atoms followed by homogeneous melting of the Pt core. These transitions were found to depend
on the composition and size of the nanocluster. Melting temperatures of the nanoclusters were found to be
much lower than those of bulk Pt and Pd. Bulk melting of Pd and Pt simulated using periodic boundary
conditions compare well with experimental values, thus providing justification for the use of QSC
potentials in these simulations. Deformation parameters were calculated to characterize the structura
evolution resulting from diffusion of Pd and Pt atoms. The results indicate that in Pd-Pt clusters, Pd atoms
prefer to remain at the surface even after melting. In addition, Pt also tends to diffuse to the surface after
melting due to reduction of its surface energy with temperature. This mixing pattern is different from those

reported in some of the earlier sudies on melting of bimetallics.
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3.2 Méelting of Pd-Pt nanoclusters

Metal nanoparticles exhibit physical, chemical, and electronic properties different from those of bulk atoms
and single molecules due to the large fraction of surface atoms. The large number of surface atoms, which
depend on the size, shape, and composition of nanoparticles, leads to unique properties which make these
nanoparticles suitable for applications in heterogeneous catalysis, sensors, as well as microelectronic
devices. In catalysis and sensing applications, nanoclusters provide improved selectivity and sensitivity due
to the high surface area offered. One such example is the palladium and palladium alloy nanostructure,
which find use in hydrogen sensing.”** Literature suggests that bimetallic nanoclusters of palladium
exhibit superior activity, selectivity, stability, and resistance to poisoning when compared to their single
metal counterparts.®® Since the key to all applications of nanoclusters is their small size and structure,
knowledge and control of their size and shape distribution, surface composition, and crystal structure is

critical toimproved designs of the same.

Considerable experimental and theoretical research has been dedicated to understanding the
thermodynamics™ and kinetics of nanoparticle growth and stabilization when subjected to thermal and
other stresses**" Mdlting properties of the metal nanoclusters and their associated effect on shape and
composition would have a bearing on the method of synthesis, processing and the performance of these
nanoclusters in various areas of application. The melting points of nanoclusters decrease with decreasing
cluster sizes and their values are much below the bulk melting temperatures®*®? This lowering effect is
mainly attributed to the large percentage of weakly bound surface atoms which are less constrained in their
thermal motions. However, there is very little quantitative data on the structure and energetics of bulk and
surface regions governing the properties of such systems, and a comprehensive understanding of the same
is needed. Computer simulations offer an effective tool to study properties of nanoclusters and complement

ongoing experimental efforts.®>®

A molecular dynamics simulation study of melting, freezing, and coalescence of gold nanoclusters, in the

sizerange of 135-3995 atoms, indicated that melting begins at the surface and proceeds inwards toward the
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core®. Several structural transformations are found to be precursors to cluster mdting.* MD studies on
melting of Ni nanoclusters up to 8007 atoms indicated a transition from molecular behavior below 500
atoms to a mesoscale regime above 750 atoms with well defined bulk and surface properties.®” The find
atomic arrangements in Au nanoclusters have been found to be strongly influenced by thermodynamic
factors and growth kinetics®. Potential energy distribution of transition metal clusters showed the
coexistence of a surface-mdted phase with solid core for clusters larger than 200 atoms.®® The phase
change was mainly attributed to isomerization transitions, as no pre-melting peak was detected in the heat
capacity curves. A non-monotonic variation of melting temperature with cluster sizeisfound for very small

sized clusters.®* Experimental studies on tin nanoclusters having 10-30 atoms corroborate this finding™.

While single component metal clusters have been extensively investigated, much less attention has been
devoted to the study of bimetallic nanoclusters. In addition to the inter-atomic interactions, the properties of
bimetallics are influenced by relative concentrations. Additional complexity in these systems results from
the surface segregation phenomenon and micro-mixing at the surface. Earlier work on MD simulations of
bimetallic Cu-Ni nanocluster indicated a two staged melting process in which surface melting of Cu was
followed by homogeneous mdlting of the Ni core™. A Cu-Au cluster does not experience a smooth
transition from a pure Cu like behavior to a pure Au cluster with a decrease in the concentration of Cu.”
Also, the thermal behavior of Cu-Au is mainly influenced by presence of Cu atoms in the bimetallic.
Cluster melting of Al coated Pb suggested dependence of the two-stage melting process on the relative
orientation of crystal core to that of coating”. MD studies on melting and freezing of Ni-Al clusters of
various compositions indicated surface segregated Al to inhibit nucleation in Al-rich and equi-atomic
bimetallic clusters leading to formation of amorphous aggregates’®. However, in all previous studies, the
size and composition effects on the melting behavior of bimetallic nanoclusters have not been addressed. In
the present paper, we explore the melting behavior of Pd-Pt clusters of different compositions ranging from
Pd rich system to a cluster rich in Pt employing MD simulations using the Quantum Sutton Chen (QSC)

potential .
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3.3 Initial configuration set-up

3.3.1 Nanocluster size and shape

Both palladium and platinum are metals having an FCC structure. An FCC block was first constructed from
an FCC unit cell by replication in the ABC direction with centre located at (0, 0, 0). Nanoclusters were
constructed from this large FCC block of Pd-Pt, using various spherical cut-off radii, leading to smooth but

facetted surface structures. The cluster cut off radiusis defined as

R:Rg\/g+R 3.1

where theinter atomic radiusfor the Pd-Pt system, R =1.37 A and radius of gyration Ry is given by,

R =%Z(Rj ~Run) (3.2)

where, (R; - Rem) is the distance of atom j from the cluster center of mass.

This structure was then subjected to a Monte-Carlo simulation employing a bond order simulation (BOS)
model ’°, to generate the minimum energy initial configuration which was subsequently used for studying
the melting phenomena. The BOS model has been tested rigorously over a range of bimetallics and
comparisons with experimental data reveal close agreements with the microstructure predicted by the BOS
model.”*"® Although Monte-Carlo simulations employing Sutton-Chen potential have also been used to
predict the global minima of transition clusters™®, our calculations indicate that the equilibrium structures

obtained usng BOS model are more stable compared to those obtained using Sutton-Chen potential model.
Molecular and mesoscale regimes were reported for Ni nanoclusters with atoms less than 500 and greater

than 750, respectively. Hence, we consider clusters ranging from 456 atoms to 1088 atoms to take into

account a variety of sizerangesin both the molecular and mesoscale region.®’
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3.3.2Bond order smulation model

The BOS theory developed by Strohl®-# (1989) forms the basis for this model. The theory, also known as
surface modified pair potential method, uses the fact that the site energy of any atom depends upon the co-
ordination (number of neighbors) and the type of neighbor. The origina model did not give the change in
interaction energy with the type and number of neighbors. It was modified to incorporate the same and

predict the interaction energy change with co-ordination number.”

Thetotal interaction energy AE, for a system of N atomsisgiven by
N

DEQAY) =X & s 33
i=1

where A iseither A or B type atom and ¢ is the site energy for an A-type atom surrounded by M of B type

and total of Z neighbors given by

E;,M of B = é‘; + MBAEZB,A B +WAZA,A B (34)
Similarly, for a B type atom, the site energy ¢ is given by
EZB,M of A = EZB + MAAE;,A B +WAZB,A B (35)

Ma and Mg are the number of unlike neighbors for atom type B and A, respectively. The parametersin the

systemares, , &7 ,AE; 5, AE] o, A s, @Nd A7, . Thelatter four are known as mixing parameters, and

are evaluated from mixing energies for the bulk system. In the above Eq. (3.4), and (3.5), & is the
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interaction energy of an A type atom surrounded by Z neighbors of A type and varies linearly with co-

ordination number Z as given below
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whenz=1, &* =-D /2 (3.7)
where, Dy isthe dimer dissociation energy.

when Z=9, &t = -E_, +o(I)@3 148 (3.9)
where, ¢ (111) isthe (111) surface energy at 0 K, & islattice constant.

For =12, &}, = -E

con (3.9

The site energies of monometallic systems have been evaluated using density functional theory® and are
listed in Table 3-1. The Pd-Pt mixing parameters were taken from Zhu'® (1997), who calculated these using
the LDA approximation in the density functional theory. Eq. (3.3) through (3.9) are used simultaneoudly, in

conjunction with Monte-Carlo ssimulations, to evaluate the system energies for various configurations and

arrive at the minimum energy configuration.

Table 3-1. Parameters for BOS model used in M C simulations™.

Component g1 (eV) g9 (6V) e12 (6V) AE;; (eV) AeV)
Pd -0.52 -2.999 -3.89 -0.08751 0
Pt -1.55 -4.8 -5.84 0.0751 0

3.3.3 Monte Carlo smulation technique

Monte-Carlo (MC) simulations, combined with the BOS model, were used to predict the structure of
clusters containing two different kinds of atoms for various cluster compositions. The state of the system
was characterized by the energy of the system as given by Eq. (3.3). The system energy change was
computed by switching pairs of atoms of different types in the lattice and the standard Metropolis MC

method was used to generate the minimum energy configuration at 300K.

18



Convergence was obtained when the minimum energy obtained during the simulation steps becomes
constant (AE < 0.00001), and the state of the system corresponding to that minimum energy was retained.
Large number of simulations (100), with random initia configurations, each having (1000 times the total

number of atoms) steps were performed to ensure convergence.

The BOS model predicts 75% of surface sites to be occupied by Pd atoms at 300 K. This result is
comparable to the one reported for a 201 atom cuboctahedran which showed 79 % segregation of Pd.” This
small difference may be due to greater number of edge and corner sitesin cuboctahedran as compared to a
sphere or the different cluster sizes (456 and 1088 atoms) under consideration or both. The preference of
edges and corners by lower surface energy atoms enhances segregation in structures having greater

numbers of such sites.”®™

3.4 Computational detailsfor the melting study

3.4.1 Potential function
Molecular Dynamics (MD) simulations using DLPOLY were used to gain insights into the melting process
at the atomistic level. All the thermodynamic and transport properties were obtained as time average over
the particle positions and velocities. The embedded atom potential® and other long range potentials like the
Sutton-Chen potentiad® based on Finnis-Sinclair type of potentials have been used in the literature
successfully to predict the properties of FCC based metals such as Pd and Pt. The local electronic density is
included to account for the many body terms. Based on the Sutton-Chen potential, the potential energy of
the finite system is given by,
Ut =Y Ui =Z£{ Y 1\/(“]) —c,alﬁ (3.10)

i |jzi2

Here, V (r;) isapair potential to account for the repulsion resulting from Pauli’ s exclusion principle.

) :(ajn (3.12)

rij
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Thelocal density accounting for cohesion associated with any atom i isgiven by,

0= ;m )= Jz(:‘] (312
Sutton and Chen restricted values of m to be greater than 6 and fitted it to give close agreements with bulk
modulus and the elastic constants. The Sutton-Chen potential predicts properties involving defects, surfaces
and interfaces poorly. The Quantum Sutton-Chen potential® (hereafter referred to as QSC), includes
guantum corrections and takes into account the zero point energy allowing better prediction of temperature
dependent properties. The QSC potential function was found to be better suited to melting and phase
transformation studies of bulk Cu-Ni, Cu-Au, and Pd-Ni alloys™#®, Both the Sutton-Chen®™ and the QSC
parameters for the Pd and Pt are listed in Table 3-2. The geometric mean was used to obtain the energy

parameter ¢ and the arithmetic mean was used for the remaining parameters, to predict the nature of

interaction between Pd and Pt.

Studies on Pd-Pt system, using Sutton-Chen potential, indicated an appreci able movement of atoms even at
300K for Pd-Pt system, which is physically unlikely. However, as shown in the subsequent sections, the
QSC gives better temperature behavior for the Pd-Pt bimetallic. Bulk properties of Pd, Pt as well as the
bimetallic were also predicted in good agreement with experiment. Therefore we have used QSC potential

function in al our nanocluster studies presented here.

3.4.2 MD smulation details

The MD simulations were carried out in an ensembl e approximating the canonical with a constant number
of atoms N and volume V (much larger than the cluster size) without any periodic boundary conditions. A
constant temperature Berendson thermostat™ with a relaxation time of 0.4 ps was used. The equations of
motion were integrated using Verlet leapfrog algorithm® with time step of 0.001 ps. The spherical cluster
was initially subjected to mild annealing in the 0-300 K interval. Thiswas followed by heating to 1800 K in

increments of 100 K. Near the melting point, the temperature increments were reduced to 10 K to account
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for the large temperature fluctuations. The simulations were carried out for 400 ps of equilibration

followed by production time of 200 psfor generating time averaged properties.

Table 3-2. Potential parametersused in MD simulationsfor Pd-Pt clusters.

Sutton-Chen n m |&(eV) c a(A)

QSC (Pd) 12 6 3.2864e-3 148.205 3.8813
SC(Pd) 12 7 4.126e-3 108.526 3.2900
QSC(FY) 11 7 9.7894e-3 71.336 3.9163
SC(Pt) 10 8 1.9768e-3 34.428 3.9200

3.5 Resultsand discussion

3.5.1 Mdting point identification

The transition temperature from solid to liquid phase and vice versa is usualy identified by studying the
variation in either the thermodynamic properties such as potential energy and specific heat capacity or
some structural properties such as Bond Order Parameter and Wigner values. The present study employs
both these methods to identify melting points for different cluster sizes and compositions. The details are

discussed in subsequent sections.

3.5.1.1 Thermodynamic properties

Fig. 3-1 (&) shows the temperature dependence of potentia energy for a (Pdys-Ptos)sss atom cluster. The
phase transition from a solid to a liquid phase and vice-versa can be identified by a simple jump in the total
potential energy curve. Consistent with literature, we define the melting point as the trandtion temperature
corresponding to the temperature of observed phase change in the heating run, and the freezing point as the

temperature of observed phase change in the cooling run.
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Figure 3-1. Variation of potential energy with temperaturefor (a) (Pdos-Ptos)ass (0) (Pdos-Ptos)10ss
cluster.

This corresponds to a melting temperature of 1290 +10K for (Pdgs-Ptos)ase and 1460 +10K for (Pdgs-
Ptos)108s, @ seen in Fig. 3-1 (b). Upon cooling, the system undergoes a sharp liquid-solid transition and
shows arather strong hysteresis. The potential energy of the new solid phase is not very different from the
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initial one though structural differences prevail. The presence of hysteresis in melting/freezing transition is
not unusua and is expected both theoretically®®* and experimentally as reported in the cases of Pb* and
Na®. The structural changes resulting from cooling and melting also influence the phase transition and
result in hysteresis as reported by Chausak and Bartell in their study on freezing of Ni-Al bimetallics’®. The
variation of potential energy with temperature for clusters with different compositions is discussed in

subsequent sections.

The specific heat capacity in a weak coupling ensemble such as achieved with the Berendson thermostat

can be written as afunction of fluctuationsin the potential energy <(5E,)*>.**

k <(JE.)? >
C,= d
' (KT)?-2a <(JE,)* >/3N

(3.13)

Where, <(JE,)* >=<E; >-<E, # and a is the ratio of the standard deviations of kinetic and potential

energies.

a =\<(SKE)? >/ <(3Ep)* > (3.14)

Morishita has proved that a weak coupling ensemble approaches a canonical ensemble for very short
relaxation times (o = 0) and to a microcanonical ensemble for longer relaxation times (o = 1). In the present
case, the Berendson thermostat with a coupling parameter of 0.4 ps leads to a ~10“, making the

calculations for specific heat capacity similar to that of a canonical ensemble as given in Eq. (3.16).

C = "<(5Ep2)2> (3.15)
(KT)
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To identify the melting/freezing temperature, the specific heat capacity at constant volumeis plotted in Fig.
3-2. In case of (Pdys-Ptos)sss Cluster, the maximum in the specific heat capacity corresponds to the
temperature where a jJump in potential energy is observed i.e. 1280-1290 K while heating and 1090-1100 K
for cooling. This |leads to a melting temperature T,,=1290+ 10 K and freezing temperature of 1090+ 10 K.
Similarly, we find that for (Pdys-Ptos)10ss Melting and freezing temperature correspond to Tm=1460+ 10 K
and 1170+ 10 K respectively. As expected for the larger sized cluster, the peak in the case of (Pdgs-

Pto5)10881S sharper compared to that for (Pdy s-Ptos)4se.
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Figure 3-2. Variation of specific heat capacity at constant volume for (a) (Pdos-Ptos)sss and (b) (Pdos-
Pt0_5)1088 cluster.
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Figure 3-2: Continued

3.5.1.2 Bond orientational order parameters

There are several criteria used to identify local and extended orientational symmetries. One such method is
the Bond Order Parameter method®, which is used to analyze cluster structure as well as to distinguish
between atoms in solid (closed pack) and liquid environment generated at the onset of melting. To

determine the orientational order, spherical harmonic basis functions Y, (6,,¢,) are associated with every

bond joining an atom to its near neighbors. Here, ® and @ refer to polar and azimuthal angles of vector r;;
in a given reference frame. The term “bond” refers to the unit vector r;; joining a reference atom i to any
neighboring atom j within a cutoff radius rq,. The cutoff radius is generally taken to be 1.2 times the first
minimum in a in the radia distribution function. Fig. 3-3 shows one such function for a (Pdys-Ptos)ass
cluster at 300 K, The function is calculated as an average over all atoms, surface and interior, and ensures
all atoms in the first coordination shells are counted as near neighbors. To make the bonds independent of
direction, only even | shaped harmonics are considered which are invariant under inversion. The local order

around any atom i isan average over al its bonds with the neighboring N, atoms and given by
25



1 MNw®

Y1) (3.16)

Gm() = N, () & |

A second order invariant can be constructed to give a local order parameter independent of the choice of

reference system.
(i)-(“”'2| (i)FJM (3.17)
ql - 2| +1m:_| C1Im .

An average of g, over al N atomsin a cluster gives the global bond order parameter.

B 47T | . 2 1/2
Q '(z +1m;\le\ ] (3.18)
where,
_ anbqlm(i)
Qn="H— (3.19)
anb(l)

=}
The value of the global bond order parameter Q, in a solid cluster depends on the relative bond orientations
and has a unique value for each crystal structure. Based on local solid symmetry, it was found that cubic
and decahedral clusters have nonzero values of (i) for | > 4 and at | = 6 for those with icosahedral
symmetry. All global order parameters vanish in isotropic liquids for | > 0. The global bond order values
for different types of symmetry are reported in Table 3-3. The atoms in a solid undergo vibrations about
their equilibrium positions leading to distortion of the crystal structure which is characterized by Q4 and Qs
values. The magnitude of the nonzero {Q} values depends on the definition of nearest neighbors and can
be changed by including surface bonds in the average. The cutoff distance (r.y) for identifying the nearest
neighbors was taken to be 3.6 A at 300 K. This corresponds to the position of the first minimum in the pair

correlation function for FCC Pd-Pt. Similarly, rq at other temperatures were identified.
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Figure 3-3. Radial distribution function for a (Pdys-Ptos)4ss FCC cluster at 300 K.

A third order invariant which isless sensitive to the definition of the nearest neighbors can also be defined,

| | |
w%_{m m, %}Q"“Q"“ZQ"“K
f = M0 { _ (3.20)
quz}

Table 3-3. Bond Order Parameter and Wigner valuesfor various geometries.

Geometry Q4 Qs W, We

FCC 0.19094 | 0.57452 -0.159317 | -0.013161
HCP 0.09722 | 0.48476 | 0.134097 -0.012442
Sc 0.76376 | 0.35355 | 0.159317 0.013161
Liquid 0 0 0 0
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The Qs and Ws values show transition from a FCC based cluster to a somewhat HCP symmetry near the
melting point in the temperature range 1200-1290 K for both (Pdys-Ptos5)4s6 and (Pdo s-Pto5)1088 ClUsters. The
melting point can be estimated from the variation in the bond order parameter values as shown in Fig. 3-4
(a). At the melting point, all the order parameters and Wigner values (Fig. 3-4 (b)) change rapidly to zero
indicating a transition to isotropic liquid phase. Similar behavior is observed for the (Pdgs-Ptos)108s ClUster.
We find the melting point to be 1290 + 10 K and 1460+ 10 K for (Pdy 5-Ptg )56 and (Pdo 5-Pto 5) 1088 Which is

consistent with those obtained from the thermodynamic properties.
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Figure 3-4. Temper atur e dependence of (a) global order parameter Q4 (circles) and Qg (squares) and
(b) global Wigner values W, (circles) and W (squares) for (Pdos-Ptos)sss Cluster.
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Figure 3-4: Continued

3.5.2 Under standing the melting phenomenon

3.5.2.1 Analysis of density profiles

Fig. 3-5 (a) shows the atomic distribution of Pd and Pt atoms, respectively, during the melting process for
the (Pdys-Ptos)ase Cluster along the z-axis. At lower temperatures, we find that the solid-like features are
preserved as is indicated by the distinct peaks shown in Fig. 3-5 (b). As the temperature increases, the
peaks merge and become broader, till the melting point when atomic distribution becomes smooth

indicative of the liquid phase.
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indicating melting transition (b) Pt atomic distribution at temperatures above and below melting
transition.
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To understand the melting characteristics of the bimetallics better, we analyzed the radia density profile of
Pd and Pt, which are shown in Fig. 3-6. The surface segregation of Pd atoms is clearly visible from the
initial density profile of Pd and Pt at 300 K (Fig. 3-6 (a)). As the temperature increases (900 K -1100 K),
we find that the outer most peaks in the radial density profile of Pd merge and become broader suggesting
surface melting (Fig. 3-6 (b)). However, the inner core consisting mostly of Pt is still crystalline which is
evident from the well defined inner pesksin the Pt radial density profilein Fig. 3-6 (c). But above 1290 K
we find liquid like behavior for Pt atoms which corresponds to the homogeneous melting temperature
predicted for (Pdys-Ptos)ass (Fig. 3-6 (b) and (c)). Similar results were obtained for cluster melting at

compositions other than 50% for both the cluster sizes under study.
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Figure 3-6. Radial density profile for (Pdos-Ptos)sss Cluster. (@) Initial atomic distribution after
annealing at 300 K. (b) Atomic distribution of Pd in radial direction before and after melting
transition. (c) Atomic distribution of Pt in radial direction showing melting transition.
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3.5.2.2 Deformation parameters

To explore the surface melting behavior and the associated shape changes, we use deformation parameters
and shell based self diffusion coefficients. The melting phenomenon is associated with changes in
nanocluster size and shape resulting from the diffusion of Pd and Pt atoms. The diffusion process in turn
changes the number of Pd/Pt atoms on the surface and in the bulk. The bulk atomsin an FCC areidentified
as atoms having coordination number of 12, and the lesser coordinated atoms termed as surface atoms.
However, thisdefinition of bulk and surface atoms doesn’t hold strictly near and after the melting transition
when the nanoclusters undergo shape and structural transformation. Therefore, in order to characterize

these transformations, we use deformation parameters™ given by,

N
DG = Oy |
i=1

£ =

2 N (3.22)
where, g refers to either the position coordinates of i atom in an N atom cluster along one of the three (x,
y, z) directions, or the position vector r (X, y, z) and Qe IS the cluster center of mass. Eq. (4.9) can be used
to track the structural changes accompanying melting of the cluster as a whole. However, the melting of
nanocl usters proceeds in two stages, surface melting followed by the melting of the homogeneous core. In
the first stage, most of the contribution to the deformation is from the surface atoms (mostly Pd), whereas
in the second stage, there are contributions mostly from the bulk Pt atoms. To gain better insights into the
structural changes in each of the two stages, partial deformation parameters for each of the element in the

bimetallic (X=Pd, Pt) are defined as,

Ny
210~ |
L i=1
4 N

£

(3.23)

X

The initial nanocluster shape is spherical a 300K. The atomic distribution of Pd is such that & ~¢]*

~ &M . The deformation parameters of Pt are lower than that of Pd indicating a preferential location of Pt at

the cluster core.
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Fig. 3-7 (a) depicts the evolution of the radial deformation parameters for (Pdgs-Ptos)ass. & increases with
temperature indicating an outward diffusion of both Pd and Pt up to 1100 K. However, near the melting
point there is a sharp change in deformation parameters of both Pd and Pt. The deformation parameter for

Pd (&™) shows a dight decrease, indicating diffusion into the nanocl usters core, whereas that for Pt atoms

shows a rapid increase, indicating outward movement of Pt atoms. The overall deformation parameter
increases rapidly because of the net outward diffusion of Pt atoms. This fact is further corroborated by Fig.

3-7 (b) and (c) which show the variation in partial deformation parameters (g=x, y, and z) for Pd and Pt.

10.5
ol M—M 1
9.5} 4
8r 9 -
g.5} 4
8} -, |
——t—t—t———" ARG
——r—v 7 —_—

75 . . . . . . ) )
200 400 600 800 1000 1200 1400 1600 1800 2000
Temperature (K)

(@)

Figure 3-7. Variation of deformation parameter swith temperature for (Pdys-Ptos)ss6 (2) Radial
deformation parameterse,, &"°, & (b) Pd atomic partial defor mation parameter in x, y, and z. ()
Pt atomic partial deformation parameter in x, y, and z.
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During theinitial heating stage, the variation in £q'°“ issmall. From 800 K to the melting temperature, there
islot of fluctuation in the deformation parameter of Pd in al the three directions. This atomic motion
before the actual melting point signifies surface melting of the Pd atoms. The atomic motion startsfirst in z

direction where a sharp increase isnoticed in €7 from 800 to 1000 K. At the melting point £ drops
abruptly and becomes equal to £ and&[® . This suggests that most of the Pd atoms still reside on the

surface after cluster melting. The overall changein gqp“ issmall, again indicating the preference of Pd

atomsto be located at the surface even after phase change.

On the other hand, ngt shows a dlight increase initially between 300 K and 1100 K. Between 1100 K and

1200 K, dlightly larger changes are observed, followed by a rapid one near the melting point, which

continues into the liquid phase. This indicates the tendency of the Pt atoms to move to the surface with

increasing temperature. However, the decrease in gqp“ is not the same as the increase ingqp't . The overall

cluster shape has to change to accommodate the increased number of surface atoms. The shape of the
cluster now changes from a spherical to a somewhat oval shape. This behavior is somewhat different from
melting of Cu-Ni bimetallic clusters®, where outward movement of Ni was countered by the inward
movement of Cu maintaining an overall spherica shape. This difference in behavior is explained below on

the basis of relative surface energy change with temperature for the two bimetallics.

3.5.2.3 Concept of surface energy

The surface energy is defined” as the difference between the site energy of surface and bulk sites (s, — £12),
where g, is the site energy and Z (coordination number) 9, 8, 7, and 6 for (111), (110), edge and corner
sites. &1, is the site energy of bulk sites. Table 3-4 shows the surface energy difference at O K for a Pd-Pt
system, when entropic factors are zero. The typical surface energy differences are between 15-45 KJmol

depending on the coordination numbers.%’
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The mixing energy’® (AEmix) isthe heat of formation for abimetallic aloy formed in the reaction

xA+(1-x)B - AB_, given by AE,, =E(A,B,,)-XE(A) - (1-x) E(B) . The mixing energy values listed
in Table 3-4 for Pd and Pt are -8.44 and 7.24 KJmol. A positive value of mixing energy indicates the
tendency of an atom to be surrounded by its own kind, whereas negative valued atoms prefer neighbors of
different type. The cluster microstructure at any temperature depends on the interplay among these three
factors. At low temperatures, we find the segregation to be dependent primarily on the surface energy
difference. For an ideal bimetallic alloy, with 50% composition, the entropy of mixing increases from 2
KJmal at 298 K to 7.4 KJmol near the melting point (1290 K for (Pdys-Ptos)sss Cluster). The surface

energy difference® between the two, however, increases with increasing temperature as shown in Fig. 3-8.
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Figure 3-8. Variation of surface ener gy difference with temperature for Pd-Pt (squares) and Cu-Ni
(circles) systems.
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Table 3-4. Surface energy of Pd and Pt at various coordination sites.

Coordination | ypg(KJmol) | yp(KJImal)
Number

6 (corner) 175.6 218.1
7(edge) 145.7 1785
8(fcc(100)) | 115.8 139.9
o(fcc(111)) | 85.9 100.3

The surface energies of both Pd and Pt decrease with temperature. Hence both Pd and Pt atoms would tend
to locate themselves at the surface. However, an increase in the surface energy difference would mean that
the decrease in surface energy of Pd atoms is much more than that of Pt. Hence Pd would continue to
remain at the surface. Also, owing to the decrease in the absol ute surface energy, Pt too prefers to move to
the surface. The combined effect results in a net movement of atoms to the surface. Thisis clearly evident
from the deformation parameter plot where £, increases sharply indicating the outward movement of Pt
atoms. On the other hand, €™ remains almost constant suggesting little movement of Pd atoms to the core.
This behavior is different from a Cu-Ni bimetallic where the surface energy difference decreases with an
increase in temperature showing that the decrease in surface energy of Ni overcomes that of Cu, resulting

in migration of Ni atoms to the outside and that of Cu atomsto the inside.

3.5.2.4 Self diffusion coefficient and M SD

The sdlf diffusion coefficients can be obtained from either the positions or velocities of molecules. MSD is
proportional to the observation timein the limit as time tends to infinity. The proportionality constant
relating the MSD to observation timeis known as self diffusivity D which isgiven by,

1 ([rt+) -r@))

p=t 3.24
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where d-dimensonality of the system and r(t) refers to the vector position of molecule at time t. The
ensemble average is taken over all molecules in the system and over several time origins® A linear least
squares regression is performed on the MSD curve to give a slope (2dD) from which diffusivity at any

temperature can be found.

Fig. 3-9 shows the variation of self diffusion coefficients of Pd and Pt. The diffusivity of Pd atoms shows
an upward trend in the temperature range 800-1200 which corresponds to the surface melting stage. In this
range, Pt which is mostly present in the bulk has diffusivity much smaller than that of Pd. At the melting
point however, both Pd and Pt diffusivities show a sharp increase indicating a first order trangtion from

solid to liquid phase. In the liquid phase, both the diffusion coefficients show a tendency to increase with

temperature.
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Figure 3-9. Variation of self diffusion coefficient with temperaturefor Pd (circles) and Pt (squares) in
(PdO.S'PtO.5)456-
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3.5.2.5 Surface melting and Lindemann criterion

Surface melting refers to the formation and propagation of a quasi-liquid film, which thickens with
increasing temperature and ends with the melting of the solid core. The temperature at which the film
thickness diverges to infinity corresponds to the bulk melting point. Although the surface melting behavior
is somewhat captured in the atomic self diffusion coefficient variation of Pd and Pt, better insghtsinto the
same phenomenon could be obtained by partitioning the cluster into five radial shells of equal width dR.
Mean square displacement cal culated within each shell was used to calculate the self diffusion coefficients
for atoms in that shell. The inter-atomic distance between atoms in the Pd-Pt bimetallic (2.75 A) was used
as dR. The atoms were assigned to the bins based on their initial positions at the end of the equilibration
period. The mean square displacements for each shell were then generated by averaging over a 25 ps
trajectory with sampling done every 0.1 ps. Averages taken over 25pstrgjectory with different origins gave

the same result which isindicative of a system that istruly in equilibrium.
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Figure 3-10. Diffusion coefficients calculated for atomsin various shellsfor (Pdgs-Ptos)sss asa
function of distance from the center of cluster.
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The self diffusion coefficients calculated based on MSD was assigned to each shell and its dependence on
distance from the center of cluster was carried out (Fig. 3-10). In al the cases, we find the diffusivities of
outer shells to be higher than those of the inner ones. In accordance with the Lindemann criterion which
predicts phase transition to occur when atomic motion exceeds 10-15% of inter-atomic distance (2.75 A),
there exists a critica diffusivity (3e-10 m2/s) corresponding to root mean square (RMS) displacement ~
0.6, which indicates transformation to a liquid phase. Based on this, we find that in the temperature range
900-1100, only the fifth bin is molten. Astemperature increases (1200 K), atoms in the fourth and fifth bins
reach the critical value, while those in the firgt three remain crystalline. At the melting point (1290 K), the
diffusivity of the entire cluster exceeds the critical value. We can estimate the Ryy¢a Or the solid core

remaining based on the shell diffusivity plot.
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Figure 3-11. Surface melting characterized by deviation of potential energy curve from linearity for
(PdO.S'PtO.5)456-
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Figure 3-12. Radius of solid core in (Pdys-Ptos)sse Cluster as a function of temperature during the
melting process calculated from two procedur es: The diamonds indicate values obtained by assuming
acritical diffusivity of 3e-10 (m%s) similar to Lindemann criterion. Thelineisbased on crystal radius
obtained by calculated deviations from linearity in the potential ener gy curve (Figure 3-11).

The surface melting phenomenon is clearly evident from the snapshots taken at various temperatures (Fig.

3-13). The change in shape of the cluster is also observed. This behavior is aso true for a (Pdys-Ptos)10ss

cluster.
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Figure 3-13. Snapshots of (Pdys-Ptos)sse cluster taken at various temperatures indicating surface
melting of Pd (dark circles) followed by homogeneous melting of Pt (light circles) core. (a) 300 K (b)
700K (c) 900K (d) 1100K (e) 1200 K (f) 1280K (g) 1290 K (h) 1600 K.
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Figure 3-13: Continued

Reysta Can aso be estimated from the heat of fusi on.%” The deviation from linearity in the potential energy
curve (APE) gives an extent of surface melting (Fig. 3-11). Radius of the solid core remaining at any point

during the melting process can be given by,

Riysa =( APE)“S

1-— 3.25
Rotal ( )

L

Fig. 3-12 shows the radius of the remaining solid for (Pdys-Ptos)sss calculated using Eq. (3.25) and
diffusion coefficients in Fig. 3-10. Similar investigations carried out for cluster compositions other than
50% reveal that surface melting is dictated by the composition of Pd in the bimetallic. Thisis clear from the
greater deviations in the potential energy curve for clusters with higher Pd compositions (Fig. 3-16). The

composition effect on the surface melting is studied in the subsequent sections,
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3.5.3 Shapetransformation during melting

Moment of inertiatensor (M1)* is a second rank tensor and has nine components as given in Eq. (3.26),

L = [ p(r)(r°8, = xx)av (3.26)

In order to better characterize the shape transformations associated with melting, a modified moment of
inertia (1), similar to that given by Eq. (3.26) can be defined in which all the atoms are assumed to be of
unit mass. The atomic digribution could then be related to the nanocluster shape by comparing the
principal components of 1. The change in T depends only on the relative distance of the atoms from the
cluster centre of mass. The tensor components calculated at different temperatures are summarized in Table

3-5. These can be used to gain insghts into the changesin cluster shape.

Table 3-5. Tensor components of modified moment of inertia at different temperaturesfor (Pdgs-
Pl:0.5)456-

Temperature
(K) T xx (A% Tyy (A 12z (AY -Ixy=-Tyx -lyz=-1zy zx=-1xz
(A9 (A9 (A9
300 24964.5312 | 24934.3347 | 24957.0824 | -46.011 -55.205 41.815
900 25136.8223 | 25774.9342 | 26054.078 | 64.2382 -192.62 -199.69
1280 25803.8743 | 27379.5274 | 25844.8724 | 272.523736 264.252 1338.07
1290 26281.8507 | 27312.6066 | 27304.8483 | -485.17 -1166.93 611.128
1800 28488.7811 | 28606.8318 | 26983.5971 | -752.832 1861.20771 | -1505.03

As shown in Table 3-5, the initial cluster shape is spherica with diagona elements Ixx=lyy=Izz and the off
diagonal eements having much lower values. T increases with temperature indicating that the atoms have a
tendency to move away from the centre of mass. Near the melting point (1290K), the cluster has a shape
closer to that of an elipsoid (Ixx=1zz) with the off-diagonal elements having higher values than before. At

higher temperatures after phase transition occurs, the cluster remains more or less an ellipsoida shape

44



(ixx=Tyy). The same isindicated by principa moment of inertia as shown in Table 3-6, Fig. 3-14, and the
snapshotsin Fig. 3-13. It is difficult to predict the long term behavior of the shape changes. However, it is
clear from Fig. 3-13 and Fig. 3-14 that the cluster isdeformed from itsinitia spherical shape. Similar shape
changes were obtained for (Pdyos-Ptos)ioss Cluster. However, we find that clusters with higher Pt
compositions (75 and 95%) maintain their spherical shape even after the phase trangtion. Thisis attributed
to lesser surface melting at higher Pt compositions.

Table 3-6. Principal components of modified moment of inertia at different temperatures for (Pdgs-
Pl:0.5)456-

Temperature(K) I, (1x10* A% I, (1x10* A% I3 (1x10* A?)
300 2.4854 2.4998 2.5004
1280 2.4455 2.7183 2.7428
1290 2.5432 2.6988 2.8478
1800 2.4969 2.9231 2.9879
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Figure 3-14. Variation of principal components of moment of inertia with temperaturefor (Pdgs-
Pt0.5)456-
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3.5.4 Effect of composition on melting
The mdlting characteristics were investigated for different compositions of the bimetdlic, namely, 5%,
25%, 75% and 95% PX. The potential energy variation with temperature for the same was studied. Fig. 3-15

shows that the melting point progressively increases with an increase in the concentration of Pt in the
bimetallic. The melting temperatures based on potentia energy jump (Fig. 3-16) for various compositions

are summarized in Table 3-7.

Table 3-7. Variation of melting point with composition for the 456 and 1088 atom clusters
respectively.

Melting point (K)
Composition

1088 456

atoms atoms
5% Pt 1250+10 1120+10
25%Pt 1340+10 1200+10
50%Pt 1460+10 1280+10
75%Pt 1540+10 1370+10
95%Pt 1600+10 1430+10

The melting point could be related to the composition for 456 atom cluster by,

T =34X +1100 (3.27)

where, X isthe percentage composition of Px.
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Figure 3-16: Continued

This nearly linear behavior is seen even for larger cluster sizes (1088 atoms) as seen in Fig. 3-15. In
calculating the melting points for different compositions, we used the jump in potential energy
corresponding to the melting of the Pt rich cluster core. The linear variation of melting point can be
attributed to the proportional change in the radius of the solid Pt core with composition. In addition, we
find that clusters which arerich in Pd show surface melting to a greater extent. This featureis characterized

by increasing deviations of the potential energy curve from linearity with increasing Pd composition.

Metal nanoclusters used to carry out chemical reactions at high turnover and selectivity often operate in
400-1000 K range'®. In sensor applications, the gas adsorption mechanism is primarily dependent on the
surface morphology. DFT studies as well as experiments indicate certain sites such as Pd (111) are more
preferred for O, adsorption than Pd (110)'™. The selectivity, sensitivity and the speed of sensor responseis
then influenced by the relative densities of such sites. As temperature increases, the movement of surface

atoms as a result of surface melting can have an important effect on the catalytic and sensing activity.
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Understanding the variation of surface melting characteristics with compositions could help optimize the

operating conditions required for catalysis and sensing.

3.5.5 Comparison with experiments

To justify the choice of the QSC potential with the listed parameters used in the MD simulations, bulk
melting of Pd and Pt was carried out using the same models with periodic boundary conditions in a
constant NPT system and the results are summarized in Table 3-8. The calculated melting points from the
simulations agree well with the bulk experimental values of Pd and Pt. The dight differences could be
attributed to the empirical nature of the potential function. The enthal py of melting also compares well with

the experimental values.

The heating process in our simulations is homogeneous. Experimentally however, it is difficult to maintain
such homogeneity and the thermal conductivity of the material under study plays arolein determining the
extent of homogeneity attained in the heating process. Available literature data point to a heterogeneous
melting process in which temperature gradients exist between the outer surface and inner core’® The
energy transfer mechanism as well as transfer of a part of thermal energy to latent heat of melting leads to
temperature gradients or non-homogeneity in the heating process. Thus, the kinetics of the melting process

is aso important in understanding the melting mechanism.

Table 3-8. Comparison of bulk simulation results with experimental values.

Meting  Point | Melting  Point | AH(Pd) KJmol AH(Pt) KImoal

(Pd) (P
Experiments | 1840 K 2040 K 16.7 20
Bulk 1760 K 2090 K 15.8 18.74

Simulation

In recent experiments, homogeneous heating has been achieved by using pico-second and femto-second

pulse laser irradiation thereby, attaining extremely high heating rates of 1014 K/s (ultrafast thermal
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melting)'®. Additionally, homogeneous heating process can be carried out through proper choice of
experimental parameters like large penetration depth of optical heating pulse, proper pulse duration as well
as a detection technique with a sufficient probing depth. The numerical values of transition temperatures
will likely differ from experimental measurement, if a heterogeneous process is approximated in the

physical experiment. Itisalso likely that the transition will appear not as sharp asin the smulations.

3.6 Conclusions

The melting behavior of Pd-Pt nanoclusters having 456 and 1088 atoms is characterized by pre-melting of
surface segregated Pd atoms followed by homogeneous melting of Pt core. The melting point of the
nanoclusters is clearly identified by studying the variation in potentia energy and specific heat capacity.
The melting point of nanoclusters calculated from our simulations is much lower than the corresponding
bulk Pd and Pt crystals. The bond order parameters indicate a change from an FCC type structure to an
HCP one before transformation to a liquid phase. As melting proceeds, the Pd atoms tend to diffuse inside
while the Pt atoms diffuse outside. The extent of diffusion is not the same, leading to a net increase in the
number of surface atoms characterized by shape change from spherical to somewhat oval. This melting
behavior is different from some of the bimetallics (for example, Cu-Ni) studied earlier. The difference in
behavior can be explained on the basis of variation of surface energy difference with temperature. The
surface melting phenomenon is indicated by the deviation of potential energy curve from linearity. Shell
based self diffusion coefficients give better insgghts into the surface melting phenomenon. The melting
phenomenon was studied for different compositions and alinear trend was observed for both 456 and 1088
atom cluster. The homogeneous heating process carried out in the present study is difficult to carry out
experimentally. However, proper manipulation of the experimental variables can lead to conditions close to
those used in simulations. On the whole, the description of the melting transition agrees qualitatively with

previous simulation and experimenta studies on nanoclusters.
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Chapter Four

M olecular Dynamics Simulation Study of the M elting and Structural Evolution of
Bimetallic Pd-Pt Nanowires

4.1 Abstract for chapter four

Thermal characterigtics of Pd-Pt metal nanowires with diameters ranging from 2.3 to 3.5 nm and of severa
compositions were studied by molecular dynamics simulations utilizing the Quantum Sutton-Chen potential
function. Monte-Carlo simulations employing bond order smulation model were used to generate the
initial wire configurations that consisted of surface segregated structures. Melting temperatures were
estimated based on variations in thermodynamic properties such as potential energy and specific heat
capacity. We find that the melting transition temperatures for the nanowires are much lower than those of
bulk alloys of the same composition and at least 100-200 K higher than those of nanoclusters of the same
diameter. Density distributions along the nanowire cross-section and axis as well as components of shell-
based diffusion coefficients and velocity auto-correlation functions were used to investigate the melting
mechanism in these nanowires. Our findings indicate a surface-initiated melting process characterized by
predominantly larger cross-sectional movement. This two-dimensional surface melting mechanism in
nanowires differs from that in nanoclusters in which atomic movement is more isotropic in al three
dimensions. Differences in the surface melting mechanism result in structura transformations from fcc-
hep type and lead to smulated phase boundaries for nanowires that are different from bulk aloys aswell as
from same-diameter nanoclusters. A composition and temperature dependent fcc-hep transformation occurs
prior to the melting trandtion in both nanowires and nanoclusters. Hep phase occurs over a wider
temperature range at Pd-rich compositions and a narrower range a low Pd compositions with the fcc-hep

and hep-liquid transition temperatures showing aminimum at 25% Pt composition.
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In contrast, the nanoclusters exhibit a near-linear dependence of melting temperature on Pd composition
with the hep phase existing over a much narrower range of temperatures, closer to the melting transition.
Thermal stahility of the solid phases of these nanowires was investigated by simulating two alternative
starting configurations such as a hypothetical hcp and an annealed-solid structure for two compositions.
The size and composition dependence of nanowire melting temperatures are consistent with those predicted

by available melting theories.

4.2 M éelting of Pd-Pt nanowires

Metal nanowires have attracted much attention in recent years due to their potential applications in
nanoscale materias and devices'®. These nanowires exhibit physical, chemical and electronic properties
which are different from both bulk materials as well as single molecules'®™**3, One such structure is
nanowires of Pd and its aloys which find extensive use in hydrogen sensing and in catalysis. The key to all
potential applications of nanowiresliesin their small size and structure. This makes knowledge and control
over their size and shape distributions, surface compositions as well as crystal structure, critical to
improved device designs. With increasing miniaturization of devices, it becomes important to develop a

quantitative understanding of the thermodynamic and structural properties of these nanowires.

The numerous applications of metallic nanowires have prompted alot of experimental effort being focused
on the synthesis and preparation of single component as well as bimetallic nanowires. Recent experimental
studies have revealed the formation of stable ultra-thin nanowires of gold having length to diameter ratios
of over ten™*°, Nanowires of Ag-Pt with lengths up to 3.5 pm and diameters between 3 and 20 nm have
been produced by irradiation of aqueous solutions of Ag-Pt ions with gamma rays™®. In addition to the well
known template synthesis, other electro-deposition methods, such as a combination of “slow growth” and
“nanowire growth” to produce beaded bimetallic nanowires with high aspect ratios are aso gaining
interest'”’. One of the most challenging issues is the control over the size and morphology of these

nanostructures. Knowledge of the thermal properties of these metallic nanowires and their associated
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effects on the sze, shape, and composition would have a bearing on the method of synthesis, processing,
and the performance of these nanowires in their various areas of applications.

The melting points of nanowires decrease with decreasing diameter and their values are much below the
bulk mdting points*®'%. The large ratio of surface to bulk atomsis primarily responsible for this lowering
effect. Experimentaly, it is difficult to observe the microscopic processes associated with melting.
Computer smulations offer an effective tool to study the properties of nanowires and complement

experimental efforts™,

Considerable experimental and theoretical research has been dedicated to understanding the
thermodynamics and kinetics of nanowire growth and stabilization when subjected to thermal and other
stresses'?™*. For example, experimental investigations have revealed the growth of InAs to be limited by
the mdting temperature of As-In aloy™*. A molecular dynamics study of the melting of one dimensional
zirconium wire indicated melting of nanowires to initiate from the inner core shell atoms.** Similarly,
diffusion of the central atoms along the nanowire axisin palladium nanowires (diameter < 2 nm) resulted in

120

the onset of melting.™ On the other hand, surface melting in Pd nanowires with 2.3 nm diameter results

from predominantly cross-sectional movement of Pd atoms.™*®

Studies on the melting of gold nanowires
indicated that surface melting temperature is representative of the overall wire melting temperature'®. This
behavior is very much different from that of nanoclusters where the onset of melting results from enhanced
movement of the less restrained surface atoms®. A coexistence of liquid and solid phases was also
observed in the melting process of titanium nanowires™. Similarly, a study of ultra-thin titanium
nanowires, with diametersless than 1.2 nm, indicated no clear characteristic first-order transition during the

melting process?. Structural transformations from a helical multi-walled to a bulk-like rectangular

structure have also been observed for 1.7 nm titanium wires'°.

Bimetallic nanomaterias are better suited for catalytic and sensing applications than their monometallic
counterparts™®. Complex phenomena such as surface segregation and micro-mixing occur in alloys of finite-
sized structures such as nanowires. For a given composition of the bimetallics, the microstructure is

dictated by surface energies and mixing energies of the constituent atoms™®. Atoms with lower surface
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energies tend to segregate to low coordination number sites, the extent of which is determined by the
interplay between surface energies, mixing energies and entropy. There is enough experimental evidence to
indicate the occurrence of this phenomenon in nanowires of Pd-Ag and Pt-Ag*®. In the present work, we
study thermal characteristics, low temperature solid phases and melting transitions of Pd-Pt nanowires of
different diameters and compositions using molecular dynamics (MD) simulations employing the quantum

Sutton-Chen potential function.

4.3 Initial nanowires size, structure, and composition

All the trangtion elements including Pd and Pt exhibit an fcc structure in the bulk solid phase. A large
block of fcc was formed from a fcc unit cell by replicating in ABC directions. Using various cutoff radii,
cylindrical structures representing nanowires of different diameters (D) ranging approximately from 2.3 nm
to 3.5 nm were created. By choosing different length/diameter ratios, it was ensured that the results were
not influenced by the periodic boundary conditions for the smulated infinitely long nanowires. The range
of nanowire diameters was selected to facilitate comparisons with nanoclusters of similar diameters used in
our previous studies’®**®, Alternative starting configurations comprising of hcp nanowires were also

generated and utilized in simulations.

Toidentify theinitial atomic distribution of the constituent atoms for a given composition of the bimetalic,
these structures were subjected to a Metropolis M onte-Carlo simulation employing a bond order simulation
(BOS) model ", to generate the minimum energy initial configurations which were subsequently used for
studying the melting phenomena. The BOS model was modified to include periodic boundary condition
along the nanowire axis. The stable configurations generated in the above simulations consisted of surface
segregated structures with lower surface energy atoms preferentially located at the surface. The extent of
segregation depends on factors such as surface energy, mixing energy and entropy. For Pd-Pt
nanostructures, lower surface energy Pd atoms occupy most of the surface sites, whereas the core is mainly

composed of Pt atoms.



4.4 Computational details

4.4.1 Potential function

Molecular Dynamics (MD) simulations using DLPOLY **° were performed to gain insights into the melting
process and thermal properties at the atomistic level. All the thermodynamic and transport properties were
obtained as time averages over the particle positions and velocities. The embedded atom potential® and
other long range potentials like the Sutton-Chen potential®® based on Finnis-Sinclair type of potentials have
been used in the literature successfully to predict the properties of fcc based metals such as Pd and Pt. The

local electronic density isincluded to account for the many body terms.

Based on the Sutton-Chen potential, the potentia energy of the finite system having N atomsis given by,

_11d & a ’ N w2
Utot =& E E E [r—J _CE pi (4.1)
i=1

i=t =1\ [
j#i

m
N
a
where the local density accounting for cohesion associated with any atom i is o, = Z[—J . The
=\ r.
1= T
J#i

Quantum Sutton-Chen potential® (hereafter referred to as QSC), includes quantum corrections and takes
into account the zero point energy allowing better prediction of temperature dependent properties for both
single component and alloy systems®">#, The QSC parameters for the Pd and Pt are listed in Table 4-1.
The geometric mean was used to obtain the energy parameter £ and the arithmetic mean was used for the

remaining parameters, to predict the nature of interaction between Pd and Pt.

4.4.2 M D simulation details

The MD simulations were carried out with a constant number of atoms N and temperature T with periodic
boundary condition applied along the nanowire axis. A constant temperature Berendson thermostat™ with a
relaxation time of 0.4 ps was used. The equations of motion were integrated usng Verlet leapfrog

algorithm® with time step of 0.001 ps. The nanowires were initially subjected to mild annedling in the O-
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300 K interval which was followed by heating to 1800 K in increments of 100 K. Near the melting point,
the temperature increments were reduced to 10 K to account for the large temperature fluctuations. The
simulations were carried out for 400 ps of equilibration followed by production time of 200 ps for
generating time-averaged properties. These smulations are essentialy at zero pressure as the nanowire is

able to expand freely in theradial direction.

Table4-1. Potential parametersused in MD smulations for Pd-Pt nanowires.

Quantum Sutton-Chen [ n [ m [ £ (eV) c a(h)
Pd 12 | 6 3.2864e-3 | 148.205 | 3.8813
Pt 11 |7 9.789%4e-3 | 71.336 | 3.9163

4.5 Results and discussion

Structural and dynamic properties at different temperatures leading up to the phase transition and higher
were calculated and analyzed to gain insights into the mechanism of nanowire melting. Simulated phase
boundaries representing composition dependency of various transitions were generated and compared to
those for nanoclusters of the same diameter, and the bulk alloy. The size dependency of melting point is

also discussed for ananowire of representative 50% Pd composition.

45.1 Meéting and freezing point identification

The phase transition from solid to liquid and vice versa is usualy identified by studying the variation in
either the thermodynamic properties such as potential energy and specific heat capacity or some structural
properties such as Bond Order Parameters™ and Wigner values. The present study employs both these

methods to identify melting pointsfor different nanowire sizes and compositions.

4511 Potential energy

The phase transition from solid to a liquid phase and vice versa can be identified by a jump in the tota

potential energy vs. temperature curve shown in Fig. 4-1 (a) and (b). This corresponds to a melting
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temperature of 1230 20K for (Pd 75-Pto 25)2 34nm and 1470 +10K for (Pdy 5-Pto5)2 340m NaNowires. Thereisa
greater deviation from linearity in the potential energy curve in case of (Pdg75-Pto 25)2 34nm @S compared to

(Pdo5-Ptos)24nm Nanowire. This might be attributed to the increased surface melting a higher Pd

compositions.
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Figure 4-1. Variation of potential energy with temperature for 2.34 nm diameter nanowires (a)
(Pdop75-Pto2s) and (b) (Pdos-Ptos) aloy having 672 atoms. The solid lines with solid squares
correspond to the heating, and solid lines with diamonds represent cooling of 2.34 nm Pd-Pt alloy

nanowir es with an initial fcc structure.
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Figure 4-1: Continued

Upon cooling, the nanowires undergo a sharp liquid-solid transition and show a strong hysteresiswhich isa
consequence of the need for super cooling in the transition from liquid to solid. The freezing points for
(Pdo 5-Pto5)2 34nm @nd (Pdo 75-Pto 25)2 3a0m NANowires are 1150 £10 and 930 £10 K, respectively. Although the
potential energy of the new solid phaseisnot very different from theinitial one (fcc), structural differences
prevail. It is interesting to note that the energy of the new solid phase (referred to as annealed-solid
hereafter) in case of (Pdgs-Ptos)24nm Nanowires is dightly higher than its initial fcc phase whereas it is
lower than the initial fcc phase for (Pdo75-Pto25)2 3a0m Nanowires. This indicates that the annealed-solid
structure is closer to the global minima for (Pdg 75-Pto 25)2 34nm Whereas the fcc phase is a more suitable
starting configuration for (Pdps-Plos)23sm Nanowires. The therma stability of different starting

configurationsis discussed in detail in subsequent sections.

45.1.2 Specific heat capacity
The specific heat capacity at constant pressure in a weak coupling ensemble such as that achieved with the

Berendson thermostat can be written as a function of fluctuationsin the instantaneous enthal py <sH*>.**
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To identify the melting temperature, the specific heat capacity at constant pressure is plotted in Fg. 4-2.

For (Pdo 75-Pto 25)2 34nm @nd (Pdg 5-Pto 5)2 34nm Wires, the maximum in the specific heat capacity corresponds to

the melting temperaturesi.e. T,,=1230 K and 1470 K, respectively.
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Figure 4-2. Variation of specific heat capacity with temperatur e during heating of 2.34 nm diameter
nanowires (a) (Pdy7s-Pto2s) and (b) (Pdos-Ptos) alloy with an initial fcc structure.
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Figure 4-2: Continued

It isalso observed that thereis a sharp peak at 400 K for (Pdg75-Ptg 25)2 24nm This could be attributed to some
isomerization or structural changes in the nanowire®. Although wires having Pt compositions lower than
15% and higher than 40% aso exhibit such a transition, the onset in these composition ranges occurs at
temperatures closer to the wire melting point. Similar solid-solid transition was also found in same-sized
spherical bimetallic nanoclusters of Pd-Pt near the melting temperatures®®, however the early onset
experienced over a limited composition range (approx. 15-40% Pt in this case) is unique to bimetallic
nanowires. To gain insights into the nature of this solid-solid transition occurring in different composition

ranges, we utilize bond orientational order parameters.

45.1.3 Bond orientational order parameters

Bond orientational order parameter method®™ can be used to analyze cluster structure as well as to
distinguish between atoms in solid (close-packed) and liquid environments generated at the onset of
melting. The value of the global bond orientational order parameter Q, in a solid cluster depends on the

relative bond orientations and has a unique value for each crystal structure as shown in Table 4-2.
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Table 4-2. Bond orientational order parameter valuesfor various geometries.

Geometry Qs Qe

Fec 0.10094 | 0.57452
Hep 0.09722 | 0.48476
Liquid 0 0

The temperature dependence of bond orientationa order parameters Q4 and Qs for (Pdg75-Ptg 25)2 34nm and
(Pdo 5-Pto5)2 4nm Wires is shown in Fig. 4-3. Both the nanowires were started with an initia, anneded fcc
structure at 300 K. As temperature increases, the atoms undergo vibrations about their equilibrium
positions leading to a distortion of the crystal structure, characterized by Q, and Qs values. It can be seen

from Fig. 4-3 (), that there is a sharp trandtion in the nature of close-packing at 400 K for (Pdy7s-

Pto 25)2 sanmWire.
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Figure 4-3. Temper atur e dependence of bond orientational order parameters (Q4 (circles) and Qg
(squares)) during heating of 2.34 nm diameter alloy nanowir es(a) (Pdo 75-Pto2s) and (b) (Pdos-Ptos).
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Figure 4-3: Continued

Comparison of the Q4 and Qs valuesin Fig. 4-3 (a) with those in Table 4-3 reveals a rearrangement from an
fcc to a metastable hep structure in the temperature range (400-1200 K) for the (Pdg75-Plos)2 3anm WITES .
Such an early transtion does not occur for (Pdgs-Ptos)2 34nm Wire, where the stable structure remains as fcc
over the temperature range (300-1350 K) which then transforms to a near hcp type crystal structure (1350-
1460 K). The onset of such solid-solid transition has been observed in theoretical investigations on gold
nanoclusters™ as well as experimental investigations on bimetallic Pt-Ru nanoclusters**!. At the melting
point, all the order parameters rapidly decrease to zero indicating a phase change to liquid. This happens at

1230+20 K and 1470+10 K, reSpeCtlveI Y, for (Pdo 75-Plo 25)2 34nm and (Pdo 5-Plo 5)2 34nm wires.

4.5.2 Understanding nanowire melting phenomenon

Ingghts into the nanowire melting phenomenon can be obtained by anayzing the densty prafiles, shell-
based diffusion coefficients and velocity autocorrelation functions. Such results are presented in this

section.
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4.5.2.1 Density profiles

The nanowire melting process is associated with the redistribution of atoms owing to their increased
motion, especialy at high temperatures. Fig. 4-4 shows the atomic distribution of Pd atoms in (Pdys-
Ptos)2340m along the nanowire axis during the melting process. At lower temperatures, we find that the
solid-like features are preserved as is indicated by the distinct peaks. In the temperature range 300-1300 K,
the peaks remain distinct and the shift in the peak is less than 0.2 A. This suggests relatively |esser
movement of the atoms along the nanowire axis in the specified temperature range. With an increase in
temperature, the peaks become broader, suggestive of the relatively larger movement of metal atoms. At
the melting point, the atomic distribution becomes smooth indicative of the liquid phase. Similar

conclusions can be drawn from Pt atomic density profile along the nanowire axis.
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Figure 4-4. Atomic density profiles along the nanowire axis for Pd atoms in (Pdos-Ptos)224nm at
temper aturesleading up to melting..

To understand the melting characteristics of the bimetallic nanowire further, we analyzed the radial density
profiles of Pd (Fig. 4-5) and Pt (not shown) at different temperatures. Surface segregation of Pd atoms was
evident from the initial radial densty profiles at 300 K. With an increase in temperature from 300 to 1300

K, the peaks merge for both Pd and Pt profiles (radius>7.5 A) and become broader, indicative of the much
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larger movement of these atoms aong the nanowire cross-section (x-y plane). Although the peaks in the
inner core (radius< 7.5 A) of the nanowire (composed mainly of Pt) also become broader at 1300 K, they
remain distinct and well defined suggestive of the solid phase. Above 1480 K, we find liquid like behavior

for both atoms which correspond to the homogeneous melting temperature predicted for (Pdys-Pto 5)2 3anm

nanowire.
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Figure 4-5. Atomic density profiles for Pd atoms along wire cross-section in (Pdgs-Ptos)234nm at
temper aturesleading up to melting.

It therefore appears from the atomic densty profiles along the nanowire axis and radius that the onset of the
melting process results from the radial movement of surface Pd atoms, with melting then proceeding
inwards towards the Pt core. However, better insights into the diffusional movement of the constituent
atoms in the bimetalic can be obtained by anayzing shell-based diffusion coefficients and velocity

autocorrelation functions.

4.5.2.2 Shell-based diffusion coefficients

Our previous investigations of nanoclusters' revealed that better insights into surface melting behavior are

obtained by calculating diffusion coefficients for the nanowire cross-section partitioned into radial shells of
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equal width, dR. The mean square displacement (MSD) calculated within each shell was used to calculate
the self diffusion coefficients for atoms in that shell. The inter-atomic distance between atoms in the Pd-Pt
bimetallic (2.75A) was used as dR. The atoms were assigned to the bins based on their initia positions at
the end of the equilibration period and MSD for each shell were then generated by averaging over a 200 ps
trajectory with sampling done every 0.1 ps. In thiswork, the radial diffusion coefficient for each shell was
obtained from the two dimensional (d=2) square displacement™®, for the five different shells cut across the

Wire cross-section:

D = 2+dAt<|ri (t+s)-r (S)|2> (4.3)
wherer (t+s) isthe vector position of thei™ atom on the x-y plane (cross-section), the averageis over atoms
of type i and over choices of time origin s. The diffusion coefficient cal culated above reflects the mobility
of the atoms along the wire cross-section and characterizes the in-plane or radial movement. Similarly, the
axial or out-of-plane movement refers to mobility of the atoms in the radial shells along the wire axis (z
direction) and is the one dimensiona (d=1) diffusion coefficient calculated based on the axia position

vector of atoms. To facilitate comparisons between the axial and radial diffusion coefficients for the same

shells, their dependence on radial distance of the wire was plotted.

Fig. 4-6 shows components of the shell-based diffusion coefficients calculated in the radial and z-directions
to depict the in-plane (radial) and out-of-plane (axial) movement of Pd atoms in (Pdys-Ptys)2 340m Wire. In
all the cases, we find the diffusivities of outer shells (shell 4 and 5) to be higher than those of the inner ones
(shells 1-3) indicating a surface initiated melting process. Surface melting starts at ~900 K predominantly
from the radial movement, as seen from the in-plane radial and axid diffusion coefficients of Pd for shells
4 and 5 (Fig 4-6 (a)). As the temperature increases to 1460 K, the atoms in shell 3 also begin to show
higher diffusivities. At temperatures above the melting trangtion, atomsin all the shells have much higher
diffusivities, which isindicative of a phase transition from solid to liquid. Similar behavior is aso exhibited

by Pt atoms.
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Figure 4-6. Shell based diffusion coefficients characterizing (a) radial (x-y plane) (b) axial (z
direction) movement of Pd atomsin (Pdgs-Ptos)2.34m Nanowir e.
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Comparisons of Fig. 4-6 (a) with 4-6 (b) reveal that al the shells have higher radial diffusion coefficients as
compared to axial below the melting point (1460 K). In the 300-600 K range, the atoms are mostly solid-
like and only vibrate about their equilibrium positions. Hence, both the radial and axial components of the
diffusion coefficients for Pd (Fig. 4-6) and Pt atoms (not shown) are very small. In the 700-900 K range,
the radial components of the diffusion coefficients for both Pd and Pt are much larger than the
corresponding axial components, especially for shells 4 and 5. Around 1300 K, shell 3 aso begins to
exhibit a similar characterigic. This indicates the increased tendency of the atoms to move in the wire
cross-sectional directions (radia and/or tangential) than along the axis before the phase transition. At
temperatures near and above the melting point, the atomic movements along both the radial and axial
directions become comparable. Snapshots at different temperatures (Fig. 4-7 and 4-8) corroborate the

arguments presented above and reveal the surface melting characteristics in nanowires.

Our andlysis of normalized radial (Pr=<Vr (t).Vr (t+t)>, tangentia (¥o=<V, (t).Vy (t+t)>) and axia (¥Pz
=<Vz (t).Vz (t+t)>) components of the velocity autocorrdation functions (¥) calculated for Pd and Pt
atoms in  (Pdys-Ptos)2 34nm Wire for different cylindrical shells cut along wire radius at 900 K further
confirm the above findings. Examination of Wr and ¥, with Wz for both Pd and Pt atoms indicate shorter
correlation time and much larger depth of minima for ¥, signifying larger movement in the tangential and

radial (to alesser extent) directionsthan along thewire axis.

é ?I‘ “Q oy ? &
TN Pnhin
0 0% %% % 0 chqgte, bgy 5% 5.‘$‘ $3tg e
RIOANAR LA Y Sitnhhanty
el.au.°.°.l'o..°, 'Bp::!ﬁ:lt:"ﬁ 'E}b!li “-‘."ﬁa{n‘
oreletate el s NN :q.‘:;.a; ?g.:gﬂ‘?i‘u Lot
© o:.'..-‘.u |. L] !‘ﬁ. ° 5 o t%lff:‘
pa.:.:.: o:° ‘a::;}l::': o ® %%’E;:%g’?
[ ] L] e
@) (b) © (d)

Figure 4-7. Snapshots showing cross-sectional view of (Pdgs-Ptos)2.34m Nanowiresat (a) 300 K (b) 900
K (c) 1400 K (d) 1470 K. Pd atoms are represented by light spheres (orange color), whereas dark

spheresrepresent Pt atoms (blue color).
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Figure 4-8. Snapshots showing side (along the axis) view of (Pdgs-Ptos)234nm Nanowires at (a) 300 K
(b) 900 K (c) 1400 K (d) 1470 K. Pd atoms are represented by light spheres (orange color), whereas
dark spheresrepresent Pt atoms (blue color).

453 Thermal stability of alternative starting configurations

Our simulation results indicate that the nanowires undergo structura transformation from fcc to hep, with
the transition temperature depending on the nanowire composition and diameter. To identify the most
stable low-temperature solid-phase configurations for the bimetallic nanowires, alternative starting
configurations have been utilized for (Pdy 75-Pto 25)2 34nm and (Pdo 5-Pto 5)2 34nm NANOWires. These were hep and
fcp structures, and the annealed-solid structure obtained at the end of one heating-cooling cycle shown in
Fig. 4-1. It isexpected that athermally stable starting configuration would yield a higher melting point for
a given nanowire size and composition, when taken through the annealing and heating/cooling schedule

described in an earlier section.
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Figure 4-9. Variation of potential energy with temperature for different starting configurations of
(Pdo5-Ptos)234nm Nanowires (a) hep having 712 atoms and (b) annealed-solid having 672 atoms. The
solid lines with squar es and diamonds represent heating and cooling of hcp wires, respectively. Solid
line with triangles r epresents the heating of annealed-solid nanowire. The melting points for the two

configurationsare 1250 K and 1510 K, respectively.
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Figure 4-10. Variation of potential energy with temperature for different starting configurations of
(Pdo.75-Pto25)2.34nm N@nowires (a) hep having 712 atoms and (b) annealed-solid having 672 atoms. The
solid lines with squar es and diamonds represent heating and cooling of hcp wires, respectively. Solid
line with triangles r epresents the heating of annealed-solid nanowire. The melting points for the two

configurationsare 1220 K and 1270 K, respectively.
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Fig. 4-9 and 4-10 show the potential energy variation with temperature of the two alternative (hcp and
annealed-solid) low temperature starting configurations for (Pdos-Plos)zzsm @nd (Pdo75-Plo 25)2 34nm
nanowires. It isinteresting to note the increased surface melting in case of hep structures (Fig. 4-9 (a)) than
in fcc (Fig. 4-1 (b)). For (Pdys-Ptos)234nm Nanowire, the melting point of hep configuration (1250 K) is
much lower than that of fcc (1470 K) and that of the annealed-solid (1510 K). This indicates that the fcc
starting configuration is more stable than the hep for (Pdg s-Pto5)2 340m Nanowire in the low temperature solid
phase. As expected, the annealed-solid structure is closer to the global minimum, although the difference
from the fcc melting point is not very large. Bond orientational order parameters of the annealed-solid
structure indicate that it is closer to fcc than hep thereby corroborating the fact that an fcc low-temperature

configuration is more stable for this particular composition of nanowire.

On the other hand for the (Pdy 75-Pto 25)2 34nm NaNOWire, there is not much difference between the melting
points obtained using fcc (1230 K) and hcp (1220 K) starting configurations. The annealed-solid structure
(1270 K) is only dlightly more stable than the other two. Considering that the magnitude of the difference
between the melting points for different configurations is less than 50 K and aso the fact that the
temperature fluctuations around the melting point are of the order of 20 K, it might appear that the starting
configuration has no effect on the actual melting point for this nanowire composition. However, in case of
fcc starting configuration, a solid-solid transition (fcc to hep) takes place at 400 K. Bond orientational order
parameters for the annealed-solid structure formed after thefirst round of heating-cooling cyclein Fig. 4-1
also indicate that the structure is closer to hep type. These seem to suggest that a hep starting configuration
is more stable for (Pdg75-Pto2s5)2340m Nanowire. The low temperature fce-started nanowire undergoes a
structural transformation to hcp within the finite ssmulation time, indicating the possibility of a fcc-hep
phase transition at low temperatures at this composition. Combined, within the limitations of the MD
techniques employed here, we conclude that the possibility of hcp structure formation in the higher Pd
content aloy nanowire is higher. At least, such structures may exist over larger temperature ranges for
these Pd-rich alloys. On the other hand, it is likely that the fcc structure is stable over larger temperature

ranges for the Pt-rich aloys.
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The cooling curves for the hcp starting configurations (Fig. 4-9 (a) and 4-10 (a)) further strengthen the
arguments presented above. The energy of the cooled solid phase for (Pdg75-Pto 25)2 340m Nanowire (Fig. 4-10
() is very close to the initial hcp phase whereas the same in case of (Pdgs-Pts)2 34nm NANOWiIre is much
lower. Analysis of the crystal structure using bond orientational order parameters for the cooled solid phase
indicate a near hcp packing for (Pdg 75-Pto 25)2 34nm @nd @ near fcc structure for (Pdg 75-Plo 25)2 34nm NANOWIres.
Therefore, the possibility of hcp structure for the (Pdg7s-Pto2s)23anm and fcc structure for the (Pdys-
Ptos)2340m Nanowires is indicated by these simulations. The existence of such composition dependent
stability of fcc and hcp structures in nanostructures is not unusual and has been found in experimental

investigations of bimetallic transition metal (Pt-Ru) alloys™.

454 Compositional dependence of smulated phase transitions

The thermal stahility of different starting configurations can be surmised from the data presented in Table
4-3. For 50% Pt composition, fcc clearly appearsto be a better starting point than hcp, whereas for 25% Pt
both fcc and hep starting configurations result in approximately the same final melting temperatures. It is
possible that the fcc configuration might indeed be more stable than hcp for 25% Pt at 300 K and that the
limitations imposed by the finite ssimulation time might not have allowed the system to overcome the
energy barrier for the hcp-fec transition. Considering the fact that Pd-Pt aloys have an fcc structure in their
bulk form, it is expected that an fcc starting configuration might provide reasonable insights into the
simulated phase trangtions in nanophase alloys. In this section, simulated phase diagram for nanowires and
same-diameter nanoclusters are constructed and compared with each other as well as that of bulk Pd-Pt

alloy. The starting configuration at the lowest temperature was taken as fcc for al these simulations.

Phase transitions in nanophase alloys are known to differ from those of bulk***'*2. As discussed in the
previous sections, the mechanism of surface melting in nanowires differs from that of nanoclusters and of
bulk alloys**°. The Pd-Pt nanowires of this work exhibit a two-dimensional surface melting mechanism
characterized by greater cross-sectional atomic diffusion compared to that along the axis. Pd-Pt

nanoclusters on the other hand, were found to undergo a three-dimensiona surface melting mechanism
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characterized by atomic movement which is more isotropic. These differences in the thermal behavior of
nanowires (Section 4.2) from nanoclusters and bulk, along with existence of fcc and hep structures for a
given composition in different low-temperature ranges (Section 4.3) might result in a simulated phase

diagram which presents some features unigue to nanowires.

Table 4-3. Stability of alter native starting configur ations.

Starting configuration T (K) Crystal type of annealed structures at 300
K.
25% Pt 50% Pt 25 % Pt 50% Pt
Fcc 1230 1470 Hcp Fcc
Hcp 1220 1250 Hcp Fcc
Anneded-solid 1270 1510 - -

Fig. 4-11 and 4-12 show the simulated composition dependence of transitions in 2.34 nm diameter Pd-Pt
nanowires and nanoclusters, aswell asin bulk Pd-Pt aloy obtained from FSnobl database™*®. An interesting
feature in both the nanocluster and nanowire ssimulated phase transition diagrams is the existence of hcp
structure at Pt compositions lower than 42% and 45%, respectively. At these compositions, the nanowires
and nanoclusters undergo a solid-solid transformation from an initial fcc to a metastable hep phase. The
melting (liquidus) and the simulated fcc-hcp phase transition temperatures go through minima at a
composition of 25% Pt for the nanowires. This behavior is different from that observed in same-diameter
nanoclusters (Fig. 4-11 (b)) of these metals' aswell asin bulk aloys (Fig. 4-12) which show a monotonic

variation of melting (liquidus) temperature with Pt composition.
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Figure 4-11. Simulated phase transition diagram for Pd-Pt alloy (a) nanowire and (b) nanocluster of
2.34 nm diameter. Squaresrepresent simulated phase boundary for fcc-hep transition in both wires
and clusters. Triangles represent the smulated liquidus temperatures in wires and clusters,
respectively. Simulations at all compositions for wires and clusters were started from an fcc

structure.

74



2050 T ' . .

2000y

1950¢

1900¢

Temperature (K)

1850;

1800O 20 40 60 80 100

Composition (% Pt)

Figure 4-12. Phase diagram of bulk Pd-Pt alloy obtained from FSNOBL database. The region
enclosed between the solidus (solid line) and the liquidus (dotted line) curve represents the two phase

region.

Our simulation results (Fig. 4-11) indicate the absence of a sharp fcc-hep transition for compositions
greater than 45% Pt in nanowires and 42% Pt in nanoclusters. In this composition range, the fcc-hep
transformations are more continuous and hence produce no observable (sharp) change in the
thermodynamic or structural properties. The nanocluster and nanowire melting process is associated with
two competing processes i.e. solid-liquid (surface melting) and solid-solid transformation. The continuous
transition from fcc-hcp is associated with a competing solid-liquid transition. For a given alloy
composition, if the solid-liquid transition temperature is below that of fcc-hep transition, then the melting
point is reached before a complete transformation to an hcp structure might occur. The sharp fcc-hep
transition point for compositions greater than 45% Pt in nanowires and 42% Pt in nanoclusters might lie

above the melting point and istherefore not seen in the smulated phase transition diagram.

There is sufficient experimental and theoretical evidence showing the exisence of hcp structures in
nanostructures of transtion metas (Au®, Pd**) as well as aloys'®*'* which otherwise have an fcc

structure in bulk form. The atomic rearrangement associated with melting in finite-sized structures leads to
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changes in the nature of close-packing (fcc to hep) resulting in the existence of hecp structures over

temperature ranges whose widths vary with composition.

The differences in the temperature ranges over which hcp phases exist in the nanocluster and nanowire
phase diagram might be attributed to the differences in the segregation characterigtics arising from the
different geometries (cylinder vs. sphere) aswell as the differencesin melting mechanisms. The proportion
of surface to core sites in case of nanoclustersis greater than in same diameter nanowires. Therefore, for a
given aloy composition, the extent of surface segregation of Pd atomsin case of clusters would be greater
than in wires. Surface melting, which depends on the segregation profiles, would thus be affected.
Additionally, the Pd-Pt nanowires exhibit a two-dimensional surface melting mechanism characterized by
greater cross-sectional atomic diffusion as compared to that along the wire axis. Pd-Pt nanoclusters on the
other hand, experience a three-dimensional surface melting mechanism characterized by atomic movement
which is more isotropic. The differences in the segregation characteristics coupled with the differences in
the surface melting mechanism appear to result in hep phase being distributed over temperature ranges of

varying widthsin nanoclusters and nanowires.

We find that hcp structures for al compositions surface melt more in comparison to fcc. Therefore, the
earlier the onset of the solid-solid transformation from fcc to hep, the higher are the chances of surface
melted structures being hep and therefore, greater would be the extent of surface melting. Thisimplies that
compositions over which hcp phase exists over a broader temperature range are expected to surface melt
more and have lower melting temperatures. At compositions higher and lower than 25% Pt, the wires show
hcp existence over a narrower temperature range and therefore, experience reduced surface melting leading
to higher melting temperatures. As a result, a non-monotonic variation of melting transition temperatures

with minimum located at 25% Pt is observed in the nanowire simulated phase diagram.
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455 Méeting mode for nanowires and nanoclusters

For nanoclusters of radius R, a melting temperature (T(R)) can be obtained phenomenologicaly by
equating the Gibbs free energy of solid and liquid spherical clusters with the assumption of constant
pressure conditions (Eq. 14 from Ref. (58)):

Tr: _Tm(R)_ 2 _ & " (4.9)
T p.lR|V g ) '

where T, refers to the melting temperatures for bulk (superscript b) and nanostructures (as a function of
radius R), L isthe molar latent heat of fusion, psand p, are densities of solid and liquid phase, respectively,
andysand vy, arethe solid and liquid phase interfacial tensions, respectively. The melting theory developed

for nanoclusters can be extended to nanowires and the depression in melting point from bulk value can be

calculated using the following expression:

T -T.(R_ 1 (P e “s
T P,L°R e 2, 4 '

The factor of two difference between the melting point depressions of cluster and wire arises because of the
change in curvature and consequently Laplace pressure when going from a spherica cluster to a wire.
Similarly geometrical considerations result in a change in the ratios of densities (2/3" power in sphere vs
1/2 in wires). For small density changes between solid and liquid such as in Pd-Pt dloy, we get
(AT (AT)=2 (subscript nc and nw refer to nanocluster and nanowire, respectively). For 50% Pt
composition, the ratio of melting point depression of nanowires to nanoclusters from our simulations is
approx. 1.4. Vaues for the other compositions are listed in Table 4-4. The differences between this
phenomenol ogical model and the simulated values can be attributed to the approximations made in deriving
the model. The surface energy anisotropy of the solid is not taken into account and the possibility of the
existence of inhomogeneous phases (liquid skin wetting the solid wire and cluster) is also neglected. Also,

the segregation profiles of wires and clusters are different and may lead to varying interfacial tension
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values. Inclusion of the above in the phenomenological model might lead to closer agreements with the

simulated values.

Table 4-4. Ratio of simulated melting point depression of wire and cluster.

Composition (% PX) 5% 25% | 50% | 75% | 95%
Bulk m.p (K) 1860 | 1925 | 1970 | 2003 | 2030
Smulated (AT)od(AT)me | 1.3 12 |14 |14 |14

4.5.6 Size dependence of melting point

The melting point of the bimetallic nanowires is known to increase with diameter. To explore the diameter-
dependence of the nanowire melting temperature, smulated values are plotted against the reciprocal of
diameter (1/D) for the (Pdys-Ptos) wiresin Fig. 4-13.

The melting temperatures fit well to the linear dependence obtained by rearranging Eq. (4.4),

T.(D)=T>-B/D (4.6)

where Tr: = 2100 K represents the extrapolated melting temperature at infinite limit. The melting points

calculated in the above expression correspond with the melting of the core composed mainly of Pt atoms
and the extrapolated value agrees well with the bulk melting point (2090 K) of Pt calculated using Sutton-

Chen potential**®. The constant p = 1400 K nm characterizes the linear dependence of T, on diameter (D).
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Figure 4-13. Diameter-dependence of melting temperature (T,) for (Pdgs-Ptos) nanowires. Solid
diamonds represent the melting points of different sized (Pdos-Ptos) nanowires. The solid-line is a
linear fit to the data showing size dependence of melting temper atur e in nanowires.

4.6 Conclusions

The therma characteristics of Pd-Pt nanowires of different diameters and compositions have been
investigated in the present study. The melting point is clearly identified by studying the variaions in
potential energy and specific heat capacity as well as structural parameter such as bond orientational order
parameter. The melting points of nanowires are higher than those for nanoclusters of same diameter and
composition and much lower than the bulk values. The melting behavior in nanowires is characterized by

pre-melting of surface segregated Pd atoms followed by homogeneous melting of the mostly Pt core.

The melting mechanism in nanowires differs from that in same-diameter nanoclusters. Investigations into
the diffusional characterigtics of the constituent atoms in the bimetallic using atomic densty profiles along
nanowire axis and cross-section as well as shell-based diffusion coefficients and velocity autocorrelation
functions suggest that the onset of surface melting of nanowires is characterized by higher in-plane or
cross-sectional movement than aong the axis. At higher temperatures close to the nanowire melting

transition, both these movements become significant. This two dimensional melting mechanism is very
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different from the three dimensional one observed in same-diameter nanoclusters in which the atomic

movement is more i sotropic.

The smulated phase diagram of bimetalic nanowires is quite different from that of same-diameter
nanoclusters as well as that of bulk Pd-Pt aloy. Nanowires undergo solid-solid transition from fcc to hep
resulting in the existence of metastable hcp phase over temperature ranges which vary with the wire
composition. The observed differences in the surface melting mechanism of wires and clusters as well as
the strength of the metal-metal interactions for a given segregation prafile dictate the onset of solid-solid
transition from fcc-hep for a particular nanowire composition. Our simulation results indicate that phase
boundaries (fcc-hep and solid-liquid) dictated by two competing processes i.e. surface melting and solid-
solid transformation are present in nanophase alloys. Although longer smulations times are necessary to
establish the accuracy of the phase boundaries of various transitions, the existence of hcp structures is
clearly established. The hcp phase acts as a precursor to nanowire melting. The variation of melting point
with composition for aloy nanowires is non-monotonic. The extent of surface segregation as well as the
type of crystal structure associated with the initiation and propagation of surface melting dictates the degree
to which the surface melting occurs for a particular composition, which in turn affects the final phase
transition temperature. This manifests itself in the form of non-monatonic variation of melting point with
the alloy composition. The alloy phase diagram goes through a minimum at 25% Pt composition which also

experiences the earliest onset of fcc-hep transgtion.

On cooling, nanowires undergo a sharp liquid-solid transition and show a rather strong hysteresis leading to
an annealed-solid structure. Our findings with detailed simulations of two compositions indicate that both
hcp and fce structure are suitable starting points for 25% Pt whereas fcc is a better starting configuration for
50% Pt. In both the cases, the anneal ed-solid structure was found to be more thermally stable than a pure

fcc or hep structure.

A melting theory developed for nanoclusters was extended to nanowires to facilitate comparisons with the
same. The simulated nanowire and nanocluster melting temperatures over arange of alloy composition are

in moderate agreement with the predictions of the phenomenological models. Sources of discrepancies
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have been discussed. A linear variation of melting point with reciprocal nanowire diameter was found. The
size and composition dependence of nanowire melting temperatures are thus consistent with the available

melting theories.
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Chapter Five

Molecular Dynamics Simulations of the Structural and Dynamic Properties of
Graphite Supported Bimetallic Transition Metal Clusters

5.1 Abstract for chapter five

Molecular dynamics simulations were carried out for Pd-Pt, Pd-Rh and Pd-Cu nanoclusters supported on a
static graphite substrate using the Quantum Sutton-Chen potential for the metal-metal interactions. The
graphite substrate was represented as layers of fixed carbons sites and model ed with the Lennard-Jones (LJ)
potential model. Metal-graphite interaction potentials obtained by fitting experimental cohesive energies
were utilized. Monte-Carlo simulations employing the bond order simulation model were used to generate
initial configurations. The melting temperatures for bimetallic nanoclusters of varying composition were
estimated based on variations in thermodynamic properties such as potentia energy and heat capacity.
Melting transtion temperatures were found to decrease with increasing Cu (for Pd-Cu) and Pd (for Pd-Pt
and Pd-Rh) concentrations and are at-least 100 to 200 K higher than those of the same-sized free clusters.
Density distributions perpendicular to the surface and components of the vel ocity auto-correlation functions
in the plane of the surface indicate that one of the metals in the bimetallic nanoclusters wets the graphite
surface more, and that this weak graphite substrate is able to structure the melted fluid in the first few
monolayers. The wetting characteristics are dictated by the delicate balance between meta-metal and
metal-graphite interactions. Components of velocity-autocorrelation functions characterizing diffusion of
constituent atoms in these bimetallics suggest greater out-of-plane movement, which increases with Cu (for
Pd-Cu) and Pd (for Pd-Rh and Pd-Px) concentrations. Deformation parameters showed that the core (Pd in
Pd-Cu, Rh in Pd-Rh and Pt in Pd-Pt) atoms diffuse out and the surface-segregated (Cu in Pd-Cu, Pd in Pd-
Rh and Pd-Pt) atoms diffuse into the nanoclusters upon melting. Near linear dependence of melting
temperature on composition was found for unsupported clustersin our recent work, which results from the

balance between the extent of surface meting and the radius of remaining solid core
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Non-linear dependence was found in these supported clusters, as a result of reduced surface melting at
higher Pd concentrations, due to the substrate effect. Shell-based diffusion coefficients for layers
perpendicular to the graphite substrate suggest surface melting to start from cluster-surface experiencing
least influence of the graphite field. Surface melting was seen in al three nanoclusters with cal cul ated bond
orientational order parameters revealing the order of Pd-Cu>Pd-Pt>Pd-Rh, for onset of melting. Cluster
snapshots on graphite substrate and calculated cluster diffusion coefficients indicate these nanoclusters to

diffuse as single entities with very high diffusivities consistent with experimental observations.

5.2 Mélting of supported nanoclusters

Metal nanoparticles exhibit physical, chemical and electrical properties that are different from those of bulk

materias or single molecules.*®

The unique properties imparted to nanoparticles by the large fraction of
surface atoms help them find applications in areas such as heterogeneous catalysis, sensors, and micro-
electronics. The size, shape and composition of these nanoparticles are known to affect their physical and
chemical properties. In sensing applications for instance, the increased surface area leads to improved
sensitivity, selectivity and speed of response. As an example, Pd and its alloy nanoparticles have found use
in hydrogen sensing®™ 2. Literature suggests that bimetallics exhibit superior properties in comparison to
their single metal counterparts®. In catalysis and sensing applications, bimetallic nanoparticles supported
on substrates such as alumina, ceria, carbon, quartz or lithium niobate are commonly used. The behavior of
nanoclusters under the influence of a substrate is different from that of isolated nanoclusters'**°. The
properties in these cases are not only dependent on the particle size and surface composition, but also on
the surface morphology and nature of metal-substrate interaction. The key to all potential applications lies
in athorough understanding of thermal, structural and dynamic properties of these nanoparticles especially
under the influence of a substrate. Recent advances in experimental techniques™"*** as well as the insights
gained by using first principles cal culations such as DFT®*3*** have |ed to improved understanding of the

same.
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During the fabrication process, nanomaterials are subjected to chemical, thermal, and mechanical
treatments which alter their surface morphology and hence their cataytic activity. A detailed study of the
melting process of metal nanoclusters is useful in understanding their thermal stability™*°. The solid-liquid
transition in nanoclusters differs significantly from that in bulk materias>*°. Both experimental and
theoretical studies indicate that melting starts from the surface and propagates to the interior, with surface
melting starting at temperatures significantly lower than the homogeneous transition temperature®>>%%¢,
This phenomenon is aresult of reduced coordination of surface sites compared to bulk atoms making them
less constrained in their therma motion. Melting at the nanoscale is known to proceed through an
intermediate state at which solid and liquid state coexist (dynamic coexistence) and the structure fluctuates
between solid and liquid®. Experimental studies and molecular simulations™®***" give further insights into
the dependence of the nanomaterial melting point on size, shape and composition. In most cases, the cluster
melting point is lower than bulk melting value and is known to decrease with cluster size. The variation of
melting point is not always a monotonically increasing function of cluster size, with quantum effects

playing arole at smaller cluster sizes®>®%,

Previous studies in catalysis and sensing applications have indicated improved selectivity towards specific
reactions obtained by controlling surface composition of alloys™®*®!. The aloying process leads to
variations in gructure and surface atomic distribution depending on nanocluster sze, shape, and overall
composition. At nanoscale, bimetallic nanoclusters exhibit a phenomenon known as surface segregation in
which one of the metals preferentially segregates to the surface. The relative surface energy difference
between the two metals dictates the extent to which segregation occurs’™®’’. Additional complexities are
induced by micromixing. As aresult, the melting behavior of alloys differs significantly from that of single

component metal nanoclusters.

Supported bimetallic clusters are used extensively in catalysis and sensor applications, with the support
used primarily to provide mechanica stability. The support also serves to spread out the metal cluster over
more surface area. Recently, the bottom—up approach based on the concepts of self-organization and self-

assembly of suitable nanostructures on a substrate is emerging as a viable alternative for low cost

84



manufacturing of nanostructured materials'®. However, substrate induced effects on nanoparticle

properties are difficult to predict due to the lesser known nature of metal-substrate interactions™.

Mode catalysis studies involve deposition of transition metal clusters in sub-monolayer quantities on a
substrate, with the morphology and reactivity studied by surface sensitive techniques such as STM, TDS
and XPS'. It is expected that the substrate should mimic the properties of the support material used in redl
catalysis and sensing applications. However, the strong interaction of metal oxides such as TiO, and MgO
with metal clusters makes it difficult to study experimentally’®. An alternative is to use a relatively inert
substrate such as graphite or gold so that the underlying properties of the cluster can be isolated from that
of the substrate'®. Graphite which represents the most stable allotropic form of carbon also has a relatively
higher melting point compared to the nanoclusters under study. This makes it an excellent candidate for

determining thermal characterigtics of supported transition metal nanoclusters.

Highly oriented pyrolitic graphite substrates have been utilized to grow Pt nanoparticles using pulsed |aser
deposition techniques (PLD)'®. Cluster atomic distributions characterized by STM have been used to gain
insights into the growth kinetics. It is likely that the surface defects on the graphite substrate act as
nucleation sites for the diffusing Pt species. Similarly, the properties of other metal clusters such as those of
gold™®*%2, platinum®® and Cu-Ni'*’ on a graphite substrate have been studied in the past and the metal-
substrate interactions have been found to result in properties that are different from those of isolated
clusters. Graphite supported cubic and tetrahedral platinum nanocrystals of 8 nm diameter were found to
evolve to spherical shapes at temperatures higher than 500 °C, with surface and total melting occurring at a
dightly higher temperature®. Nanocluster diffusivity on surfaces plays a key role in cluster aggregation
processes. Experimental studies suggest rapid diffusion of small antimony clusters on graphite substrates, a
fact corroborated by molecular dynamics (MD) studies of Lennard-Jones clusters diffusing on non-epitaxial
crystalline surfaces™. Similar MD studies conducted on 249-atom gold nanoclusters indicated high
diffusivity on graphite surface™®®. The role played by substrate atoms on the thermal stability and melting

behavior of nanoclusters has been studied only to a limited extent. A comprehensive understanding of the
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structure and dynamics of substrate supported metal nanoclusters and their effect on the melting behavior

of bimetallicsisdesirable.

In most experimental studies, melting is characterized by changes in shape. However, shape changes are
also observed when solid nanoparticles on a substrate jump from one local minimum to another making it
difficult to calculate the precise transition temperature®'*°. Experimental studies to understand the role
played by a substrate on nanocluster properties are both cost intensive and sometimes difficult to perform.
MD simulations offer a ssmple and comprehensive tool to understand the complex microscopic phenomena
of segregation and micromixing, and provide insights into the role played by the substrate. In the present
work, we employ MD simulations to study the properties of Pd-Cu, Pd-Rh and Pd-Pt nanoclusters of
varying compositions and sizes, supported on a graphite substrate. The large available experimental data on
graphite supported nanoclusters as well as the recent advances in experimental techniques'® can hdp

provide insightsinto the validity of the simulation results.

5.3 Initial configuration set-up

All the transition metals under study in this work (Cu, Pd, Pt and Rh) have an fcc structure. Hence, an fcc
block/lIattice of 500 atoms was constructed from an fcc unit cell by replication in the ABC direction with
centre located at (0, 0, 0). The initid atomic positions of the bimetallic system were determined using
Metropolis Monte Carlo (MC) simulations employing the bond order simulation (BOS) model.”®”” The
energy parameters and site energies needed for the BOS model were generated using density functional
theory (DFT) by Yang® and the same values have been used in the present study. This approximately cubic
nanocluster is supported on a graphite substrate, with the initial metal-substrate distance set to 2 A. The
graphite substrate containing 3600 atoms in two layers was built by AB type stacking to have 73.8 x 73.8 x
6.7 A dimensions. The surface segregation phenomenon present in bimetallic nanoclusters results in lower
surface energy atoms being located at low coordination number sites such as surfaces, edges, and corners.
The extent of surface segregation depends on a number of factors such as difference in surface energy,

mixing energy, and entropy. The final microstructure is aresult of interplay among these factors™”’. In the
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present case, the segregation profile of Pd atoms is different in the three bimetallics (Pd-Cu, Pd-Pt and Pd-
Rh). In case of Pd-Cu, Cu with much lower surface energy completely segregates to the surface with Pd
atoms forming the cluster core. Thereverseistrue for Pd-Rh where Pd has much lower surface energy than
Rh. Pd-Pt represents an intermedi ate case with more Pd atoms located at the surface than Pt, due to dlightly

lower surface energy of Pd than that of Pt.

5.4 Computational details

5.4.1 Pair potential function

MD simulations were performed using DL_POLY™® to gain insights into the mdlting process at the
atomistic level. The embedded atom potentiad® and other long range potentials like the Sutton-Chen
potential® based on Finnis-Sinclair type of potentials have been used in the literature successfully to
predict the properties of fcc-based metals such as Pd, Cu, Rh and Pt. The local eectronic density is

included to account for the many-body terms.

Based on the Sutton-Chen model, the potential energy of the finite system is given by,

Ua=XUi=Y¢e|l ¥ 1\/(I’ij) —Cpi”2 (51)
i i |jzi?

Here, V(r;j) isapair potential to account for the repulsion resulting from Pauli’s exclusion principle.

V (ry) = (ij (5.2)

Thelocal electronic density accounting for cohesion associated with any atom i is given by,

p=Y o) = Z[?] (5.3)

The Sutton-Chen potential predicts properties involving defects, surfaces and interfaces poorly. The

Quantum Sutton-Chen potentia® (hereafter referred to as QSC), includes quantum corrections and takes
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into account the zero point energy, allowing better prediction of temperature dependent properties. The
QSC potential function was found to be better suited to mdting and phase transformation studies of bulk
Cu-Ni and Cu-Au aloys”"™. The QSC parameters for the metal atoms are listed in Table 5-1. The
geometric mean was used to obtain the energy parameter € and the arithmetic mean was used for the

remaining parameters, to model the nature of interaction between metal atoms.

To represent the relatively weak interactions between the carbon atoms in the graphite substrate and an
adsorbed metal atom, the LJ potential function has been used. Previous work on substrate supported metal
nanoclusters indicates that the LJ potential for this interaction provides reasonable predictions of the
thermal behavior of the clusters*”’. The LJ parameters (¢ = 0.002413 eV, o = 3.4 A) for graphite have
already been determined in studies of small molecule physisorption, to quantitatively describe properties
such as monolayer structure and phase transitions'®®*™. The LJ parameters for metal atoms were taken

from Agrawal'

and Lorentz-Berthel ot mixing rules were employed to find well-depth and size parameters
for metal-C interactions. These parameters are listed in Table 5-2. A static substrate with fixed positions

for C atoms was used to reduce the computational load.

5.4.2 MD smulation details

The MD simulations were carried out in an ensembl e approximating the canonical with a constant number
of atoms N and volume V (much larger than the cluster size) without any periodic boundary conditions. A
constant temperature Berendson thermostat with a relaxation time of 0.4 ps was used. The equations of
motion were integrated using Verlet leapfrog algorithm® with atime step of 0.001 ps. The nanocluster was
initially subjected to mild annealing in the 0-300 K interval. This was followed by heating to 1800 K in
increments of 100 K. Near the melting point, the temperature increments were reduced to 10 K to account
for the large temperature fluctuations. The simulations were carried out for 400 ps of equilibration followed

by a production time of 200 ps for generating time-averaged properties.
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Table 5-1. Potential parametersused in MD simulations for metal-metal interactions.

Quantum Sutton-Chen n m e (eV) C a(R)
Pd 12 |6 3.2864e-3 | 148.205 3.8813
Pt 1 |7 9.7894e-3 | 71.336 3.9163
Rh 13 |5 2.4612e-3 | 305.499 3.7981
Cu 10 |5 5.7921e-3 | 84.843 3.603

Table5-2. Potential parametersused in MD smulations for metal-graphite inter actions.

LJ potentials e (eV) o(R)

Pd-C 0.0335 2.926
Pt-C 0.04092 2.936
Rh-C 0.04072 2.898
Cu-C 0.03164 2.839

5.5 Results and discussion

The following subsections discuss identification of the nanocluster melting point and characterization of
structural changes associated with the melting phenomenon for the three bimetallics at the 50% Pd
representative composition. Particular emphasisis on Pd-Cu and Pd-Rh nanocluster which have contrasting
segregation profiles for Pd. Dynamic properties through the nanocluster melting process and the effect of
varying compositions of bimetallics on the thermal characteristics are studied and discussed. The effect of

graphite support on the clugter diffusivity and melting propertiesis also investigated.

5.5.1 M€lting point identification

The trangtion temperature from solid to liquid phase is usually identified from the variation in either the
thermodynamic properties such as potential energy and specific heat capacity or structural properties such
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as bond orientational order parameters or Wigner values. The present study employs both these methods to

identify melting points for different cluster sizes and compositions.

5.5.1.1 Potential energy

Fig. 5-1 shows the temperature dependence of the overall potential energy for the (Pdys-Xos)s00 atom
clusters where X=Pt, Rh or Cu. The potential energy shown in Fig. 5-1 includes both the metal-substrate
interactions as well as the metal-metal interaction. Our calculations indicate that the contribution of the
metal-substrate interaction to the overall potential energy is at least two orders of magnitude less than that

of metal-metal interaction for al the three clusters.

Thetransition from a solid to aliquid phase can be identified by a simple jump in the total potentia energy
curve. This corresponds to a melting temperature of 1390 +10K for (Pdg s-Ptos)s00, 1590 K £10K for (Pdy s-
Rhos)s00 and 1020 10K for (Pdgs-Cuos)se0, S Seen in Fig. 5-1. We find that at temperatures greater than
800 K for Pd-Pt, 900 K for Pd-Rh and 600 K for Pd-Cu, the metal-graphite energy decreases with
temperature and undergoes a sudden decrease near the melting point. The small decrease could be
attributed to the increased metal -substrate interaction resulting from the collapse of the solid structure at the
melting point. The metal-metal interaction on the other hand increases with temperature. Positive
deviations from linearity in the metal-metal potential energy curve indicate tendency of the clusters to
surface melt. The metal-substrate energy profile follows an opposing trend in the temperature range where
surface melting occurs. Therefore, the metal-substrate interaction tends to delay the onset as well as reduce
the extent of surface melting in nanoclusters, thereby resulting in a delay in the final solid-liquid phase

transition.

The variation of total potential energy with temperature for clusters of different compositions is discussed
in subsequent sections. These melting temperatures are 100-200 K higher than those for isolated clusters of
similar composition and size. Numerical comparison of the melting transition temperatures is provided

later in this paper. The delay in the onset of the melting point isaresult of the lesser degree of freedom for
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atoms close to the substrate. Influence of the graphite support on the dynamics of cluster melting will be

discussed in subsequent sections.
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Figure 5-1. Potential energy variation with temperature for (Pdos-Xos)s00 Clusters (a) X=Pt (b) X=Rh
(c) X=Cu.
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Figure 5-1: Continued

5.5.1.2 Specific heat capacity

The specific heat capacity (C,) in a weak coupling ensemble such as achieved with the Berendson
thermostat can be written as a function of fluctuationsin the potential energy <(8Ep)*>*. Strictly speaking,
the specific heat capacity also includes the contribution arising from the ideal gas kinetic energy, which is

however constant and hence has no effect on the change of C, with temperature.

k <(JE.)? >
C,= d
' (KT)?-2a <(JE,)* >/3N

(5.4)

<(JE,)? >=<E} > -<E, ¥

where and a is the ratio of the standard deviations of kinetic and potential

energies.
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a =< (6KE)? >/ <(3Ep)’ > (5.5)

Morishita has proved that a weak coupling ensemble approaches a canonical ensemble for very short
relaxation times (o = 0) and to a microcanonical ensemble for longer relaxation times (o = 1). In the present
case, the Berendson thermostat with a coupling parameter of 0.4 ps leads to a ~10*, making the calcul ation

for specific heat capacity similar to that of a canonical ensemble as given in Eq. (5.6)

c.- k<(5Ep2)2> (5.6)
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Figure 5-2. Variation of specific heat capacity with temperature for (Pdgs-Xos5)s00 Clusters (a) X=Pt
(b) X=Rh (c) X=Cu.
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Figure 5-2: Continued

To identify the melting temperature, the specific heat capacity at constant volumeis plotted in Fig. 5-2. For

all three (Pdys-Xo5)s00 Clusters, the maximum in the specific heat capacity corresponds to the temperature
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where ajump in potential energy is observed. This leads to melting temperature estimates of T,,=1390% 10
K, 1590 K +10K, and 1020 +10K for (Pdos-Ptos)s0, (Ptos-Rhos)soo, and (Pdo s-Cl s)s00, Fespectively. Our
calculations reveal that the metal-substrate part has little effect on the specific heat capacity of the clusters.
The specific heat capacity calculated on the basis of the fluctuations in the metal -substrate energy identifies
same trangtions as those shown in Fig. 5-2. However, they are an order of magnitude smaller than those

reported in Fig. 5-2.

The small peaks in the specific heat capacity curve at temperatures lower than the actual melting point
indicate onset of surface melting. The early onset of surface melting at about 500 K in case of Pd-Cu would
mean that the extent of surface melting is much more than in Pd-Pt and Pd-Rh. Indeed, experimentaly
based interfacia energies and crystallographic considerations suggest Cu and Pd nanoclusters to surface

melt alot morethan Pt and Rh.*"*"

5.5.1.3 Bond orientational order parameters

There are several criteria used to identify local and extended orientational symmetries. One such method is
the bond orientational order parameter method®, which is used to analyze cluster structure as well as to
distinguish between atoms in solid (closed packed) and liquid environment generated at the onset of
melting. The value of the global bond orientational order parameter Q, in a solid cluster depends on the
relative bond orientations and has a unique value for each crystal structure. Based on local solid symmetry,
it was found that cubic and decahedral clusters have nonzero values of q(i) for | > 4 and at | = 6 for those
with icosahedral symmetry. All global order parameters vanish in isotropic liquids for | > 0. The global

bond orientational order values for different types of symmetry are reported in Table 5-3.

The atomsin a solid undergo vibrations about their equilibrium positions leading to distortion of the crystal
structure which is characterized by Q, and Qg values. The magnitude of the nonzero {Q} values depends
on the definition of nearest neighbors and can be changed by including surface bonds in the average. The

cutoff distance (r) for identifying the nearest neighbors was taken to be 3.6 A at 300 K. This corresponds
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to the position of the first minimum in the pair correlation function for fcc Pd-Pt. The cut-off distance ()

at other temperatures and different clusters were ssimilarly identified.

Table 5-3. Bond orientational order parameter valuesfor various geometries.

Geometry | Q Qs
Fcc 0.19094 | 0.57452
hcp 0.09722 | 0.48476
bcc 0.03637 | 0.51069
| cosahedral 0 0.66332
C 0.76376 | 0.35355
Liquid 0 0
0.7 T
- Qg
- Q,
0.6} E
5 05T L
o]
§
g 0.4F E
o}
2
S o3} .
&
M
0.2} E
<
0.1 E
0

] 200 400 600 800 1000 1200 1400 1600 1800

Temperature (K)

@)

Figure 5-3. Variation of bond orientational order parameter swith temperature for (Pdgs-Xos)s00
clusters(a) X=Pt (b) X=Rh (c) X=Cu.
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Fig. 5-3 shows the variation in bond orientational order parameter (BOP) with temperature for the three
bimetallics. Comparison of Q4 and Qs values for fcc with those in Fig. 5-3 indicates rapid structura
rearrangement in all three bimetallic nanoclusters when subjected to annealing between 0-300K. The
change in order parameters of Pd-Cu is more continuous than in the cases of Pd-Rh and Pd-Pt. The rapid
structural changes in the Pd-Cu might be attributed to the early onset as well as greater extent of surface
melting. Fig. 5-3 (a) and (b) indicate Pd-Rh to surface melt more in comparison to Pd-Pt. This effect is
more pronounced with increasing compositions of Cu in Pd-Cu and Pd in Pd-Pt and Pd-Rh. These
observations are in line with the experimental studies which suggest a surface melting order of Cu>Pt
>Rh®. All the three nanoclusters show a transformation to a more or less hep structure before the melting
transition. At the melting point, the Q, order parameters of all the three nanoclusters show a sudden
decrease to near zero indicating the trangtion from solid to liquid phase. The global order parameter Qg for
the three clusters has non-zero values after the phase transition, which could be attributed to the layering
effect of the substrate. The melting points found using these order parameters match those found using

potential energy and specific heat capacity curves.

5.5.2 Structure and dynamics of cluster melting

The following subsections discuss the structural and dynamical changes associated with cluster melting.

Influence of the graphite field on these propertiesis also discussed as isthe effect of composition.

5.5.2.1 Analysis of density profiles

Fig. 5-4 shows the atomic digtributions of Cu and Pd atoms, respectively, during the melting process for the
(Pdos-Cups)soo Cluster adong the z-axis, perpendicular to the surface. Sharp peaks in the density
distributions of both Cu and Pd are evident below the melting transition temperature. The sharper peaks for
Pd than for Cu at 900 K, alittle bel ow the melting temperature, are possibly indicative of higher mohility of
Cu atoms. This conclusion is strengthened by other properties that indicate surface melting, and surface
segregation of Cu atoms. The distributions for both Pd and Cu at 1020 K and 1030 K (dlightly above the

melting transition temperature) indicate that the weak graphite field is able to structure both Cu and Pd in
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the first few monolayers. This layered structuring in the first few monolayers is evident even at the much
higher temperature of 2000 K, for both Cu and Pd. It appearsthat the bimetallic cluster can wet the graphite
surface, and the observed layering effects from the graphite substrate (for clusters) are aresult of the finite
time of simulation. The effect of a change in the cluster composition is manifested in the form of structural
changes as a function of temperature. There is higher Cu enrichment near the graphite substrate with

increasing Cu composition in the bimetallic.
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Figure 5-4. Density profile representing number density (number of atoms/volume) of atomsas a
function of temperature for (a) Pd, (b) Cu from simulations of the (Pdys-Cugs)soo Cluster.
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Figure 5-4: Continued

Similar wetting features are observed in the cases of (Pdys-Rhgs)s00 and (Pdy s-Ptos)s00. 1N both these cases,
Pd with lower surface energy enriches the surface. In both cases of Pd-Pt and Pd-Rh clusters, Pd with
smaller L-J well depth tends to wet the graphite substrate more. Even though C-Rh and C-Pt L-J well
depth parameters are larger than that of C-Pd, leading one to expect Rh and Pt to be present at the surface
more, it is the higher cohesive energy (higher melting point) resulting from a stronger Rh-Rh and Pt-Pt
interactions which leads to Pd spreading on the graphite substrate and Rh and Pt retaining their
hemispherical shape. This is shown for Pd-Rh in Fig. 5-5. As the percentage of Pd in the bimetallic
increases, the Pd wetting phenomenon also increases. The delicate balance between the metal-metal and

metal-graphite interactions determines these wetting characteristics.
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Figure 5-5. Density profile representing number density (number of atoms/volume) of atoms as a
function of temperature for (a) Pd, (b) Rh from simulations of the (Pdys-Rhgs)s Cluster.
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5.5.2.2 Deformation parameters

To explore the surface melting behavior and the associated shape changes, we use deformation parameters
and shell-based sdlf-diffusion coefficients*®® The melting phenomenon is associated with changes in
nanocluster size and shape resulting from the relative diffusion of Cu and Pd atoms. To characterize these
transformations, we use deformation parametersgiven by,

N
D16 = O |

— =l

TN (5.7)

£

where, g refer to either the position coordinates of i atom in an N atom cluster along one of the three (x, ,

z) directions, or the position vector r (X, y, z), and geen iSthe cluster center of mass.
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Figure 5-6. Deformation parameter for (Pdos-Cugs)so at different temperatures.

Fig. 5-6 shows the deformation parameters for (Pdy s-Cug s)s00 plotted as functions of temperature. Eq. (5.8)
indicates atoms with larger deformation parameter to be located farther from the cluster center of mass. As
€cy > €pg at low temperatures, theinitial cluster structure is segregated with Cu atoms located at surface and
cluster-core composed of Pd. Near the phase transtion, €¢, decreases, whereas €pq increases indicative of

theinward diffusion of the Cu atoms and outward diffusion of Pd atoms, thereby leading to a changein the
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overall cluster structure. Also, the atomic composition at the metal-graphite interface changes thereby
affecting the cluster diffusivity on the graphite substrate. Similar behavior is observed for Pd-Rh and Pd-Pt

clusters where Pd atoms move to the interior and Rh (in Pd-Rh), Pt (in Pd-PY) to the outside.

5.5.2.3 Diffusion coefficients

The cluster diffusion coefficient is given by
1 2
= (@@ -r o)) (58)

where r;(t) represents vector position of i™ atom at time t with averages taken over k time origins.

As indicated before, better insights into the surface melting process can be obtained by calculating shell-
based diffusion coefficients. In the present case, insights into the effect of graphite field on the melting of
different layers in nanocluster could be studied by partitioning the cluster into shells of equal width (dz) in
adirection (z) perpendicular to the graphite substrate. Mean square displacements calculated within each
shell were used to calculate the self-diffusion coefficients using Eq. 4.9 for atomsin that shell. The average
inter-atomic distance between atoms in the bimetallic was used as dz. This corresponds to 2.66, 2.75 and
2.72 A for Pd-Cu, Pd-Pt and Pd-Rh, respectively. The atoms were assigned to the bins (shells) based on
their initial positions at the end of the equilibration period. The mean square displacements for each shell

were then generated by averaging over a 200 pstrgjectory with sampling done every 0.1 ps.
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Figure 5-7. Shell based diffusion coefficients in z-direction for (Pdgs-Cuos)seo at (2) Temperatures
leading up to melting (300-900 K) (b) L ow temper atur es (300-600 K).
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As seen in Fig. 5-7 (b), at low temperatures (300-500 K), the diffusion coefficients of different shells are
nearly the same. However, as temperature increases to 600 K, the outermost shells (7" and 8") with
majority of atoms located far away from the graphite substrate, show relatively higher diffusivity. Melting
clearly starts from the cluster surface. However, in case of supported clusters, it starts from the surface
which experiences the least influence of the graphite field. Thisis evident from the much higher diffusivity
of shell 8 located farthest (approx. 19.75 A) from the graphite substrate. With further increase in
temperature (800-900 K), the effect of the graphite substrate is confined to a few monolayers and more
shells (5™-8") exhibit the same behavior. Above the melting point, al the shells show relatively greater
diffusivity indicative of phase transformation. Cluster snapshots taken at different temperatures corroborate
the same (Fig. 5-8). Interestingly, the layer (shell 1) closest to the graphite substrate exhibits much higher
diffusivity compared to 2™, 3" and 4" shells at 900K for this Pd-Cu cluster. This effect could be a result of
increased number of Cu atoms having higher diffusivity than Pd, in shell 1 at elevated temperatures (Fig. 5

8 (e)), thereby signaling the onset of surface melting in thislayer.

Similar surface melting features are observed in case (Pdys-Pto 5)s00 and (Pdy 5-Rhg 5)s00, although the onset
of surface melting takes place at dlightly higher temperatures. Same size clustersricher in Pd (in case of Pd-

Rh and Pd-Pt) and Cu (in case of Pd-Cu) compositions surface-melt more in comparison to others.

(@ (b)

Figure 5-8. Cluster snapshots taken at different temperaturesfor (Pdys-Cugs)se at (a) 300K (b) 500
K (c) 600K (d) 700K (€) 900K (f) 1000 K.
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Figure 5-8: Continued

5.5.2.4 Velocity auto-correlation functions

Fig. 5-9 shows normalized in-plane (Wr=<V,(t,).V (t+t)>) and out-of-plane (¥z =<V, (t).V(tx+t)>)
vel ocity autocorrelation functions (W) calculated for Cu and Pd atoms for different shells along z-direction
perpendicular to the graphite substrate at 900 K. The partitioning of shells has been discussed in the
previous section and few shells are omitted in Fig. 5-9 for clarity. At high densties (solid phase), atoms are
closely packed, causing rebounding oscillations to be more numerous than scattering collisions, and many
rebounds cause ¥ to change sgn. At lower densities within the cluster corresponding to the liquid phase,
Y(t) becomes negative and passes through a minimum before approaching zero. The above arguments and

Fig. 5-9 (a) and (b) suggest shells 1-3 (closer to graphite substrate) to exhibit solid like and those far away
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(shells 5-8) to exhibit liquid like characterigtics for Cu atoms. Similarly, Pd atomsin shells 1-7 exhibit solid

like characteristics and those in 8 show liquid like behavior. This suggests surface melting to start from the

surface which experiences the least influence of the graphitefield.
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Figure 5-9. Shell based velocity autocorrelation function for Cu atomsin (Pdgs-Cugs)seo at 900 K (a)
In-plane (b) Out of plane.
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Figure 5-9: Continued

Components of velocity autocorrelation function (Wr and Wz) characterize the diffusion of Cu and Pd atoms
at 900 K in x-y plane (In-plane) and z-direction (Out of plane) respectively. Comparison of ¥r (Fig. 5-9(a))
and Wz (Fig. 5-9(b)) for Cu atoms, indicate shorter correlation time and much larger depth of minima for
the latter signifying larger z-directional motion than in the x-y plane. The greater z-directional motion is
attributed to the stronger attractive pull of the graphite field on the surface melted Cu atoms. Similar
diffusion characteristics (larger z-directional motion) are aso observed for Pd atomsin al shells, with most
of the shells (1-7) exhibiting solid like characteristics as evident from the much higher rebounding
oscillations. We find that Pd atoms in the outermost shell (Shell 8) experience less attractive pull from the
graphite field than Cu atoms in the same shell. The above arguments not only corroborate the results
presented in the earlier sections, but aso suggest pedling off of the surface melted Cu atoms (as was
evident from z-density profilesin Fig. 5-4, 5-5 and the snapshots in Fig. 5-8), thereby exposing the inner

solid Pd atoms (1-7). This effect becomes more profound with increasing compositions of Cu in Pd-Cu.
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The implications of such an exposure of Pd atoms on sensing applications would be discussed in
subsequent sections. At still higher temperatures leading up to melting, even the shells closer to graphite
substrate exhibit more scattering collisons than the rebounding oscillations suggesting a phase

transformation to liquid.

In case of (Pdys-Ptos)s00 and (Pdy s-Rho 5)s00 Nanoclusters, stronger metal-metal interaction resultsin similar
behavior being observed at elevated temperatures i.e. 1300 K and 1450 K respectively. An increase in the
composition of Pd in these nanoclusters results in a pronounced surface melting effect, leading to greater
attractive pull on the surface melted atoms by the graphite field. The increased surface melting causes the
otherwise weak graphite field to overcome the strong metal-metal interaction resulting in higher
concentration of surface melted atoms (Cu in Pd-Cu, Pd in Pd-Pt and Pd-Rh) in shells closer to graphite
substrate. Thus, the delicate balance between various metal-metal and metal-graphite interactions dictate
the onset of surface melting as well as the diffusion characteristics (greater out of plane z-directional

motion) of nanoclusters.

5.5.3  Effect of cluster composition on cluster melting point

Fig. 5-10 (a) showsthe variation of melting point with composition for Pd-Pt clusters. The melting point of
supported clusters is greater than unsupported clusters for all compositions. The reduced degrees of
freedom of supported cluster atoms are responsible for the larger melting temperatures. While unsupported
clusters exhibit a near-linear variation in melting point with composition, the supported clusters show a
deviation from linearity for high Pd compositions. The near-linear variation for unsupported clustersresults
from the balance between the extent of surface melting and the radius of remaining solid core. At higher Pd
compositions, reduced surface melting due to the effect of graphite field leads to nonlinear variation. In
case of Pd-Cu and Pd-Rh nanoclusters (Fig. 5-10 (b)), increasing compositions of Pd lead to an increase
and decrease in melting points, respectively. However, in both the cases, clusters rich in more surface
melting metals (Cu in Pd-Cu and Pd in Pd-Rh) exhibit much higher deviation from an otherwise linear

behavior.
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Figure 5-10. Variation of melting point with cluster composition for (a) supported and unsupported
Pd-Pt clusters having 500 atoms (b) Supported Pd-Cu and Pd-Rh clusters having 500 atoms (c)
Supported Pd-Pt cluster having 256 atoms.
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The finite size of nanocluster aloys leads to phenomenon such as surface segregation as well as surface
melting which results in the phase diagram of nanocluster aloys being different from those of bulk alloys.
It isinteresting to note from Fig. 5-10 (a) that the difference between the melting points of pure Pd and Pt
clusters correspond to 350 K and 310 K for supported and unsupported cases. This is very close to the
difference between bulk melting points for Pd and Pt calculated using the same potential function (330
K)™. For small cluster systems, it is expected that the melting point difference should be lesser than the
bulk, afact corroborated by our smulations involving smaller szed clusters of Pd and Pt where the melting

point differenceis 190 K (Fig. 5-10 (c)).

5.5.4 Effect of graphite support

As indicated by the density profiles, one of the metals in the bimetallics wets the surface more, leading to
enriched compositions of the same near the substrate surface. The substrate also delays the onset of surface
melting, thereby, increasing the overall cluster melting temperature. When the cluster isin a surface melted
state, the effect of the substrate is to pull the loosely bound surface melted atoms. The net effect is to peel
off the surface layers of the bimetallic thus exposing the inner core. This effect is more pronounced at
higher compositions of Cu in Cu-Pd and that of Pd in Pd-Pt and Pd-Rh clusters. Fig. 5-11 shows the time
evolution of a Cu atom located at the top surface. Each interval of 200 ps corresponds to an increment of
100K starting at 300K. Thus, at temperatures much below melting (<800K), the atoms mostly vibrate about
their equilibrium temperature, characteristic of solid phase. At dightly higher temperatures close to
melting, larger fluctuations and movement are seen. Another striking feature isthe reduction in the distance
between the surface-segregated metal atom and substrate with an increase in temperature. This behavior is

true for al theloosely bound surface atoms.
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Figure5-11. Trajectory of one such copper atom located at surface. The melting point (T,) of the
Pd-Cu cluster is 1020 K.

In case of sensor and catalytic applications, results of energetic studies using density functional theory
(DFT) indicate the segregation profiles to be reversed on exposure to gases like CO*™*', thereby reducing
poisoning. However, the presence of substrate exposes the inner core of surface melted clusters. Under
these conditions, poisoning gases like CO could have serious implications on effectiveness of sensors,

especially at higher temperatures.

5.5.5 Cluster mobility on graphite substrate

The cluster mohility on the graphite substrate was studied by monitoring the motion of cluster center—of-
mass at different temperatures over atime period of 600 ps. As seen from the cluster snapshots, the cluster
diffuses as a single entity. At low temperatures, the cluster motion is restricted to less than 1 A? typical of
the atomic vibrations in solid phase. After phase transition, cluster movement is over a much larger area
(approx. 90 A?). Our calculations indicate that the surface-diffusion coefficient remainslow at cluster solid

phasei.e. below 800 K and increases greatly near the cluster melting point. An increase in the composition
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of Cu in Pd-Cu and Pd in Pd-Rh leads to higher values of cluster diffusion coefficient, resulting in higher
cluster mobility on the graphite substrate. This is attributed to the size mismatch between the metal and
carbon atoms at the interface. The inward diffusion of Cu atomsinto the cluster core near the melting point
changes the interfacial concentration leading to changes in the cluster mobility (diffusion coefficient). The
high mobility of the clusters is consistent with experimental results®” and is likely a result of the size

mismatch between the metal and carbon atoms.

5.6 Conclusions

The melting characteristics of graphite-supported bimetallic clusters have been studied using MD
simulations. The melting points of bimetallic nanoclusters have been found by studying variations in
thermodynamic and structural properties with temperature. In al the cases, the effect of the weak graphite
support is to delay the onset of melting leading to higher transition temperatures compared with isolated
nanoclusters, but still lower than bulk melting points. The delay results from the opposite trends observed
in metal-graphite and metal-metal temperature-energy profiles. For al the three nanoclusters, most of the
contribution to the total energy and specific heat capacity arises from metal-metal interactions. The melting
temperature depends on nanocluster size and composition with the finite size of nanoclusters resulting in
melting temperatures being different from bulk alloys. Our studies indicate that structural transformations
occur at temperatures much below the phase trangition. The graphite field causes arapid rearrangement of
atoms located close to the substrate. Bond orientational order parameters suggest a more rapid structural
transformation with increasing temperatures in Pd-Cu clusters than Pd-Pt or Pd-Rh nanoclusters. This

effect is more pronounced at higher compositions of Cu (Pd-Cu) and Pd (Pd-Pt and Pd-Rh clusters).

The dynamic properties associated with substrate-supported cluster melting were studied using deformation
parameters, diffusion coefficients, velocity auto-correlation functions and analysis of density profiles.
Components of velocity auto-correlation function characterizing diffusion of the constituent atoms in the
bimetallic nanoclusters suggest greater out-of-plane movement in comparison to in-plane which increases

with increasing composition of Cu in Pd-Cu and Pd in Pd-Rh and Pd-Pt. The effect of cluster composition
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on melting of graphite supported nanoclusters is a nonlinear variation for high Pd composition in case of
Pd-Pt nanoclusters. Supported Pd-Cu and Pd-Rh clusters also exhibit similar characterigtics at higher Cu
and Pd compositions, respectively. The graphite support serves to reduce the extent of surface melting
thereby introducing nonlinearity. The melting point differences between pure Pd and Pt supported
nanoclusters decreases with cluster size. Simulated melting temperatures for bulk alloys agree well with

experimental values.

Our studies indicate that wetting behavior is influenced by the weak metal-graphite, and the metal-metal
interactions. Influence of the graphite field is restricted to a few monolayers of atoms and has a more
prominent effect on surface melted atoms. Shell-based diffusion coefficients indicate greater surface
melting in shells located farther away from the graphite substrate. We find the cluster to diffuse as a single
entity on the graphite surface. All the three nanoclusters studied exhibit high diffusivities on the graphite

substrate, consistent with experimental observations.
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Chapter Six

Molecular Dynamics Simulation of Temperature and Strain Rate Effectson the
Elastic Properties of Bimetallic Pd-Pt Nanowires

6.1 Abstract for chapter six

Molecular dynamics simulation is used to investigate the mechanical properties of infinitely long,
cylindrical bimetallic Pd-Pt nanowires, with an approximate diameter of 1.4 nm and two different
compositions (25 and 50% Pt). The nanowires are subjected to uniaxial tensile strain aong the [001] axis.
The quantum Sutton-Chen potential function is used to describe the inter-atomic potentials between the
transition metal atoms. A loose-coupling thermostat (Berendson) is selected for temperature control of the
simulated system, with a time constant of 25% of the total relaxation time during each strain increment. In
the present simulation, these nanowires are subjected to varying strain rates of 0.05%, and 5.0% ps?, at
simulation temperatures of 50 and 300 K, to study the effects of strain rates and thermal conditions on the
deformation characteristics and mechanical properties of the nanowire. The rupture mechanism of these
nanowires subjected to uniaxial tensile stress is explored in detail. Analyses of the changes in crystal
structure associated with the wire deformation are carried out and are used to deduce mechanical
properties. Comparisons to the behavior exhibited by pure Pd and Pt nanowires of similar diameter are also

made.

The mechanism of stress-strain response is investigated under various loading conditions. It is found that
yielding and fracture mechanisms depend on the applied strain rate as well as atomic arrangement, and
temperature. At low temperature and strain rate, where crystal order and stability are highly preserved, the
calculated stress-strain response of pure Pt and Pd as well as Pd-Pt alloy nanowires showed clear periodic,

stepwi se dislocation-rel axation behavior.
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Crystalline to amorphous transformation takes place at high strain rates (5% ps™), with amorphous melting
detected at 300 K. Due to higher entropy of the nanowire at higher temperature and strain rate, periodic
stress-strain behavior is absent, and superplasticity behavior is observed. Deformation of nanowires at
higher strain rates and low temperature, where the superplasticity characteristic is significantly enhanced,
results in the development of a multishell helica structure. Mechanical properties of the alloy nanowires
are significantly different from those of bulk phase and are dictated by the applied strain rate, temperature,
alloy composition aswell asthe structural rearrangement associated with nanowire elongation. We find that
the Y oung's modulus of both the single component as well as alloy nanowires depends on the applied strain
rate and is about 70-75% of the bulk value. Ductility of the studied nanowires showed a non-monaotonic
variation with Pd composition at low strain rates and was significantly enhanced for wires devel oping and
rearranging into a multishell helical structure which occurred at higher strain rates. The Poisson ratio of Pd
rich aloys is 60-70% of its bulk value whereas that of Pt rich aloys is not significantly changed at the
nanoscale. The calculated differences in the nanowire mechanical properties are shown to have significant

effect on their applicability in areas such as sensing and catalysis.

6.2 Mechanical properties of Pd-Pt nanowires

Nanowires represent structures having multifunctional potential and have been the focus of intense research
primarily due to their unusual mechanical*”’, thermal***™*'8  dectrical'™® and optical®® properties. The
unique properties of nanowires result from their finite size and help them find applications in many
different areas such as catalysis, sensing, microelectronics, etc. In particular, knowledge of mechanical
properties of nanowires is extremely important for emerging applications in areas of nanocomposite
strengtheners'™®, nanoscale interconnects'® and active components in nanoe ectromechanical (NEMS)

devices'®18,

The search for nanomaterias having combinations of desirable properties such as high mechanica
strength, reversible inelastic deformation, fatigue resistance and the ability to act as sensors and actuators

has intensified in recent years.’®>*® Our interest lies in their application in sensing. Nanomaterial sensing
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layers such as Pd and its alloys are employed for chemical and biological species detection in surface
acoustic wave (SAW) sensors.® The propagation of SAWSs results in these nanowires being subjected to
continual stresses. The elastic properties of these nanowires play a significant role in determining the

device sensitivity and speed of response.

The Young's modulus as well as the Poisson's ratio of a material influences the speed of propagation and
reflection of surface acoustic waves.! In sensing applications, the ratio of compressiona to shear wave
speed is important in inferring the device sensitivity and speed of response. This wave speed ratio depends
on Poisson's ratio. Poisson's ratio also affects the decay of stress with distance, and the distribution of
stress. Thus, the response of sensors utilizing nanomaterial sensing layers can be expected to be different
from those utilizing thin films. Hence, knowledge of the mechanical properties of these nanowires is

important to establish the stability and robustness of nanomaterial based SAW sensors.

Experimental work based on the scanning tunndiing microscopy (STM) and atomic force microscopy
(AFM) and related techniques have been used to study the stress-strain relationship in nanowires®" %, In
these experiments, the tip of the STM or AFM is brought sufficiently close to the substrate at € evated
temperatures and a whisker of material is drawn till it breaks. The force acting between the tip of the STM
or AFM and the substrate can be measured and the resulting high resolution stress-strain plots can be
analyzed to understand the mechanical behavior of these wires. It has been found that the properties
strongly depend on the temperature, nature of the material involved as well as the dimensions of the
sample. In one such study, the diameter dependence of mechanica properties such as Young's modulii of
individual tungsten oxide (WQOs3) nanowires, directly grown onto tungsten scanning tunneling microscopy
tips, was carried out using a custom-built in situ transmission electron microscopy (TEM) measurement
system.™ Recently, the atomic aspects associated with Au-Ag alloy nanowire thinning during mechanical
stretching have also been experimentally investigated using high resolution transmission electron microscopy

by Bettini et al.*®
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Computer simulations such as molecular dynamics (MD) represent a form of numerica experiments which
can be used to complement laboratory studies based on STM or AFM. % Atomistic simulations at the
nanoscale have shown that surface stresses and crystallographic orientation play a dominant role in
determining material properties*®*®°, The effects of intrinsic surface stresses have been found to endow

nanowires with extremely high yield stresses and strain'®’

, as well as yield strength asymmetry in
tension and compression. Similarly, crystallographic orientations have been shown to have a direct, firs

order effect on the deformation mode in fcc nanowires.*®

Most of the MD simulations to calculate mechanical properties have focused on single component metals.
In particular, analysis of tensile failure modes in metal nanowires under different orientations has received
greater attention. Wen et al. studied the structure and properties of Ni nanowires.® Koh et d. studied
temperature and strain rate effects on solid platinum nanowires subjected to uniaxia tension.”® Several
such studies on gold nanowires are also available®?®, These demonstrate the ability of gold nanowires to
form single atomic chains under tensile loadings. Stress driven phase transformation from fcc to bet (body-
centered tetragona) in gold nanowires was observed by Diao et a.*"** Similarly, stress induced phase
transformation in inter-metallic Ni-Al nanowires was reported by Park.*® Shape memory and pseudo-
plastic behavior were observed in single crystalline monatomic fcc nanowires.®® Gonzalez et al. studied
structural and quantum conductance properties of atomic size Cu nanowires generated by mechanical
stretching.?”” Recently, Cao et al. have investigated the differences in the mechanical behavior of Cu fcc
nanowires and those with five fold twinned structures®® Ikeda et al. used Finnis-Sinclair potentials to

study strain induced amorphization in Ni and Ni-Cu alloys.*®

Although many studies have focused on single component systems such as gold, nickel and copper
nanowires, few studies have been dedicated to the study of mechanical properties of aloy nanowires.
Complex phenomena such as surface segregation and micro-mixing occur in aloys of finite-sized
structures such as nanowires.”® For a given composition of the bimetallics, the microstructure is dictated by

surface energies and mixing energies of the constituent atoms. Atoms with lower surface energies tend to
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segregate to low coordination number sites, the extent of which is determined by the interplay between
surface energies, mixing energies and entropy. Our prior investigations of the therma properties of these
nanowires indicate a composition and temperature dependent solid-solid phase transformation from fcc to
hep structures. The preferential movement of atoms along the nanowire cross-section than aong the wire
axis led to the occurrence of these transformations. Such transformations can result in the failure modes of
alloy nanowires that are different from single component wires. Further, in view of the available
experimental and theoretical evidence suggesting the dependence of mechanical properties on alloy

composition and nanostructure; we are motivated to study the elastic properties of bimetallic nanowires.

In the present work, we study the effect of strain rate and temperature on the mechanica properties of
bimetallic Pd-Pt nanowires using MD simulations employing quantum Sutton-Chen potentia function® for

two representative Pd compositions viz 25% and 50% Pt.

6.3 Initial nanowire size and configuration

Transition elements such as Pd and Pt exhibit an fcc structure in the bulk solid phase. A large block of fcc
was formed from a fcc unit cell by replicating it in ABC directions. Using various cutoff radii, cylindrical
structures representing nanowires of different diameters (D) having approximately 1.4 nm were created.
The nanowires were modeled as infinitely long wires by the application of periodic boundary condition
along the wire axis. By choosing different length/diameter ratios, it was ensured that the results were not

influenced by the periodic boundary conditions for the smulated infinitely long nanowires.

In order to identify the initial atomic positions of the constituent atoms for a given bimetallic composition,
these structures were subjected to a Metropolis M onte-Carlo simulation employing a bond order simulation
(BOS) modd ™®"’, to generate the minimum free energy initial configuration which was subsequently used
for studying the stress-strain response. The BOS model has been tested over a range of bimetallics and
comparisons with experimental data reveal close agreement with the microstructure predicted by the BOS

model. Although Monte-Carlo simulations employing Sutton-Chen potential have also been used to predict
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the global minima of trangtion metal clusters, our calculations indicate that the equilibrium structures
obtained using BOS model are more energetically stable compared to those obtained using Sutton-Chen
potential model . Although there are slight differences in the segregation profiles obtained using the BOS
and Sutton-Chen potential model, we find that the initial stresses generated in the smulations under high
and low strain rate conditions, using the minimum energy configuration obtained from Sutton-Chen
potential, are not very different from those obtained using configurations generated utilizing BOS model.

The stable configurations or nanostructure generated in the above simulations consisted of surface
segregated structures with lower surface energy Pd atoms occupying lower coordination number sites and
therefore preferentially locating themselves at the surface. The core comprised mainly of high surface

energy Pt atoms. These surface segregated nanowires were then subjected to uniaxial tensile stresses using

molecular dynamics simulations for evaluating their mechanical properties (Fig. 6-1).
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Figure 6-1. (Pdgs-Ptos) nanowire having 16 atomic layers (416 atoms) in itsinitial unstressed state.
Pd atoms are shown in red and Pt atomsin purple.

6.4 Computational details

Molecular Dynamics (MD) simulations using DLPOLY™® were performed to gain insights into the
mechanical properties at the atomistic level. All the properties were obtained as time averages over the
particle positions and velocities. The embedded atom potential® and other long range potentials such asthe

Sutton-Chen potentiad® based on Finnis-Sinclair type of potentials have been used in the literature
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successfully to predict thermal and mechanica properties of fcc based metals such as Pd and Pt. The local

electronic density isincluded to account for the many body termsin these potentials.

6.4.1 Potential function
Based on the Sutton-Chen potential, the potential energy of the finite system is given by,
Ua =YUi=Y¢l X %\/(rij) —C,GM

i 0| j#i .

Here, V (r;j) isapair potential to account for the repulsion resulting from Pauli’ s exclusion principle.

v(r,) = [?J (62)

ij

The second term in Eq. (6.1) represents the metallic bonding energy associated with the local electron

density (i) given by,

p = i[EJm (6.3

The Sutton-Chen potential poorly predicts properties involving defects, surfaces and interfaces. The
quantum Sutton-Chen potential® (hereafter referred to as QSC), includes quantum corrections and takes
into account the zero point energy allowing better prediction of temperature dependent properties. The QSC
parameters for the Pd and Pt are listed in Table 6-1. The geometric mean was used to obtain the energy
parameter ¢ and the arithmetic mean was used for the remaining parameters, to predict the nature of

interaction between Pd and Pt.
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Table6-1. Potential parametersused in MD smulations of Pd-Pt nanowires.

Quantum Sutton-Chen [ n [ m | &(eV) c a(A)
Pd 12 | 6 3.2864e-3 | 148.205 | 3.8813
Pt 11 |7 9.7894e-3 | 71.336 | 3.9163

Differentiating Eq. (6.1) with respect to I;;, the total force of the system is given by:

& a mc( _ _ a _
Fosc :—r—z n[—} —7(,0i 1’2+pj1’2{—J f (6.4)

ij 7 i

In the above expression, ﬁj isthe unit vector representing inter-atomic distance between atomsi and j.

6.4.2 MD smulation details

The MD simulations were carried out in an ensembl e approximating the canonical with a constant number
of atoms N and volume V with periodic boundary condition applied aong the nanowire axis. The equations
of motion were integrated using the velocity-Verlet algorithm.®® The atomic vel ocities were scaled to the

simulation temperature using the Berendsen thermostat.” The simulated strain rate is given as:

As,
N_ At

(6.5)
step

_ L.(Ngg) - L,(0) . . . .
where, £, = represents the nominal strain of the nanowire at each time-step. The

LZ (0)

strain increment at each step was fixed at 0.5% per increment. The number of relaxation steps (Ngep) Was
fixed at 10000. By varying the time-step of the simulation (At) from 0.01 fsto 1 fs, different strain rates
ranging from 5% ps* to 0.05% ps* were simulated. For a 3 nm nanowire length, these strain rates

correspond to approximate stretch velocities of 1.5 and 150 m/s, respectively. The Berendsen thermostat
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with a coupling constant of T=0.025, 0.25 and 2.5 ps was used for the respective strain rates. These resulted

in modest temperature fluctuations, which lead to correct canonical averages of the system properties. The
system properties during each strain increment were computed by averaging over the final 2000 steps. The
axial stress was computed as the arithmetic mean of the local stresses on al the atoms:
1 N N
0,(€) :—iZZFijZ(‘g)rijz(‘g) (6.6)
NQ i=1 j=i

j#i
In the above equation, FijZ represents (001) component of the pair-wise inter-atomic force between atomsi

and j, obtained from Eq. (3.6). Q' refers to volume of atom i and rijz represents inter-atomic distance

along the (001) direction between the ij pair. The stress-strain responses (Eq. (6.6)) as well as eagic

properties such as Y oung's modul us and Poisson’s ratio of nanowire obtained from the simulation statistics

are analyzed in the subsequent sections.

6.5 Results and discussion

The simulated stress-strain response of Pd, Pt and their alloys under various loading conditionsis presented
in this section. The temperatures at which the response was studied were well below the surface melting
temperatures of the nanowires. This ensured that the starting configurations of nanowires were
completely solid phase. In the present study, we have used various potential cutoff values (for generation of
Verlet neighbor list) between 2-2.5%|attice constant for each temperature and strain rate and found that the

results obtained are independent of the same.

6.5.1 Mechanism of stress-strain response in alloy nanowires under low strain rate
conditions

The stress-strain response starting from an initial unstressed state to complete rupture for Pd, Pt as well as
their aloy nanowires (25 and 50% Pt) simulated at 50 K and 0.05% ps™ strain rate are shown in Fig. 6-2.

Nanowires at these four compositions respond to the strain in qualitatively the same way. The initial non-
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zero stress arises from the capillary forces associated with the free surfaces®™. The nanowire extension
commences with an elastic deformation from itsinitial state (<A> of Fig. 6-3) to its threshold value defined

asthefirst yidd state <B>. At this low strain rate, stress is related to strain by Hooke's law. For 50% Pd

aloy nanowires, the first yield strain (&) corresponds to 0.095 and the corresponding stress (o) is 15.03

GPa.
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Figure 6-2. Stress-strain response of Pd, Pt and Pd-Pt alloy nanowires at T=50 K and strain
rate=0.05% ps™.

Beyond the first yield state, the wire experiences an abrupt dislocation and undergoes an irreversible
structural rearrangement to a reconstructed crystal configuration shown in <C> (Fig. 6-3). The nanowire at
<B> undergoes slippage aong the (111) plane which results in a nearly discontinuous drop in the stress
value. For a closed pack structure such as fcc, the smallest Burgers vectors exist along the [110] direction,
which makes it energetically favorable to reconstruct along the (111) dip planes. This didocation
mechanism has been discussed in detail by Finbow et al.?2 The number of atomic layers increases from 16

to 18 beyond the eastic limit. It can be seen from Fig. 6-2 that alloys having higher composition of Pt
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require higher stress to bring about slippage along (111) plane and experience this dislocation at higher

strains.
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Figure 6-3. Snapshots showing atomic arrangement of (Pdos-Ptos) wires at different strain values for
T=50K and strain rate=0.05% ps*. Pd atoms arerepresented in red and Pt atomsin purple.

Extension of the reconstructed nanowires results in a second disocation to state <D>. A smaller stress

(approx. 9.6 GPa for 50% PY) isrequired to bring the nanowires to the second didocation point at £=0.125.



In this regime, an out-of-plane rearrangement of atoms along the (111) plane occurs. The reconstructed
lattice obtained after thefirst dislocation is not able to attain the minimum energy state and hence a smaller
stress is sufficient to bring about further dislocations. Further increase in strain leads to repetition of the
dual process i.e. an dadic stretch followed by a dip. Thus, a series of such dislocations and crystal
rearrangement occurs for the subsequent strains. The amount of stress required to bring about subsequent

dislocations decreases. During this process, the surface atoms are progressively displaced from their
original positions and this leads to surface rupture which results in the neck formation at €=0.510 as shown

in <E>. The location of the neck depends on the point of greatest concentration of the multiple twinning
planes for low applied strain rates™. The neck continues to become smaller from <E> to <G> where the
two nanowire segments are joined by a mono-atomic strand. The nanowire radius continues to decrease
with wire elongation. Once this is sufficiently narrow, i.e. approx. 2*lattice constant, breaking can take
place. This complete rupture occurs at a strain value greater than 0.800 for 50% Pt wires as illustrated in

<H>.

At thislow temperature, the lattice order is highly preserved owing to the smaller atomic oscillations about
their equilibrium positions. The crystal structure has a tendency to maintain its stable configuration which
resultsin well defined periods of yielding. Therefore, the stress-strain response of nanowires at low strain
rates and low temperatures follows a stepwise periodic behavior in which the nanowire undergoes dippage,
relaxes and subsequently reconstructs. It was found that qualitatively there is no difference in the
deformation and rupture mechanism of Pd-Pt nanowires of various compositions, which could mainly be
attributed to the very small size mismatch between the constituent atoms. This is true for other loading
conditions also and hence, nanowire having representative composition of 50% Pt would be discussed in

the subsequent sections.

The stress-strain response of the four studied nanowires (Pd, Pt, Pd-Pt at 25% and 50% Pt) at 300 K and
0.05% ps* strain rate is shown in Fig. 6-4. With an increase in temperature (from 50 to 300 K), the entropy
increases and the atoms vibrate about their equilibrium position with increased amplitudes. The increased

oscillations in turn result in relatively larger lattice instability. As a result, the system favors disruption of
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lattice order and encourages lattice reconstruction. Therefore, compared to Fig. 6-2, the nanowires at this

higher strain rate experience an early onset of sippage. For example, the 50% Pt nanowire has a 21% lower

yield strain (gr, ) and a corresponding 20% smaller yield stress (o).
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Figure 6-4. Stress-strain response of Pd, Pt and Pd-Pt alloy nanowires at T=300 K and strain
rate=0.05% ps™.

The onset of out-of-plane slippage at 300 K in 50% Pt nanowires occurs earlier at € = 0.080 (Fig. 6-5 <C>),
compared to € = 0.100 at 50 K. The periodic slippage and lattice rearrangement continues till surface

rupture at € = 0.140. Further increase in strain results in necking observed at €, = 0.255. The neck

continues to become narrower until complete rupture a €., = 0.770.
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€=0.255 € =0.600 €=0.765 €=0. 770

Figure 6-5. Snapshots showing atomic arrangement of (Pdos-Ptos) wires at different strain values for
T=300K and strain rate=0.05% ps™. Pd atoms arerepresented in red and Pt atomsin purple.

The ductility of the nanowire is typically defined as the percent elongation in its length before undergoing
complete rupture. In the present study, a modified ductility parameter (AEp) of a nanowire is defined as the

strain interval between the onset of necking and complete rupture and used as a measure of its ductility.

This parameter assumes specia significance in characterizing the ability of the nanowires to form linear

atomic chains. For 50% Pt aloy at 300 K and 0.05% ps*, A€;=0.770-0.255=0.515 or 51.5% whereas the

same at 50 K is (0.800-0.510=0.29) or 29%. Therefore, the 50% Pt alloy nanowire at 300 K is about 22%

more ductile than at 50 K. The ductility of the studied nanowires is summarized in Table 6-2. It can be seen
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that the ductility of alloy nanowires shows a non-monatonic variation with composition and increases with
temperature. At both the temperatures, nanowires of 75% Pd composition are more ductile than the 50% Pd

alloy aswell asmono-metallic wires.

As brought out earlier, the initial surface and core compositions of nanowires vary with the aloy
composition and for a given alloy composition, depend on the surface energies of the constituent atoms.
Upon stretching the nanowires, the slippage and didocations leading up to the necking result in variations
in the nanowire cross-sectional area aong the wire axis. Depending on the aloy composition, the induced
local variations in surface area might result in expelling or engulfing of constituent atoms. As a result, the
strength of metal-metal interaction which dictates the onset of necking and fina rupture also changes with
wire elongation and affects the onset of necking and final rupture. Therefore, the strain interval between the
onset of necking and rupture is strongly influenced by alloy composition and is dictated by the relative
strength of the metal-meta interactions in the binary alloy nanowires. The influence of ductility on

nanowire applicationsis discussed in a subsequent section.

Table 6-2. Ductility of nanowiresat strain rate (0.05% ps®) and different temperatures.

50K 300 K
Nanowire composition Ductility Ductility
(% Pd) . £ (AEp %) € & (AEp %)
0 0.315 0.610 29.5 0.350 0.910 56
50 0.510 0.800 29 0.255 0.770 51.5
75 0.290 0.775 48.5 0.430 1.050 62
100 0.330 0.670 34 0.250 0.690 44
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6.5.2 Mechanism of stress-strain response in alloy nanowires under high strain
rate conditions

Under high strain rate conditions (£ = 5% ps?), the stress-strain response of nanowires exhibits a
completely different behavior as shown in Fig. 6-6. The stress-strain response of the nanowires at
& =5% ps* and 50 K exhibits “mini-peaks’ or “wavelets’ during the yielding cycles, indicative of higher
disorder in the crystal lattice. This behavior was observed by Koh et a.*® in their smulations of Pt
nanowires and by Ikeda et a.*® for Ni and Cu-Ni alloy nanowires, when subjected to strain rates of up to
4% ps* and 5% ps?, respectively, by these two authors. This phenomenon is attributed to the onset of
amorphous deformation at higher strain rates. Beyond the first yield strain, the system changes

continuously from a crystalline fcc phase to an amorphous phase.

— Pt
0 : ; : : 0 : ; : :
0 0.5 1 15 2 25 0 0.5 1 15 2 25
Strain (g) Strain (g)
20 20
— 25% Pt —50% Pt
__ 15 1 15 ]
) )
o o
e 10 © 10
N N
° 5 ° 5
0 : ; : : 0 : ; : :
0 0.5 1 15 2 25 0 0.5 1 15 2 25

Strain (g) Strain (g)

Figure 6-6. Stress-strain response of Pd, Pt and Pd-Pt alloy nanowiresat T=50 K and strain rate=5%
a

ps™.

The onset of amorphous phase at the higher strain rate and lower temperatureis indicated by the snapshots
shown in Fig. 6-7. The amorphization at high strain rates is attributed to the increased kinetic energy of the

atoms. When the strain induced kinetic energy of the atoms exceeds the enthalpy of fusion, the onset of
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amorphization takes place”®. Nanowires rich in Pt composition have higher enthalpy of fusion and hence
experienced the onset of amorphization at higher strains. Our findings indicate that at high strain rates, the
dippage alowing for reconstruction along the (111) plane is absent. Ingtead, the wires exhibit
superplasticity behavior right after yielding. Owing to the high degree of lattice disorder, the nanowires
yield at extremely high stresses. For 50% Pd nanowires, the yield stress (o) is 18.4 GPaand corresponding
yield strain (gg) i.e. 0.110 at 50 K. The stressrequired at 50 K is 22 % higher and the corresponding strain
is 16% higher than that required at £ =0.05% ps®. Beyond this strain, deformation of the nanowire
proceeds uniformly with no necking phenomenon observed for all the wires. The nanowires continue to
extend and experience complete rupture at much higher strains. The rupture strain (g, is2.10 for the 50 %

Pd nanowire.

<A> <B> <C> <D>

Figure 6-7. Snapshots showing atomic arrangement of (Pdys-Ptos) wiresat different strain values for
an applied strain rate=5% ps* and T=50 K. Pd atoms ar e represented in red and Pt atomsin purple.
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Figure 6-7: Continued

Further extension of nanowires at higher strain rate appears to be associated with structural changes. From
the snapshots shown in Fig. 6-7, the nanowires appear to evolving into a helical structure. The existence of
helical structures in Pt nanowires was seen in the simulations of Koh et al.”® However, at the strain rates
simulated by these authors, the formation occurred at the junction of the two nanowire segments before
complete rupture. In our case, the nanowire appears to be evolving into stable helical structures along its
entire length. It appears that at the extremely high aspect ratios, the fcc structure might not represent the
most stable phase and therefore the amorphous/melted material would transform into a multi-shelled helix.
Indeed, such a structure has been reported to occur for Pt nanowires by Oshima et al.?* who used eectron

beam thinning method at el evated temperatures to form 6-0 single walled platinum nanotube approximately

0.48 nm diameter. It is possible that the mechanical extension of fcc nanowires at 50 K and & = 5% ps*
might have lead to the formation of similar helical structure observed by Oshima et a. Depending on the
alloy composition, aresidual stress of about 2.5-3 GPa was observed after the rupture of the nanowire into
its fragments. This could be attributed to the presence of stable structures (possibly helical) within the
broken fragments or else to an artifact of the long range nature of the potential, which would giveriseto a
detectable force between the separated portions of the wire. This would however require a separate

investigation of its own.
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The stress-strain response of 50% Pd nanowires subjected to high strain rate (& = 5% ps') and 300 K is
shown in Fig. 6-8. At the higher temperature (e.g. 300 K) and the higher applied strain rate (£ = 5% ps*),
the nanowires exhibit superplasticity behavior after yielding (&, = 0.060) as can be seen from the snapshots
of 50% Pd wiresin Fig. 6-9. The nanowires, however, yield at lower stresses (ory = 8.04 GPa for 50% Pd)
and corresponding lower strain (€ = 0.060) as seen from the stress-strain response in Fig. 6-8. The stress

required at 300 K is 55% lower and the corresponding strain is 45% lower than that required at € =0.05%
ps' at 50 K. This might be attributed to the increased entropy of the system at higher temperatures. The
rupture mechanism as well as the response characteristics of the nanowires (Pt, 50% Pt, 25% Pt and Pd)
under varying loading conditions are in qualitative agreement with those of Koh et a.?® and Finbow et

al?2, who studied the mechanical behavior of Pt nanowires subjected to uniaxial tension.

10 .
8 8
g 6 g 6
e e 1
N 4 N 41
b b
2 2]
0 : : 0 : :
0 0.5 1 1.5 0 0.5 1 1.5
Strain (g) Strain (g)
10 10
8 —25% Pt 8 —50% Pt
g 6 g 6
) )
N 4 N 4
b b
2 2
0 : : 0 : :
0 0.5 1 1.5 0 0.5 1 1.5
Strain (g) Strain (g)

Figure 6-8. Stress-strain response of Pd, Pt and Pd-Pt alloy nanowires at T=300 K and strain
rate=5% ps™.

The nanowires continue to deform after yielding and finally ruptured at much lower strains (€, = 1.10 for

50% Pd). The multishell helica structure similar to that observed at 50 K appearsto evolve at 300 K aso.
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However, at higher temperatures and strain rates, there was insufficient time for these structures to further
relax and develop to a longer length. As a result, the rupture strains (and hence the ductility) are much

lower than those observed at low strain rates and lower temperatures.

€ =0.000 €=0.060 €=0.640 €=1. 100

<A> <B> <C> <D>

Figure 6-9. Snapshots showing atomic arrangement of (Pdgs-Ptos) wires at different strain values for
an applied strain rate=5% ps® and T=300 K. Pd atoms are represented in red and Pt atoms in
purple.

6.5.3 Structural analysis
Radial distribution function® (RDF) can be used to analyze the structural changes associated with the
different strain rates. RDF of (Pdys-Ptys) nanowire strained along the [001] direction a 50 K and at the

lower strain rate as shown in Fig. 6-10. The crystalline fcc structure is clearly evident from the RDF of
nanowires at €=0. With an increase in grain, the peak value of the nearest neighbor distance is reduced.
Further a split in the peaks is also observed. The phenomenon responsible for splitting of the peaks is
illugrated in Fig. 6-11. Upon elongation to €=0.09, the nearest neighbor distance along the (001) planeis
reduced whereas the nearest distance along the (100) plane increases leading to a face centered
orthorhombic structure as shown in Fig. 6-11. The corresponding digributions of the first neighbor

distances are therefore split into the two peaks, each peak representative of the nearest neighbor distance

along the (100) and (001) planes, respectively. Further stretching of the nanowires beyond the first yield
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(1) resultsin acrystal rearrangement back to an fcc structure as shown in Fig. 6-10. The number of atomic

layers increases from 16 to 18 to compensate for the increase in length while maintaining the inter-atomic

distance of 2.75 A.
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Figure 6-10. Radial distribution function of (Pdgs-Ptos) hanowire strained along the [001] direction at
50K and 0.05% ps™.

When subjected to the higher strain rate (5% ps?), the first peak in the nanowire RDF broadens whereas the
second peak, located at ~ 0.38 nm and representing the octahedrd sites, gradually disappears as the strain
increases beyond €=0.11 (shown in Fig. 6-12). The nanowire structure transforms homogeneously from an
original crystalline fce structure to the amorphous state with no evidence of strain hardening or necking that
is observed in metal nanowires at lower strain rates. At higher strain rates, the atoms do not have sufficient
time to diffuse and form a stable crystalline configuration corresponding to the physical configuration with
lower energy. Similar behavior is also exhibited by Ni** , Au?™ and NiCu”®® nanowire when subjected to

high strain rates (5-15% ps™).
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Figure 6-11. During elastic deformation, fcc evolves into a fco (face centered orthorhombic)
structure. Theinitial fcc structure with radius R at zero strain is shown in (a). When subjected to a
tensile strain along the [001] direction, the near est neighbor distances changeasR’’>R>R’. Along the
(001) plane, the inter-atomic distance in nanowires reduces as shown in (b), whereas it increases
along the (100) plane as shown in (c).
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Figure 6-12. Radial distribution function of (Pdys-Ptos) nanowire strained along the [001] direction at
50K and 5% ps™.
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6.5.4 Elastic properties of alloy nanowires

The Young’'s modulus and Poisson ratio are computed for the different nanowires prior to the first yield
strain at the two studied temperatures and strain rates. A linear regression analysis of the stress-strain data
was used to obtain the least squares best fit straight line through the sample points. The slope of the line
gave the Young's modulus under various loading conditions. A correlation coefficient () was used to
quantify the degree of linearity between the stress and strain data points. Physically, it is indicative of the
stability of the lattice when subjected to axia deformation. The higher the value of the correlation
coefficient, the more stable is the crystal lattice. At r=100%, the constituent atoms do not vibrate about
their equilibrium positions (e.g. lattice structure at T=0 K) whereas at r=0% the system is in a state of
maximum entropy and is indicative of a completely random cluster with the atoms exhibiting Brownian
motion (e.g. dilute gases). The Young's modulii and the associated correlation coefficients are summarized

in Table 6-3.

Table 6-3. Young' s modulus (GPa) of various nanowiresunder different loading conditions.

Property | £=0.05% ps* & =5% ps*

Nanowire
50K | 300K |50K 300 K

E (GPa) | 105 89.8 82.1 80.1
Pd r (%) 99.75 | 99.73 | 83.29 84.01

E(GPa) | 120 97.7 104 88.9
Po 75-Plo s r (%) 99.97 |99.35 | 84.32 82.86

E(GPa) | 130 117 134 98.8
Pdos-Plos r(%) 99.78 | 99.74 | 85.64 85.17

E (GPa) | 152 126 135 100
P r(%) 99.96 | 99.72 | 89.94 88.24
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The bulk value of Young's modulus for Pd and Pt are 121 and 168 GPa, respectively. Our findingsin Table
6-3 indicate that the Young's modulus shows a near linear increase with composition of Pt in the Pd-Pt
alloy nanowires for the various strain rates. The extent of deviation from bulk value depends on the alloy
composition. Our results indicate that the alloy nanowires rich in Pt are stiffer and show lesser deviation

from bulk value than Pdrich aloys.

At low strain rates, the Y oung’ s modulus for the nanowires is 13% (for Pd) and 25% (for Pt) lower than the
bulk values at 300 K whereasit is 10% (for Pd) - 14% (for Pt) lower at 50 K. Similar behavior is exhibited
by the alloy nanowires. At the higher strain rate and at 50 K, the elastic modulus is 32% (for Pd) and 20%
(for Pt) lower than the respective bulk values. Increase in temperature at high strain rates leads to a
significant drop in the Young's modulus for both single component as well as alloy nanowires. The
correlation between the stress and the strain values is above 99% and is therefore very strong at lower strain
rates. At high srain rates, the nanowire experiences higher degree of disorder. The onset of amorphous
phase results in significant lowering of the correlation coefficients (85-90%), even at temperatures as low
as 50 K as shown in Table 6-3. Therefore, nanowires when subjected to higher strain rates are significantly
softened as also indicated by the Young's modulus. The implications of a lesser tiff nanowire on their
applicability in MEMS and other areas are discussed in a subsequent paragraph. The effect of alloying on
the mechanical properties of Pd nanowires is clearly evident from Table 6-3. Young's modulus increases
with Pt composition for the various simulated |oading conditions. It appearsthat aloys having 50% or more

Pt would have mechanical properties closer to that of pure Pt.

The Poisson ratio was calculated following a similar procedure by carrying out a regression analysis on a

R-R
scatter plot of radia (eq) vs. axial strain (g,,). Theradial strain of the nanowireis defined as&,, = —R

R

where R is the radius of the wire at strain state ¢, and R is the initial radius of the nanowire in its
ungtressed state. The mean distance of the surface atoms from the centroid of nanowire was used to obtain

the average radius R at each strain state. Fig. 6-13 shows the determination of Poisson ratio from a plot of
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axial vs. latera strain for one particular case. The results for different loadings are summarized in Table 6-
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Figure 6-13. Determination of Poisson ratio for Pd nanowireat T=50K and & = 5% ps™.

The Poisson ratio for bulk Pd and Pt are 0.38 and 0.39, respectively. The Poisson ratios of Pd-Pt alloys also
have values between 0.38 and 0.39. At the nanoscale, the Poisson ratios of Pd and Pd rich alloys differ
significantly from bulk values. The Poisson ratio of Pd and 25% Pt alloy nanowires are 32% and 21%
lower than bulk values, respectively. Our results in Table 6-4 indicate that the Poisson ratio of Pd rich
nanowires shows a stronger deviation from the bulk behavior. This suggests that the deformations in the
radial and axial directions are less strongly correlated for Pd rich nanowires than for Pt rich alloy
nanowires. The Poisson ratio of most materials lies between 0 and 0.5. Materials with Poisson ratio ~ 0.5
(e.g. rubber) are considered incompressible. The lower value of Poisson ratio suggests that the materid is
more compressible. Thisindicates that Pd and Pd rich alloys are therefore more compressible and malleable

than Pt and Pt rich dloys.
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Table 6-4. Poisson ratio (v) of nanowiresfor different loading conditions.

£=0.05% ps* & =5% ps*
Nanowire Property
50K |[300K |[50K 300 K
N 0.26 0.23 0.27 0.26
Pd
r (%) 99.46 | 9521 | 8817 88.61
N 0.30 0.28 0.28 0.27
Po 75-Plo s r (%) 99.24 | 98.07 |89.34 89.69
N 0.32 0.30 0.29 0.30
Pdos-Plos r (%) 99.66 | 97.75 | 91.38 90.12
N 0.35 0.34 0.34 0.31
P r(%) 99.79 | 98.02 |97.16 95.61

At low strain rates and high temperatures such as 300 K, the Poisson ratio of nanowires is 3-13% lower
than at alower temperature such as the smulated 50 K, depending on the alloy composition. The slightly
higher compressihility is attributed to the increased kinetic energy at higher temperature. With increase in
strain rates, onset of amorphous transformation takes place and there is a further reduction in the Poisson
ratio of nanowires. The higher malleability is attributed to increased lattice disorder. Theincreasein crystal
ductility as well as malleability and compressibility, results from the devel opment of short ranged order of
the crystal structure at higher gtrain rates. The Poisson ratio and other mechanical properties of (Pdys-Ptos)

nanowires are summarized in Table 6-5.

The influence of the various derived mechanical properties on the applicability of nanowiresin sensing and
other applications is discussed herewith. Comparisons of finite element simulations of a typical SAW gas
sensor (100 MHz) utilizing a Pd nanomaterial sensing layer with properties derived from the present study
and a thin Pd film have shown significant differences in the wave propagation velocities. Our simulations
(ignoring any mass loading effect) indicate a time delay of 1 ns in the acoustic wave propagation between

211

the two cases which is attributed to changes in dastic modulus.?** Experiments by Srinivasan et a.?*® have
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also shown significant differences in the sensitivity and speed of response of SAW sensor devices utilizing
nanomaterials which cannot be solely explained on the basis of increased surface area. Although the
mechanical properties of nanowires in gaseous and liquid environment are required to quantitatively
establish the sensor characteristics, the present results do indicate that significant differences between the
nanoscale and bulk elastic properties prevail which are likely to have a bearing on the applications of

nanowires as sensing layers in some types of gas and biological sensors.

Table 6-5. Summary of mechanical properties of (Pdgs-Ptos) nanowires.

£ =0.05% ps* £ =5%ps"’

Nanowire property
50 K 300K 50 K 300K
Strain 0.095 0.075 0.110 0.060
Firg
Yidd Stress 15.03 11.90 18.38 8.04
(GPea)
Rupture 0.800 0.770 2.10 1.10
Ductility 29 51.5 146 46
Young'sModulus | 130 117 134 98.8
(GPea)
Poisson ratio (v) 0.32 0.30 0.29 0.30

Apart from sensor applications, the nano-mechanical properties also influence the electronic propertiesi.e.
conductance quantization.”*"*# We find that the deformation behavior of nanowires subjected to high train
rates is very different from those subjected to low strain rates. The dips, necking, and atomic
rearrangements might be responsible for the sudden reduction of area, and, subsequently, the quantized
conductance, that has been observed both numerically and experimentally for nanowires, especially at low
strain-rate”™®. Consequently, it is reasonable to predict that the conductance of nanowires under high strain-

rate deformation will be quite different from low strain-rate cases. It is expected that the conductance a
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high strain-rate deformation would be a continuous function of elongation insead of a quantized change

due to the smooth reduction of area.

Several experimental and theoretical studies have tried to establish the correlation between the conductance
quantization and nanowire mechanical properties”®??°, The mechanical ingtability is reflected asajump in
the conductance and force plots. The conductance slope between jumps was found to be influenced by the
Poisson ratio. Simplified models developed by Torres and Saenz?* predict the normalized conductance to
decrease with Poisson ratio and wire elongation for transition metals such as Au and Pt. Therefore, the data
in Table 6-4 implies that wiresrich in Pt composition would be a better choice than Pd rich wires as nano-

contactsin NEMS applications.

6.6 Conclusions

Molecular dynamics simulations, of Pd, Pt and Pd-Pt alloy nanowires subjected to uniaxia tensile strain
along the [001] direction, were carried out. The changes in the crystal structure and mechanical properties
of nanowires under various loading conditions were anayzed. It was observed that the crystalline order is
preserved at low strain rates and lower temperature. Under these conditions, the nanowire elongation is
accompanied with periodic elastic yielding cycles, with planar dislocation and slippage occurring along the
(111) plane. The deformation behavior at low temperatures such as 50 K is characterized by dips and
rupture with low ductility. On elongation within the first yielding, the analysis of RDF reveals that the
initial fcc crystal structure changes into face centered orthorhombic (fco) type. Alloys richer in Pt
composition required higher applied stresses before yielding and yield at higher strains than aloys having
lower Pt. With an increase in temperature for the same applied strain rate, the system entropy increases and
periodic response of the nanowires becomes less defined. The ductility of nanowires increases with

temperature over the entire range of Pd composition.

The stress-strain response at high strain rates is less strongly correlated. An increase in strain rate at 50 K

resultsin a continuous change from crystalline to amorphous type for all the nanowires, thereby displaying
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superplasticity behavior. The amorphous nanowire appears to transform into a relative stable multishell
helical structure. The helical structure significantly increases the ductility of the nanowires. Complete
rupture occurs when the wire length is approximately three timesits origina length. The helical structureis
also observed at higher temperatures. However, the increased entropy results in reduced stability of these
nanowires. Although the stress-strain response of the alloy nanowires is qualitatively similar to that of
single component nanowires, significant quantitative differences exist. These differences manifest
themselves in the form of unexpected variations in the nanowire mechanica properties with alloy

composition.

Mechanical properties of the alloy nanowires are found to be significantly different from those of bulk
phase and are dictated by the applied strain rate, temperature, alloy composition as well as the structural
rearrangement associated with nanowire elongation. Theinitial surface and core compositions of nanowires
vary with the alloy composition and were also found to significantly influence their mechanical properties.
The ductility of alloy nanowires at low strain rates was found to exhibit a non-monotonic variation with Pd
composition. At the nanoscale, the calculated Young's modulus and Poisson ratio depend on the applied
strain rate. It was found that the Y oung’s modulus of alloy nanowires varies approximately linearly with Pd
composition for the various applied strain rates and is about 70-85% of the bulk value with the exact
lowering dependant on the alloy composition, temperature and the applied strain rate. Similarly, the
Poisson ratio of Pd rich aloysis 60-70% of its bulk value whereas that of Pt rich alloysis not significantly
changed at the nanoscale. The differences in elastic properties are attributed to the finite size effect. The
effect of the differences in mechanical properties of nanowires on their applicability in sensing and other

areas is discussed.

The results from the present study might be used as input for linear continuum and macro-scale modeling
of catalysis and sensing related applications which typically involve nanostructures of Pd, Pt and their
alloys. Although, in view of the observed variations of mechanica properties with alloy composition and
its dependence on the wire microstructure, the variations of elastic properties with aloy nanowire diameter

can be expected to be very different from those of single component wires. Thisis primarily because for a
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given composition, the nanowire segregation profile or microstructure undergoes significant variations with
size/diameter of aloy wires. The current findings have laid the groundwork for further investigations into
the size effect of mechanica properties for aloy nanowires as well as other aspects of mechanical

properties such as axial compression and bending for transition metal aloy nanowires.
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Chapter Seven
Applicationsto Gas Sensing: Response of a SAW Hydrogen Sensor

7.1 Abstract for chapter seven

Surface acoustic wave (SAW) devices coated with a thin layer of chemo-selective materia provide highly
sensitive chemical sensors for the detection and monitoring of vapors and gases. The species detection is
carried out by monitoring the shiftsin frequency of the surface waves generated on piezoel ectric substrates.
These devices are conveniently small, relatively inexpensive and quite sensitive. The design of efficient
sensors necessitates the devel opment of response models which can lead to improved understanding of the
wave propagation characteristics in SAW devices. The analytical models used to simulate the mechanical
and electrical behavior of piezoelectric devices generally introduce simplifying assumptions that are often
invalid for actua designs. Numerical techniques such as finite element method have proven to be a viable

option to model wave propagation in SAW devices operating in the MHz-GHz range.

In this work, 3-D finite element models (FEM) based on a~100 MHz Y Z-LiNbO; piezoedectric substrate
coated with a thin Pd sensing layer was simulated to gain insights into the H, sensor response. Literature
suggests that structural and morphological changes due to gas absorption occurring at the molecular scale
affect the material properties of the sensing layer which in turn affects the wave propagation at macro-
scale. The changesin the materia properties of the sensing layer on gas exposure were used to simulate the
behavior of a SAW sensor. Frequency responses of the displacement and voltage waveforms generated at
the output IDT nodes were used to quantify the effects of gas interaction. This study demonstrates the

effectiveness of finite element models in understanding gas sensor response.
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7.2 Gassensing

Considerable attention has been dedicated to the development of anaytical and computer modeling
techniques to understand the characteristics of surface acoustic waves generated in SAW devices®™®?.
Recent advances in sensors and wireless communication systems indicate the need for high performance
SAW devices often operating in high frequency (GHz) range. Most of the anaytical techniques require
simplification of second order effects such as backscattering, charge distribution, diffraction and
mechanical loading.”>?* However, these effects become significant for SAW devices operating in the high

frequency range.

The models commonly used to simulate the mechanical and electrical behavior of piezoe ectric transducers
generally introduce simplifying assumptions that are often invalid for actual designs®’. The geometries of
practical transducers are often two (2-D) or three dimensional (3-D)?***. Simulations of piezodectric
media require the complete set of fundamental equations relating mechanical and electrical quantities to be
solved. Finite difference or finite dement scheme are sufficient to handle the differential equations®’ %,

The finite element method has been preferred because it alows handling of complex geometries.

Finite e ement was applied by Lerch®® (1990) to calculate the natural frequencies with related eigen modes
of the piezoelectric sensors and actuators as well as their responses to various dependent mechanical and
electrical perturbations. A direct finite element analysis was carried out by Xu to study the
electromechanical phenomenain SAW devices”?®. The influence of the number electrodes on the frequency
response was analyzed. These finite element calculations were able to evaluate the influence of the bulk
waves at higher frequencies. Ippolito et al. have investigated the effect of electromagnetic feed through as
wave propagation in layered SAW devices’®®?, The same modd was extended to study eectrical
interactions occurring during gas sensing®. Recently, a 3-D finite element model was developed for a
SAW palladium thin film hydrogen sensor based on a XY -LiNbO; substrate™. An AC analysis was carried
out to study the effect of the palladium thin film on the propagation characteristics of the SAW was studied

in the absence and presence of hydrogen. Variations in mass loadings, eastic constants and conductivity
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were the factors used in evaluating the velocity change of the wave. All the above demonstrate the
feasibility of finite element methods to adequately model SAW sensor response under varying conditions.
In the present work, the variations in the Pd film properties placed on YZ-LiNbO; substrate, commonly
used in gas sensing applications, are used to model H, sensor response. Instead of an AC analysis, an
impulse voltage is applied on the IDT fingers and the frequency response based on the voltage waveform
generated at the receiving IDT fingers is used to characterize the sensor response. The caculated
displacement waveforms in the three directions are compared for the two cases (with and without H,
absorbed). The design parameters (Substrate and IDT dimension) are different and closer to that used
experimentally in our group. Preliminary results showing effect of gratings on transmission losses are also

reported.

7.3 Finite element model
The propagation of acoustic waves in piezoelectric materias is governed by the mechanical equations of
motion and Maxwell’s equations for dectrica behavior™***". The constitutive equations of piezodectric

mediain linear range coupling the two are given by:

—~ Eo_a't
D =84Sk 4k K (72)

Dy g0
The quasi-static assumptions help reduce Maxwell’s equation to 0x and 0x . The

1( du du;
Sj gl s B
2( 0x;  Ox

components of strain are defined by .

The above equations give a system of four coupled wave equations for the electric potential and the three
component of displacement in piezoel ectric materials.

0’y . 0 g _

- L +cF k +e.
v o, 0% %mm

(7.3)
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These coupled wave equations can be discretized and solved for generating displacement profiles and
voltages at each element/nodes. We use the commercially available FEM code ANSYS. The main
advantage of using ANSYS lies in the flexibility in modeling different physical phenomena and also the

pre- and post-processing capabilities.

7.4 Simulation details

A 3-D finite edlement model based on a piezoelectric (lithium niobate) substrate with dimensions (400pum
width x 1600um propagation length x 500um depth) was simulated to gain insights into the sensor
response. Two IDT finger pairs in each port were defined at the surface of Y-cut, Z-propagating LiNbO3
substrate. The fingers were defined with periodicity of 40 um and aperture width of 200 um. The width of
the IDT fingers (d) was taken as 10 um. Thus, the wavelength of the wave generated ~ 40 pm (A=4d). The
velocity of the acoustic wave (v) on YZ-LiNbO; substrate is 3487 m/s. Hence the device frequency is
expected ~ 87 MHz (f = v/4). Sensors operating in such high frequency range (MHz-GHz) allow for higher

sensitivity.

@ (b)

Figure 7-1. Finite element model of wave propagation in YZ-LiNbO; (a) Patterned IDT fingers
represented by coupled sets of nodes on the meshed substrate are shown (b) The application of
impulse voltage at the transmitting gener ates Rayleigh waves which propagate in both the directions.
Thecoupled IDT finger pairsare shown in green.
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The IDT fingers were modeled as mass-less conductors and were represented by a set of nodes coupled by
voltage degrees of freedom (DOF). A total of approximately 80,000 elements (more than 100000 nodes)
were generated. The model was created to ensure higher node density at the surface and throughout the
middle of the device to study the different modes of surface acoustic waves and the use of tetragonal
elements with 4 DOF ensured the same. Three DOF's provided the displacements in the longitudinal (x),

normal (y), and the shear horizontal (z) directions and a fourth for the voltage.

The structure (with and without sensing layer) was simulated for a total of 100 nanoseconds (ns), with a
time step of 1 ns. The excitation of the structure was provided by applying an impulse function on the

transmitter IDT fingers.

(7.5)

7.5 Sensing layers

The simulations of SAW gas sensor device were carried out for two different material properties of the
sensing layer. The firgt part of the simulation involved calculating response at the output IDT for material
property of the sensing layer without any gas adsorbed. In the second part, the materia property of the film
was varied in accordance with the changes expected for 3% hydrogen gas absorption. This would require
the sensing film volume to be increased by 10% to compensate for the expansion due to mass change. The
structure density was decreased by 2% and Young's modulus of easticity changed from 128 GPa to 110

GPaZSS'ZSA.

Thin palladium films known to have high affinity for hydrogen were utilized as sensing layers in the

present study. A 500 nm thick palladium film was defined between the two IDT ports. The film width and

150



length were taken as 100 and 88 microns respectively. Interaction with Hy gas results in changes in the
palladium film properties which in turn affects the wave propagation velocity. For a known change in
propagation velocity, the concentration of hydrogen gas could be calculated. The key factors contributing
to the velocity change are variations in mass loadings, elastic constants and conductivity. Absorption of H,

leads to a decrease in density and Y oung’s modulus of elasticity.

7.6 Results and discussion

The voltage and displacement waveforms with and without hydrogen absorbed into a thin Pd film are
shown in the Fig. 7-2 (a) and (b). The changes in materia properties in accordance with hydrogen sorption
resultsin atime delay of around 3 nsin these waveforms at the nodes representing the output IDT’s. The
substrate is anisotropic and hence the displacement profiles along the different directions independent of
each other. The maximum time shift occurs in the surface normal displacement component (U,) which is

the closest to the Rayleigh mode.

(@)

Figure 7-2. Voltage and surface normal displacement (U, profile at the output IDT, with and
without hydrogen absor bed.

151



Figure 7-2: Continued

Also, the sorption of H, resultsin wave attenuation of the voltage and displacement waveforms. The least
attenuation and time delay is experienced in the x-direction which represents the shear horizontal
component (Fig. 7-3 (a)) of the generated wave. A 3D representation of the wave propagation in the YZ
substrate is shown in Fig. 7-1. The input and the output IDT’s are placed on the right and left side of the
substrate. The wave travels from the input IDT to the output. The generated wave also travels outside the

aperture of the IDT aong the x-axis thereby dispersing part of the energy in the shear horizontal direction.
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Figure 7-3. Displacement along the x (shear horizontal) and y-direction at the output IDT with and

without hydrogen absor bed.
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Figure 7-4. Frequency response of the SAW device with and without absorbed hydr ogen.

Fig. 7-4 shows the frequency response at the output IDT. The sorption of hydrogen resultsin approximately
1.8 dB insertion loss for a~100 MHz device. Thisresult is comparable to typically observed experimental

values.

7.7 Limitations of finite element ssmulations

A fine mesh generation is required for accurate modeling of a SAW gas sensor. The incorporation of a
nanomaterial sensing layer would result in significant differences in the length scales of substrate and
sensing layer, thereby requiring much higher node densities. Also, the simulations are time consuming.
Simulation time will increase with increasing mesh size. Another major setback arises from acoustic wave
reflection from the edges if the smulations are carried out for sufficiently longer times. One of the waysto
overcome this limitation would be employment of damping elements at the ends of the substrate. While
longer simulation times are necessary to attain a stable state, too long a simulation time results in wave
reflections causing instabilities to set in. A smulation time of 100 ns was found to be optimum for the

substrate dimensions considered in the present study.
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7.8 Conclusions

3-D finite element models of SAW sensor with and without a sensing layer were devel oped to gain insights
into the mechanism of sensor response. The gas absorption was modeled by changing the material
properties of the sensing layer. Changes in the Y oung's modulus of easticity and density of the palladium
film were introduced into the simulations. Displacement and voltage profiles were calculated at the output
nodes of the recelving IDTs. The finite element model reveals that the Rayleigh mode (z-direction
displacement) is the most suitable for gas sensing. A time shift of approximately 3 ns and an insertion loss
of 1.8 dB were observed when the gas sensor with thin Pd film was exposed to 3% H,. The finite element
modeling and simulation provides a powerful means to study surface acoustic wave propagation

characteristics.

7.9 Nomenclature

T —Vector of mechanical stresses

S—Vector of mechanicd strains

E —Vector of eectric field

D — Vector of dielectric displacement

cF —Mechanical stiffness matrix for constant electric field E.
£~ Permittivity matrix for constant mechanica strain

e — Piezoel ectric matrix

¢ —Electric potential function

u - Displacement

p — Substrate density

t—Time
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Chapter Eight
Applicationsin Biosensing: Elimination of Biofouling

8.1 Abstract for chapter eight

All transducer devices used in biological species detection suffer from fouling resulting from the binding of
non-specific protein molecules to the device surface. Acoustic streaming phenomenon, which results from
the fluid motion induced by high intensity sound waves, can be used to remove these non-specifically
bound proteins to allow more accurate determinations and reuse of these devices. In this paper, we present
a computational and experimenta study of the acoustic streaming phenomenon induced by surface acoustic

waves (SAWSs).

A coupled field fluid-structure interaction (FSI) model was developed to study surface acoustic wave
interaction with fluid loading. Specifically, finite element models of a SAW device based on amicron sized
piezodectric substrate (YZ-LiNbOj3) in contact with a liquid loading were developed and solved to gain
insights into the acoustic streaming phenomenon in SAW devices. The interdigitated transducer (IDT)
fingers on the LINBO; surface were model ed as mass-less conductors and used to simulate MHz frequency
devices. Fluid domain was modeled using the Navier Stokes equation; the arbitrary Lagrangian Eulerian
approach was employed to handle the mesh distortions arising from the motion of the solid substrate. The
fluid was modeled as incompressible, viscous, and Newtonian. The fluid-solid coupling was established by
maintaining stress and displacement continuity at the fluid-structure interface. The fluid mesh was
continuously updated as the piezoel ectric substrate undergoes deformation. A transient analysis was carried
out by applying a time varying voltage to the trangmitter IDT fingers. Simulation results predict strong
coupling of ultrasonic surface waves on the piezoelectric substrate with the thin liquid layer causing wave

mode conversion from Rayleigh to leaky SAW which leads to acoustic streaming.
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The above models were utilized to investigate methods for increasing induced acoustic streaming velocity
while minimizing the effect on the antibody sensing layer in immuno-sensors. The transient solutions
generated from the model were utilized to predict trends in acoustic streaming velocity for varying design
parameters such as voltage intensity, device frequency, fluid viscosity and density. The extent of SAW
induced streaming was found to be influenced by the device operating conditions as well as fluid
properties. These results agree well with the analytical solution formulated in this study, on the basis of
successive approximation method applied to Navier Stokes equation (Nyborg's theory) and perturbational
techniques such as the Campbell-Jones method. Additionally, the model predictions were utilized to
compute the various interaction forces involved and thereby identify the possible mechanisms for removal
of non-specifically bound proteins. The streaming velocity fields computed using the finite element models
in conjunction with the proposed mechanism were used to identify the conditions leading to improved
removal efficiency. Predictions of the model are in good agreement with the experimentally observed

trends of non-specific protein removal in typical SAW biosensing operation.

8.2 Biosensing

Fluid motion induced from high intensity sound waves is called acoustic streaming®®. Surface acoustic
waves propagating on the surface of a piezoelectric device can be used to induce acoustic streaming within
the fluid®*?®, The streaming phenomenon finds applications in various processes ranging from micro-

mixing®=>*, surface reactions®?, sonic cleaning® to biological detection®** amongst several others?*2.

SAW and other transducer devices used in biological species detection suffer from fouling that results from
binding of non-specific protein molecules®®® to the device surface. The acoustic streaming phenomenon
can be used to remove these non-specifically bound proteins to allow more accurate determinations and
reuse of these devices™. The generated sound fields cause tangential fluid motion aong the inter-phase
boundaries. These motions exert steady viscous stress on the boundary layer leading to liquid circulation
near the boundaries. Although these stresses are not large, they are till significant enough to remove

loosely bound material on the surface of the device. Understanding the fluid dynamics in such a system is
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useful for efficient removal of non-specifically bound proteins®™. Towards this end, we focus on how
acoustic streaming transforms into a velocity field profile near the interface region of the piezodectric

substrate and the fluid loading.

Surface acoustic waves are generated by the application of an dternating voltage signa to interdigital
transducers patterned on a piezoelectric substrate®*?®°, The IDT geometry dictates the wavelength of the
excited wave. The amplitudes of the SAWSs depend on the applied voltage input, and are typically in the
nanometer range. SAWs such as Rayleigh waves have a displacement component norma to the
propagation direction. When in contact with a liquid, they tend to couple strongly with the liquid and leak
ultrasonic power into the fluid in the form of acoustic waves called leaky SAWSs. The leaky SAWSs decay
exponentialy with distance from the source. The SAW interaction creates a net pressure gradient in the
direction of sound propagation in the fluid which leads to an internal, acoustically induced streaming
phenomenon. Experimentally, the resulting flow profiles can be captured using various techniques. Flow
visualization employing a dye solution and a fluorescence video microscope has been utilized by Kondoh
and Shiokawa?*#**#6%7 On the other hand, Guttenberg et al. used fluorescent correlation microscopy
(FCS) where movement of fluorescent particles are evaluated at the focal point of a confocal microscope
using time autocorrelation of the intensity fluctuations™’. A velocity map can be generated by successive

measurements at different positionsinside the fluidic device.

Computational techniques such as finite element (FE) present an alternative to the experiments and can be
used for more precise calculation of the flow field and velocity. Most of the previous theoretical
investigations were based on methods such as that of Campbell-Jones, which involves obtaining numerical
solutions to the complex characteristic equations for leaky wave velocity or perturbational techniques,
which treats leaky wave as a first-order perturbation on the non-leaky wave associated with surface-wave
propagation, when the mechanical properties of the fluid are neglected. These techniques include many

222828262 and are typically used to study acoustic streaming in simplified

simplifying approximation
geometries. FE models devel oped so far have been mostly limited to solving for the fluid domain where the

solid motion is superimposed as a boundary condition.***® To capture the dynamics of fluid-solid
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interaction, the equations of motion for the fluid elements must be solved in conjunction with the acousto-
electric equations for the motion of the solid. FE models involving coupling of fluid and solid domains
have been constructed using acoustic e ements for modeling the fluid region. However, these models solve
only the smplified Navier-Stokes equation for the pressure field in the fluid and ignore viscous
dissipation.?®® Uniform mean density and mean pressures are assumed, with the pressure solution being the
deviation from the mean pressure, not the absolute pressure. The application of these modelsis limited to

the study of wave damping.

A coupled field analysis is required to analyze the interactions between the solid motion and the induced
fluid flow. In the present case, the problem of interest requires us to model fluid motion which can be
accomplished using fluid elements which solves the generalized Navier-Stokes equation. To the best of our
knowledge, no FE model involving coupled field analysis of fluid-piezoelectric solid devices has been
presented in the literature so far. In the present work, FE models involving fluid-piezodectric interaction
are devel oped to study flow profiles in the interface region of a SAW biosensor device. The coupled field
models are utilized to investigate methods for increasing induced acoustic streaming velocity while
minimizing the effect on the antibody sensing layer in immuno-SAW sensors. Parameters studied in this
model include voltage intensity, frequency, fluid density, and viscosity. The transent solutions generated
from the model are used to predict trends in acoustic streaming vel ocity. Comparisons of model predicted
trends with experimental data on the removal of non-specifically bound proteins from the sensing layers are

also presented.

8.3 Computational details

The sequential coupling algorithm in ANSY S was utilized to simulate the fluid-structure interactions. In
this iterative coupling procedure, each domain (solid piezoeectric and fluid) is solved sequentially and the
governing matrix equations for the two are solved separately. The solver iterates between each physics field
(piezoelectric and fluid) until loads transferred across the interfaces converge. The nonlinear transient fluid-

solid interaction analysis involves the following set of equations:

8.3.1 Solid domain
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The propagation of acoustic waves in piezoelectric materias is governed by the mechanical equations of
motion and Maxwell’s equations for electrical behavior®?°. The congtitutive equations of piezoelectric

mediain linear range coupling the two are given by:
T, = Ci:'zkl S _eiij = (8.1)

D, =eyS; +£ii E, 82

In the above equations, T; represent the components of stress, kal the elagtic constant for constant electric
field, S¢ the strain, Ey the éectric fied intensity, D; the eectric displacement, ef(ij the piezodectric

constant, and é’ii' the permittivity for constant strain. The acoustic wave propagation velocity is five orders
of magnitude smaller than that of eectromagnetic waves. Therefore, the quasistatic assumptions help

D _, g%

reduce Maxwell’ s equation to 0x and 0x , Where ¢ represents the electric potential.

The components of strain are defined by

1( du du;
Sj gl s B
2( 0x;  Ox

. (8.3
The equation of motion in the absence of internal body forcesis given as
oT. 0°u.
—-p—=0 (8.4)
0X; ot

where p is the density and u; represent the components of displacement. Substituting and rearranging the
above set of equations leads to a system of four coupled wave equations for the electric potential and the
three component of displacement in piezoel ectric materias which are solved for the piezoelectric substrate

or the solid domain:
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These coupled wave equations can be discretized and solved for generating displacement profiles and
voltages at each element/node. The piezoelectric material displacements obtained from the above equations

are applied to the fluid domain at each time step.

8.3.2 Fluid domain

Fluid is modeled as an incompressible, viscous, Newtonian fluid using the Navier-Stokes and continuity

equation in the Eulerian frame of reference given bel ow:

ov
,o[a—th+vf Mv, +0P-270D =0 8.7)
0, =0 89)

Here, v, P, p and n denote the fluid vel ocity, pressure, density, and viscosity, respectively. D is the rate of

deformation tensor given by

D :%(va + (v, )t) (8.9)

8.3.3 Fluid-solid interaction

Discretization of the fluid and solid regions in the finite element domain requires the use of ether the
Lagrangian or Eulerian frame of reference. The equation of motion for the structural phase (piezoelectric
substrate) is described by Lagrangian frame. The fluid domain can be described by either the Lagrangian or
Eulerian frame of reference. In the former, the mesh embedded in the fluid domain moves with the velocity

of the fluid while in the latter, the mesh, through which the fluid moves, is fixed. A purely Lagrangian
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frameisincapable of dealing with strong distortions of the fluid mesh. A purely Eulerian frame for thefluid
domain introduces complexity in fluid-solid coupling. Therefore, mixed Lagrangian-Eulerian or Arbitrary
Lagrangian Eulerian (ALE) methods are used for kinematical description of the fluid domain. The theory
for ALE has been developed by Hughes et al. for viscous, incompressible flows.?*® In ALE, the Lagrangian
description is used for ‘almost contained’ flows and Eulerian description is used for regions where the
mesh would be highly distorted if required to follow fluid motion. In the ALE framework, the fluid
equation of motion can be written as*®’:

ov
p[a—thﬂvf -w) v, + 0P -270[D =0; (8.10)

wherew isthe grid velocity such thaaw # v, # 0.

To account for the fluid-solid interaction, an interface is defined across which displacements are transferred
from solid to fluid and pressure from fluid to solid. The fluid mesh is continuously updated as the
piezod ectric substrate undergoes deformation. The coupling conditions for the interface between the fluid
and the solid region are the kinematics and equilibrium condition. The kinematic equation is the no-dip

condition, i.e. the continuity of velocity:
V, SV, = — (8.11)

and the equilibrium condition isthe interface continuity in tractions replaced by continuity of stresses:

o;n’ +oin/ =0 (8.12)

wherenjS is the outward normal to the solid at the solid-liquid interface in the deformed configuration, so

that njS = —njf (indices i and j define directions of components according to axes of the applied 2-D

coordinate system). The above equations are represented in terms of partial differentia equations which are

discretized using the finite e ement techni que®®*®°
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8.4 Moddl parameters

A fluid-solid interaction model of acoustic streaming phenomenon using finite element technique is
presented in this work. Rayleigh wave propagation on a SAW device represents a plane wave problem.®’

Hence, 2-D FE models of SAW device based on Y Z-LiNbO; with aliquid loading were devel oped.

8.4.1 Solid domain

A micron-sized piezoelectric substrate with dimensions (800um propagation length x 500pm depth) was
simulated to gain insights into the acoustic streaming in SAW devices. Three IDT finger pairs for the input
port were defined at the surface of Y-cut, Z-propagating LiNbO; substrate. The fingers were defined with
periodicity of 34.87 um. 8-node quadrilateral coupled field solid elements were used to model the solid
piezoelectric domain. The IDT fingers were modeled as mass-less conductors and represented by a set of
nodes coupled by voltage degrees of freedom (DOF). A total of approx. 80,000 elements (more than
100,000 nodes) were generated. The model was created to ensure higher node density at the surface and
throughout the middle of the device to study the different modes of surface acoustic waves and the use of 8-
node coupled field (solid) elements with 3 DOF ensured the same. Two DOF's provided the displacements

in the longitudina (x), and the normal (y) directions and athird for the voltage.

8.4.2 Fluid domain

4-node quadrilateral fluid elements were used to mode the transient system involving fluid region. The
fluid properties of water were used in the simulations. The velocities are obtained from the conservation of
momentum principle, and the pressure is obtained from the mass conservation principle. The fluid region
with dimensions (800um length x 100um height) was modeled as an infinite reservoir by applying pressure
P=0 on the upper fluid surface in Fig. 8-1. The standard k-¢ model is used to study flow in the turbulent

regime.
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Figure 8-1. (a) Finite element model of liquid loading on a SAW device. Fluid domain is shown in
green and the solid piezoelectric domain is shown in purple. The IDT fingers (not shown) are located
at the center of the device on the fluid-piezoelectric interface (b) Applied input voltage profile for a
100 MHz SAW device.

8.4.3 Structure excitation

The center frequency of SAW devices smulated in this work isin the range of MHz. Hence, the structure
was simulated for a total of 100 nanoseconds (ns), with a time step of 0.5 ns. The excitation of the
piezoelectric solid was provided by applying an AC voltage (with varying peak values and frequency of

100 MHz) on the transmitter IDT fingers as shown in Fig. 8-1 (b).
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8.5 Resaults

The following sections discuss the wave mode conversions that results from the imposed fluid loading as
well as the flow profiles of the induced fluid motion. The effect of various design parameters on the

streaming velocity profilesis also presented.

8.5.1 Rayleigh wave mode conversion

When the surface acoustic wave propagation surface comes in contact with a liquid medium, mode

conversion from Rayleigh to leaky SAWs occurs. These leaky SAWSs propagate along the boundary and

excite longitudinal wavesinto the fluid at Rayleigh angle (6) given by?**%*:

6= Sn‘l(V—WJ
VR

Vi and Vi are the wave velocities in the liquid and piezoelectric medium. This ultrasonic radiation
mechanism isshown in Fig. 8-2.

Air ¥ Liquid

) DA
IR AR

Rayleigh wave

Figure 8-2. Ultrasonic radiation into the fluid medium.
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Figure 8-3. Displacement profile along the film thicknessinduced as a result of leakage of ultrasonic
SAW power into the fluid. The exponential decay with distance from the source is similar to that of
leaky SAW. The applied voltage was 0.1V for a SAW device operating at 100 MHz.
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Figure 8-4. Contours showing particle displacement profile (microns) in fluid region for an applied
AC peak voltage of 1 V. The wave decays with distance from the IDT fingerslocated at the center of
the device. The displacementsin the solid have been suppressed for clarity.

The generated longitudinal sound waves in the fluid medium are attenuated by the viscosity along their
transmission through the medium. The displacement profile along the fluid film thickness for an applied
voltage of 0.1 V is shown in Fig. 8-3. It can be seen that the mode conversion from Rayleigh to leaky
SAW leads to an exponentia decay in the fluid. The extent of the decay is dictated by the applied input

voltage as well as the viscous dissipation encountered by the longitudinal wave in the fluid medium. The
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leaky surface wave al so decays along the propagation length as shown by the displacement contoursin Fig.

8-4.

8.5.2 Structural motion

The application of AC voltage on the IDT fingers located at the surface of the piezoel ectric substrate results
in mechanical deformations which causes acoustic wave propagation through the solid medium. The
displacement waveforms along the depth of the piezoelectric substrate at two different locations along the
SAW delay path are shown in Fig. 8-5. As can be seen from the depth profiles, most of the acoustic energy
is confined to within adepth of 1-1.5 wavel engths into the substrate. As the acoustic wave propagates along
the delay path, dissipation of acoustic energy occurs due to Rayleigh mode conversion into leaky SAW. As
a result, the solid displacement is dampened with disance adong the delay path. The displacement
amplitudes of surface particles located at 10 micron distance from the IDT’ sis approx. 30 A and reduces to
5 A a 60 microns along the delay path for an applied input voltage of 1 V for a SAW device operating at

100 MHz.

3
=
Q
[}
©
g
g -3 | | | | I I
2 l l l l l l
3ol
l l l l l l
| | | | | |
-5 1 1 1 1 1 1
0 0.5 1 2 3 3.5

@)

Figure 8-5. Nor malized displacement profiles along the depth of the piezoelectric substrate. (a) and
(b) represent the displacement profiles at two different locations (10 and 60 microns, respectively)
along the SAW delay path.
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Figure 8-5: Continued

8.5.3 Fluid motion

As brought out in the earlier sections, the mode conversion from Rayleigh to leaky SAW results in
longitudina wave propagation into the fluid medium. If the intensity of the longitudinal waves propagating
through the fluid is high enough, then the attenuation results in a net pressure gradient aong the
propagation direction of the wave. The induced gradient causes a flow in the fluid. This conversion of
attenuated sound wave into a steady flow represents a nonlinear effect termed as acoustic streaming. The
streaming effect that results from mode conversion is much stronger than that induced from a spatialy

constant amplitude plane wave.>°

The fluid motion induced by the IDTs at a time ingant (i.e. t=5 ns) is shown in Fig. 8-6. The fluid is
expelled by the transducers to the top and flows back to the IDT regions from the bottom and top.
Depending on the extent of the viscous damping, the flow velocity decays rapidly with distance from the

IDT.
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Figure 8-6. (a) Displacement of IDT fingersasindicated by arrows (b) Velocity vector plot at a given
time instant (t=5ns) showing fluid recirculation over the IDT region shown in (a). The observed

(b)

velocitiesarein pm/s.

It can be seen that the induced vel ocities are typically in microns/sec. The maximum velocity occurs at the
layer closest to the piezodlectric surface. The recirculation patterns resulting from the wave motion gives
rise to eddy formation. With increasing time, these eddies rise through the fluid and break into smaller
ones, thereby dissipating their energy while new ones are created at the interface. Thus, the generated

sound fields cause tangential motion along the inter-phase boundaries. These motions exert steady viscous
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stress on boundaries where the circulation occurs as shown in Fig. 8-6. Although these stresses are not
large, they are till significant enough to remove loosely bound material on the surface of the device. Our
simulation results indicate that the extent of recirculation decreases with increasing distance from the IDTs.
It can therefore be seen from Fig. 8-7 that the generated shear stresses at the device surface also decay
rapidly with distance from the IDT fingers. Optimization of design parameters such as fluid density,
viscosity and applied voltage amplitude and frequency which could help generate sufficient shear stresses
along the entire delay path (typically 100)) thereby facilitating removal of nonspecifically bound proteins.
The subsequent sections discuss the effect of some of the above mentioned parameters on the induced

streaming velocity.
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Figure 8-7. Shear stresses (M Pa) gener ated asaresult of therecirculation at the surface of the SAW
device. The applied input voltage was 0.1 V and thefluid viscosity was 10 cP.

A series of simulations were performed to observe the effect of changing voltage intensity, excitation
frequency, and fluid properties such as viscosity and density on the streaming velocity and its patterns. It is
observed that the flow patterns described above are not influenced by the simulation conditions, but the
magnitude of the acoustic streaming velocity is strongly influenced. Therefore, for the following analyses,
only the variations of the streaming velocity magnitude along vortex centers located at various positions

along the delay path are compared and discussed in the subsequent sections.

8.5.4 Acoustic streaming theory

The governing equations for acoustic streaming were derived by Nyborg (1958)%°

and are given by:
u0%v, -0p, =F, (8.13)
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F = po(vi.0v; +v,0v,) (8.14)
In the above equations, p is shear viscosity, po is the constant equilibrium density, v, is the oscillatory
particle vel ocity, V, isthe acoustic streaming velocity, p.isthe steady state “dc” pressure, F isthe nonlinear

driving force term, and the angular brackets denote the time average over sufficiently large number of

cyd e 270271
The leaky SAW propagates along the boundary and excites longitudinad wave into the liquid. The
propagation constant (K,) for leaky SAW is a complex number, with the imaginary part accounting for the

extent of energy dissipation into the fluid medium. The particle displacements in the normal (uy) and

tangentia (u,) direction in theliquid can be put in the following form:

u, = Aexp( jat).exp(—jk, x)exp(-ak, z) (8.15)
u, = —jAaexp(jat).exp(-jk, x)exp(-ak, z),whee a =1-(v /v, )* (8.16)

A refers to the amplitude of SAW displacement, o=2xf is the angular frequency; V. and V,, represent the
leaky and longitudinal wave velocities, respectively. The wave number (k) and velocity (V) of the leaky

SAW can be computed by extending the method of Campbell-Jones to solid-liquid structures assuming

displacement and stress continuity at the interface.?#?® The oscillatory particle velocity V; can be found
. _0du . . . . o
usingV = E The first order velocity comprises of two terms. The first varies with z as exp (-a.z) and

represents the mass loading response of the fluid.”*®*2"2?™® The second term (ignored in the solution) varies
with z as exp (-(14j) Pz), where § = @/\2v, and represents the viscous response of the fluid. For the case
of water loading at typical operationa frequency of 100 MHz, 1/ B which represents the viscous boundary
layer was found to be less than 0.02 microns. Hence fz>>1 and the second term can be ignored.

Substituting the first order velocity into Eq. (8.14), we obtain the following components of force F:
F. =-p,0+a)A*w’k exp2(k x+a.k 2) (8.17)

F, =—p,+a) APw’ak exp2(k x+ak z) (8.18)
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where, a=jay, k =k +jk; The force calculated above acts as a body force near the SAW-fluid interface. The

decaying exponential factors in Vv limit the extent of force into the fluid. This force which varies as the

square of the first order velocity, in turn produces the second-order velocity V, Substitution of the above

Eq. (8.17) and (8.18) into (8.13) would allow for predicting the acoustic streaming velocity induced as a
result of SAW streaming. The leaky SAW velocities, wave numbers, attenuation factors as well as the
SAW streaming force calculated based on the above formulation for two different crystal orientations are
summarized in Table 8-1.

Table 8-1. Leaky SAW velocity and streaming force calculated using Nyborg streaming equations

with parameters derived from the Campbell-Jones method. SAW streaming force is calculated at
x=y=0 for a 100 M Hz device frequency and applied input voltage of 1 V.

Rayleigh wave | Water loaded | Leaky  SAW | Attenuation SAW
Crystal Orientation | velocity (m/s) leaky SAW | wave-number coefficient streaming
vel ocity force (N/m?)
128° Y-X LiNbO; | 3994 3931+j68.1 2768 247 3.22x 10’
Y-Z LiNbO; 3487 3194+j268.3 | 16409 1.92 4.05x 10°

The first order streaming velocity can be used to calculate the second order streaming velocity. Longuet-

Higgins have given the general expression for calculating the limiting value of the second order streaming

vel ocity (V) from the solution of the first order velocity?™,

U = %%[8(1 —exp( L +])52)) +3(L+ |)(exp(~2/32) -] (8.19)
w 0X

In the above equation, only the real part is of physical significance. U represents the tangential streaming

velocity just outside the viscous boundary layer. Vi is equal to Vi, - Vo where Vi is the x-directed first
order velocity and V; is the x-directed boundary condition on the first order velocity field at the SAW

interface. For $z>>1, the amplitude of the second order velocity obtained by substituting Eqg. (8.18) into

Eq. (8.19) isgiven by
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U = gaAza,ki (8.20)

The streaming velocity calculated above depends primarily on the wave amplitude and the excitation

frequency. The viscous effects have been neglected and the density effects are implicitly accounted for

through the |eaky wave number K.

8.5.5 Streaming velocity

The finite eement model of SAW streaming presented here is utilized for determining steady state

streaming velocity profiles associated with a given transducer geometry and input acoustic pulse. The
velocity V calculated from Eg. (8.7) and (8.8) contain harmonically varying terms and a “dc” term. The

latter induces acoustic streaming. When averaged over a relatively longer time, the effect of the

harmonically varying terms disappears and only the contributions from the dc part appear in the solution.

The acoustic streaming velocity (V,; , i=x, Y, and 2) is therefore obtained by averaging V over atime period

as follows:
17 ,
Va'i :?.([Vldt,FX,yandz

where T isthetime period of the wave propagation.

The time averaging was applied during the various vibration cycles (for eg. 5" cycle comprises of

simulation steps #81 and #100 and gives the streaming velocity values for t=40-50 ns). The streaming

vel ocities calculated based on the time averaging during 100-120" (t=50-60 ns) and at higher intervals do

not differ significantly from the values computed at t=40-50 ns. Hence, the average streaming velocities

were assumed to be cycle independent by this time (t=40 ns). The maximum streaming velocity value is
found to be approximately 0.220 mm/s while the maximum instantaneous vel ocities reach 20 mm/s in the
regions close to the IDT’s for applied voltages up to 1 V and excitation frequencies up to 100 MHz.

Experimentally, the observed streaming velocities are also much smaller than 20 mm/s for the loading
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conditions ssimulated in the present work and, hence for a fluid film thickness of 100 microns, the flow is

characterized by Reynolds number smaller than 1. Hence the flow is completely laminar.

8.5.5.1 Effect of voltage intensity

The effect of varying input voltage intensity on the time averaged streaming velocitiesis shown in Fig. 8-8.
The components of acoustic streaming vel ocities tangential and normal to the SAW device substrate along
a fictitious vertical line passing through the device center are shown in Fig. 8-8. The fluid velocities are

thus obtained at different positions along the fluid film thickness normal to the piezoe ectric substrate.
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Figure 8-8. Simulated normal (solid lines) and tangential (dashed lines) streaming velocity profiles
along the thickness of the fluid film. The applied input voltage shown here variesfrom1 mV to1V.
The streaming velocity profiles indicate reversal in flow direction and confirm the recirculation
pattern observed in Fig. 8-6 (b).

The velocity profiles shown in Fig. 8-8 are indicative of reversal in flow direction at regions close to the
SAW surface and at the center of the fluid region, thereby confirming fluid circulation patterns shown in

Fig. 8-6 (b). At very short distances (<15 microns) close to the SAW surface, the tangential and normal
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vel ocity components attain a maximum before undergoing a flow reversal. This corresponds to approx. 48
and 220 pm/s in the normal and tangentia directions for the typical applied input voltage of 1 V. The

predicted streaming patterns are in good agreement with the experimental observations of Guttenberg et

al 237

The tangential component of velocity has a larger magnitude than the normal for al the input voltages (Fig.
8-8). The maximum tangentia flow velocity varies approximately from 0.5 pm/s to 50 cm/s, for the range
of 0.001 to 100 V of input voltages. The vel ocities decrease rapidly with increasing distance from the IDT
region as can be seen in the contour plot presented in Fig. 8-4. As the distance increases along the
propagation direction, the extent of induced fluid motion and consequently the fluid velocity decrease.
Most of the fluid motion is confined to within the first few layers (approx. 40 microns), especialy for
higher applied voltages. The extent of damping is dictated by the shear viscosity of the fluid as well as the
applied wave frequency. The streaming patterns near the device substrate are directly influenced by the
motion of the piezoelectric substrate, whereas those further along the fluid film are induced by streaming
flows from the lower surface. It can be observed that the liquid flow is attenuated in the process of inducing
streaming motions near the top liquid surface (> 80 microns). Asaresult, the larger streaming velocities are
observed at regions near the surface of the substrate (i.e. < 20 microns). The simulated data at any

particular fluid location can be fitted to a quadratic relationship of the velocity on the applied voltage.

The variation of SAW amplitude and the maximum streaming velocity with applied input voltage are
shown in Fig. 8-9 (a) and (b), respectively. The maximum streaming velocity is taken at regions closeto the
SAW surface, before the fluid undergoes a reversal in flow direction. An increase in the applied input
voltage results in a near linear increase in the amplitude of SAW mation for applied voltages higher than
0.1V asshown in Fig. 8-9 (). Asaresult, the induced streaming velacities which typically vary as square
of the SAW displacement amplitudes (Eg. 4.8) show a near quadratic behavior for input voltages higher
than 0.1 V.%*° The simulated maximum streaming velocity shown in Fig. 8-9 (b) agrees fairly well with the

analytical solution formulated based on Nyborg's theory, at these higher applied voltages. At low voltages
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(£0.1V), the analytical solution dlightly deviates from the ssimulated streaming vel ocities which could be

attributed to the various approximationsinvolved in deriving the streaming equations (section 1V).

1000

[uy
o
(=)

SAW amplitude (nm)
o =

N . .

.01 0.1 1 10 100
Applied voltage (VO-p)

(@
100 T T x
o)
£
L
> 1 ¢
©
o
(]
>
[=2)
o
= 0.01r z
$ ¢
2 ©
E L4
2 0.0001r
£
E [
= ‘ Simulation
@ Analytical
0'00008.]001 0.01 0.1 1 10 100

Applied voltage (VO-p)

(b)

Figure 8-9. Variation of (a) SAW amplitude (b) Maximum streaming velocity with applied voltage.
The simulated maximum streaming velocity varies quadratically for applied input voltages greater
than 0.1V and linearly for lower applied voltages.
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8.5.5.2 Effect of input excitation frequency

The effect of the excitation frequency on the acoustic streaming velocity is presented in this section.

Smallest attenuation in SAW devices is attained when the input excitation frequency matches the device

frequency. SAW device operational frequency is given by V/4f, where V is the velocity of the acoustic

wave in YZ LiNbO; and f is the finger spacing. The spacing between electrodes was modified to simulate

SAW devices operating in different frequency range. Various input excitation frequencies with 1V peak
amplitude and matching the device frequency were applied. The streaming velocities along the fluid film
thickness obtained at distance 2.5 A (where A is the wavelength) along the delay path for input excitation

frequencies of 100, 50, 10, and 1 MHz are shown in Fig. 8-10.

250 - ; ;
¢ Simulated
© Analytical
200r
o)
£ 1500
2
o
2 100 ¢
>
(-]
50r
3
O‘ I3 I I I3
0 20 40 60 80 100
SAW frequency (MHz)
@)

Figure 8-10. Effect of SAW device frequency on (a) tangential and (b) normal streaming velocities.
The applied input voltage frequency wasvaried from 100 MHz to 0.1 MHz.
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Figure 8-10: Continued

It is observed that the simulated streaming vel ocities increase with the device excitation frequency. We find
that the tangential and normal components of the time averaged streaming vel ocities near the SAW surface
vary from approx. 220 and 48 um/s, respectively for a 100 MHz device to approx. 2.5 and 0.40 um/s for a
100 KHz device with an applied peak voltage of 1 V. The smulated streaming velocities obtained in the
pum/s range for devices operating in the MHz frequencies are in quantitative agreement with the
experimental observations available in literature for streaming flows induced by SAW devices.?*¢%2272
These experiments involved flow visualization of tracer particles, with their motion recorded using a high
speed video (shutter speed, 1/500 second) and Ar ion laser light sheet. Subsequent image processing of

tracer particle movements between the pictures was used to deduce the induced streaming vel ocities.

As the frequency of the surface acoustic wave device increases, it would lead to an increase in the
irrotational velocity. This in turn results in an increase in the acoustic streaming velocity which is
proportional to the square of the irrotationa velocity®®. As shown in Eq. (4.8), the streaming velocity
depends on the input excitation frequency as well as the leaky SAW wavenumber which itself is a (linear)

function of the SAW fregquency. The tangential and normal vel ocity profiles are therefore expected to vary
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as square of the excitation frequency. However, the simulated streaming velocitiesin Fig. 8-10 show a near
linear variation with the input excitation frequency. As brought out in Eg. (4.8), the acoustic streaming
velocity is aso proportional to the square of the amplitude of SAW displacement. The smulated SAW
amplitudes tend to increase with decreasing device frequency as shown in Table 8-2. This has aso been
observed in the experimental studies of Sano et al.?*?” Therefore, the increase in SAW amplitude
somewhat offsets the corresponding decrease in the device frequency. As a result, the smulated and
analytical SAW streaming velocities shown in Fig. 8-10 exhibit a near linear variation. It is interesting to
note that the streaming vel ocities predicted analytically using Nyborg’s theory are smaller than those from
simulation. The analytical solution neglects the viscous effects and does not include attenuation of the flow,

resulting in uniform streaming vel ocities across the fluid thickness.

Table 8-2. Variation of simulated SAW amplitudes for different device frequenciesand input voltage
of 1V.

SAW device SAW amplitude (nm)
frequency (MHz)

100 2.15

50 3.45

10 6.84

1 10.53

The normal component of the velocity is significantly lower than the tangential for the range of device
frequencies s mulated in this work. This indicates that the surface normal component of the force exerted
by the SAW is smaller than the tangential. Therefore, the lift-off forces would be smaller than the drag
forces generated by acoustic streaming. This SAW streaming induced drag force results in the advection of
particles along the surfaces and appears to be an important step in the mechanism of particle removal using
surface acoustic waves. The details of the various interaction forces involved and their influence on the

particle removal mechanism isdiscussed in a subsequent section.

179



8.5.5.3 Effect of fluid properties (viscosity and density)

Toinvestigate the effect of fluid properties such as dynamic viscosity and density on the streaming velocity
profiles, the FSI simulations were carried out under constant input conditions with only the fluid properties
being varied. The effect of viscosity was investigated by simulating fluid loading with 1 cP and 10 cP
viscosities, respectively. Amongst the various applied input voltages simulated in this study, the input
voltage of 100 V represents conditions of maximum induced streaming velocities and hence the effect of
fluid viscosity is discussed at this applied input voltage. The results presented here represent the upper
bound on the streaming velocity variations under varying fluid viscosities. For lower applied input voltages
(<1 V), we find that the variation in the magnitude of the streaming velocities with fluid viscosity is not

very significant at the MHz device frequencies.

The streaming velocities obtained for the two simulations at different locations along the SAW delay path
are shown in Fig. 8-11. It can be seen that a the MHz frequencies, fluid viscosity variations have a
significant effect on the streaming velocities, especially near the IDT region. As the wave propagates along
the delay path, it undergoes significant attenuation as is evident from the reduction in the magnitude of the
streaming velocity from approx. 50 to 15 cm/sec near the fluid-solid interface for a propagation distance of
approx. 2i in a fluid having 1 cP viscosity. The effect of viscosity can be seen more prominently at
distances further away from the IDT region when the wave has lost considerable energy. For locations
further along the delay path (42), the streaming velocities rapidly decay to much smaller values (maximum
of approx. 2 cm/sec for 1 cP fluid aong the fluid film thickness). The rapid decrease in the streaming
vel ocities along the fluid film thicknessis attributed to wave conversion into longitudinad mode (section 3).
This decay length calculated from the instantaneous vel ocity at t=60 nsis approx. 40 microns at 10 micron

delay and approx. 30 micronsa 100 micron delay.
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Figure 8-11. Streaming velocity profiles along the fluid film thicknessfor an input AC voltage of 100
V at 100 MHz and two different fluid viscosities. (a) and (b) represent two different locations on the
SAW device delay path for two different fluid viscosity i.e. 1 and 10 cP, respectively.

Fig. 8-12 demonstrates the relationship between the fluid viscosity and maximum streaming velocity as

determined from our simulations. We find that an increase in the fluid viscosity leads to a decrease in the

Fluid film thickness (um)

(b)
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streaming velocities. The decrease in the streaming velocities is attributed to the increased viscous | osses.
The more viscous the fluid, the lesser would be the SAW induced streaming force®* for a given power
input and hence lower would be the extent of cleaning. This is in agreement with our experimental
observations reported by Cular et a. in which a reduced removal of non-specifically bound proteins from

the surface of a SAW biosensor device was reported for more viscous fluids’”®.
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Figure 8-12. Variation in maximum streaming velocity for fluids of different viscosities. The applied
input voltage was 100 V and the SAW device frequency was 100 MHz. The higher thefluid viscosity,
the larger would be theforcerequired to induce the SAW streaming.

Although viscosity variationsin simulations at ultrasonic frequencies (typically in the kHz range) have not
been performed, experimental findings®® indicate that at those frequencies the wave damping due to
viscous dissipation would be higher. The viscous boundary layer involved in the acoustic streaming
phenomenon is defined as =V2v/o, where § is the thickness of the viscous boundary layer, v is the
kinematic viscosity and o = 2xf isthe angular frequency of the wave. For the range of viscosities employed
in this study, the thickness of the viscous boundary layer would be tens of micrometers at ultrasonic
frequencies. Inside the boundary layer, there is eddy formation resulting from the circular flow as the
medium has to confirm to the no dip condition at the fluid-solid interface. The medium outside the

boundary layer vibrates irrotationally in accordance with the sound field. Therefore, the extent of viscous
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dissipation resulting from the vortex formation near the SAW-fluid interface would be higher at ultrasonic

frequencies than under megasonic frequencies and fluid viscosity would have a critical role to play.

The effect of density on the streaming phenomenon was evaluated by simulating fluids with properties
similar to that of air (1 Kg/m®) and water (1000 Kg/m®). Although the viscosity of air (1.78x10° Kg/m.s) is
significantly different from water (10 Kg/m.s), as brought out earlier, at the MHz frequencies the viscous
effects are not significant. Hence the differences in the streaming profiles would result mainly from density
difference between the two fluids. The smulation results for the two fluids for a SAW device operating at
100 MHz is shown in Fig. 8-13. The bulk compressibility factor () which is equal to the square of the
sonic velocities was also varied in the simulations under study. The sonic velocity for air and water were

taken as 340 and 1480 m/s, respectively. By specifying pressure P=0 at the top surface, an infinite reservoir
of fluid was model ed.
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Figure 8-13. Streaming velocity profiles along the fluid film thickness for an input AC voltage of
0.001 V at 100 MHz and two different fluid densities (a) Air (b) Water. It can be seen that even at

very low applied input voltages, significant differences in the streaming velocity profiles and
magnitudes exist for the two ssimulated fluid densities.
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Figure 8-13: Continued

The streaming velocity profiles as well as contours for the two fluids are shown in Fig. 8-13 and 8-14. It
can be seen that significant qualitative and quantitative differences exist between the velocity profiles for
the two fluids. The extent of wave attenuation in case of air loading is much lower than that of water.
Hence, the magnitude of streaming velocities obtained for air is an order of magnitude higher than for
water loading. For lower density fluids such as air, the velocities closer to the substrate are much lower
than those in the center of the fluid region. The maximain SAW streaming velocity for both tangential (15
pm/s) and normal (8 um/s) components, occur at a distance of approx. 40 microns from the substrate. The
increase in fluid density dampens the fluid motion. The magnitude of fluid motion close to the fluid
interface is comparable to that away from the interface. These findings are in qualitative agreement with the
experimental streaming velocity profiles, resulting from ultrasonic vibrations, obtained by Loh et al. using

particle imaging velocimetry (PIV).?”
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Figure 8-14. Contour s showing the transient velocity field at t=40nsfor an input AC voltage of 0.001
V at 100 MHz and two different fluid densities (a) Air (b) Water.

8.6 Application to surface cleaningi.e. biofouling elimination

Experimental results of the removal of non-specifically bound proteins using acoustic streaming induced by
a SAW device are described in sub-section A. These experimental observations demonstrate the concept of
streaming induced removal of non-specifically bound proteins and confirm the findings of the FEM
simulations that SAW induced acoustic streaming phenomenon is an excellent method for surface
stimulation in liquid environments. In sub-section B, useful insights into the dominant mechanism
responsible for efficient removal of non-specifically bound proteins are sought from the estimates of

various forces predicted on the basis of the FEM generated streaming vel ocity fields.
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8.6.1 Experimental use of acoustic streaming to clean surfaces

A 108 MHz YZ LiNbO3; SAW device was fabricated and its surface was coated with an anti-body layer
(anti-mouse 1gG) in a 40 um array pattern. The pattern mask was removed and the non-anti-body coated
regions were subsequently coated with Bovine Serum Albumin (BSA) as a blocking agent. An Alexa-488
fluorescently labeled 20 pl sample of BSA in phosphate buffered saline (PBS) pH 7.4 was applied to the
entire (anti-body regions and BSA blocked regions) microarray surface and allowed to incubate
undisturbed for 1 hour. After incubation excess Alexa-488 labeled BSA was removed with a thorough 5 ml
of PBS rinsing. The prepared device was placed in a microfluidic probing fixture, connected to the
necessary equipment and placed on a fluorescent microscope for intensity measurements. Full details of the

complete experimental study are presented elsewherein Cular et al.?”®

The percent intensity of regional area of the microarray was recorded as a function of RF power dose, as
shown in Fig. 8-15. During the acoustic streaming, a flow rate of 150 ul / min 18 MQ cm water was
maintained except when acquiring images. Unwanted effects, such as photo bleaching, have been corrected
for through the use of a control experiment that exposed an identica SAW device to all of the same
conditions minus the acoustic streaming. The sum total of these unwanted effects was less than 3% of the

recorded signal.

The first region in the data starts shortly after the acoustic streaming begins and ends a 1,600 mW sec.
The 20% increase in intensity is thought to be from an increase in the number of light exposed fluorophores
as shown by the greater distribution of Alexa-488 BSA in Fig. 8-15 (c) from theinitial conditions, Fig. 8-15
(b). The second dataregion is a sharp decrease in intensty followed by a plateau (1,600 — 8,000 mW sec).
This region has the largest decrease of intensity which correlates with the removal of the majority of
loosely bound material. Thethird region, in the graph, isatransition region that removes the more strongly
bound proteins. Thisis indicated from the scatter of the data in the dosage range of 8,000 to 12,000 mW
sec. The data overall shows a significant reduction of the non-specifically bound BSA as shown by the

reduction of intensity across the microarray in Fig. 8-15 (d).
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Figure 8-15. (a) Fluorescent intensity of Alexa-488 labeled BSA nonspecifically bound to the surface
of a LiNbO; biosensor that was exposed to acoustic streaming. (b) Initial (RF Power Dose = 0 mW
sec) fluorescent image (pseudo-colored) of SAW device surface with illustration above. (c) First
region (RF Power Dose = 1,600 mW sec) fluorescent image (pseudo-colored) of SAW device surface
shortly after turning on the acoustic streaming with illustration above. (d) Non-specifically bound
BSA fluorescent image (pseudo-colored) with illustration above of SAW device surface at end of
experiment (RF Power Dose = 12,500 mW sec).

8.6.2 Predicted mechanism of removal

As mentioned in the previous section, SAW sensors used for detection of biological species suffer from

fouling which results from binding of non-specific protein molecules to the device surface. Fouling
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significantly lowers the sensitivity, selectivity as well as the sensor response speed. Removal of these non-
specifically bound proteins would alleviate these problems and allow reuse of SAW devices. The finite
element analysis of SAW induced acoustic streaming phenomenon presented in this work indicates that the
shear forces generated from the fluid motion can be high enough to ensure the removal of non-specific
proteins. The forces calculated analytically using the Campbell-Jones method®??% and Nyborg's theory®*®
also corroborate this argument. Although an exact estimate of the principal adhesive forces such as van der
Waals and electrical double layer involved in the binding of specific and non-specific proteins to the SAW
surface are required to identify the conditions which allow for higher removal efficiency, the streaming
vel ocity fields and trends predicted in the current work can be utilized to understand the mechanism which

isresponsible for efficient removal of non-specific proteins.

Typicaly, the cleaning forces on particles are hydrodynamic forces which could arise from linear aswell as
non-linear interactions between the ultrasonic field and the particles in fluid.?”® Linear interaction forces
include added mass, drag, lift and Basset forces, whereas nonlinear ones include the drag forces that results
from acoustic streaming. As mentioned in a previous section, the linear forces are time dependent and with
mean value of zero whereas the streaming induced forces are time independent and on averaging, have
nonzero values. The magnitude of the linear interactions is larger than the non-linear ones at moderate
frequencies (kHz) whereas the non-linear forces also assume significance at higher frequenciesin the MHz
range. The combined effect of the various interaction forces (adhesive and removal) is required to gain
insights into the actual removal mechanisms. This, however, is beyond the scope of this study. Instead,
useful insights into the dominant mechanism responsible for efficient removal of non-specifically bound
proteins can be obtained from the estimates of various forces predicted from the trends in the streaming

velocity fields.

The dominant adhesive force for particle immersed in a liquid are the van der Waals and double layer
forces’”. For the sake of simplicity, we assume that the non-specifically bound proteins can be modeled as

spherica particles of radius R. The van der Waals attraction force for a spherica particle near aflat surface
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AR
isgiven by F 4, ~—— whereA isthe Hamaker constant for the non-retarded force and z is the distance
Z

of maximum force of adhesion. Typical values of A in aliquid environment ~ 10%° J. With increasing
distance z, the van der Waals force becomes insignificant. Typical values of z are in the range of 0.2-0.4
nm. The van der Waals adhesion force for different particle radii are given in Table 8-3. Electrical double
layer forces result from the eectrostatic attraction and are associated with particle having effective
diameterslessthan 5 microns. A surface contact potentia created between two different materials based on
the local energy state of each material results in the surface charge build up. As aresult, a double layer
charged region forms around the particle to preserve charge neutrality leading to electrostatic attraction. For
adhesion of sub-micron sized particles, it was found that the electrical double layer forces are of the same
order of magnitude as van der Waals forces and can be neglected in favor of the van der Waals force.?® For
the order of magnitude analyses of adhesion forces, it is usualy sufficient to consider only the van der

Waals force. 278

There are mainly three different mechanisms for particle removal namely dliding, rolling and lift-off. The
dominant mechanism can be established by comparing the relative magnitudes of the various removal
forces. The forces responsible for removal of particles are mainly characterized as the direct SAW forces,
the lift and the drag forces that result from the mean velocity field in the fluid. The direct SAW forces

results from the wave propagation on the boundary of SAW-fluid surface and was discussed in detail in

subsection iv of Section 4. The magnitude of the direct force is given by Fe,, ~+/F,> + F/R*. The

components of forces F, and F, are given by Eq. (4.3) and (4.4). The fluid circulation around a particle
resultsin inviscid lift forces, whose surface normal components act to remove the particle® The lift forces

can be estimated based on the Bernoulli’s equation by utilizing the pressure difference that exists between
the bottom and top of the particle and is given by F, ~ po(u, R)Z. Uy and R refer to the surface normal

component of velocity and the particle radius, respectively. The acoustic streaming motion generated by

SAW leads to a drag force, caused by the interaction between the mean flow and the particles. The drag

force which results from the boundary layer-generated acoustic streaming is given by Fo. ~ (RuU, . Here,
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u, and p refer to the tangentia component of velocity and the fluid viscosity, respectively. Streaming is
essentialy parallel to the device surface and can potentialy advect the particles along the surface. Thus, the
relative magnitudes of the normal and tangential components of forces exerted by the SAWSs on the fluid
would dictate which of the three mechanismsis dominant. The SAW direct force as well asthelift and drag
forces based on the velocity field generated in a 100 MHz SAW device for an applied input voltage of 10 V
are given in Table 8-3. The calculated forces are for particles that are located closer to the IDT region. The
relative magnitude of the removal forces i.e. lift, drag and the SAW direct forces would change with
increasing distance along the delay path. The fluid density and viscosity were taken as 1000 Kg/m*and 1073
Kg/m.s, respectively.

Table 8-3. Forces (in Newton) versus particleradius R (radiusin microns) for a 100 MHz SAW
device.

R 0.1 1 10

Fuaw 2x10° 2x10° 2x107
Fsaw 4x10° 4x10* 4x10?
F 2x10™ 2x10™ 2x10%
Fsr 1x10% 1x10™ 2x10™

Based on the order of magnitude analysis of the various forces listed in Table 8-3, an approximate removal
mechanism can be proposed. For micron and sub-micron sized protein agglomerates, theresultsin Table 8-
3 illustrate that the fluid induced removal forces are not significant enough to overcome the van der Waals
forces at megahertz frequencies. The Fsaw is several orders of magnitude greater than the adhesion forces
for the range of particle diameters considered in Table 8-3. It therefore appears that the SAW direct force
causes the removal or detachment of the non-specific proteins from the SAW surface and moves the
particle away from the region of influence of the adhesive forces. As mentioned earlier, the van der Waals
adhesion forces decrease rapidly with distance from the SAW surface. However, the SAW direct forces

also decay rapidly with distance into the fluid. Hence a steady force is required to cause the removal of the
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detached non-specific proteins. The horizonta streaming induced drag force (Fsr) helps to push the non-
specific proteins away from the fouled area. The vertical streaming force or the lift force (F.) helps to
prevent the re-adhesion of the proteins to the surface. Thus, the fluid induced drag and lift forcesresult in a

net displacement of the detached proteins.

Typically, the size of non-specifically bound proteinsisin the range of 50-100 nm. For a given megahertz
(MHz) frequency device, theresultsin Table 8-3 illugrate the increasing difficulty in removing proteins (or
agglomerates) of decreasing sizes. In accordance with the mechanism predicted above and the trendsin the
streaming velocity fields, it appears that the detachment of proteins would be higher for devices operating
at higher frequencies and for higher applied input voltages. Also, the tangential as well as the normal
streaming velocities increase for these operating conditions. Therefore, the drag and the lift forces
generated would increase and facilitate the removal of the detached proteins. With increasing fluid
viscosity and density, we observe that the tangentia and normal streaming velocities decrease. Hence
although the detachment of proteins might not be severely affected, the removal efficiency would decrease
as a result of reduced drag and lift forces. Thus, removal of non-specific proteins becomes increasingly
difficult for fluids with higher viscosity and density. These observations are in line with our experimental

resultsreported in Cular et al.*"®

8.7 Conclusions

An analysis of acoustic streaming induced in a piezoelectric SAW device has been carried out. The flow
induced by the Rayleigh wave generated on the SAW device surface with the liquid boundary layer was
investigated. The SAW interaction with fluid leads to an internal acoustically induced streaming and results
in amode conversion to the longitudinal leaky SAW which decays exponentially with distance in the fluid.
The velocity vector field shows recirculation patterns in the fluid region resulting from the out of phase
motion of the IDT fingers. The fluid recirculation exerts steady viscous stresses on the inter-phase
boundaries which can be used for the removal of non-specifically bound proteins. The extent of

recirculation and therefore the induced stresses were found to decrease with distance from the IDT fingers.
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Optimization of parameters which can maximize the streaming and cause removal of unwanted proteins
along the entire delay path isrequired. Towardsthis end, the effects of several design parameters such input
voltage amplitude and frequency as well as fluid properties such as density and viscosity were studied. It
was found that the variation in induced streaming velocity was nearly linear for low amplitude of applied
voltage and quadratic with the higher input voltage. Therefore, the higher the applied voltage the greater
would be the extent of acoustically induced streaming. For devices operating at higher frequency, the
simulations predict increased streaming velocities. In all the cases, the tangential component of streaming
velocity was higher than the normal. The effect of fluid properties such as viscosity and density on the
SAW induced streaming was also investigated. The simulations predict a decrease in sreaming velocity
with increasing fluid viscosity and density. Therefore, for more viscous and dense fluids, the extent of
streaming induced by SAW under a given operating condition would be lower. The mode predictions are
in fairly good agreement with the analytical solution formulated on the basis of Nyborg's theory and

CampbelI-Jones method.

The predicted streaming velocity fields as well as the trends in their variation for a range of operating
conditions were utilized to compute the various forces generated in a typical SAW cleaning operation. An
order of magnitude comparison of the various forces involved in the SAW cleaning operation was further
used to predict the mechanism involved in the removal of non-specifically bound proteins. It appears that
the removal of these proteins can be viewed as a combined process which involves overcoming adhesion
forces, lifting them from the SAW surface and convecting them away. Based on the predicted cleaning
mechanism and the velocity fields computed using finite element model, we find that the removal
efficiency is higher for devices operating at higher frequencies and for higher applied input voltages. Also,
the particles which are smaller in size are difficult to remove. The increase in fluid viscosity and density
reduces the efficiency of removal of non-specifically bound proteins for a device operating at a given
frequency and applied input voltage. This agrees well with the experimental observations. It is expected
that the model generated trendsin conjunction with the proposed mechanism would serve as guidelines for

subsequent experimental investigation.
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Chapter Nine
Finite Element M odeling of Hexagonal Surface Acoustic Wave Devicein LiNbO3

9.1 Abstract for chapter nine

We present a 3-D coupled field finite element model of a novel hexagonal surface acoustic wave (SAW)
device which finds applications in materials characterization as well as chemical and biological sensing.
Prior to the actual device fabrication on any piezoelectric substrate, it isimportant to establish the types of
waves that are generated aong the various delay paths. The choice of a delay path for any specific
application depends on the propagation characterigtics of the wave generated along the crystal cut and
orientation corresponding to that delay path. The calculated frequency response as well as wave
propagation characteristics along the three different delay paths corresponding to crystal orientation with
Euler angles (0, 90, 90), (0, 90, 30) and (0, 90, 150) for a LiNbO; substrate is analyzed using the devel oped
coupled field finite element structural model. The transent response of the hexagonal SAW device upon
application of an impulse electrical input at transmitting interdigital transducer fingersis used to deduce its
frequency response. The amplitude fields as well as displacement contours, generated in an AC analys's,
along the SAW delay-line and substrate depth are analyzed and utilized to evaluate the wave propagation
characteristics along the three propagation directions in a hexagona SAW device. Our findings indicate
that the acoustic waves generated in the three Euler directions are very different in character. The (0, 90,
30) and (0, 90, 150) directions have mixed modes with a prominent SH component whereas the (0, 90, 90)
direction generates a Rayleigh wave. This would allow the hexagona device based on LiNbO; to be used
for rapid and smultaneous extraction of multiple film parameters (film material density, Lame and Shear
modulii, sheet conductivity) of a thin film materia and achieve a more complete characterization in

comparison to a conventional SAW device.
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Comparison of the smulation results with those obtained using perturbational models and experiments
shows good agreement. This validation enables the consideration of more complicated configurations and
allows for extending the developed models to anayze propagation characterigtics in hexagonal SAW

device fabricated on other bare and multi-layered piezoel ectric substrates.

9.2 Hexagonal SAW device

Surface acoustic wave (SAW) devices used both individually as well as in arrays find applications in
chemica and biological sensing as well asin materials characterization 222222 The conventional SAW
devices typically comprise of dual delay line configurations with one delay line used as a reference to
compensate for environmental variations™ %’ Recent experimenta efforts have focused on the design
and fabrication of acoustic wave devices which can alow for better sensor characteristics as well as
materias characterization possibilities #%°?®, One such novel device with a complicated transducer
design is the hexagonal surface acoustic wave (SAW) sensor as shown in Fig. 9-1 . It comprises of three
different delay paths aligned in a manner such that it allows for generation of acoustic waves which are
different in character. It is possible to exploit the generated multiple wave modes to develop SAW devices

that can serve as better chemical and biosensor elements.

Figure 9-1. Hexagonal SAW device used for chemical and bio-sensing applications as well as
materials characterization.

There are several advantages to the fabricated hexagona SAW device. The three different delay paths
could be used for simultaneous detection and the data collected across the three delay paths allows for
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better characterization of the sensing (thin film) material. This design allows for the simultaneous
extraction of multiple properties (film material density or thickness, Lamé and shear modulii, sheet
conductivity) of athin film materia to achieve a more complete characterization than when a single SAW
deviceis utilized. Thus, these devices can serve as better in-situ characterization tools in thin film physical
and chemical deposition equipment and are expected to perform better than the quartz crystal microbal ance

which yields only the thickness information.?®*

In sensor applications, this capability transates to better discrimination of the analyte and possibly more
accurate determination of the concentration. Preliminary experimental results have shown increased
sensitivity for these devices when used as a chemical sensor 2. Other application of the hexagonal SAW in
biosensing involves the ease of detection as well as removal of non-specifically bound proteins (acoustic
streaming) enabling the repeated use of sensor device 22?3, One of the delay paths is used for detection
utilizing the shear horizontal SAW waves whereas the other delay paths with a dominant Rayleigh mode
are used to simultaneously remove the non-specifically bound proteins using acoustic streaming
phenomenon. The fabrication of a hexagonal SAW device can be carried out on any piezoel ectric substrate
such as lithium tantalate and lithium niobate. However, prior to the device fabrication, it is important to
establish the type of waves that are generated along the various delay paths. The choice of a delay path for
any specific application depends on the propagation characteristics of the wave generated along the crystal
cut and orientation corresponding to that delay path. If it were possible to identify crystallographic
directions, on a given piezoelectric substrate, which would enable fabrication of a hexagonal SAW device
that can be functiona in both gas and liquid phases, the same device could be used for chemica and
biosensing applications. In the present work, we explore the feasibility of using finite element coupled field
models to identify and evaluate acoustic wave propagation characteristics along the three delay line

configurations in a hexagonal SAW device based on LiNbO3

Simulations of piezoelectric media require the complete set of fundamenta equations relating mechanical
and electrical quantities to be solved **%’. To identify the wave propagation modes along the different

crystallographic orientations in a surface acoustic wave device, it is necessary to obtain solutions to the
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coupled wave equations derived from the mechanical equations of motion and the Maxwell’s equation for
electrical behavior. The coupling between the electrical and mechanical parametersis achieved by means of
the piezoelectric constitutive equations. There are several methods which can be used to solve the coupled

wave equations and identify wave propagation characteristi cs, 334522629429

The models commonly used to simulate the mechanical and electrical behavior of piezoe ectric transducers
are based on perturbational theories or methods such as Campbell-Jones in which numerical solution to the
complex characteristic equations for wave vel ocity are sought 2*?®, These generally introduce simplifying
assumptions that are often invalid for actual designs *°. The geometries of practical transducers are often
two (2-D) or three dimensiona (3-D) . Finite element technique has been a preferred method for
modeling acoustic wave propagation in piezoe ectric devices such as SAW %", The main advantage lies
in its ability to handle complicated transducer geometries”®?°. A 3-dimensiona finite element modd is
able to concurrently consider second order effects such as back scattering, bulk wave interference,

harmonic responses aswell as el ectromagnetic feed-through.

Finite dement method was applied by Lerch (1990) % to calculate the natural frequencies with related
eigen modes of the piezodectric sensors and actuators as well as their responses to various dependent
mechanical and electrical perturbations. A direct finite element analysis was carried out by Xu to study the
electromechanical phenomena in SAW devices . The influence of the number dectrodes on the
frequency response was analyzed. The finite element cal culations were able to evaluate the influence of the
bulk waves at higher frequencies. Ippalito et a. have investigated the effect of electromagnetic feed
through as wave propagation in layered SAW devices ?°. The same model was extended to study electrical
interactions occurring during gas sensing 2. Recently, a 3-D finite dlement model was developed for a
SAW palladium thin film hydrogen sensor %2 The effect of the palladium thin film on the propagation
characteristics of the SAW was studied in the absence and presence of Hydrogen. The variations in mass
loadings, eagtic constants and conductivity were the factors used in evaluating the velocity change of the
wave. All the above demonstrate the feasihility of finite element models to adequately model acoustic wave

propagation in SAW devices.
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In the present work, a hexagonal SAW device based on LiNbO; substrate is modeled using FE technique.
The wave propagation characteristics along the three different delay paths corresponding to crystal
orientation with Euler angles (0, 90, 90), (O, 90, 30) and (0, 90, 150), respectively are evaluated. The
developed FE model utilizes anisotropic materia properties in a three dimensional description of LiNbOs;
substrate. In this paper, the particle displacement as well as voltage profiles obtained at the output IDT port
aswell as along the depth of the piezoel ectric substrates along various locations across the three delay paths
are analyzed and used to interpret the acoustic wave modes and velocity. Additionally, the response of each
of the three delay lines to an applied voltage impulse is utilized to calculate its frequency response. The
calculated frequency response as well as acoustic wave velocities are compared to those obtained
experimentally and through perturbational theory based approach. The details are discussed in the

subsequent sections.

9.3 Theory

The propagation of acoustic waves in piezoelectric materias is governed by the mechanical equations of
motion and Maxwell’s equations for electrica behavior. The constitutive equations of piezoeectric media

in linear range coupling the two are given by:
Ty = Ci:'zkl Sy _e;ij E, ©.1)
D, =eyS, + 55 E, (92)

In the above equations, T; represent the components of stress, kal the elagtic constant for constant electric
field, S¢ the strain, Ey the éectric fied intensity, D; the eectric displacement, ef(”. the piezodectric

constant, and &;; the permittivity for constant strain.
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The acoustic wave propagation velocity is five orders of magnitude smaller than that of electromagnetic

D.
L - 0 E - _a_¢
waves. Therefore, the quasi static assumptions help reduce Maxwell’ s equation to 0x and 0x ,
where ¢ represents the electric potential. The components of strain are defined by
- 0u.
57 éﬁg—u +a_J]
X. ¢
! % (9.3)
The equation of motion in the absence of internal body forcesis given as
oT, 0°u
] [
-p =0 (9.9)
0x; at?

where p is the density and u; represent the components of displacement. Substituting and rearranging the
above set of equations leads to a system of four coupled wave equations for the electric potential and the
three component of displacement in piezoel ectric materias which are solved for the piezoelectric substrate

or the solid domain:

°u . ¢ 0%, g
—p—- +C +6, =0 (9.5)
o oxox 7 oxox,
2 2
€ aﬁ% - £ii aa—a¢ =
X;0X, X 0X; 96)

These coupled wave equations can be discretized and solved for generating displacement profiles and
voltages at each element/node using the finite element method. The details of the computational model

developed in this study are presented in the next section.
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9.4 Computational details

The generation and propagation properties of transient Rayleigh and leaky waves are characterized by a
three-dimensiona finite element model. A transient analysis of the different delay-line configurationsin a
hexagonal SAW device was carried out for a total of 100 nanoseconds (ns) with 0.5 ns time step
increments. The development of the finite element model for the analysis of the frequency response and
wave propagation characteristics in hexagonal SAW devices as well as the applied eectrical boundary

conditions are described in detail in this section.

9.4.1 Model parameters

The 3-D FE mode describes three two-port delay line structures aong each of the Euler direction and
consigts of three finger pairs in each port. The inter-digital transducer (IDT) fingers are defined on the
surface of a lithium niobate substrate and the fingers are considered as mass-less e ectrodes to ignore the
second-order effects arising from electrode mass, thereby simplifying computation. The periodicity of the
finger pairs is approximately 40 microns and the aperture width is 200 microns. The transmitting and
receiving IDT’s are spaced 130 microns or 3.25\ gpart. The substrate for (0, 90, 90) or YZ-LiNbO3 was
defined as 800 microns in propagation length, 300 microns wide and 150 microns deep. For smulating the
other two directions, the geometry of substrate is kept the same, whereas the crystal coordinates are rotated.
To achieve this, the material properties i.e. stiffness, piezoelectric and permittivity matrices are rotated by
60° and -60° along the x-z plane to mode Euler directions (0, 90, 150) and (0, 90, 30), respectively. The
simulated models have a total of approx. 250000 nodes and are solved for four degrees of freedom (three
displacements and voltage). The model was created to have the highest densities throughout the surface and
middle of the substrate. The 3-D meshed structure of the finite element model used for simulating the three

different propagation direction isillustrated in Fig. 9-2.
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Figure 9-2. Three dimensional (3-D) meshed structure of the simulated finite element model of
surface acoustic wave device. The transmitter and receiver IDT fingers are shown in green and
represent coupled set of nodes. The bottom of the substrate is grounded to reduce the
electr omagnetic feed-thr ough effect.

9.4.2 Structure excitation

The center frequency of SAW devices simulated in this work is in the range of 100 MHz. Hence, the
structure was simulated for a total of 200 ns, with a time step of 0.5 ns. The excitation of the piezodectric
solid was provided by applying a time varying voltage signa (with varying peak values and frequencies
equivalent to the device center frequency) on the tranamitter IDT fingers of the SAW devices as shown in

Fig. 9-2.
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Figure 9-3. Applied input voltages at the transmitter IDT fingers(a) Impulse (b) AC voltage.
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Figure 9-3: Continued

Two kinds of analysis are carried out along each of the three delay lines: 1) An impulseinput of 10 V over 1
nsis applied to study the frequency response of the device and 2) AC analysiswith a5 V peak-peak input

and 100 MHz frequency to study the wave propagation characteristics.

9.5 Resultsand discussion

Theresults of the transient analysis of acoustic wave propagation along the three delay pathsin a hexagonal
SAW device based on LiNbO; are presented in this section. The simulated displacement and voltage
waveforms are anayzed for the different applied eectrical inputs to the trangmitter IDTs and used to
identify the dominant wave modes along the three propagation directions. The frequency response of the
hexagonal SAW device to an applied voltage impulse is calculated and compared to the experimental data.

The details are presented below:

9.5.1 Responseto applied AC voltage

In order to gain insights into the types of wave that are generated and propagating aong the three

directions, an AC analysis was carried out. This was done by applying a5V peak-peak signal input for 200
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ns a a frequency of 100 MHz as shown in Fig. 9-3. The application of electrical signa on the input
transducer fingers results in generation of mechanical wave which then propagates towards the output
transducer fingers. The coupled field finite element model developed in the present study is able to capture
the generation and propagation of surface acoustic waves on a piezoedlectric substrate such as LiNbO; as

shown in Fig. 9-4.

o | I
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Figure 9-4. Surface acoustic wave propagation along the (0, 90, 30) Euler direction. The
displacements shown on the scale bar arein meters. It can be seen that thereis sufficient penetration
of acoustic energy into the depth of the piezoelectric substrate.

When the array of IDT fingers are excited, the contributions from the odd (and evenly) located fingers
constructively add up and a coherence of in-phase waves results leading to a maximum displacement in the
fingers located at the end of the array . The displacement amplitudes of the SAW are typically in the A
range as shown in Fig. 9-4. The wave travels outside of the aperture of the IDTs located on the LiNbO;
surface, which indicates that part of the energy is being dissipated. The generated wave also propagates in
the transverse direction opposite to the receiving transducer fingers and reaches the edge of the substrate at
the end of 72 ns. Wave reflections from the substrate edge at longer smulation times are also observed

from the 3-D representation of the ssimulated contours (not shown). The generated voltage and displacement
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waveforms for each of the delay line configurations are shown in Fig. 9-5 to 9-7. The response to an
applied electrical input was obtained at the output IDT node located 210 microns away from the input IDT

fingers.
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Figure 9-5. Displacement and voltage waveforms at the output IDT node along (0, 90, 90) Euler
direction.
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Figure 9-5: Continued

Figs. 9-5 through 9-7 (a) depict the generated voltage at the output node of the Hexagonal SAW device in
response to a sgnal with 5V amplitude (peak-peak) at a frequency of 100 MHz. Voltage profiles obtained
for the three Euler directions from the AC analysis indicate that the extent of wave attenuation is different
for each of the simulated crystal orientation. The differences are attributed to the anisotropic nature of the

piezoelectric substrate. It can be seen from the voltage profiles that the system stabilizes after a smulation
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time of approximately 110 ns. The stabilized value of the voltage obtained at the output IDT fingers show
higher peak value for (0, 90, 90) direction followed by (0, 90, 30) and (0, 90, 150). This indicates |esser

attenuation along (0, 90, 90) direction when compared to the other two.

The surface acoustic wave generated at the input transducer fingers takes approximately 60 ns to travel a
distance of 210 microns along the (0, 90, 90) direction (Fig. 9-3). This leads to an approximate wave
velocity of 3500 m/s. The smulated wave velocity compares well with the experimentally observed
velocities of 3487 m/s as well as those calculated using perturbationa approaches such as the Campbell-
Jones method. A comparison of the smulated wave velocities with those obtained experimentally as well
as calculated using Campbell-Jones method, along the three Euler directions is shown in Table 9-1. We
find that the simulated wave velocities agree well with those obtained experimentally. This served as a

validation of out simulation results shown in the present study.
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Figure 9-6. Displacement and voltage waveforms at the output IDT node along (0, 90, 30) Euler
direction.
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Figure 9-6: Continued
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Figure 9-6: Continued

The particle displacement profiles along the three Euler directions are shown in Figs. 9-5 through 9-7. The
anisotropic nature of the LiNbO; substrate results in varying amplitude values for the displacement profile,
obtained at the output transducer fingers, along the shear horizontal direction (Figs. 9-5 through 9-7 (b)),
surface normal (Figs. 9-5 through 9-7 (c)) and longitudinal (Figs. 9-5 through 9-7 (d)). These are used to
characterize the nature of the generated surface acoustic waves. For the (0, 90, 90) direction, the surface
normal and longitudinal components are an order of magnitude higher than the shear horizontal component
indicative of wave maotion which is more or less ellipsoidal. This type of wave motion corresponds to that

of the Rayleigh mode.
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Figure 9-7. Displacement and voltage waveforms at the output IDT node along (O, 90, 150) Euler

direction.
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Figure 9-7: Continued

The displacement profiles of the off-axis components signified by (0, 90, 30) and (O, 90, 150) directions
show lesser amplitude variations amongst the three directions indicative of mixed wave modes which are a

combination of more than one wave type such as pure Rayleigh or Shear Horizontal modes. A pure
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Rayleigh wave is a wave which concentrates its energy on the surface and propagates with no or little
propagation loss. To verify the wave type obtained for the (0, 90, 90) Euler direction, we utilized the
Campbell-Jones method. In this technique, the calculated four attenuation constants (o) have a positive real
part for (0, 90, 90) direction. As aresult, the depth displacement of the wave undergoes attenuation and the
wave is confined to the piezodectric substrate. The calculated four attenuation constants for the off-axis
directionsi.e. (0, 90, 150) and (0, 90, 30) aso have real part, however, the magnitude of the same are much
smaller. The acoustic energy along the off-axis directions would not be confined to within one wavelength
from the substrate surface. This is indicative of wave propagation into the depth of the substrate which
would result in propagation additional losses. The same is reflected in the smulated voltage profiles
obtained at the output transducer fingers which indicate greater attenuation for the off-axis directions (~
0.15 V) than the on-axis direction (~ 0.23 V). Further insights into the wave propagation along the
piezodectric substrate depth can be obtained by analyzing the displacement profiles into the substrate

depth. The details are discussed in the next section.

Table 9-1. Smulated, theoretical and experimentally measured wave velocities along the different
shorted delay paths of the hexagonal SAW device on lithium niobate.

Orientation Theoretical 2%42% Experimental FEM Simulation
Euler angle (m/'s) (m/s) (m/s)

(0.6, v)

(0,90,90) 3487 3593 3510
(0,90,150) 3646 3721 3710
(0,90,30) 3622 3620 3660

9.5.2 Analysisof wave displacement-substrate depth profiles

The mechanical stresses due to particle displacement arising from the acoustic wave propagation aong or
near the surface of the device, results in generation of an associated electric field in the piezoelectric
materia. This field may extend beyond the surface of the structure and result in energy dissipation into the

bulk of the structure. For sensing applications, it is especially necessary to have acoustic confinement near
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the surface of the device to realize higher senstivity. Amongst the three propagation directions in a
hexagonal SAW device, it is necessary to establish the acoustic energy concentration as a function of
substrate depth to determine their utility for potential sensing applications. Anaysis of displacement vs.
depth profiles as shown in Fig. 9-8 can aso be carried out to yield more insghts into the propagation

characteristics of the waves along the three directions.
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Figure 9-8. Displacement profile along the depth of the substrate for a section cut through the center
of the delay path and normal to the propagation direction. The displacement contour s shown on the
left are obtained after the wave has stabilized. The displacement-depth plots shown on the right
correspond to a path chosen along the center of the section displayed on the left. (a), (b) and (c)
correspond to Euler directions (0, 90, 90), (0, 90, 30) and (0, 90, 150), respectively.
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Figure 9-8: Continued

The analysis shown in Fig. 9-8 was done to determine the displacement variation aong the substrate depth
for a section cut normal to the propagation direction. The contours shown in Fig. 9-8 were taken after 60 ns

of propagation time. As can be seen from the depth profiles shown in Fig. 9-8 (a), the (0, 90, 90) direction
213



has most of the acoustic energy confined within one wavel ength from the device surface. As discussed in
the previous section, the waves propagating in (0, 90, 90) direction are Rayleigh waves which have a
significant surface normal and longitudinal component. The wave, therefore, appears to be confined to the
IDT aperture width and hence energy losses are minimal (Fig. 9-8 (a)). The surface displacements shown
on RHS in Fig. 9-8 (a) for the (0, 90, 90) are higher than those for (0, 90, 30) and (0, 90, 150) (shown on
the RHS of Fig. 9-8(b) and (c), respectively). Additionally from LHS of Fig. 9-8 (a) through (c), it can be
seen that the depth penetration of the wave for (0, 90, 30) is higher than that for (O, 90, 90) direction, but
lower than (0, 90, 150). The presence of a shear horizontal component in the (0, 90, 30) and (0, 90, 150)

waves result in it traveling outside the aperture width of the IDTs and leads to higher losses.

Furthermore, the acoustic energy for the (0, 90, 30) dissipates to three-four wavelengths from the device
substrate whereas for the (0, 90, 150) direction, the acoustic energy penetrates up to six wavelengths from
the substrate surface (Fig. 9-8 (b)-(c)). The higher dissipation into the device substrate results in lesser
magnitude of surface displacement for the (0, 90, 30) (~ 2.2 A) and (0, 90, 150) (~ 2.5 A) direction when
compared to (0, 90, 90) (~ 3.5 A). These results corroborate the findings obtained from the voltage profiles
in Fig. 9-5 through 9-7 (a), which show that wave attenuation for (0, 90, 150) > (0O, 90, 30) > (0, 90, 90).
More indghts into the wave attenuation can be obtained by looking at the frequency response of the

hexagona SAW device.

9.5.3 Impulseresponse

The impulse response detected by the output transducer is obtained directly from the finite element
simulation in the form of voltage potential and particle displacements at the output IDT fingers of the
receiving port. The frequency response of a SAW device H(f) can be obtained from its impulse response

h(t) by taking the Fourier transform.

H(f)= j h(t)e 2™ dt 9.7)
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To obtain theimpulse response, asignal of the following form isinput at the transmitting e ectrodes %":

1
T_ O<t<Ty
—_ S
Vi =, 9.8)
0 t> T,

In the above equation, Ts is the sampling time used in the simulations, t is the time and V; is the applied
voltage at the input transducer fingers. Three IDT fingers at each port were defined with the nodes coupled
to zero volts, whilst the three output IDT fingers were coupled separately. The impulse function represented
above is applied to the remaining two input IDT fingers, and the average voltage profiles calculated at the
output IDT fingers were used to derive the frequency response of the hexagonal SAW device aong each of
the three propagation directions. Thus, by applying an impulse function as an input, the frequency response

can be calcul ated.

The velocities corresponding to wave propagation along the three Euler angles are given in Table 9-1.
Since frequency is directly proportiona to velocity, it is expected that the frequency response would follow
the order (0, 90, 90) < (0, 90, 30) < (0, 90, 150). The calculated frequency response for an input impulse (1
ns) of 10 V isshown in Fig. 9-9. The caculated device frequency along the three directions follows (0, 90,
90) < (0, 90, 30) < (0, 90, 150). The least attenuation occurs aong the (0, 90, 90) direction whereas the
maximum is observed for (0, 90, 150). The calculated insertion loss for (0, 90, 90) direction is ~ 31 dB
whereas the (0, 90, 150) propagation direction was found to have 3 dB higher insertion loss than (0, 90,
90). Also, we find that when the frequency is higher than 150 MHz for (0, 90, 90) direction, a high
frequency signal appears. This might be the BAW signa or the electromagnetic feed-through effect.
Considering that the BAW velocity in YZ LiNbO; or (0, 90, 90) direction is 7200 m/s, it appearslikely that

the high frequency signa might have resulted from BAW signal interference.?®
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Figure 9-9. Frequency response calculated using smulated voltage profiles at output IDTs along the
three Euler directions. On axis, Off Axis1 and Off Axis2 correspondsto (0, 90, 90), (0, 90, 30) and (O,
90, 150), respectively.

In the present smulations, we find that the pass-band width is broader and the insertion losses are higher
than that observed experimentally. Thisis primarily attributed to the reduced number of IDT finger pairs.
Our simulation results with increased number of finger pairs indicate that the pass-band width and the
insertion loss become smaller with the increase in the number of pairs. If the number of IDT finger pairsis
large enough, then the insertion loss would not decrease any further. However, in that case, the scale of the
device would increase and so would the number of variables that require to be solved. These and other
limitations are discussed in a subsequent section. However, despite the small quantitative differences, the

trends predicted by our simulations qualitatively agree with the experimental results of Cular et a.**°

9.6 Applicationsto material characterization and sensing

The finite element model of the hexagona SAW device developed in this work indicates that the
propagation characteristics of the acoustic wave generated along the three Euler directions is different
owing to the anisotropic nature of the piezoelectric crystal. The wave propagating along the (0, 90, 90)

direction are Rayleigh type waves with a dominant surface normal component whereas those propagating
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along the (0, 90, 30) and (0, 90, 150) direction comprised of mixed wave modes with a prominent shear
horizontal component. The differing wave propagation characteristics along the three Euler directionsin a
hexagonal SAW based on LiNbO; can be utilized in materials characterization for non-destructive testing
of thin films of different materials used in solid state devices. As seen from the impulse response anaysis,
the responses of the three delay lines are significantly different and can be effectively used to extract

multiple film parameters that probe a common region.

Based on perturbational approach, the SAW gas response obtained for a given gas adsorption onto a thin

isotropic sensing film on a semi-infinite anisotropic substrate, is given by:

2
-
Av_(7h —%A+AC44 B+ Cu -1/|C (9.9)
P Cu 1- AC,

Cll

where h is the film thickness, A is the SAW wavelength, p is the film density, C;y & Cy are the dadtic
constants, and A, B & C are propagation coefficients that depend on the normalized SAW displacementsin
the piezoelectric substrate. The values of A, B & C are available in literature. By applying Eqg. (9.9) using
the measured Av/v along the three different propagation directions in a hexagonal SAW device, we would
get a system of three equations in three unknowns Ap/p, AC/Cy; and AC,4/Cys. Both the steady state and the
time variations in film density and elagtic constants can then be calculated from the steady state and
dynamic values of Av/v to gain insights into the kinetics of gas adsorption. Thus nondestructive real time
characterization of sensing layers upon gas adsorption is possible through the use of hexagonal SAW

device.

In terms of sensor applications, the multiple parameters extracted from the film using the hexagonal SAW
device can serve as multiple calibration curves and allow for a more unique and precise characterization of
the concentration and type of anayte being sensed. Combined with the array concept, significantly more

information can be obtained to better characterize the analyte. Additionally, the hexagonal SAW device can
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also be employed for chemical and biological sensing. It iswell known that the conventional acoustic wave
devices are specific to the phase in which they operate; for example, the Rayleigh wave device which are
suitable for vapor sensing cannot operate in the liquid environment owing to excessive attenuation'. Our
analysis indicates that the multiple directions in which the waves are launched in the hexagonal device of
LiNbO; are different in character, and might allow for a common device to be functional in both gas and
liquid phases. In the present work, we have shown that Rayleigh waves propagate along the (O, 90, 90)
direction and mixed mode waves with prominent SH component propagate along the other two directions.
Furthermore, the depth profile analysis indicates that the (0, 90, 90) direction has acoustic energy confined
to the surface of the LiNbO3 substrate, whereas the acoustic wave penetration into the substrate for (0, 90,
30) and (0, 90, 150) direction have a higher penetration into the substrate. High sensitivity to surface
perturbations is achieved for devices with minimal propagation energy losses and which have acoustic
energy confined to the device surface. Therefore, the (0, 90, 90) or the on-axis direction is more suitable for
chemical and vapor sensing applications. On the other hand, the off-axis directions can be used in
conjunction with the on-axis direction to simultaneously and continually monitor the changes in the

materia properties of the sensing layer film due to gas-film interaction.

Additionally, in a separate investigation we have shown that the Rayleigh wave devices can be utilized in
acoustic cleaning of nonspecifically bound proteins in biosensor applications™. The possibility of
launching shear horizontal SAW waves in one direction and Rayleigh waves in ancther, the hexagonal
device may well serve as a better biosensor edement for liquid phase applications and help to
simultaneously eliminate the problems associated with biofouling which render the conventional biosensors
ineffective. Experimental and theoretical investigations to identify the best candidates for potential
biosensing applications are underway in our laboratory, with the designs implemented in more suitable

piezoe ectric materials such aslithium tantalate and langasite.
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9.7 Limitations of the finite eement ssmulations

A fine mesh generation is required for accurate modeling of a SAW device. It is critica that the nodal
densities for the substrate smulated are at least in the order of 20 nodes per wavelength for the highest
device frequency. Therefore, the number of nodes required to smulate a 3-D SAW device is extremely
large. The incorporation of a waveguide or a sensing layer (typicaly a few hundred nanometers) to
simulate a hexagonal SAW sensor would result in significant differences in the length scales of substrate
and sensing layer, thereby requiring much higher node densities. Additionaly, the simulations are
computationally intensve and time consuming, with the required CPU time increasing considerably with
mesh sze. Another major setback arises from acoustic wave reflection from the edges if the smulations are
carried for sufficiently longer times. One of the ways to overcome this limitation would be employment of
damping elements at the ends of the substrate. While longer simulation times are necessary to attain stable
state, too long a simulation time results in wave reflections causing ingtabilities to set in. A smulation time

of 200 nswas found to be optimum for the substrate dimensions considered in the present study.

9.8 Conclusions

A 3-D finite lement coupled field model of a hexagonal SAW device based on a LiNbO; substrate is
developed in this work. Insights into the acoustic wave generation and propagation along the three Euler
directions corresponding to the multiple propagation directions in a hexagona transducer configuration on
a piezoelectric substrate is obtained using the developed model. The center frequency of the smulated
devices obtained from the impulse response anaysis was found to be around 100 MHz. The voltage and
displacement profiles at the output transducer configurations for an AC anaysis with input voltage of 5V
peak-peak and 100 MHz frequency at transmitter IDT fingers was used to identify the acoustic wave
propagation characterigtics along the three Euler direction. Our simulation results indicate that the waves
propagating along the (0, 90, 90) direction are of pure Rayleigh type with a dominant surface normal
component whereas those propagating along the (0, 90, 30) and (0, 90, 150) directions involve combination

of multiple wave modes with a prominent shear horizonta displacement component.
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Analysis of the particle displacements along the depth of the piezodectric substrate was used to gain
insights into the acoustic energy confinement and wave penetration into the SAW device. Our findings
indicate that the higher propagation losses along the off-axis directionsi.e. (0, 90, 30) and (0, 90, 150) are
attributed to the presence of the shear horizontal displacement component as well as higher acoustic wave
penetration into the depth of the piezoeectric substrate. These manifest themselves in the form of
attenuated voltage response at the output transducer fingers for the (0, 90, 150) and (0, 90, 30) directionsin
comparison to the (0, 90, 90) direction. The calculated insertion losses for an impulse voltage input along
the three propagation directions indicated the waves along the (0, 90, 90) direction are |less attenuated than
those along the (0, 90, 30) and (0, 90, 150) directions. The results of the finite element smulations are
consistent with those obtained using perturbational technique based methods such as Campbell-Jones as

well asthose observed experimentally.

Based on the results of the finite element analysis, the utility of the multiple wave characteristics along the
different delay line configurations in a hexagonal SAW device is also discussed. We find that the
hexagonal SAW devices based on LiNbO; are more suitable for materia characterization than the
conventional SAW or QCM devices. Efforts are underway to identify more suitable transducer designs,
geometry as well as piezoelectric substrates which might serve as better biosensor elements. The findings
of thiswork have laid the groundwork for further investigations towards modeling SAW devices with more
complicated transducer configurations and alows for extending the developed models to analyze
propagation characteristics in hexagonal SAW device fabricated on other bare and multi-layered

piezoel ectric substrates.
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Chapter Ten
Design of Efficient Focused Surface Acoustic Wave Devices

10.1 Abstract for chapter ten

Focused interdigital transducers (F-IDTs) patterned on surfaces of piezoelectric substrates can be used to
generate surface acoustic waves (SAW) with high intensity and high beam-width compression ratio. A
three dimensional coupled field finite element model of a focused SAW (F-SAW) device with interdigital
transducers shaped as concentric circular arcs based on a YZ LiNbO; substrate is developed in this study.
This model was utilized to investigate the effect of geometric shape of transducers on the focusing
properties of F-IDTs to identify the optimal design for potential microfluidic applications. The transducer
design parameters investigated in the current sudy include number of finger pairs, degree of arc, geometric
focal length, and wavelength of F-SAW. The transient response of the device on application of impulse
and AC €lectrical inputs at the transmitting FIDT fingers was utilized to deduce the device frequency
response, and propagation characteristics of F-SAWSs, respectively. The influence of applied input voltage
on the propagation characteristics is aso investigated. The insertion loss calculated for the various F-IDT
designs was used to identify the optimal transducer configuration for sensing and microfluidic applications.
The focusing properties as well as the wave propagation characteristics for the various F-IDT designs were
evaluated in terms of the amplitude field and displacement contours generated in regions close to and at the
focal point. Comparison with a conventional SAW device operating at MHz frequency range and uniform
IDT design is also made. Our study indicates that the focusing property of the device is significantly

influenced by the geometric shape of the F-IDTs.
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Based on the simulation results of this study, we provide guidelines for designing various F-IDTs to suite
desired applications. F-SAW devices operating with higher applied input voltages and at higher
frequencies, with optima geometric length and larger degree of arc are best suited for actuation and fluid

micro-transport whereas those with smaller degree of arc are better suited for sensing applications.

10.2 Focused SAW device

In the present chapter, we evaluate the design and performance of a surface acoustic wave device, based on
concentric circular arc fabricated in a LiNbO; substrate, by anayzing the wave generation and propagation
characteristics for various focused interdigital transducer configurations in devices operating at MHz
frequencies. We develop coupled field finite element structural models to investigate the dependence of
acoustic wave generation and propagation characteristics on the various transducer configurations in F-
SAW devices. The transient response of the model to various electrical inputsis used to identify the F-IDT
configuration that would allow for enhanced streaming and increased micro-transport. The generated
displacement profiles obtained at the receiving transducer port as well as other locations are used in
conjunction with wave propagation parameters derived from perturbational models to calculate streaming
forces and velocities based on successive approximation theory applied to Navier Stokes equation. The
findings are used to identify the optimum transducer configuration for potential biosensing and microfluidic

applications.

10.3 Surface acoustic wave device design

Surface acoustic waves are generated by the application of an dternating voltage signa to interdigital
transducers (IDT) patterned on a piezoelectric substrate”. The phase velocity of the generated wave
depends on the materia properties of the waveguide, the piezoelectric and electrodes as well as on the
geometric shape of the electrode. The IDT geometry dictates the wavelength of the excited wave and
therefore the center frequency of the device (Fig. 10-1(a)). Modifications to the transducer geometry can

result in significant changes in the acoustic wave propagation characteristics. In this work, we model the
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acoustic wave generation and propagation resulting from the use of concentrically oriented inter-digital

transducer fingers on the surface of a piezoe ectric substrate.

An illustration of a F-SAW device constructed using pairs of FIDTs based on concentric circular arcs is
shown in Fig. 10-1(b). The FIDTs are characterized by design parameters such as degree of arc (D),
geometric focal length (f) and the wavelength (A). The effect of variation of these parameters on the
acoustic wave propagation characterigticsis presented in thiswork. The wave modes that are generated for
each of the transducer designs are evaluated using 3-D finite element transient analysis for various applied
electrical input conditions at the transmitter IDT fingers. The simulated displacement and voltage
waveforms obtained at the output transducer and at different locations along the delay path are analyzed to

deduce the dependence of the acoustic wave propagation characteristics on the device design parameters.

Finger
width 1

€) (b)

Figure 10-1. Schematic diagram of (a) transducer design for a conventional SAW device (b) focused
inter-digitated transducer (FIDT) design for a F-SAW device.

The amplitudes of the SAWSs depend on the applied voltage input and frequency as well as device design
characteristics and are typically in the nanometer range'. SAWSs such as Rayleigh waves are generated in
piezoel ectric devices based on LiNbO; with a conventional IDT design and have a displacement component
normal to the propagation direction. When in contact with a liquid, they tend to couple strongly with the
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liquid and leak ultrasonic power into the fluid in the form of acoustic waves called leaky SAWs. Theleaky
SAWSs decay exponentially with distance from the source. The SAW interaction with the fluid creates a net
pressure gradient in the direction of sound propagation in the fluid which leads to an interna, acoustically
induced streaming phenomenon. SAW induced streaming finds applications in various processes ranging
from micro-mixing, surface reactions, sonic cleaning to biological detection amongst severa others.
Altering the transducer electrode design from linear to circular causes the acoustic energy of the SAW
device to be focused. This results in larger amplitude waves and, correspondingly larger streaming
velocities are generated. Attempts to identify transducer designs which would increase the acoustic wave
coupling with the fluid media and maximize the induced streaming phenomenon are made using structural
3-D finite element models. In particular, the transducer designs listed in Table 10-1 are smulated in the
present work and used to identify the effect of the transducer design parameters on the focusing property of

F-SAW device. These details are discussed in subsequent sections.

Table 10-1. Design parameter s of different focused SAW transducers simulated in thiswork.

F-SAW design Number of finger Degree of arc (D) | Geometric focal Wavelength (1) in

parameters pairs (Np) length (f) in um pm
Design-1 3 120° 45 40
Design-2 3 120° 45 60
Design-3 3 120° 45 80
Design-4 3 120° 85 40
Design-5 3 120° 125 40
Design-6 3 90° 45 40
Design-7 3 60° 45 40
Design-8 4 60° 45 40
Design-9 5 60° 45 40
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10.4 Computational details

The propagation of acoustic waves in piezoelectric materias is governed by the mechanical equations of

motion and Maxwell’s equations for dectrical behavior *?®. The constitutive equations of piezodectric

mediain linear range coupling the two are given by %

Ty = Ci:'zkl S _eiij E, (10.2)

D, =eyS; +£ii E, (102)

In the above equations, T; represent the components of stress, kal the elagtic constant for constant electric
field, S¢ the strain, Ey the éectric fied intensity, D; the eectric displacement, ef(ij the piezodectric

constant, and é’ii' the permittivity for constant strain. The acoustic wave propagation velocity is five orders
of magnitude smaller than that of electromagnetic waves. Therefore, the quasistatic assumptions help

E:O E:—a_¢

reduce Maxwell’ s equation to 0x and 0x , Where ¢ represents the electric potential.

The components of strain are defined by

1( du du;
Sj gl s B
2( 0x;  Ox

. (10.3)
The equation of motion in the absence of internal body forcesis given as
0T, d°u,
~ P—5 = 0 (10.4)
0X; ot

where p is the density and u; represent the components of displacement. Substituting and rearranging the

above set of equations leads to a system of four coupled wave equations for the electric potential and the
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three component of displacement in piezoel ectric materials which are solved for the piezoelectric substrate

or the solid domain:

°u . ¢ 0%, g
- L+C +e. =0 10.5
o 0, 0% i X, 0X, (109
0%y, s 0’9 _
i oxox  Koxox
j (10.6)

These coupled wave equations can be discretized and solved for generating displacement profiles and

voltages at each element/node using the finite element method.

10.5 Mode parameters

A three dimensional finite element model was devel oped in the present study. A micron-sized piezoelectric
substrate with dimensions (800um propagation length x 500um depth x 400 um width) was simulated to
gain insights into the wave propagation characteristics in F-SAW as well as conventional SAW devices. In
most designs, three IDT finger pairs for the input port were defined at the surface of Y-cut, Z-propagating
LiNbO; substrate. The fingers were defined with periodicity of 40, 60, and 80 um for simulating F-SAW
devices with varying wavelengths. 8-node quadrilateral coupled field solid elements were used to model
the solid piezoelectric domain. The IDT fingers were modeled as mass-less conductors and represented by
a set of nodes coupled by voltage degrees of freedom (DOF). A total of approx. 150,000 €lements (more
than 250,000 nodes) were generated. The model was created to ensure higher node density at the surface
and throughout the middle of the device to study the different modes of surface acoustic waves and the use
of 8-node coupled field (solid) elements with 3 DOF ensured the same. Three DOF's provided the
displacementsin the longitudinal (z), normal (y) and the shear horizontal (z) directions and a fourth for the
voltage. The transient response of the F-SAW devices was simulated and used to identify conditions which

would allow for enhanced ultrasonic microtransport.
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10.5.1 Structure excitation

The center frequency of SAW devices simulated in this work is in the range of 50-100 MHz. Hence, the
structure was simulated for atotal of 200 nanoseconds (ns), with atime step of 0.5 ns. This enabled precise
determination of the device frequency operating in the MHz range. The excitation of the piezoelectric solid
was provided by applying a time varying voltage signal (with varying peak values and fregquencies
equivalent to the device center frequency) on the tranamitter IDT fingers of the F-SAW devices as shown in
Fig. 10-1. Two kinds of analysis were carried out for each of the F-SAW designs: (1) An impulse input of
100 V over 1 nsis applied to study the frequency response of the device and (2) AC analysiswith a5V
peak-peak input and 100 MHz frequency to study the wave propagation characteristics. A high input
voltage impulse ensured that the amplitude of the acoustic wave impulse sampled at the output transducer
fingers was sufficiently large enabling clear distinction from any possible interference arising from edge
reflections. The applied voltage values chosen for AC analysis correspond to those used in typical

experimental investigations™.

@)

Figure 10-2. F-SAW device (a) Meshed structure (b) Applied input voltage profile for a 100 MHz
SAW device.
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Figure 10-2: Continued

10.6 Resultsand discussion

Using a 3-D transient coupled field finite element model, the effect of transducer design parameters such as
degree of arc (D), geometric focal length (f), wavelength ()) as well as number of F-IDT finger pairs (as
listed in Table 10-1) on the propagation characteristics (voltage and surface normal, longitudinal and shear
horizontal displacement profiles) of F-SAW devices was investigated in the present work. Additionaly,
the effect of applied input voltages on the displacement waveforms aong the F-SAW delay path was
simulated. The transent response to an applied voltage impul se was used to calculate the center frequency
of the F-SAW device and identify the propagation losses associated with each of the F-IDT designs.
Analysis of particle displacements into the substrate depth was utilized to determine the acoustic energy
confinement for the various F-IDT designs. The smulated frequency response as well as wave propagation
characteristics obtained for an F-SAW are aso compared with a conventionad SAW device with similar

design parameters. The detalls are presented in the following sections.
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10.6.1 Frequency response analysis

The frequency response of the F-SAW device is necessary in most of their applications, such as filters,
sensors, actuators, detectors, etc *. Although SAW devices with focused interdigital transducers have been
studied for several years, the models required to cal cul ate the frequency response are very limited **%, In
case of F-SAW devices, second order effects of SAW propagation such as SAW diffraction, refraction, and
beam steering are much stronger than in the conventional SAW device and deeply influence the obtained
frequency response 223*. Most of the ssmpler models are based on perturbationa approach and are unable
to account for such effects. Therefore, a smulation model such as the finite element technique which
considers these second order effects is needed to accurately calculate the frequency response of a F-SAW

device.

The frequency response of an F-SAW device H(f) can be obtained from its impul se response h(t) by taking

the Fourier transform 2%,

H(f)= Th(t)e'“ﬂdt
e (10.7)

To obtain the impulse response, asignal of the following form isinput at the transmitting e ectrodes %":

1
T_ 0O<t<Ty
—_ S
Vi =, (10.8)
0 t>T,

In the above equation, Ts is the sampling time used in the simulations, t is the time and V, is the applied
voltage at the input transducer fingers. Threeto five IDT fingers at each port were defined with the nodes
coupled to zero valts, whilst the same number of output IDT fingers was coupled separately. The impulse
function represented above is applied to the remaining input IDT fingers, and the average voltage profiles
calculated at the output IDT fingers were used to derive the frequency response of the F-SAW device. The
insertion losses associated with each of the transducer designs listed in Table 10-1 are calculated and used

to identify the applicability of the various designsin the areas of microfluidics and sensing.
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10.6.1.1 Effect of wavelength (A)

To investigate the effect of acoustic wavelength on the propagation characteristics of F-SAWSs, we

simulated F-SAW devices with varying IDT finger spacingi.e. 10, 15 and 20 microns. Typically, the SAW
device operational frequency is given by V/4f, where V isthe vel ocity of the acoustic wave traveling along

any particular crystallographic direction in the LiNbO; substrate and f is the finger spacing. Therefore, the
spacing between electrodes was modified to simulate F-SAW devices operating in different frequency
ranges and generating focused acoustic waves with varying wavelengths. The smallest attenuation is
attained when the input excitation frequency matches the center frequency of the device. To identify the
center frequency for subsequent AC analysis, an impulse input of 100 V was applied to the transmitter
fingers. Thefrequency response obtained for the three designs with varying IDT finger spacing is shown in
Fig. 10-3. The calculated center frequencies for the three cases are listed in Table 10-2. It can be seen that
the center frequencies for 10, 15 and 20 micron F-IDT finger spacings correspond to 100, 75 and 55 MHz,

respectively.
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@)
Figure 10-3. Smulated frequency responses of F-SAW devices (a) Design-1 (b) Design-2 (c) Design-3.
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Figure 10-3: Continued

The insertion losses corresponding to the three designs are also listed in Table 10-2. We find that F-SAW
devices operating at lower frequencies show higher propagation losses as compared to those operating at
higher frequencies. This behavior is different from that seen in conventional SAW devices, in which the

higher frequency devices have higher propagation losses. It is also worth noting that in the F-SAW devices
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operating at ~ 55 and 75, the frequency response appears to show significant bulk acoustic wave (BAW)
interference at the high frequency end of the device passband. It is however also possible that the high
frequency signal obtained at ~ 150 MHz is a result of electromagnetic feed-through effect. The BAW
velocity in YZ LiNbO3 is 7220 m/s and hence it takes approximately 12 ns for the wave to travel the delay
line distance of 45 microns between the input and output electrodes. The el ectromagnetic feed-through on
the other hand is attributed to the initia signal which occurs mostly within the first few nanoseconds. Our
analysis of the frequency response obtained without the electromagnetic feedthrough effect, i.e, time
domain signal picked up beyond 12 ns, indicated that the high intensity signal il existed and istherefore a
result of BAW interference. Although the disappearance of the BAW signal in the 100 MHz F-SAW
deviceisunclear, it is evident that the higher propagation | osses associated with the 55 and 70 MHz devices

as shown in Table 10-2 are due to BAW interference.

Table 10-2. Calculated center frequencies and insertion losses for three designs with varying finger
spacing.

F-SAW transducer design | Wavelength (1) Center Frequency (MHz) | Insertion Loss (dB)
Design-1 40 100 -9.5
Design-2 60 70 -11.6
Design-3 80 55 -11.9

Based on these simulation findings, it appears that the 100 MHz frequency F-SAW device with lesser
insertion loss is more suitable for applications involving microfluidics and sensing. Therefore, in the
subsequent subsections, we compare the variations of geometric focal length and the degree of arc of F-IDT

for the device operating at 100 MHz.

10.6.1.2 Effect of geometric focal length (f.)

To investigate the effect of geometric focal length on the frequency response of the F-SAW device, we
simulated devices with same degree of arc of 120° and finger spacing of 10 microns, but different focal

lengths of 45, 85 and 125 microns. The simulated frequency response for the different device designs is
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shown in Fig. 10-4. It can be seen that the center frequency of the devices is unaffected by changesin the
focal length and depends primarily on the F-IDT finger spacing. The calculated insertion losses
corresponding to the various geometric lengths are summarized in Table 10-3. As expected, the F-SAW

devices with higher focal length show increased insertion loss.

Table 10-3. Calculated insertion lossfor F-IDTswith varying focal length.

F-SAW transducer design Geometric focal Insertion Loss (dB)

length (f.) inpum

Design-1 45 95
Design-4 85 9.2
Design-5 125 -139

The higher propagation losses are attributed to second order effects arising from substrate anisotropy such
as SAW diffraction, refraction and beam steering which are stronger in F-SAW devices in comparison to
conventional SAW ones, as has been shown in one of our investigations **. The calculated insertion loss
shows little change for focal length variation from 45 to 85 microns. However, it increases significantly
from approximately 9.2 dB to 13.9 dB when the focal length changes from 85 to 125 microns. It islikely
that the insertion loss shows a non-linear dependence on geometric focal length, although more simulations
are needed to confirm the same. This implies that beyond a certain optimal focal length, the propagation
losses are significantly higher. F-SAW devices, beyond the optimal focal length, with higher insertion
losses are unsuitable for sensing applications and might find applications primarily in actuation, whereas
those within the optimal focal length might be suitable for both sensing and actuation. The localized
amplitude variations in the focal region for each of the three designs are required to substantiate the above
arguments. This and other details of the propagation characteristics for the three designs are discussed in

the AC analysisin a subsequent subsection.
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Figure 10-4. Smulated frequency response of F-SAW deviceswith transducer configurations having
varying geometric focal length.

10.6.1.3 Effect of degreeof arc

The effect of degree of arc of the F-IDTs on the frequency response of the F-SAW device is shown in Fig.
10-5. The simulated devices shown in Fig. 10-5 have the degree of arc varying from 120 for Design-1 to
60°for Design-7. The increase in the degree of arc of an F-IDT does not change the pass-band width of the
device. However, there exist significant differences in the insertion loss of the device shown in Table 10-4.
For smaller degree of arc such as 60°, the insertion losses are significantly reduced (3.8 dB). However, if
the degree of arc is excessively large, then the insertion loss becomes larger, for example, it is 9.5 dB for a
120° arc. An increase in the degree of arc of F-IDTs results in an increase in SAW diffraction which
results from the high anisotropy of the piezoelectric substrate. This typically occurs when the propagation
direction is not along one of the pure-mode axes of the crystal, but at an angle 6 with respect to it. In such
cases, as in an F-SAW device with the transducers based on concentric circular arcs, the acoustic group
velocity will propagate off at angle ¢ with respect to the phase velocity. The higher the degree of arc, the
higher would be the SAW diffraction effect and hence greater would be the insertion loss as seen in Fig.

10-5.
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Figure 10-5. Smulated frequency response of F-SAW deviceswith transducer configurations having
varying degrees of arc.

It is expected that an increase in the degree of arc of the FIDTs might lead to better focusing property with
the amplitude field possibly reaching a focal point. This can be useful to build devices that are more
suitable as actuators in microfluidic applications. However, as brought out earlier, F-SAW devices with
higher propagation losses are not best suited for sensing applications. Hence, it is likely that F-SAW
device with smaller degree of arc and lower insertion losses are more qualified to be applied as sensors or
filters. A detailed AC analysis of the propagation characteristics of F-SAW devices with varying degrees

of arcispresented in a subsequent section.

Table 10-4. Calculated insertion lossfor F-1DTswith varying degreesof arc.

F-SAW transducer design Degree of arc Insertion Loss (dB)
Design-1 120° -9.5
Design-6 90° -8.6
Design-7 60° -3.8
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10.6.1.4 Effect of number of finger pairs

To simulate the effect of number of F-IDT finger pairs on the frequency response of the F-SAW device, we
utilized Design-7 with three F-IDT finger pairs as the base case. The number of F-IDT fingers was
subsequently increased to four and five and the results are shown in Fig. 10-6. We find that the pass-band
width becomes narrower with an increase in the number of finger pairs while the insertion loss of the
devices becomes smaller. It has been reported by Wu et a. that for large enough number of finger pairs (~
120), the insertion loss of the F-SAW device does not decrease any further with increase of this number.
However, the increase in finger pairs also increases the size of the device. As aresult, it is necessary to
optimize the number of F-IDT finger pairs in an F-SAW device according to the required pass-band and

insertion loss.
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Figure 10-6. Smulated frequency response of F-SAW deviceswith transducer configurations having
varying number of F-IDT fingers.

The simulation model developed by Wu et al. **® was based on effective permittivity approach and
perturbation theory. In the present case, although more robust, the finite element simulations involving
larger number of finger pairsled to a considerable increase in the number of elementsto model the F-SAW
device and leading to a significant increase in the smulation time. The computationally intensive nature of

the FE model makesit difficult to smulate F-SAW having increased number of finger pairs.
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10.6.2 AC response analysis

AC andysis for the various F-IDT designs considered in the above section was carried out to investigate
the focusing property as well as understand the propagation characteristics of F-SAWs. The smulated
displacement contours showing F-SAW propagation along the substrate surface for atypical AC analysis of
Design-4 are shown in Fig. 10-7. The focusing effect, which is clearly evident from Fig. 10-7, is anayzed

for thevarious designslisted in Table 10-1.
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Figure 10-7. Smulated acoustic wave propagation in an F-SAW device. The parameters correspond
to those of Design-4.

The propagation of acoustic waves in the F-SAW device is evaluated in terms of the displacement
waveformsin the surface normal, longitudina and shear horizontal directions at various locations aong the
delay path including the output transducer fingers. The voltage waveforms analyzed at the output
transducer are used to gain insghts into the extent of wave attenuation. The wave propagation into the
depth of the substrate is analyzed to understand the acoustic energy confinement as well as wave

conversion into the bulk mode.
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10.6.2.1 Effect of degree of arc of F-IDT

AC analysis of F-SAW devices with varying degrees of arc of F-IDTsranging from 120° to 60° was carried
out to investigate the focusing property and propagation characteristics of F-SAWs. An increase in the
degree of arc aso causes an increase in the aperture width of the F-IDT fingers. The smulated amplitude
field obtained after the wave has stabilized (after 40 ns) is shown in Fig. 10-8. It can be clearly seen that
the amplitudes attain maxima at regions close to the focal point. The displacement amplitudes at the focal
point decrease with degree of arc of the FIDTs. The maximum in case of Designs 6 and 1 (i.e. with
Da=90° and 120°) appears to be shifted away from the focal point. The deviation results from SAW
diffraction and is attributed to the anisotropy of the piezodectric substrate. The SAW diffraction effect

increases with the degree of arc. As aresult, the frequency response of devices with larger degrees of arc

shows higher insertion loss.
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Figure 10-8. Smulated amplitude field for F-SAWswith varying degrees of arc.

The snapshots obtained at the end of 70 ns of simulation time for the three FIDT designs are shown in Fig.
10-9. The amplitude fields appear to converge to the focal point as the degree of arc increases from 60° to
120°. Hence, it can be observed that FIDTs with larger degree of arc produce a smaller focal point.
Therefore, the focusing property becomes better as we increase the degree of arc, with the amplitude field
approaching the focal point. For devices having sufficiently larger degree of arc, i.e., greater than 90°, it

can be seen that the variations in the azimuthal direction are negligible, especialy at regions near the focal
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point. Aswe move away from the focal region, i.e., distances greater than 4A, variations in the azimuthal
direction become significant as seen from the displacement contours shown in Fig. 10-9. The acoustic
wave propagation characteristics in devices having FIDTs with smaller degree of arc approach that of a
conventional SAW device. At longer simulation times, wave reflections from the edge of the substrates are

also captured by these coupled field finite el ement models.
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Figure 10-9. Smulated displacement contoursfor F-SAW devices having F-IDTswith various
degrees of arc (a) Desgn-1 (b) Design-6 (c) Design-7.
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We further analyze the displacement profiles along the depth of the piezoe ectric substrate for a section cut
through the region close to the focal point of the F-SAW device as shown in Fig. 10-10. Insightsinto the
acoustic energy confinement at regions near the focal point and substrate surface can be obtained using Fig.
10-10. The waves are confined within one to two wavelengths from the device surface. The acoustic
intensity rapidly attenuates with depth into the device surface for the three designs shown. However, we
find higher acoustic wave penetration into the substrate surface for F-SAW devices having larger degree of

arc. As brought out earlier, the displacement amplitudes are higher for devices having FIDTs with larger

degrees of arc.
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Figure 10-10. Smulated displacement profiles along the depth of the piezoelectric substrate for a
section cut through aregion close to the center of delay path and normal to the propagation direction

for (a) Design-1 (b) Design-6 (c) Design-7.
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Based on the findings of the AC and impulse analysis, it appears difficult to design F-SAW devices having
degree of arc that results in best possible focusing properties and lowest insertion loss at the same time.
Amongst the various smulated designs, F-IDTs with Da=90° appears to be the optimum transducer
configuration for use in both microfluidic and sensing applications. On the other hand, FIDTs with
Da=120° have better focusing property, but higher insertion loss and are most suitable for use in actuation
or excitation. FIDTs with Da=60° have moderate focusing property, but smaller insertion loss and hence

are most suitable for sensing applications.

Furthermore, comparison of propagation characteristics of an F-SAW device (Design-1) with a
conventional SAW device having uniform transducer fingers can aso be carried out. In Ref. (29), we
simulated a 100 MHz conventional SAW device having a finger periodicity of 40 microns, an aperture
width of 200 microns and delay-line equivalent to twice the focal length in Design-1. An AC électrical
input of 5V (peak-peak) was applied at its transmitting fingers. We analyzed the displacement contours as
well as the amplitude field at various locations along the device delay-line as well as at the output
transducer fingers after the system had stabilized (after 70ns). Our simulation results indicated that the
surface waves generated in a conventional SAW device with uniform fingers and aperture width has
smaller amplitudes of particle displacement compared to F-SAWSs. The analysis of particle displacement
profiles indicated that the depth penetration of the surface waves in a conventional SAW is smaller than
that observed for a focused SAW device. Additiondly, the localized variations observed near the focal
point in an F-SAW device are absent in conventional SAWs. Our anaysis of the voltage profiles obtained
at thereceiving IDT fingersindicates the propagation losses in the conventional SAW are lower than that in
F-SAW, owing to reduced second order effects such as SAW diffraction, refraction and beam steering.
More details on the generation and propagation characteristics of F-SAW and its comparison to a
conventional SAW can be found in 3. We found that the conventional SAW devices are better suited for
sensing applications than for actuation and microfluidic application. On the other hand, depending on the
design specifications, F-SAW devices can be applied for both sensing as well as actuation and microfluidic

applications.

241



10.6.2.2 Effect of geometric focal length (f.)

AC andysis, as brought out in the above sub-section, of F-SAW devices with varying geometric focal
length (45, 85 and 125 microns) was carried out to investigate its effect on the propagation characteristics
of F-SAWs. The amplitude fields obtained near the focal point for the three designs are qualitatively
similar. The simulated displacement contours obtained for the three designs, i.e., Designs 1, 4 and 5 shown
in Fig. 10-9 (a), 10-7 and 10-11, respectively, were analyzed to study the dependence of the focusing
property on the geometric focal length. Our anaysis indicated that the displacement amplitudes attain a
maximum near the focal point, which increases with F-IDT focal length. At first sight, this might appear
counter-intuitive as one would expect higher propagation losses and smaller displacement amplitudes for
devices with longer geometric focal length. However, for the same degree of arc and number of finger
pairs, the aperture width of the F-IDT fingers would increase with distance from the focal point (Fig. 10-1
(b)). Hence, the increased propagation losses are compensated by a corresponding increase in the aperture
width and therefore, higher displacement amplitudes as well as increased focusing property result in
devices with increased geometric focal length. For the same reason, our analysis of displacement profiles
along the depth of the substrate for a section cut through the focal point also indicated higher acoustic

energy penetration for F-SAW devices having longer geometric focal length.
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Figure 10-11. Simulated displacement contoursfor Design-5, i.e., F-SAW device having F-1DTswith
focal length of 125 microns and degree of arc of 120°.
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Amplitude (A)

Although the current simulations suggest that longer focal lengths might be needed (typically 201) for the
amplitude field to approach a concise focal point, the scale of the device would also increase significantly,
making the simulation computationally intensive. This, and other limitations of the finite element

simulations can be found in Ref. (305).

10.6.2.3 Effect of wavelength (1)

AC analysis of F-SAW devices with varying F-IDT finger spacing was carried out to understand the effect
of F-SAW wavelength on its propagation characteristics, in particular, the focusing property. An applied
voltage of 5V (peak-peak) with frequency determined from the frequency response shown in Fig. 10-3 was
input a the trangmitting F-1IDTs. The amplitude fields obtained for the three designs are shown in Fig. 10-
12. Although the F-SAW amplitude a the focal point is not very different for the three designs, the
distribution of the F-SAW amplitude field shows significant differences. Comparison of the peak
amplitudes of the F-SAW crest at regions near the focal point for the three different wavelengths (Fig. 10-
12) suggests that the focusing effect is enhanced for devices with smaller wavelengths and higher
frequency. The localized variations are more prominent in Design-1, whereas Design-3 appears to have a

more uniform particle displacement near the focal point.
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Figure 10-12. Simulated amplitude fields for F-SAWswith varying wavelengths.
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The ssimulated displacement contours for Designs 1, 2 & 3 obtained after the system has stabilized (70 ns)
isshown in Fig. 10-9 (a) and 10-13 (a) and (b), respectively. We find that the scattering of the waves after
the focal point reduces with increase in the wavelength and the amplitude field becomes more uniform.
The size of the focal area increases with the increase in F-SAW wavelength. For larger wavelengths, the
amplitude field has no concise focal point. Instead, the F-SAW propagates as a narrow, long, strong SAW

beam as shown in Fig. 10-13 (b).
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Figure 10-13. Simulated displacement contoursfor (a) Design-2 (b) Design-3; i.e., F-SAW device
having F-IDTswith wavelengths of 60 & 80 microns, respectively.

Our simulation results indicate that the focusing properties increase with decrease in the wavelength of the
F-SAW. Additionally, F-SAW devices operating at higher frequencies or smaller wavelengths also incur
smaller propagation losses. Hence, for both sensing and microfluidic applications, devices operating at

higher frequencies or generating F-SAWs with smaller wavelengths are preferred.

10.6.3 Effect of applied input voltage

The simulations results reported above for the various F-IDT designs were obtained for an applied AC
electrical input of 5V (peak-peak) a the transmitter F-IDT fingers. To investigate the effect of voltage
intensity on the propagation characteristics of the wave, we simulated a F-SAW device with transducer

design parameters corresponding to Design-1 and operating at 100 MHz, but with varying applied input
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voltages of 5, 10, 20 and 30 V (peak-peak). Our simulation results indicated that the propagation
characteristics and displacement contours generated for the various power inputs were qualitatively similar,
but quantitatively different. As brought out earlier, the maximum amplitudes were obtained at the focal
point of the F-SAW device. The amplitudes of the wave generated at the focal point in the F-SAW device
for the various simulated voltage inputs are shown in Fig. 10-14. We find that the amplitude of the

generated focused wave varies linearly with the applied input voltage.
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Figure 10-14. Effect of applied input voltage on the wave amplitudes at the focal point in an F-SAW
device.

Similar linear variation was observed theoretically for conventional SAW devices ssmulated in our previous
investigations and was also reported experimentally by Chono et al. for SAW devices operating at 50 MHz
frequency. The SAW amplitudes in these experiments were measured using optical methods for varying
input voltages *®°. When in contact with the fluid medium, the increased wave amplitudes are expected to

result in enhanced streaming forces and increased streaming vel ocities.

10.7 Conclusions

A three dimensona coupled field finite eement (FE) model of F-SAW devices was developed in this
work. The F-IDTs were modeled as concentric circular arcs patterned on the surface of YZ-LiNbO; The

model was used to investigate the effect of geometric shape of transducers on the focusing property of F-
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IDTs. The effect of several F-IDT design parameters such as number of finger pairs, degree of arc,
geometric focal length as well as the wavelength of F-SAW on its propagation characteristics as well as
focusing property was studied in detail. Animpulse and AC eectrical input was applied at the transmitting
F-IDT fingers to evaluate the device frequency response and F-SAW propagation characterigtics,

respectively. The frequency of the smulated devices ranged from approximately 55 to 100 MHz.

The displacement contours as well as the variations in amplitude field at various locations around the focal
region obtained in an AC analysis were used to evaluate the focusing property for the various transducer
designs. Theresultsindicate that the focusing property is significantly influenced by the geometric shape
of thetransducers. F-SAW devices with larger degree of arc of F-IDTs and operating at higher frequencies,
i.e., generating waves with smaller wavelength, are needed to obtain better focusing. Also, there exists an
optima geometric focal length for the F-SAW devices which depends on a compromise between the
focusing property and the associated insertion loss. Longer geometric focal length gave better focusing
characteristics and increased insertion losses. The wavelength of F-SAWSs also significantly affected the
focusing property. Larger wavelength F-SAWSs generate long, narrow, strong SAW beams, but the
amplitude field is unable to approach a precise focal point. Shorter wavelength F-SAWs which are

generated in devices operating at higher frequencies are able to achieve the same.

Based on the FE simulation results, we have attempted to identify transducer configurations that are best
suited for sensing and microfluidic applications. We find that F-SAW devices operating at higher
frequencies and with high applied input voltages, optimal geometric focal length, and larger degree of arc
are best suited for actuation and microfluidic applications whereas F-SAW devices with shorter geometric
focal length and smaller degree of arc of F-IDTs are better suited for sensing. Additionally, in comparison
with the conventional SAW devices fabricated with uniform interdigital transducers, we find that the
focused SAW devices are more sensitive to variations in the focal area instead of the whole delay-line
region. This makes them suitable for application requiring detection or manipulation of localized variations,

such as those utilizing acousto-optic or acousto-electric effects. The findings of our study have laid the
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groundwork for further investigation into the propagation characteristics and focusing property of F-SAW

devices fabricated on multilayered substrates and/or with more complicated transducer designs.
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Chapter Eleven
Conclusions and future work

11.1 Conclusions

In the first part of the thesis, the nanoscale material behavior of transition metal aloys in the form of
clusters and wires was investigated using classical molecular dynamics simulations. The thermodynamic,
structural and mechanical properties of Pd-Pt nanoclusters and nanowires having diameter of
approximately 2.3 nm and varying compositions was studied. The melting behavior of Pd-Pt nanoclustersis
characterized by pre-melting of surface segregated Pd atoms followed by homogeneous melting of Pt core.
The smulated melting point of nanoclusters calculated from our simulations is much lower than the
corresponding bulk Pd and Pt crystals. Comparisons to same sized bimetallic nanowires are also carried
out. The simulated phase diagram of bimetallic nanowires is quite different from that of same-diameter
nanoclusters as well as that of bulk Pd-Pt aloy. Nanowires undergo solid-solid transition from fcc to hep
resulting in the existence of metastable hcp phase over temperature ranges which vary with the wire
composition. The phase boundaries (fcc-hep and solid-liquid) in nanophase dloys are dictated by two
competing processes i.e. surface melting and solid-solid transformation. The observed differences in the
surface melting mechanism of wiresand clusters aswell as the strength of the metal-metal interactionsfor a
given segregation profile dictate the onset of solid-solid transition from fcc-hep for a particular nanowire
composition. A melting theory developed for nanoclusters was extended to nanowires to facilitate
comparisons with the same. The simulated nanowire and nanocluster melting temperatures over a range of
alloy composition are in moderate agreement with the predictions of the phenomenological models. We
have discussed possible sources of discrepancies. A linear variation of melting point with reciprocal
nanowire diameter was found. The size and composition dependence of nanowire melting temperatures are

thus consistent with the available melting theories.
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The influence of substrate interactions on the thermal characteristics of bimetallic nanoclusters was aso
studied. Our simulations indicate that the effect of the weak graphite support is to delay the onset of
melting leading to higher transtion temperatures compared with isolated nanoclusters, but still lower than
bulk melting points. Structural transformations are found to occur at temperatures much below the phase
transition. The graphite field causes a rapid rearrangement of atoms located close to the substrate. The
dynamic properties associated with substrate-supported cluster melting were studied using deformation
parameters, diffusion coefficients, velocity auto-correlation functions and analysis of density profiles.
Components of velocity auto-correlation function characterizing diffusion of the constituent atoms in the
bimetallic nanoclusters suggest greater out-of-plane movement in comparison to in-plane which increases

with increasing composition of Cu in Pd-Cu and Pd in Pd-Rh and Pd-P.

Our studies indicate wetting behavior which is influenced by the weak metal-graphite, and the metal-metal
interactions. Influence of the graphite field is restricted to a few monolayers of atoms and has a more
prominent effect on surface melted atoms. Shell-based diffusion coefficients indicate greater surface
melting in shells located farther away from the graphite substrate. We find the cluster to diffuse as a single
entity on the graphite surface. All the three nanoclusters studied exhibit high diffusivities on the graphite
substrate, consistent with experimental observations. The forces exerted by the graphite field are relatively
lower when compared to actual piezoedectric substrates that are present in SAW sensors. Therefore, our
findings indicate that the effect of piezoel ectric substrate would have a profound effect on the structure and

dynamics of nanoclusters and wires employed as sensing layers.

The mechanical properties of the transition metal aloy nanowires were estimated under varying strain rates
and temperatures. The deformation and rupture mechanism of alloy nanowires were found to be similar to
those observed for single component wires. The yielding and fracture mechanisms depend on the applied
strain rate as well as atomic arrangement, and temperature. At low temperature and strain rate, where
crystal order and stability are highly preserved, the calculated stress-strain response of pure Pt and Pd as
well as Pd-Pt alloy nanowires showed clear periodic, stepwise dislocation-relaxation behavior. Crystalline

to amorphous transformation takes place at high strain rates (5% ps™), with amorphous melting detected at
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300 K. Due to higher entropy of the nanowire at higher temperature and strain rate, periodic stress-strain
behavior is absent, and superplasticity behavior is observed. Deformation of nanowires at higher strain
rates and low temperature, where the superplasticity characteristic is sgnificantly enhanced, results in the

development of amultishell helical structure.

Mechanical properties of the alloy nanowires are significantly different from those of bulk phase and are
dictated by the applied strain rate, temperature, aloy composition as well as the structural rearrangement
associated with nanowire elongation. We find that the Young's modulus of both the single component as
well as alloy nanowires depends on the applied strain rate and is about 70-75% of the bulk value. Ductility
of the studied nanowires showed a non-monotonic variation with Pd composition at low strain rates and
was significantly enhanced for wires developing and rearranging into a multishell helical structure which
occurred at higher strain rates. The Poisson ratio of Pd rich alloys is 60-70% of its bulk value whereas that
of Pt rich aloys is not significantly changed at the nanoscale. The calculated differences in the nanowire
mechanical properties are shown to have significant effect on their applicability in areas such as sensing
and catalysis. The propagation characteristics of SAW with nanomaterial sensing layer would be
significantly different from those calculated using properties of thin films. The morphologica and
structural changes in metallic nanowires induced by uniaxial stretching can also be expected to play an

important role when used as sensing layersin high frequency SAW devices.

The second part of the thesis utilizes 3-D and 2-D coupled field finite element models to study wave
propagation characteristicsin atypical SAW gas sensor aswell asin anovel SAW biosensor. The response
of a SAW H; gas sensor was simulated by using material properties of Pd and Pd-H sensing layers.
Changes in the Young's modulus of easticity and densty of the palladium film upon gas adsorption were
introduced into the simulations. The displacement and voltage profiles obtained at the output transducer
were used to derive the gas sensor response. The finite element model reveals that the Rayleigh mode (z-
direction displacement) is the most suitable for gas sensing. A time shift of approximately 3 ns and an

insertion loss of 1.8 dB were observed when the gas sensor with thin Pd film was exposed to 3% H,. The
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finite dlement modeling and simulation provides a powerful means to study surface acoustic wave

propagation characterigtics.

Fluid-structure interaction models are developed for biosensing applications. A coupled field finite element
fluid-piezodectric interaction model is developed and solved to gain indghts into the acoustic streaming
induced flow in SAW devices. The developed model is more accurate and represents a significant
improvement over the existing numerical techniques utilized to model the SAW streaming phenomenon.
Fluid domain was modeled using the Navier Stokes' equation; the arbitrary Lagrangian Eulerian approach
was employed to handle the mesh distortions arising from the motion of the solid substrate. The fluid-solid
coupling was established by maintaining stress and displacement continuity at the fluid-structure interface.
To our knowledge, this is the first presentation of a coupled field finite element fluid-piezoelectric
interaction model in the literature. Experimental investigations demonstrate the validity of the model. The
results demondrate the use of acoustic streaming in removal of non-specifically bound proteins, thereby

improving sensor response and sensitivity.

The developed 3-D finite element structural models are extended to study wave propagation in a novel
hexagonal SAW device, which finds applications in materials characterization as well as chemical and
biological sensing. The wave propagation characteristics along the different delay paths in a hexagonal
SAW device are studied. Our simulation results indicate that the hexagonal SAW device based on LiNbO;
can be utilized for rapid and simultaneous extraction of multiple film parameters (film materia density,
Lamé and shear modulii, sheet conductivity) of a thin film material and achieve a more complete
characterization in comparison to a conventiona SAW device. Furthermore, our results indicate that in
hexagonal devices based on LiTaOs, one of the delay paths can be used for detection whereas the other
delay paths can be used to smultaneously remove the non-specifically bound proteins using acoustic
streaming phenomenon in biosensing application. The developed models are extended to investigate the
acoustic wave propagation and generation in focused SAW devices with transducers shaped as concentric
circular arc. Optimization of design parameters leading to enhanced amplitude fields & lower propagation

losses, thereby increased device sensitivity is carried out. In comparison to conventional SAW devices with
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uniform transducer fingers, the variations in amplitude field at regions close to the focal point are
significantly enhanced. Our results indicate that focused SAW devices operating at higher device

frequencies and with smaller degree of arc are most suitable for sensing applications.

11.2 Major contributions

Computational models are developed to design SAW sensors employing nanomaterial sensing layers for
chemical and biological species detection. The material properties of nanomateriad sensing layers are
explored in detail. The differences that exist between the nanoscale and bulk materials are brought to the
forefront. The findings of this research in not only beneficial for sensing applications, but also provide a
good platform for the study of other transition metal nanostructures which are useful in catalysis and fuel

cell applications.

At the macro-scale, the wave propagation characteristics in SAW devices operating in air and liquid media
are studied using coupled field finite element models. Novel multi-frequency SAW transducer designs for
enhanced response in chemica and biological sensing applications are modeled. Fundamental
understanding of the acoustic wave generation and propagation in SAW sensors with complicated
transducer configurations is achieved using the developed models. This research enables the consideration
of more complicated configurations and allows for extending the devel oped models to analyze propagation
characteristics in hexagonad SAW device fabricated on other bare and multi-layered piezoedectric
substrates. Finally, the current research would result in improved, solid-state chemical and biological
micro-sensors which will have a broad impact on industria process monitoring, safety and control,

monitoring of human health and the environment, and on national security.

11.3 Futurework

Based on the findings of the current research the following possibilities exist which could lead to

improvementsin future sensor designs. The details are discussed in this section.
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1) Molecular smulations of multi-component alloys

The bond order smulation model developed in thiswork for binary transition metal alloys can be extended
to obtain the microstructure of multi-component alloys. These could be utilized as starting configurations
for subsequent MD simulations to investigate their material properties for possible use in sensing and

catalytic applications.

2) Ab-initio smulations of gas molecule-nanoalloy interactions

Knowledge of the site preference and relative densities of different surface sites in the bimetallic
nanoclusters and nanowires simulated at different temperatures using MD, can give useful insights into the
extent of adsorption or mass loading of the gases in a given nanocluster. The same can be used to
investigate the mechanism of sensor response occurring at nanoscale. Manipulation of the variables such as
temperature, pressure, molecular orientation can be carried out to maximize sensor response towards a
particular gas (selectivity). Adsorption of gases like CO, H, and O2 on different surfaces (fcc (110), fcc
(111), fec (211)) of metals like Pt, Ni, and Pd can be investigated by density functional theory (DFT)
methods. Adsorption energies and structures of the gases on these surfaces could be investigated by
considering multiple possible adsorption sites, and comparing them with the available experimental data at
low coverage. The differences in the ste-preference and adsorption structures (for e.g. tilt angle, C-O bond
length, metal-C distance in case of CO) among the different surfaces can also be investigated. Identification
of stable adsorption sites and maximizing the densities of same in the nanomaterials employed as sensing
layers would result in enhanced mass loading. It is expected that the increased mass loading would further

result in higher frequency shifts, thereby giving increased sensitivity of the SAW sensors.

3) 3-D fluid-solid interaction model of SAW biosensor

The 2-D fluid-solid interaction model developed for Rayleigh wave interaction with liquid medium can be
extended to develop a 3-D model of hexagonal SAW device based on LiTaO; substrate. Based on the
crystallographic directions, one of the delay paths would involve SH wave interactions with liquid medium
as in typical SAW biosensor applications. The other delay path would generate Rayleigh waves which

would be used for simultaneous removal of non-specifically bound proteins. The developed 3-D model
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would give ingghtsinto the induced flow fields which can be used to evaluate the functioning of the SAW

biosensor aswell as optimize the design parameters to obtain improved sensor response.

4) High frequency SAW hiosensors based on diamond substrate

The simulation results obtained in this research indicate that the devices operating at higher frequencies can
more effectively remove the non-specifically bound proteins and thus lead to improved sensitivity. Recent
experimental studies indicate that SAW devices fabricated on diamond substrates operate in the high
frequency regime®™’. Diamond is especially attractive because, in addition to having good eectrical and
chemical properties, it iswidely considered to be biocompatible, and can be used as a waveguide in layered
SAW devices. The high density of diamond layer helps achieve higher acoustic wave propagation velocity
and realize GHz frequency devices with transducer finger spacing achievable by optical lithography. The 3-
D structural and 2-D fluid solid interaction finite element models devel oped in this work can be extended to
study the wave propagation characteristics in hexagonal diamond layered piezoelectric surface acoustic
wave devices under the influence of a fluid loading. The models would help design SAW sensors with

improved sensitivity and speed of response.

5) Microfluidic applications

The fluid-solid interaction model developed in this work can be used to determine the utility of SAW
devices in potential microfluidic applications. SAWSs can be used to actuate and process smallest amounts
of fluid on the planar surface of a piezoelectric chip *2*®. The small size of these pumps or devices can
minimize the dead volume of fluid in the system. This feature is especially useful when the reagents or
products are precious or when the device needs to be cleaned or reused. Potentia applications of the
devel oped microfluidic systemsinclude biological or chemical analysis and synthesis, micromixing, micro-

dispensing, and precision chemical dilution and mixing.
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