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Highly Conductive, Nanoparticulate Thick Films Achieved at Low

Processing Temperatures
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Applications such as device interconnects require thick, patterned films that are
currently produced by screen printing pastes consisting of metallic particles and
subsequently sintering the films. For Ag films, achieving adequate electrical conductivity
requires sintering temperatures in excess of 700°C. New applications require highly
conductive films that can be processed at lower processing temperatures. Although
sintering temperatures have been reduced by utilizing finer nanoparticles (NPs) in place
of conventional micron-size particles (MPs), realization of theoretically achievable
sintering Kinetics is yet to be achieved. The major factors that inhibit NP sintering are 1)
the presence of organic molecules on the NP surfaces, 2) the dominance of the non-
densifying surface diffusion over grain boundary or lattice diffusion 3) agglomeration of
NPs, and 4) low initial density of the NPs. Here, we report a film fabrication technique
that is capable of eliminating these deleterious factors and produces near fully dense Ag
films that exhibit an order of magnitude higher conductivity when compared to other film
fabrication techniques at processing temperatures of 150 — 250 °C. The observed results

establish the benefits of NP diffusion kinetics to be far more profound when the
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deleterious factors to sintering are eliminated. The sintering behavior exhibits two distinct
temperature regimes — one above 150 °C where grain boundary diffusion-dominated
densification is dominant and one below 100 °C where surface diffusion-dominated
coarsening is dominant. An analytical model is developed by fitting the experimental data
to the existing models of simultaneous densification and grain growth, and combining
this model with existing models of the dependence of conductivity on grain boundary
scattering and pore scattering. The combined model successfully describes the evolution
of density, grain size and conductivity of nanoparticulate films as a function of annealing
treatment, with reasonable accuracy. The model was also used to evaluate the effect of
initial NP size and initial relative density of films on the final sintered properties and

conductivity of films.
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Chapter 1: Introduction

1.1 MOTIVATION

Many new applications'*® for electronics require inexpensive, temperature-
sensitive, non-planar, or foldable substrates™. Applications for such substrates include
high frequency antennas® and packaging for temperature-sensitive MEMS devices’.
These applications contain thick films of patterned conducting lines (>100 um).
Achieving high conductivity by conventional processing routes for producing thick films
lines requires sintering at temperatures in excess of 700 oC? Many temperature-sensitive
substrates can withstand temperatures of no higher than 250 °C, and thus, strategies for
reducing the sintering temperatures are needed. While attempts to reduce the sintering
temperatures by utilizing finer nanoparticles (NPs) in place of conventional micron-sized

particles have been made”'""!

, realization of theoretically achievable sintering kinetics is
yet to be achieved. The realization of lower temperature sintering to achieve adequate

conductivity would relax constraints on the kind of substrates that can be utilized and

increase applications where lower cost and flexible substrates would be advantageous.

1.2 CONVENTIONAL APPROACHES

The traditional method for depositing thick films is by screen printing of pastes

that contain micron-sized powders of metallic materials'>. The pastes, are then dried and

1



heated to pyrolyze organic additives and then sintered to bond the metallic powder
particles into a conducting lines. Direct write technologies to fabricate conductive lines
have attracted a lot of attention in the recent years as an alternative to screen printing.
Here we discuss relevant ink-'°, paste-'* and aerosol-based' conventional direct write

technologies that have been studied recently.

1.2.1 Inkjet Printing

Traditional ink jet printing works by pushing an ink that consists of a suspension
of particles in a polymer solution out of a nozzle to form droplets, either by heating the
ink or applying pressure. The nozzle determines the desired position of the droplet and by
controlling the relative movement between the nozzle and the substrate, patterned films
can be produced. The droplet volume determines the pixel resolution; for example a
droplet of 10 pL gives a pixel resolution of 25 um'®. Silver particles are used in the inks
to ensure good conductivity, and because of its relatively low cost for a noble metal that
is resistant to oxidation under ambient conditions. The inks generally contain organic
dispersants to prevent the particles from agglomerating and for modifying the surface
tension and viscosity of the ink which are critical for achieving controlled jetting.
Although conducting organics can be used as a component in the ink to achieve some
level of conductivity, the development of metallic-like conductivities requires an
annealing process after depositions to remove the organic dispersants and to promote

sintering between the powder particles.



1.2.2 Dip Pen Nanolithography

1718 yses the same principle as was used by the

Dip pen nanolithography (DPN)
old-fashioned dip pen that was used in schoolrooms in the 19" century. In DPN, a
reservoir of ink is stored on top of a scanning probe tip, which is rastered across the
substrate to produce patterned lines. Compared to inkjetting, DPN has the advantage of
being more versatile in the choice of ink or the substrate and is capable of patterning
complex structures'’. DPN is however an inherently slow technique'. Similar to inkjet

inks, the inks for DPN also contain organic dispersants, which need to be removed for

applications requiring high conductivity.

1.2.3 Aerosol-Based Methods

Hayashi et al**"** developed the Gas Deposition Method (GDM), which
generates a NP aerosol (mean size ~ 60 nm) by evaporation of material from a hot source.
The aerosol is accelerated via a pressure difference through an orifice to impact the
nanoparticles onto a substrate and form a film. GDM has the advantage of producing pure
NPs that are not coated with organic dispersants. However, it is not clear if the NPs in
this process are agglomerated or not. If the NPs are agglomerated, they would exhibit
lower sinterability on post deposition processing.

Akedo et al."> modified the GDM method to use commercially available, micron-

and sub-micron sized particles rather than an evaporative source and named this process



the Aerosol Deposition Method (ADM). The ADM process has demonstrated the

capability to produce high density patterned thick films.

1.3 LASER ABLATION OF MICROPARTICLE AEROSOL (LAMA) PROCESS

The LAMA process was invented by Becker et al.”

at the University of Texas at
Austin. The process relies on generating a shockwave in a microparticle (MP) aerosol
using an excimer laser, to convert it to a NP aerosol. The NP aerosol is then
supersonically impacted onto a substrate and patterned structures are formed by moving
the substrate relative to the nozzle. Albert et al.** and Huang er al®® showed the
capability of the LAMA process to produce uniformly sized, small NPs that were free of
organic dispersants and demonstrated that the process is a promising candidate as a direct
write technique to deposit highly conductive lines. Gleason ef al.*® showed that the
agglomeration behavior of NPs produced by LAMA offered a possibility to further
control the characteristics and hence the final properties of the deposited films.

The LAMA process has several advantages over the conventional ink and paste
methods, or other aerosol based methods. The unique features of the LAMA process can
be summarized as follows:

1. The NPs produced are free of organic dispersants and thus there is no need for

post-deposition pyrolysis of the organics.

2. The process is capable of producing small NPs with a narrow size distribution.

3. The process is capable of controlling the state of agglomeration of NPs.



The LAMA process is utilized in this work for fabricating conductive lines and will be

discussed in more detail in the sections that follow.

1.4 OBJECTIVES AND SCOPE

The aim of this dissertation is to study the factors necessary to produce patterned,
highly conductive films at low processing temperatures using a direct write process. The
key to achieving high conductivity lies in the understanding of the sintering behavior of
nanoparticulate films. The sintering behavior of nanoparticulate films is affected by
several factors such as NP size, NP agglomeration, film density and the operating
sintering mechanisms. An understanding and ultimately control of these factors will

allow us to obtain films with favorable properties.



Chapter 2: Background

In this chapter, the background information useful to understand the research
work is discussed. The factors that influence conductivity and sintering are explained and
form the basis for this work. The fundamentals of the sintering phenomenon including the
stages of sintering, diffusion mechanisms, diffusion parameters and grain growth are also
explained. The aim of this chapter is to provide an understanding of the design of

experiments, the observed results, and the inferences made from this research.

2.1 FACTORS THAT INFLUENCE CONDUCTIVITY IN CONDUCTORS

The resistance to the flow of electrons in a material arises from the scattering of
electrons from phonons, defects, impurities, surfaces, grains and pores®’. While electron-
phonon scattering is a material property that determines the intrinsic conductivity of the
material, the remaining scattering sources can be manipulated to modify the conductivity
of the material.

In the LAMA process, the composition of the produced NPs is the same as the
feedstock MPs. Thus, if high purity feedstock is used, the effect of impurities can be
neglected. TEM observations of the NPs produced by the LAMA process in the present
and previous work show no evidence of dislocations but some twinning is apparent. To
simplify the analysis, the effect of scattering of electrons by defects is neglected. Fuchs

and Sondheimer®™ showed that the effect of surface scattering of electrons on



conductivity is significant only for thin films and can also be neglected for the thick films
discussed in this work.

The major scattering sources affecting the conductivity of films studied in this
work are assumed to be grain boundaries and pores. The effect of grain boundary
scattering is particularly important when the grain size decreases because of the increase
in the fraction of interfaces. For example, the fraction of atoms that lie on interfaces is ~
50% when the grain size reaches 5 nm. The pores act as scattering centers that are similar
to surfaces and thus also can have a significant impact on the conductivity of films.

2.1.1 Models for calculating the effect of grain boundary and pore scattering on
conductivity

Maydas and Shatzkes® proposed a theoretical model to describe the dependence
of electrical conductivity of films on grain boundary scattering. The detailed derivation of
the model is lengthy and can be found in Ref [29]. To summarize, the model assumes that
grain boundaries are all perpendicular to the plane of the film and partially reflect
electrons. The electron reflectivity, R, in their model represents the probability for an
electron at the Fermi surface to cross a potential barrier caused by the grain boundary and
its value is determined by the shape of the Fermi surface and by the potential at the grain

boundary. The ratio of grain boundary to bulk conductivity is given by

Jgb _ 1_1 2 _ 2 1 ‘

Obulk 3[3 2 a+t a a ln(l + a)] Equation 1
A R

¢ :%0 [ E] Equation 2



where,

dgp is the grain boundary conductivity,
Opuik 1S the bulk conductivity,

A is the mean free path of electrons in the medium ,

R is the reflection coefficient, and

D is the grain size

R can be obtained by fitting experimental data and gives a measure of the grain
boundary scattering.

The contribution of pore scattering to conductivity can be evaluated by applying
the Bruggeman effective medium approximation® to the conductivity. The effective

medium conductivity is given by

fo| =22 | = (f, - 1) ["g” OEM ] Equation 3

1-20gMm Ogbt 20gMm

where,

f, is the void fraction,

dgp 1S the grain boundary conductivity, and

Og) 1S the effective medium conductivity



The derivation of the approximation is given in Ref [30]. The above two models can be

used to calculate the conductivity in thick films that contain porosity.

Since the motivation of this work is to achieve high conductivity, we have chosen
to produce films of silver, a high intrinsic conductivity, semi-noble material. The
challenge for achieving high conductivity at low processing temperatures lies in
minimizing pore scattering and grain boundary scattering i.e. achieving adequate
densification and grain growth at those processing temperatures. Both densification and
grain growth are directly related to the sintering behavior of the constituent particles.
While NPs have shown favorable sintering behavior when compared to their
conventional micron-sized counterparts®', the realization theoretical sintering kinetics is
yet to be achieved. The realization of theoretical sintering kinetics of NPs is thus the
major consideration in achieving high conductivity at low processing temperatures in

thick films.

2.2 DENSIFICATION VS COARSENING

The final properties of a compact of powder, post annealing mainly depend on its
final density and grain size. An annealing treatment provides the energy to reduce its
excess surface and/or interfacial energy, a phenomenon termed as sintering. This
reduction in energy is achieved by diffusional transport of material from regions of high

chemical potential to regions of low chemical potential. For polycrystalline materials,
9



diffusion can occur over multiple paths (sintering mechanisms). While certain sintering
mechanisms reduce the excess energy via shrinkage (or densification), which converts
surface area to lower energy interfacial area, others result in grain growth (or coarsening),
which reduced the total surface area. Microstructural evolution of a compact of powder
and thus its final properties are a result of the competition between the densifying and
non-densifiying diffusion mechanisms. Figure 1 schematically demonstrates the effect of

these mechanisms on the final microstructure.

Coarsening

Densification

Figure 1: Effects of extreme cases of only coarsening (increase in grain size with no
change in density) and only densification (reduction in porosity with no change in
grain size) on the final microstructure.
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2.3 SINTERING MECHANISMS

Sintering mechanisms are defined by definite paths along which diffusional
transport of matter occurs. Since the chemical potential of atoms within the volume, grain
boundary, or surface of the particles is higher than that of the atoms at the inter-particle
neck (shown in Figure 2), all diffusion paths transport material to the inter-particle neck.
Figure 2 schematically illustrates the six known diffusion paths for polycrystalline
materials to the neck region between the powder particles. Note that the transport of
material from the surface to the interparticle neck does not result in any approach of the
center of mass of particles and would result in only coarsening and no densification.
Conversely the transport of atoms along grain boundaries or within the volume of the
particles results in an approach of the center of mass of particles, resulting in

densification.
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inter-particle neck

Figure 2: Schematic representation of six distinct diffusion mechanisms that can
contribute to the sintering of crystalline particles. Redrawn from Ref. 32.

Consideration of the all of the possible mass transfer path shows that the non-densifying

(coarsening) sintering mechanisms are:

12



1. Surface diffusion
2. Volume diffusion (from the surface)
3. Evaporation condensation
The densifying sintering mechanisms are:
4. Grain boundary diffusion
5. Volume diffusion (from the boundary)

6. Plastic flow

2.4 DIFFUSIVITY

Diffusivity is the fundamental parameter that characterizes any sintering
diffusional mechanism. Diffusivity measurements for silver at different temperatures
have been conducted previously. Traditionally, these studies involved measuring the
silver self-diffusion constant using a radioactive tracer’. A traditional plot of diffusivity
for Ag is shown in Figure 3. . It is apparent from the figure that at low temperatures
surface diffusion and grain boundary diffusion are the dominant operative sintering
mechanisms and that other diffusion mechanisms do not contribute significantly to the

total mass transport.
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Figure 3: Published values on diffusivity of silver. Reprinted from Ref. 33.

While diffusivity data for temperatures above ~ 300 °C exist and are shown by the
solid lines in Fig. 3, low temperature data on bulk Ag does not exist. The dashed lines
show the extrapolations to low temperatures, and while the reliability of the
extrapolations to make quantitative predictions is questionable, the trends in the values of
diffusivity provide useful qualitative insights in the sintering behavior of silver at low
temperatures. The trends in diffusivity indicate that at low temperatures only grain
boundary diffusion and surface diffusion are the dominant sintering mechanisms. It
should also be pointed out that the scatter in diffusion data can be significant. This is

34,35,36,37,33
222202 that vary

particularly true of the surface diffusivity which has reported values
by 5 orders of magnitude at a given temperature. Thus the data for surface diffusivity

14



should be more correctly presented as a band with a width of about one order of

magnitude.

2.5 SURFACE DIFFUSION AND GRAIN BOUNDARY DIFFUSION

At low temperatures, diffusion via evaporation and condensation is not
possible since the vapor pressure of silver is not low enough to allow was evaporation of
silver atoms at low temperatures™"; similarly plastic flow does not contribute to diffusion
due to the absence of mobile dislocations at low temperatures®”. The known data for
volume diffusion for the surface and boundary also suggests that these two mechanism
are dormant at low temperatures”. Since at temperatures of interest for this work
(temperatures lower than 250 °C), surface diffusion and grain boundary diffusion are
expected to be the only dominant mechanisms®, it is worthwhile to explore the
theoretical concepts that explain the geometric and structural changes induced in particles
by these mechanisms.

Surface diffusion, as shown in Figure 2, occurs by diffusion of atoms from
near the particle surface where there is a positive radius of curvature (convex surface) to
the neck surface where there is a negative radius of curvature (concave surface). This
does not produce a change in the distance between the centers of the particles and hence
would not lead to any change in the total volume of the system and would only lead to an

increase in the neck radius between the particles. Surface diffusion is thus a coarsening or
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non-densifying mechanism. An idealized two particle model describing surface diffusion

gives the following dependence of the neck radius to particle radius*

Equation 4
" kTa* qau

where,
x 1S the neck radius,
a is the particle radius,

Dy is the surface diffusivity,

O is the thickness for surface diffusion,
Y 1s the specific surface energy,

{2 is the atomic volume,

kT has its usual meaning,
¢ is time.

Grain boundary diffusion, as shown in Figure 2, is the diffusion of atoms from
the grain boundary to the neck surface. Grain boundaries are composed of vacancies,
interstitials and point defects and are a perfect source and sink of atoms. It is for this
reason that grain boundaries act as high diffusivity paths*'. The transport of atoms from
grain boundaries can be accommodated only by the approach of particle centers. Grain
boundary diffusion is thus a densifying mechanism. An idealized two particle model
describing grain boundary diffusion gives the following dependence of the neck radius to

particle radius, and shrinkage with time**:
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where,

x 18 the neck radius,

a is the particle radius,

Dy, is the grain boundary diffusivity,

o) gp 18 the thickness for grain boundary diffusion

Ygp 1s the specific grain boundary energy,

{2 is the atomic volume,
kT has its usual meaning,

t 1s time,

I is the linear shrinkage.
0

Equation 5

Equation 6

There 1s no doubt that the development of two particle models opened the way

for a qualitative description of sintering behavior and have led to insights into the effects

of various parameters (eg. particle size, temperature, time). However, the equations

derived from the highly idealized models* often cannot be used to predict experimental

behavior for actual powder compacts that contain many particles
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2.6 STAGES OF SINTERING

Solid state sintering is usually divided into three overlapping stages — initial,
intermediate and final. Figure 4 schematically depicts the densification curve expected

for conventional powders through these stages over sintering time.

100 %

7%

Relative Density

3%

Figure 4: Schematic showing the conventional densification curve of a powder
compact and three stages of sintering. Redrawn from Ref. 46.

Initial stage sintering is characterized by the formation of necks between particles. The
large differences in surface curvature at the particle surface and neck results in
densification and neck growth in the initial stage. Since, the initial stage considers only
the neck growth between particles, simplified two-particle models such as those used to

derive Equation 4 and 5, may adequately describe the process.
18



Intermediate stage sintering is assumed to begin when pores have reached
their equilibrium shapes as dictated by surface and interfacial tension. The pore structure
is still continuous and the densification proceeds simply by pores shrinking and pinching

1*” for

off from each other leaving isolated pores. Coble proposed a geometrical mode
intermediate stage sintering of poly-crystalline materials assuming a uniform pore
geometry and evaluated the effect of densifying mechanisms. Since the model assumes a

uniform pore geometry i.e. same chemical potential everywhere, the non-densifying

mechanisms are considered inoperative in this model.

Final stage sintering begins when the pores pinch off and become isolated at
the grain corners. The pores then shrink continuously and may disappear completely.
Grain growth is likely to happen in the final stage of sintering and models including
simultaneous grain growth and densification have been proposed*®.

Since diffusion distances in NPs are very short, the kinetics of sintering are
much faster than in conventional micron-sized powders and the stages of sintering may

not be individually distinguishable in these systems.

2.7 GRAIN GROWTH

Grain growth is an important aspect of sintering and has a significant influence on
the final conductivity of the sintered product. The global driving force for grain growth is

the reduction in the total area of the grain boundaries as grains grow. Greskovich and
19



Lay* proposed a simple explanation for the local driving force for grain growth. They
considered two randomly oriented, spherical, single crystal grains of radius R/ and R2, as
shown in Figure 5. During initial stage sintering, material is transported from the surface
and grain boundary to the neck region by diffusion. As the neck radius grows, the grain
boundary area also grows. Atoms in the grain boundaries have a higher energy than those

in bulk of crystalline grain, so the grain boundary is characterized by a specific energy,

Ygp- If this excess free energy per unit area of the grain boundary is df; the excess free

energy of the grain boundary at an instant can be given as A4 df. Given a constant df, the
condition for the center of grain boundary being pinned to the center of intersection of the
two grains, as shown in Figure 5, can be simply expressed as dA/dz = 0 and d°A/dz" >0.
The diffusion of matter due to differences in surface curvature can proceed as long as 4
df remains less than the reduction of free energy due to the decrease in surface area
because of curvature differences. However, as the neck grows and approaches the
diameter of the smaller sphere (this is approximately the end of initial stage sintering),
the minimum in grain boundary area shifts towards the smaller particle on the z axis. The
grain boundary is thus free to move towards the smaller particle at this point. When the
density is relatively low that porosity is open, this model provides an adequate

description of grain growth.
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Figure 5: Schematic of grain growth in less dense solids (a) Initial stage, (b) The two

sphere system has shrunk and the neck region is pinned, the point of minimum cross
section area of the neck, (¢) Unpinning stage. Redrawn from Ref. 49.

When the density is increased so that porosity is closed, isolated pores can exert a

drag on boundary motion that influence grain growth. The pores can be either completely
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immobile, or can be mobile and exert a drag on the grain boundary as it moves. Both
mobile and immobile pores can either pin the grain boundary, limiting grain growth; or if
the driving force for grain growth is very high, the boundary can break away leaving an
isolated pore, which can limit densification. Considering the kinetics of grain boundary
interactions, a grain growth equation in its general form can be expressed as™:

G"+ G =Kt Equation
7

where,

G is the grain size,

G, is the initial grain size,

K is a constant,

t is time,

The value of exponent m varies depending on the mechanism and is tabulated for relevant
case in Table 1.

Table 1: Grain growth exponent m for different diffusion mechanisms™’

Mechanism Exponent m

Pore control

Surface diffusion | 4

Grain Boundary Control

Pure system 2
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2.8 SIMULTANEOUS DENSIFICATION AND GRAIN GROWTH

Microstructure evolution during low temperature sintering involves a competition
between grain boundary diffusion and surface diffusion. While grain boundary diffusion
reduces the excess surface area via shrinkage (or densification), surface diffusion results
in grain growth (or coarsening) and results in reduction of both the surface area and grain
boundary area. Particle coarsening caused by surface diffusion can adversely affect the
densification rate by lowering the driving force for densification and by increasing the
diffusion distances. The inability for many materials to densify completely can be
understood in terms of these competing mechanisms.

Since, the extent of both densification and grain growth influence the rate at
which the other proceeds, it is important to address the simultaneous occurrence of these
phenomenon to make any useful prediction of the final microstructure. Such a theory of
simultaneous grain growth and densification was proposed by Yan, Cannon and
Chowdhry™ for final stage sintering. In this theory it is assumed that densification results
from the material transport between pores and grain boundaries by grain boundary
diffusion, and grain growth is controlled by pore mobility which is limited by surface
diffusion. The overall behavior of this system is controlled by the parameter I", which is
given by

3 Dsbsvgp

I =

Equation 8
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where, Dy is surface diffusivity, Dy, is grain boundary diffusivity, §5 is the effective
surface depth, &y, is the effective grain boundary depth, and y; and yg;, are the surface

and grain boundary energies, respectively. When I' > 1, coarsening is expected to
dominate, whereas densification is expected to dominate the initial stages of sintering
when I" < 1.

This theory can be used to predict that the extent of grain coarsening and the
achievable final density from the controlling mechanisms. From Yan ef al. ’s analysis it is
apparent that, at a given temperature, the dominance of densification or coarsening are
determined by ratio of diffusivities (Dy/D,), since the other factors that influence the
parameter /” are not strongly dependent on temperature. As shown in Figure 6 there exists
a low temperature regime below temperature 7. where coarsening (surface diffusion-
dominated) is dominant and a temperature 7,; above which densification (grain boundary
diffusion dominated) is dominant. In the temperature regime between 7. and T, there is a
significant influence from both surface diffusion and grain boundary diffusion. The
physical significance of 7j is that it is the minimum temperature at which a powder
compact can be processed to achieve near theoretical densities at low temperatures in
reasonable processing times; the regime 7.-T, yields densities less than the theoretically
achievable densities; below 7. there is no densification observed but significant grain
growth occurs. Thus the values of 7. and 7, can be used to design the appropriate
processing treatment to achieve the desired final density and microstructure in the

sintered body.
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Figure 6: Temperature regimes with different dominant diffusion mechanisms

The above discussion shows that, by knowing the temperatures 7, and 7, it is
possible to control the final sintered density and microstructure and hence the final

property of the sintered compact.

2.9 ANNEALING TREATMENT

The annealing treatment given to a powder compact depends on the processing
temperature and time, and the heating rate and can be used to control the final
microstructure and density of the powder compact. Conventionally, annealing treatments

are performed in furnaces with a slow heating rate (~ 5 K/min’"). Although the heating
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rate is not typically varied significantly during sintering studies, it has been shown to
have an effect on the final sintered product in previous studies’ > .

The expected effect of heating rate can be seen in any diffusional process since
the flux of material transported is directly proportional to time. With respect to low
temperature sintering of metals, a slow heating rate implies more time spent in the
surface diffusion dominant regime (where />17). Thus, when the temperature eventually
reaches the stage where grain boundary diffusion is dominant (where /'</) at higher
temperatures, the driving force for densification is reduced relative to the starting
microstructure. If densification is the primary objective of the sintering treatment, as is in
our case, a rational annealing treatment would bypass the low temperature surface
diffusion stage completely by heating rapidly to a temperature where grain boundary
diffusion is dominant. Rapid thermal annealing also offers the ability to do a two-step
annealing treatment such that the first annealing treatment is done below 7, for a certain
time such that driving force for densification is reduced for the second annealing
treatment above 7, where the grains grow with no or little densification. Such a two-step
annealing treatment offers more control than a slow heating rate annealing treatment and

also reduces the time for processing. It should be noted that a design of annealing

treatment requires knowledge of the values of diffusivities.
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2.10 FACTORS THAT INFLUENCE SINTERING

Particle size: Particle size has a strong influence on the kinetics of sintering which can be
well explained by Herring’s scaling laws’*. When powders with similar shapes and
different sizes are sintered under the same experimental conditions, Herring’s scaling law

predicts

== A" Equation 9

where A is the ratio of the particle radii for two powders with different mean radii, R; and
R; are the rates of sintering of these two powders, and m is the exponent corresponding to
a particular diffusion mechanism. The exponent m=4 for both of the diffusion
mechanisms of interest, surface diffusion and grain boundary diffusion®. Had the
exponents been different, a transition from one dominant diffusion mechanism to another
would be predicted as the particle size is increased. However, because the exponents are
equal for both diffusion mechanisms, Herring’s scaling law predicts that one of the

diffusion mechanisms will be dominant, independent of the size of the particle.

Particle size distribution: There has been considerable experimental evidence that a non-
uniform particle size distribution is detrimental to achieving high densification. Yan et
al.*® analytically examined this phenomena based on a force balance between driving
force for grain growth and the drag force due to pores which leads to pore separation

from grain boundaries. They argued that since the intergranular pores become entrapped
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(assuming that the diffusion of the gas species entrapped within the pores is negligible
through the solid), the density at which pores and grain boundaries become separated can
be considered as the final density. They showed that pore separation will occur if the
driving force for grain growth is larger than the drag force exerted by the pores. The
driving force for grain growth increases with a broader grain size distribution since there
is a greater fraction of very small, energetically unfavorable grains, and thus the final
achievable density is lower for a large grain size distribution. It is logical to assume that a
uniform particle size distribution would lead to a more uniform grain size distribution and

thus greater densification.

State of agglomeration: The presence of agglomerates in powders reduces the packing
efficiency and suppresses the sinterability. The presence of agglomerates also leads to
heterogeneous packing in the green body. This heterogeneous packing can result in
differential sintering, where different regions of the body shrink at different rates>
leading to the development of large pores and poor final densities. The deleterious effect
of agglomeration on sintering has been investigated qualitatively by several researchers

and has shown to decrease densification rates by as much as a factor of 10°°.

Green density: The final density of a sintered powder depends on the number of
sinterable pores which can be removed via grain boundary diffusion. A sinterable pore is
one that has a low coordination number, and the population of the sinterable pores thus

decreases with green density. For micron sized ceramic powders, a green density of about
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58% is reported to be the minimum required to achieve complete densification’’. The
effect of green density on final densification is influenced by both time and temperature:
The temperature and the time required to reach complete densification decrease when the

green density is increased.

Dominant sintering mechanism: Sintering kinetics, final achievable density and
microstructural evolution are all dependent on the dominant sintering mechanism. The
effect of a single dominant sintering mechanism was shown in Figure 1. However, in
reality more than one sintering mechanism can be dominant over a range of temperatures.
Since sintering is a diffusional process the dominant sintering mechanisms are a function
of temperature and their effects can to some extent be controlled by the controlling the

heating rate’®.

Influence of organic capping: The presence of organics is known to inhibit low
temperature sintering, especially in NPs>’, because the pyrolysis temperature of the
organic capping is generally higher than the temperature at which sintering begins. It is
for this reason that ink and paste based methods fail to achieve high relative densities in

the sintered product at low temperatures.

The above discussion points out the major factors that inhibit NP sintering are:

1) The presence of organic molecules on the NP surfaces,
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2) The dominance of non-densifying surface diffusion over grain boundary or lattice
diffusion
3) Agglomeration of NPs, and

4) Low initial density of the NP compacts.

To observe the maximum beneficial effects of low temperature sintering it is
important that these deleterious factors to sintering be minimized. It is for this reason that
this work focuses a great deal on developing a process to produce near ideal powder
compacts. Moreover, the effects of low temperature sintering are more likely to be
observed for nanoparticulate powder, since the sintering kinetics would allow the

observation of these effects in reasonable times.
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Chapter 3: Experimental Procedures

This chapter describes the details of the experimental setup and procedures used
for this research. Section 3.1 introduces the direct write setup and the control of process
parameters. Section 3.2 describes the setup for the annealing treatment of the prepared
samples. Section 3.3 -3.6 gives details of the procedures for the measurement of cross-
sectional area, conductivity and density. Finally, Sections 3.7-3.8 describe the tools used

for microscopy and grain size measurements.

3.1 DEPOSITION PROCEDURE

The use of the laser ablation of microparticle aerosol (LAMA) process to direct
write nanostructured, patterned films of silver has been reported previously®”®'. For this
study we have used the same basic setup, with some modifications. The schematic of the

setup used for this work is shown in Figure 7.
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Figure 7: Schematic of the direct write setup

The following sections discuss the individual parts of the direct write setup and outline

the details of the deposition process.

3.1.1 Aerosol Feeding and Detection Setup

Most of the previous work where Ag was directly written using the LAMA process

utilized a fluidized bed with an integrated settling chamber to create the aerosol of
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microparticles that is necessary to perform LAMA . A schematic of this feeder is

shown in Figure 8.
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Figure 8: Fluidized bed aerosol feeder to aerosolize the MPs. Reprinted from Ref.
26.

While the fluidized bed aerosol feeder has been shown to be an effective means
for producing a MP aerosol, Gleason®® showed that it is not an ideal feeder for the LAMA
process. In particular, he showed that fed a non-uniform size distribution of MPs and if
the MPs were agglomerated, these agglomerates were also passed through the feeder®.

Since agglomerated MPs have a tendency to produce agglomerated NPs in the LAMA
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process’, it was desirable to remove MP agglomerates prior to ablation. A double virtual
impactor design proposed by Chen ez al.** and subsequently used by Gleason et al.*° has
been shown to be capable of removing agglomerates, large particles, and small particles
so that a uniform size distribution of individual MPs can be fed into the LAMA
apparatus. In the present study we used this fluidized bed aerosol equipped with a double

virrual impactor, which is shown in Figure 9.
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Figure 9: Design of the double virtual impactor. Reprinted from Ref. 26.

The double virtual impactor works in two stages, the first stage removes the larger sized

MPs (> 1.8 um) and agglomerates and the second stage removes the undersized MPs (<
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0.8 um). Thus, the double virtual impactor allows only feedstock that is between 0.8 um
and 1.8 um to pass through. SEM images of the feedstock MPs shown with and without
the double virtual impactor in place are shown in Figure 10. From these micrographs, it is
clear that the double virtual impactor is very effective at removing agglomerates, large
MPs and small MPs, but at the cost of eliminating a large fraction of the feedstock

particles.
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Figure 10 SEM micrograph of feedstock MPs a) before, and b) after the double
virtual impactor. The MPs were collected for the same amount of time in both cases.
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Gleason’s et al*®. showed that the final state of agglomeration of NPs produced by the
LAMA process is directly related to the feed density of the MP aerosol. As the feed
density is increased, a transition is observed from the production of mostly individual
NPs to the production of small agglomerates. As the feed density is increased further, the
size and fraction of agglomerates is increased. Thus, the feed density must be carefully
controlled to produce a uniform distribution of individual NPs**. To accomplish this,
Gleason designed and built an aerosol detector, shown in Figure 11, to measure the
scattering of a He-Ne laser by the MP aerosol and from this, measure the MP feed
density. The feeder parameters are then adjusted to control the MP feed rate. Gleason et
al.’s MP feeder, double virtual impactor, and aerosol detector were used in the present

work to control the MP feed density.

Wood's horn
(dark background
for photodiode)

aerosol flow

diode laser / Wood's horn
| (beam dump)

] e

avalanche
'I photodiods

bias
&
preamp

ﬂ_ﬂ?\ demodulation lock-in
amplifier data recorder

1kHz

modulation

Figure 11: Aerosol Detector. Reprinted from Ref. 26.
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3.1.1.1 CONTROL OF MICROPARTICLE FEED RATE

Three different MP feed rates of 10 mg/hr, 20 mg/hr and 50 mg/hr corresponding to a MP
feed density of 0.85, 1.7 and 4.25 mg/cm’, were utilized for this study. A MP feed rate of
10 mg/hr has been shown to produce a majority of single NPs and some dimers®®. As the
feed rate is increased to 20 and then 50 mg/hr, the number and size of the agglomerates
has been shown to increase. The as deposited film density is expected to decrease with
increasing fraction and size of agglomerates because agglomerates have a relatively low
packing density. Figure 12 shows the feed rate with time for different feed rates
attainable in the present setup. It is apparent from Figure 12 that the variation in feed rate
scales with the feed rate so that as the mean feed rate in increased, the variation in the
absolute value of the feed rate increases proportionally. However, note that the relative
variation in feed rate as measured by the ratio of variation in feed rate to the mean feed

rate remains constant at about 50%.
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Figure 12: MP feed rate data vs time at feed rates of a) 10 mg/hr, b) 20 mg/hr, c) 50
mg/hr

3.1.2 Laser ablation cell and the optical setup

A KrF excimer laser (PM-848, Lumonics, Nepean, Canada) operating at 248 nm
and with a maximum 200 Hz repetition rate, a 12 ns pulse width and a maximum
specified power output of 80 W is used for the laser ablation. A pair of anti-reflection-
coated cylindrical lenses of focal lengths 110 cm and 14 cm are used to independently
adjust the horizontal and vertical foci, respectively, and two dual-tilt mirrors are used to
align the beam. A laser energy of 300 mJ is used and the focus is adjusted to a 2 mm

wide by 4.0 mm tall spot at the ablation zone, corresponding to a laser fluence of 3.75
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J/em?®. This value of fluence significantly exceeds the breakdown threshold for Ag MPs
(0.8 J/em?)®.

The ablation zone resides at the center of the laser ablation cell. The MP aerosol is
fed into the ablation zone using a He (99.99% purity) or Ar (99.98% purity) carrier gas
through a nozzle. Laminar flow of aerosol is maintained by surrounding the flow of
aerosol with a buffer gas of the same linear velocity. The gas velocity of the center flow,
Qcenters Which carries the aerosol, is fixed such that MPs are ablated by the laser only

once.

chnter = Acenterfh Equation 10
where, 4. .nir 1 the area of the feed nozzle, f'is the frequency of the laser and 4 is

the height of the ablation zone. The corresponding velocity of the coaxial flow, Qcoaxiar to

ensure a laminar flow in the horn cell has the same mean velocity as Qcenter glVen by:

Qcoaxial = chnter- (Aouter/Acenter -1 ) Equation 11

where,

Aouer 18 the area of the outer flow.
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Figure 13 shows the design of the laser ablation cell.

Center flow with MPs in

Coaxial flow in

Two-nozzle system

Ablation spot

0\ Laser

Coaxial flow exit

NPs and residual MPs out

Figure 13: Drawing showing exploded view of the laser ablation cell (nozzle
assembly and horn cell). Reprinted from Ref. 66.
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3.1.3 Residual MP separation using a virtual impactor

The ablated aerosol containing residual MPs and NPs are fed through a skimmer to a
virtual impactor. The virtual impactor is a cone with an orifice in its center. Fine particles
in the aerosol travel with the gas and flow around the cone; while larger particles with a
higher momentum, originally on the axis of the orifice, enter the orifice. The cut off size
for particles to bypass the virtual impactor is set by the height of the cone relative to the
jet nozzle. For this work, it has been set at 500 nm so that the virtual impactor
successfully removes MPs and large NP agglomerates. A small gas flow of 100 sccm is
maintained through the virtual impactor so that particles do not build up inside the virtual
impactor. An exploded view of the of the ablation cell and skimmer and virtual impactor

assembly is shown in Figure 14.
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Figure 14: Skimmer and virtual impactor assembly. Reprinted from Ref. 66.

3.1.4 Supersonic impaction chamber

The aerosol that exits the virtual impactor consists of NPs, and at higher feed rates,
smaller NP agglomerates. The ablation cell and virtual impactor are held at atmospheric
pressure while a mechanical vacuum equipped with a Root’s blower (Model 80, Edwards
Ltd., Sanborn, NY) are used to maintain a pressure of 250 mTorr in the deposition
chamber. The pressure difference between the ablation cell and the deposition chamber
serves to accelerate the NP aerosol through the 250 um orifice nozzle that separates the

chambers. The NP deposition velocity has been determined previously®’ for Ag NPs and
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ranges from 300 - 1200 m/sec, depending on whether He or Ar gas is used in the aerosol.
The nozzle-to-substrate distance can be varied by adjusting the nozzle height. The
substrate is fixed to an X-Y stage that moves the substrate position with respect to the
deposition nozzle. The X-Y stage is controlled via a graphical programming environment
(Labview, National Instruments, Austin, TX) which enables controlled patterning of the
film geometry. The thickness of the film is controlled by the writing speed of the stage
which can be varied from 7.9 - 635 um/s, and the aerosol feed density, which is

controlled by the aerosol feeder (See section 3.1.1.).

3.2 POST-DEPOSITION ANNEALING

A PID-controlled hot plate was used as a constant temperature source to rapid thermal
anneal the samples in this work. A copper plate (diameter = 75 mm) was placed on the
hot plate to provide a constant temperature heat source and temperature was monitored at
three different positions using a K-Type thermocouple to ensure uniformity of
temperature across the plate; measurements showed that the accuracy in temperature was
+ 3 °C across the surface. The hot plate was allowed to stabilize for 2 hours before each
annealing treatment. The samples were rapid thermally annealed by simply dropping
them on the copper plate. After the annealing treatment the samples were immediately

moved to a large conductive surface to quickly cool them to room temperature.
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3.3 AREA CALCULATIONS

An optical profilometer (Model 20, Zeta Instruments, San Jose, California, USA) was
used to measure the cross sectional area of the deposited lines before and after annealing.
Area was measured at 100 um intervals along the length of the lines (corresponding to
100 measurements on each line). The areas were averaged to calculate the mean area of

each deposited lines.

3.4 DENSITY MEASUREMENTS

The low mass of the deposited lines made it difficult to measure their mass directly. To
overcome this challenge, the density of the films was measured indirectly by depositing
them onto a substrate, measuring the dimensions of the deposit using the optical
profilometer to determine its volume, and then dissolving the deposit into a known
volume of nitric acid. The concentration of the solution was determined against a
standard using inductively coupled spectroscopy. Three standards of concentration 50.7
pg/L, 150.12 pg/L, and 250 pg/L were prepared and a confidence of 99 % was
determined in the concentration of standards. The mass of the deposit was then
determined from the known concentration and volume of the solution. Finally, the density

was calculated from the ratio of the mass/volume of the deposit.
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3.5 CONDUCTIVITY MEASUREMENTS

A four point probe setup was built using a micro-ohmmeter (Model 4338 B,
Agilent Technologies, Santa Clara, CA), 4 micro-positioners and an optical microscope
attached with a digital camera to capture an image of the probe positions. The outer
probes and inner probes were both connected to the micro-onmmeter and were used to
pass a low level AC current (1 A to 10 mA) and measure the voltage drop. One of the
inner probes was kept fixed and the other was positioned at different position and several
measurements were taken to measure the conductivity. The values of conductivity from

each sample had a repeatability of ~ 99%.

3.6 MICROSCOPY

A high resolution TEM (2010F, JEOL, Tokyo, Japan), operated at 120 KV in brightfield
mode was used to characterize the as-produced NPs. The plan view of the as-deposited
and annealed lines was characterized using high resolution SEM (Strata™ DB235, FEI,

Portland, OR).

3.7 GRAIN SIZE MEASUREMENTS

Grain size distributions were measured by analyzing 100 — 275 grains using image
processing software (ImageJ 1.41, NIH, Bethesda, MD).®® The area of individual grains
was measured by tracing the grains using the freehand sketch tool built into Image J 1.41

and the individual grain areas were measured.
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Chapter 4: General Characteristics of the
Lines

This chapter discusses the influence of the process parameters on NP morphology,

film morphology, and the general characteristics of the deposited lines.

4.1 INFLUENCE OF CARRIER GAS

4.1.1 Nanoparticle Morphology

Figure 15 shows the TEM images of NPs produced in He and Ar carrier gas. The
mean NP size was found to increase when using a heavier carrier gas; a mean size of ~ 6
nm was measured when using He as the carrier gas and a mean size of ~35 nm was
measured when using Ar as the carrier gas. No defects were observed in the majority of
the NPs, but some twinning was visible in some of the NPs, as shown in Figure 16. These

- - . 24,25,2669
results are consistent with results from previous work™ """,
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Figure 15: Influence of carrier gas on NP morphology a) He as the carrier gas, b) Ar

as the carrier gas.
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Figure 16: TEM images of NPs that contain twins.
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4.1.2 Nanoparticle Morphology in Films

Thin films were deposited on a TEM grid to image the grain morphology of
impacted films. To produce films with that were sufficiently thin to remain electron-
transparent,, the films were deposited by rastering the substrate once with MP feed rate of
10 mg/hr. This is the same feed rate used to produce thicker films that were produced in
multiple passes for conductivity and sintering studies. Figure 17 shows the TEM images
of the films deposited in He and Ar. The films deposited in He appear much denser than
those deposited in Ar, which is expected because of the higher impaction velocity of

. . 2
smaller NPs in He carrier gas 260,
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Figure 17: TEM images of films deposited in a) He carrier gas and b) Ar carrier gas
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b)

Figure 17: TEM images of films deposited in a) He carrier gas and b) Ar carrier gas
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4.1.2 Line Morphology

A plan-view optical micrograph of a line produced in He carrier gas at low feed
rates but with 32 passes is shown in Figure 18. Figure 19 shows the profile of lines
produced in He and Ar. Lines produced in both He and Ar show a pseudo-gaussian
profile, however the lines produced in He have a much larger height and lower full width
at half maximum (FWHM) compared to the lines produced in Ar. The lower FWHM of

lines produced in He is a result of more aerodynamic focusing that occurs for smaller

NPs in He'’.

Figure 18: Plan-view optical micrograph of a line produced in He carrier gas
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Figure 19: Cross-sectional profiles of films deposited using He and Ar as the carrier

gasses

4.4 INFLUENCE OF FEED RATE

4.4.1 Nanoparticle Morphology

A systematic study of the degree of agglomeration with feed density of MPs has
been reported by Gleason Figure 20 shows the TEM micrographs of NPs produced for
the current work at feed rates higher than 10 mg/hr. The constituent NPs in the
agglomerates are of the same mean size as the individual NPs formed at lower feed rates
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(shown in Figure 16). The NPs show significant neck growth in the agglomerates,
indicating either room temperature sintering occurs or sintering occurred as a result of
heat generated from the LAMA process. Given the size of the necks in the sintered
agglomerates, the agglomerates that are produced can be considered “hard,” i.e. they do
not break on impaction.

Heat can be generated in the LAMA process during impaction, during shockwave
generation or by stray radiation produced by scattering during ablation. To test whether
impaction was the reason for the observed NP sintering, agglomerated NPs were
collected using an electrostatic setup, where the NPs were impacted at much lower
velocities (less than 100 m/sec) and where heating effects would therefore not be
expected to be significant. The details of the setup are described elsewhere’'. Figure 20
shows an example of an agglomerate collected electrostatically which shows that the
agglomerate consists of sintered NPs. This suggests that sintering did not occur due to
heating from impaction. Heating during shockwave generation is also not likely since
NPs cool very quickly after ablation and are expected to retain their charge caused by
thermal and photoionization from the laser and therefore not agglomerate before they
cool. Room temperature sintering has been observed in NPs previously’> and the NPs
produced in our work bear a striking resemblance with NP agglomerates produced at
room temperature reported by Weber ef al.””, suggesting that room temperature sintering
is likely responsible for our observed agglomerate morphologies. It is possible that
scattered radiation from the ablation process also contributes to the sintering of NPs in

the LAMA process, but we did not measure this effect separately in our studies.
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100 nm

Figure 20: TEM images of agglomerates produced in a) He and b) Ar, produced at a

MP feed rate of 50 mg/hr
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Figure 20:TEM images of agglomerates produced in a) He and b) Ar, produced at a
MP feed rate of 50 mg/hr

4.4.2 Influence of MP feed rate on macroscopic features of the deposits

Figure 21 shows plan-view optical images of lines made at different feed rates.
While the lines produced at a feed rate of 10 mg/hr do not show any large agglomerates,
the films produced at a higher feed rate show large agglomerates, which appear in these

optical images as dark, irregularly shaped spots. The largest of these agglomerates are
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possibly the result of build up of powder inside of the virtual impactor. As the build up
grows, it can become unstable, fracture, and then become entrained in the flow gas so that

it is subsequently is deposited within the films.

a)

Figure 21: Plan-view optical micrographs of Ag lines produced at feed rates of a) 10

mg/hr, b) 20 mg/hr, and c¢) 50 mg/hr
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Figure 21: Plan-view optical micrographs of Ag lines produced at feed rates of a) 10
mg/hr, b) 20 mg/hr, and c) 50 mg/hr

4.5 INFLUENCE OF NUMBER OF PASSES AND DEPOSITION SPEED

The number of deposition passes and deposition speed were found to have an
effect on the uniformity of the cross-sectional area of the lines. As the deposition speed or
the number of passes was decreased, the uniformity in cross-sectional area decreased. We
did not attempt to quantify the non-uniformity. However we performed sufficient
experiments to determine empirically that at a speed of 635 mm/s and 32 passes, the lines
were fairly uniform in cross-section area. This then became the standard condition used

to deposit the majority of the films used for sintering and conductivity measurements.
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4.6 DELAMINATION OF FILMS

Figure 22 shows the height versus position for cross sections of the lines before
and after annealing and Figure 23 shows a low magnification SEM micrograph of a film
after annealing. These figures show that, upon annealing, the films delaminated in the
region near the center of the cross-section. However, the edges of the films where they

were the thinnest maintained good adhesion with the substrate.
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Figure 22: Top and bottom profiles of a line obtained using an optical profilometer
after annealing showing that the bottom profile (red) lifted off the surface of the

substrate as result of delamination
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Figure 23: SEM micrograph of line after annealing showing a region near the center

of the profile where delamination is apparent

This effect of thickness on the delaminated area was studied by depositing a line

on a masked substrate. Figure 24 shows a plan-view SEM micrograph of one such line,

and it is apparent from the figure that only the thickest portions of the line delaminated.
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Figure 24: SEM image of a line that was deposited on a masked substrate, annealed

and then subsequently brushed to reveal which regions delaminated

From a technological perspective, when the lines are wide enough (greater than
500 um), they maintain good adhesion to the substrate and survive the industry standard
scotch tape test’. Figure 25 gives an example of a wide line which delaminated in the
region near the center of the cross-section but that was wide enough that the thinner

bonded regions of the film provide enough support to survive the scotch tape test.
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Figure 25: SEM micrograph of the cross-section of a wide line that survived the

industry standard scotch tape test

4.7 FILMS PATTERNED ON PLASTIC AND PAPER

To demonstrate the capability to pattern films on low temperature substrates, lines
were deposited on plastics and paper. Figure 26 shows an image of two such films. These

films maintain their conductivity after folding and unfolding the substrates.
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Figure 26: Pictures of films made on a) thin paper, b) plastic

64



Chapter 5: Influence of Annealing Treatment

As discussed in Chapter 4, patterned lines produced in He carrier gas at a MP feed
rate of 10 mg/hr produce unagglomerated NPs with a 6 nm mean particle size. The
velocity of NPs in a He carrier gas is 900-1200 m/s and, at these high velocities, the
deposited films are packed to high densities. The films produced with these deposition
conditions do not suffer from factors that inhibit sintering such as NP agglomeration and
low initial density, and thus the films are ideal for realizing the true sintering behavior of
NPs. Moreover, the small dimensions of NPs produced in He make it possible to observe
low temperature sintering in reasonable times, in accordance with the Herring’s law™*.

This chapter presents an experimental study of the effect of annealing temperature
on the final properties of such sintered films — density, microstructure and conductivity.
Inferences about the dominant diffusion mechanism at different temperature ranges for
low temperatures are made from the experimental data and are reported in Section 5.4.
The kinetics of sintering is experimentally evaluated in Sections 5.5 and 5.6. The effects
of a two-step annealing treatment on the final microstructure and conductivity are

evaluated in Section 5.7.
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5.1 EFFECT OF RAPID THERMAL ANNEALING

Samples were rapid thermally annealed for 5 minutes at 5 different temperatures
ranging from 75 °C — 250 °C. Lines were deposited onto glass substrates to measure
changes in density and conductivity, and samples were made on Si substrates to observe

microstructural changes.

5.1.1 Microstructure

Plan-view SEM images of the as-deposited and annealed samples are shown in
Figure 27. The microstructure exhibits relatively low levels of porosity. The grain sizes
of the as-deposited films and films annealed at 100 °C and below are too small to be

measured accurately using SEM and thus were not evaluated.
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Figure 27: Plan-view microstructures of lines a) as-deposited and rapid thermally

annealed at b) 100 °C, ¢) 125 °C, d) 150 °C, e) 200 °C, and f) 250 °C
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Figure 27: Plan-view microstructures of lines a) as-deposited and rapid thermally

annealed at b) 100 °C, ¢) 125 °C, d) 150 °C, e) 200 °C, and f) 250 °C
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Figure 27: Plan-view microstructures of lines a) as-deposited and rapid thermally
annealed at b) 100 °C, ¢) 125 °C, d) 150 °C, ¢) 200 °C, and f) 250 °C

Figure 28 shows the effect of annealing temperature on grain size. The mean grain

size of the as-deposited sample was taken to be 6 nm based on our observations from
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TEM of individual NPs produced by LAMA under similar processing conditions (It is
assumed that the particle size does not change upon impaction.). The mean grain size of
the samples annealed at 100 °C was measured to be ~ 23 nm. Note that the error in
measuring the grain size for this sample was much higher compared to those measured
subsequent to annealing at higher temperatures because of the difficulty in imaging such
fine grains using a SEM.

Both the conductivities and the densities of samples annealed at temperatures
below 100 °C showed no difference compared to the conductivities and densitites
measured in as-deposited lines. In contrast, the relative conductivity of the sample
annealed at 100 °C increased slightly by 2.7 % (from 19.58 to 20.25% conductivity of
bulk Ag), and is discussed in more detail in Section 5.1.3. Although we cannot observe
measurable changes in the grain sizes for samples annealed at 75 °C, the small change in
conductivity at this annealing temperature is consistent with either very small or no

change in grain size during annealing at this temperature.
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Figure 28: Grain size vs Annealing Temperature for line deposited in He carrier gas

It is apparent from Figure 27 and Figure 28 that significant microstructural
changes are observed at annealing temperatures of 125 °C and up, as the grain size

increases abruptly at this temperature.

5.1.2 Density

The relative density of the as-deposited samples was measured to be 70% of the bulk

density for Ag. Because the lines are bonded to the substrate, they are not free to shrink
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in the plane of the substrate; they can only reduce their volume by decreasing their
thickness in the out of plane dimension. Thus, to determine the density of the annealed
samples, the change in cross-sectional area after annealing was measured using an optical

profilometer. The relative density of the annealed samples was determined from,

P/ pag=70% - (A/A4y Equation 12

where p is the density of the line, py, is the density of Ag, 4y 1s the final cross-sectional
area after annealing, and 4; is the cross-sectional area of the as-deposited film. The as-
deposited relative density is taken to be 70% for samples deposited using helium based
on our experimental measurements, as discussed previously.

Figure 29 shows relative density versus annealing temperature for lines deposited
using helium. While the densities of samples remain unchanged at temperatures lower
than 100 °C, there is significant densification beginning at 125 °C and increasing with
annealing temperature. Above 150 °C, the lines densify to near theoretical densities
(>95% of theoretical density). It should be noted that there is a minimum change in
density that is detectable due to the resolution limitations of the optical profilometer and
associated difficulties in accurately measuring the location of the bottom of the line by
imaging through the transparent substrate. In practice this minimum detectable change in
relative density is ~ 10 %. This experimental uncertainty places an upper bound on the
temperature at which densification occurs; samples annealed below 100 °C may exhibit

changes in density that are below the detection limits.
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Figure 29: Density versus annealing temperature for lines deposited in He carrier
gas

5.1.3 Conductivity

The measured conductivities of the as-deposited and annealed samples as a
function of temperature are shown in Figure 30. It is apparent from the figure that the
conductivities of the silver films do not show any significant change until an annealing
temperature of 100 °C is reached. For lines annealed at temperatures above 100°C, the
conductivity increases quickly, reaching ~ 31 % for lines annealed at 125 °C and ~ 46 %

for lines annealed at 150 °C. The conductivity for lines annealed above 150 °C are
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dramatically higher than lines and films processed in this temperature range (150-250 °C)

using other methods”.
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Figure 30: Conductivity versus annealing temperature for lines deposited in He
carrier gas

5.2 INFERENCE ON DIFFUSION MECHANISMS

From Section 5.1, it is apparent that the densities, conductivities and the grain
sizes of the silver lines do not change significantly until annealing temperatures of at least
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100 °C are reached. Appreciable changes are observed for films annealed at 125 °C, and
even larger changes are observed for films annealed at 150 °C and higher. The observed
experimental data suggests that two distinct temperature transitions occur, first at about
100°C, and again at about 150°C. From the analysis presented in Chapter 2, we predicted
that two distinct temperature transitions should occur that were associated with
transitions from surface diffusion-dominated sintering at low temperature to grain
boundary diffusion-dominated sintering at higher temperatures and we termed these
transitions 7. and 7. The abrupt change in sintered density and the associated increase in
conductivity, suggests that the temperature 7, is ~150 °C and the observation of no

appreciable densification at 100 °C suggests T is ~100 °C for silver.

5.3 SINTERING KINETICS IN GRAIN BOUNDARY DIFFUSION DOMINATED REGIME

In the previous section we established that 7, is ~ 150 °C. An evaluation of the
conductivities and densities of films annealed at 7, as a function of time should give
further insights into the kinetics of sintering in the grain boundary diffusion-dominated
regime. To assess these changes, films consisting of non-agglomerated NPs produced by
maintaining a feed rate of 10 mg/hr were produced on glass and Si substrates and were
rapid thermally annealed at 150 °C. The final densities and conductivities of the sintered

films were evaluated as a function of annealing time.
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5.3.1 Density

The density of the films increased to 93 % relative density in the first 2 sec of annealing
at 150 °C and remained virtually unchanged thereafter. This shows that virtually all of the

densification occurs very quickly at 150°C.

5.3.2 Conductivity

Figure 31 shows a plot of conductivity of the film measured at different annealing times.
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Figure 31: Conductivity versus annealing time for films annealed at 150 °C
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From the density and conductivity data, it is apparent that almost all of the
densification occurs within the first 2 seconds of annealing. Subsequent increases in

conductivity after the first 2 seconds are due to grain growth.

5.4 SINTERING KINETICS IN THE SURFACE DIFFUSION DOMINANT REGIME

In Section 5.2 we established that 7, is ~ 100 °C. An evaluation of the
microstructures, conductivities and densities of lines annealed at 7. as a function of time
should give further insights into the kinetics of sintering in the surface diffusion-
dominated regime. Lines consisting of non-agglomerated NPs produced by maintaining a
feed rate of 10 mg/hr were produced on glass and Si substrates and were annealed at 100
°C and held at three different holding times of 5 min, 1 hr and 16.5 hrs. The
microstructures, densities and conductivities of the sintered lines were evaluated as a

function of holding time.

5.4.1 Microstructure

The plan-view SEM images of the annealed samples are shown in Figure 32.
While the grain size is too small to be measured accurately for annealing times of 5
minutes, it is clearly evident that significant grain growth for samples heated for 1 hour

and 16.5 hours.
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Figure 32: Plan-view SEM images of lines heated at 100 °C for a) 5 min, b) 1 hr, and

¢) 16.5 hrs
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Figure 32: Plan-view SEM images of lines heated at 100 °C for a) 5 min, b) 1 hr, and
¢) 16.5 hrs

5.4.2 Density

The annealed samples showed no measureable change in density for any of the annealing

times, confirming the dominance of surface diffusion.

5.4.3 Conductivity

Figure 33 shows the measured conductivities a function of annealing time for lines

annealed at 100°C.
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Figure 33: % Conductivity relative to bulk silver versus annealing time for lines
annealed at 100 °C, for a) 0 sec, b) 5 min, ¢) 60 min, d) 990 min.

The above results show clearly that no densification occurs at temperatures lower
than 100 °C, and that the slight increase in conductivity that is observed is due only to

grain growth. The results thus confirm that I' is much lesser than 1 at °100 °C.

5.5 TWO-STEP ANNEALING TREATMENT

An annealing treatment in the low temperature surface diffusion-dominated
regime will change the driving force for further sintering in the grain boundary diffusion
dominated regime. The reduction in the driving force is dependent on the sintering

kinetics, which is in-turn governed by the surface diffusivity D;, and the time spent in the
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low temperature regime. The effect of heating rate on sintering can be used to evaluate
this effect. However, D; increases with temperature and thus the maximum reduction in
the driving force is expected at 7c. This suggests that a more controlled experiment to
evaluate this effect is a two- step annealing treatment. We therefore performed annealing
treatments first at 100 °C (7,) for 5 min, and then subsequently for 5 min at 150 °C (7).

The final relative densities of the lines after the two-step annealing were found to be
80%. This compares to a measured relative density of 93% when the lines were subjected
to a single-step annealing temperature at only 150 °C. Similarly the conductivities of the
lines were found to be 37% after the two step- annealing treatment, compared to 46% for
films annealed at 150 °C only. The final microstructures of the lines after both annealing
treatments is shown in Figure 34 a). From these micrographs, it is apparent that the grain
sizes are finer for lines subjected to the two-step annealing treatment compared to films

annealed at 150 °C only.
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Figure 34: a) Plan view microstructure of a line after a two-step annealing
treatment where it was initially annealed at 100 °C for 5 min and subsequently
annealed at 150 °C for 5 min. b) Plan view microstructure of a line give a single
rapid thermal annealing treatment at 150 °C for 5 min,
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5.9 CONCLUSIONS

In this chapter we have presented an experimental study of the effects of low
temperature annealing treatment on the evolution of microstructures and conductivities of
nanoparticulate silver thick films. The experimental work reported in this chapter utilizes
organic dispersant-free, non-agglomerated, high initial density nanoparticulate films. The
results establish that two distinct temperature transitions exist; one transition occurs at
about 100 °C and a second transition occurs at about 150 °C. These critical temperatures
are associated with transitions from surface to grain boundary-dominated sintering. Lines
do not show any measurable densification at temperatures below 100 °C but densify to
near full densities when rapid thermally annealed at temperatures of 150 °C or above. The
films annealed at 150°C exhibited much higher conductivities compared to films
processed from powders at similar temperatures using other processes that produce
powder particles that are capped by organics, agglomerated, or have lower initial
densities. An evaluation of the sintering kinetics in the grain boundary diffusion
dominated regime suggests that nearly all of the densification occurs within 2 seconds,
followed by grain growth.

The effects of a two-step annealing treatment on the final microstructures,
densities and conductivities were studied. Lines were given an initial annealing treatment
in the surface diffusion dominant regime and a second treatment in the grain boundary
diffusion dominant regime. The results show that annealing in the surface diffusion

dominant regime reduces the driving force for further densification and grain growth in
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the grain boundary diffusion dominant regime. These experiments provide a qualitative

understanding of the effect of heating rate on the properties of the sintered products.
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Chapter 6: Modeling

This chapter presents a model describing the evolution of conductivity and
microstructure as a function of critical characteristics of the annealing treatment. The
evolution of microstructure is described in terms of grain size, density, and grain size-
density trajectory. This model allows individual processing parameters to be evaluated to
determine their influence on sintering and conductivity. It is important to point out that
experimentally it is usually not possible to isolate individual influences because
processing parameters usually result in multiple simultaneous effects. Thus, the model
allows information that cannot be obtained purely from experiments to be studied.

The sintering processes are complex and theoretical models require parameters
that are not easily obtained*. In this study, this issue is addressed by using a fitting
parameter to model the sintering behavior of real systems. The patterned films produced
in this work are well suited for developing a comprehensive model that is capable of
predicting the full range of possible sintering behaviors since, unlike other processing
routes, they do not suffer from major deleterious factors that inhibit sintering. The fitting
parameters extracted from the experimental data from such films are therefore likely to
represent the true sintering behavior. Furthermore, the use of very fine NPs in our work

allows us to observe the effects of annealing at low temperatures in reasonable times.
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6.1 DEPENDENCE OF CONDUCTIVITY ON DENSITY AND GRAIN SIZE

Grain boundaries and pores are assumed to be the only major electron scattering
sources for thick films?’, and thus, the conductivity of the films are assumed to be
dependent only on the bulk conductivity, density and grain size?’. Note, we neglect the
effect of other defects such as dislocations on electron scattering in this work because no
significant defects other than some twinning were observed in the films.

The effect of density on conductivity can be evaluated by applying the
Bruggeman effective medium approximation®, which gives the effective medium

conductivity:

fo [Pﬂ] = -1 lagb GEM] Equation 13

1-20gMm Ogbt 20gMm

where,

f,, 1s the void fraction, and f,, = 1-p, where p is the fractional density
agp 1s the grain boundary conductivity,

ogy 1S the effective medium conductivity

Equation 13 gives two roots, one of which has a non-physical value and should be

ignored®.
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The effect of grain size on conductivity can be evaluated from the dependence of
grain boundary scattering on conductivity proposed by Maydas and Shatzkes”. The ratio

of grain boundary conductivity, g, to bulk conductivity, g, is given by:

% 32— 2g+ a?— a%n(l+ )] Equation 14
Obulk 3 2 a
where,
o == [L] Equation 15
> L7 g quation

A is the mean free path of electrons in the medium,
R is the reflection coefficient, and

D is the grain size

R can be fitted to experimental data and gives a measure of the grain boundary
scattering’®. These two models can be combined and used to calculate the conductivity of
thick films with known density and grain size. Note, Equation 14 utilizes the mean free
path of electrons for bulk Ag. While the mean free path is known to be 51+1 nm for
coarse-grained Ag, the mean free path is not known accurately for Ag with finer
grains®’""®"° We therefore use the conductivity, grain size and density data for films
only with grain sizes larger than 50 nm to fit the reflection coefficient for our annealed

films. As shown in Chapter 5, this corresponds to films annealed above 125 °C. Table 2
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summarizes the annealing temperatures, conductivities, grain sizes and density data used

to obtain R:

Table 2: Experimental data used to find R in Equation 14.

Annealing Temperature | Grain Size Relative Density | % conductivity of Bulk
(°C) (nm) (%) Silver

125 55+1.2 85 31+£15

150 107 £1.89 93 47 +1.7

200 190 £ 2.44 95 61+1.8

250 238 +2.88 97 71+£21
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A value of R = 0.558 + 0.0128 was obtained using a least squares fit of the
experimentally obtained values of conductivity and the predicted values of conductivity
obtained using Equations 13-15 and from the experimentally known values of density and
grain size. Once R is known, the conductivity can be predicted using Equations 13-15.
The procedure for calculating the error in the fitting parameter R is given in Appendix A.

Figure 35 shows this prediction and on the same plot, results from experiments
are shown. The figure shows that there is excellent agreement between the model

predictions and the experiments when R = 0.558 is used.
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With the value of R determined, it is possible to use Equations 13- 15 to compute
the conductivity of thick films of silver as function of grain size and density. Figure 36
shows such a plot with constant conductivity contours superimposed on the plot. This
plot reinforces the concept that the conductivity for thick films is determined by both the
relative density of the film and the grain size. Grain size has a more dominant effect at

fine grain sizes and density has a larger effect for coarser grain sizes.
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Figure 36: Plot of relative density (expressed as % conductivity of bulk silver)
versus grain size with constant conductivity contours superimposed ranging from 30
— 80% of the bulk conductivity of Ag

Since, the final density and grain size of an annealed powder compact is directly
related to the annealing temperature and time of annealing, these curves can aid in the
design of the annealing treatment that can achieve the desired conductivity. In the next
section we use theoretical considerations to evaluate the effects of annealing treatment on

the grain size and density.
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6.2 DEPENDENCE OF GRAIN SIZE AND DENSITY ON ANNEALING TEMPERATURE AND
TIME

In the intermediate and final stages of solid state sintering, both grain growth and
densification occur simultaneously. It is thus essential to consider both processes to
understand and control sintering. A theory of simultaneous densification and grain

growth was given by Yan et al*

. They predicted the grain size-density trajectory (Grain
size versus density) based on existing models of grain growth and densification*”*°. We
use a similar analysis, but also compute the grain size and density as a function of time. It
should be noted that grain growth and densification processes are complex and that
previously developed models have failed to provide a quantitative description of
sintering™*. We attempt to overcome this problem by using a fitting parameter to fit the

quantitative predictions made by the model to our experimental data. The following

sections discuss the details of the existing theoretical models and our analysis.

6.2.1 Rate of Grain Growth

A simplified model considers the change in grain size with time assuming grain
boundary migration that is limited by surface diffusion-controlled pore drag from
spherical pores™. The rate of grain growth is given by

_— = Equation 16
dat Ny7kTr4

where,
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Fy is the force per unit area of pore-free boundary, given by

AY gb
sz_g

Equation 17
- quatio

a is a geometrical constant™, o ~ 2
G is the grain size

N, is the number of pores per boundary, given by81 :

24 .
a= o2 Equation 18

r is the radius of the pore given by®!

_ \1/3
r=r=G (1_p) Equation 19

—_— = —— Equation 16
dt N g nkTr4

can thus be written as

dG _ K1 ,
P (1_;0)—4/363 Equation 20
where

ay gpDs6:02(48)*/3
KI= gbPs050(%8) Equation 21

24KkT(1—p)*/3

and p is the fractional density.
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6.2.2 Rate of Densification

A geometrical model was used by Coble®® to describe the rate of densification by
grain boundary diffusion. The model assumes each grain to be a tetrakaidecahedron, and

that the pores are continuous and cylindrical. Coble derived a relationship for the rate of

.o dp
densification, a given by

1d 4[ DgpbgpVs
__p__[ LA Ak ] Equation 22

pdt  3lp(-p)l/264T

An analogous model for grain boundary diffusion during the final stage of
sintering has not been developed, but it is expected that the rate of densification would
have a similar expression to Equation 22, except for a different pre-factor™. In our case,
the films are annealed from the intermediate stage sintering all the way to the final stage,
and a theoretical evaluation of a pre-factor is not feasible. We thus use the pre-factor
(Kpre) as our fitting parameter.

Equation 22 can be written as

dp Kpre.4[ Dgp-8gpys2 ]

at 3 la-pvz-64kT

dp Kpre:- K2 i
Fri W Equation 23
where
4 [DgpbgpYsf
K2 = - [M] Equation 24
3 kT
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6.2.3 Grain Growth — Density Trajectory

Using Equations 20, 21, 23 and 24, and using separation of variables we can write

dp _ KpreK2dG Eouation 25
(1- p)5/6 = K1 G quation
Integrating both sides, we obtain

KpreK2 G
6[(1 —p)t/e — (1- p0)1/6] = %ln (G—) Equation 26

where p,, is the initial fractional density

and G, is the initial grain size

Equation 26 gives the grain size — density trajectory. Since we know the values of

density and grain size after annealing for 300 sec at different temperatures, it is possible

. . Kpre-K2 . . . .
to determine the ratio 1 at different temperatures. This ratio alone determines the

grain size - density trajectory.

While the ratio determines the grain size-density trajectory, the actual values of
density and grain size can be evaluated only if we know the values of (Kpre-K2) and K1.
The values of K2 can be calculated from the known constants and using the grain
boundary diffusivity data from Guy®. The values of Dy» extrapolated from this data are

tabulated in Table 3.
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Table 3: D, values obtained from extrapolations of Guy 33

Temperature (°C) | Dgp (m°/s)
125 1.15x10™"
150 6.22x10™"
200 1.05x10™"
250 1.04x107"

From Figure 31, we have shown that almost complete densification occurs within
a few seconds at an annealing temperature of 150 °C. We thus expect complete
densification to also occur within 300 seconds for temperatures higher than 150 °C (200
and 250 °C). We have measured the density of films after rapid thermal annealing at

temperatures of 150, 200 and 250 °C after 300 seconds of annealing. Using this boundary

. . Kpre-K2 . . )
condition and the known ratio ~rl we can iteratively find the value of the pre-factor

Kpre.
Using this analysis we determine the value of Kpre to be 36.5 + 4.9. The

procedure for calculating the error in Kpre is presented in Appendix A. With the known

. KpreK2 . L.
value of Kpre and K2, and the ratio B we can determine K1. It is important to

note here that it is quite possible that a pre-factor was associated with Equation 16 also.

Kpre-K2
However, since K1 is determined from the ratio pT any pre-factor associated with
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Equation 16 is incorporated into K1. It is precisely for this reason why we need only one
fitting parameter in this work. The procedure for calculating the error in K1 is given in
Appendix A.

With the known values of K1 at different temperatures, it is now possible to
calculate the values of Ds at these temperatures. Figure 37 shows a plot of log(Ds) vs
1000/T. The linear fit can be used to calculate the activation energy (E,) of surface

diffusion at low temperatures and pre-exponential factor Dy

Ea
Dy = D,e kT Equation 27

_30 T T T T T T

31 i
y=-9953*x-11.99
-32

-33

34

In (Ds) (m*/s)

-35

-361

-37

1.9 2 2.1 2.2 2.3 2.4 2.5 2.6

_38 | |

1000/T (K™)

Figure 37: In(Ds) vs 1000/T plotted for estimated values of D;.
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The value of E; is found to be 0.77 £ 0.03 eV and the value of D, is found to be

1.02-10°® + 0.2:10° m?s and the values of D; at different temperatures can be obtained

Ea
using D, = D,e kT Equation 27.

We have thus used our experimental data to determine the effective surface
diffusivities at low temperatures (100-250 °C). It should be noted that we have assumed
here that Equation 16 is correct and that it can describe grain growth in real systems. It is,
however, quite likely that a pre-factor is associated with Equation 16 in the same way as
it was for Equation 22. If that is the case, the pre-factor is automatically incorporated in
D, during our analysis. Since the pre-factor is incorporated in D,, the accuracy of the
value of D, does not have any effect on the calculated values of K1. Table 4 lists the
calculated values of Ds at low temperatures. The errors listed for the values of Ds are a
minimum bound on the errors, and the actual error comes from the pre-factor associated
with Equation 16. Figure 38 shows the calculated values of log(Ds) plotted versus 1000/T

along with the existing data from Guy®.

Table 4: Values of D; determined in this work at temperatures of interest

Temperature (°C) | Ds (m?/sec)

100 3x10 + 1.3x107Y
125 1.6x10° + 1.1x10Y"
150 6x10° + 4.3x10Y
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200 5.71x10° + 6.52 x10™®

250 3.5x10 % + 4.7x10

Table 4 (continued): Values of D; determined in this work at temperatures of

interest

-E I I I I I
0.5 1 15 2 2.5 3 315

® ®Dgb
®Ds
Ds, Curent Work

log(D)

1000/T (K1)

Figure 38: D, obtained in this work (green). Also plotted are Dy and Dy, (black and
red, respectively) from Guy™
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6.3 DEPENDENCE OF CONDUCTIVITY ON ANNEALING TREATMENT

Section 6.2 established the dependence of conductivity on grain size and density,
while Section 6.3 demonstrated a method to calculate the effect of annealing temperature
and time on the evolution of density and grain size. In this section, we combine these
analyses and use Equations 13-27 to model the effect of annealing treatment on the
conductivity of nanoparticulate silver thick films. A computer code was written using
MATLAB®® to solve these equations numerically and thus study the effects of
annealing treatment on the final density, grain size, conductivity, and grain-size density
trajectory. The code is presented in Appendix A. The input parameters for the model are
the initial NP size, initial relative film density, annealing temperature, type of annealing
treatment (single step or multi-step) and annealing time. Using the model, it is thus also
possible to individually evaluate the effects of initial NP size and initial relative film
density on the final sintered density and conductivity of films, which is not possible using

our present experimental setup.

6.4 RESULTS OF THE MODEL

6.4.1 Effect of Rapid Thermal Annealing

The effects of annealing temperature on grain-size, density, conductivity, and

grain size-density trajectory is evaluated using the model. For this study, the annealing
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time is fixed at 5 min, the initial NP size is taken to be 6 nm, and initial fractional density
is taken as 0.7, which is the same as the initial conditions for the as-deposited films
discussed that were evaluated experimentally for this work (Chapter 5). The results of the

modeling for temperatures ranging from 100 — 250 °C are presented here.

a) 100 °C: Figure 39 shows the predictions of the model for annealing at 100 °C for 5

min.
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Figure 39: Predictions of the model for films annealed at 100 °C for S min.
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b) 125 °C: Figure 40 shows the predictions of the model for annealing at 125 °C for 5

min.
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Figure 40: Predictions of the model for films annealed at 100 °C for 5 min.
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c) 150 °C: Figure 41 shows the predictions of the model for annealing at 150 °C for 5

min.
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Figure 41: Predictions of the model for films annealed at 150 °C for S min.

103



d) 200 °C: Figure 42 shows the predictions of the model for annealing at 200 °C for 5

min.
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Figure 42: Predictions of the model for films annealed at 200 °C for S min.
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e) 250 °C: Figure 43 shows the predictions of the model for at 250 °C for 5 min.
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Figure 43: Predictions of the model for films annealed at 250 °C for S min.

6.4.1.1 Comparison with Experimental Data

Comparisons between the experimentally measured values of conductivity,
density and grain size and those predicted from the model are shown in Figure 44. The
results for densities and conductivities from the model fit very well with the

experimentally measured values. There are, however, some minor discrepancies between
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the predicted values of grain size and the experimentally measured values. It should be
noted that conductivities at high relative densities are a stronger function of density than
grain size. Thus, these discrepancies do not significantly affect the predicted

conductivities.
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Figure 44: Comparison between the predicted and experimentally measured values
of a) density, b) grain-size, and c) conductivity

6.4.2 Effect of Two-step Annealing Treatment

The effect of a two-step annealing treatment can also be evaluated using the
model. To demonstrate, we modeled a two-step annealing treatment with the first
annealing treatment at 100 °C for 5 min and the second annealing treatment at 150 °C for
5 min. The initial NP size is taken to be 6 nm and initial fractional density is taken as 0.7.

Figure 45 shows the results of the predictions from the model. The annealing treatment
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and initial conditions for the model were compared with the experimental results reported
in Section 5.5 and the predictions match very well with the experimentally obtained
values of density (experimentally measured value 0.8 compared to 0.81 calculated by the
model) and conductivity (experimentally measured value of 37% compared to 40% of

bulk conductivity calculated by the model).
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Figure 45: Predictions of the model for a two-step annealing treatment.
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6.4.3 Influence of NP size

The model allows us to evaluate the effect of particle size on the evolution of
density, grain size and conductivity, something which is not possible to evaluate
experimentally using the present experimental setup. We assume an initial particle size of
60 nm while keeping the initial fractional density as 0.7, to predict the effect of particle
size on the density, grain size, conductivity and grain size - density trajectory at 150 °C.
The predictions of the model are shown in Figure 46. This plot shows that when the
initial particle size is increased from 6 nm to 60 nm, the final density, grain size and
conductivity after a 5 min annealing treatment at 150 °C are predicted to be significantly

lower, which is expected in accordance with the Herrings law.
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Figure 46: Predictions of the model for annealing at 150 °C with an initial fractional
density of 0.7 and particle size a) 60 nm and b) 6 nm, 30 nm and 60 nm.
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Figure 46: Predictions of the model for annealing at 150 °C with an initial fractional
density of 0.7 and particle size a) 60 nm and b) 6 nm, 30 nm and 60 nm.
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6.4.5 Effect of Initial Density

The model also allows us to predict the effects of initial density on the evolution
of density, grain size and conductivity, which is not possible to evaluate experimentally
using the present experimental setup. To demonstrate, predictions were made assuming
an initial fractional density of 0.5 and 0.6 to compare with the previous predictions that
assumed a relative density of 0.7. The predictions of the model are shown in Figure 47.
The results show that when the initial density decreases the final density, grain size and
conductivity decreases. As the initial fractional density is lowered to 0.5, the final
densities and conductivity are significantly lower when compared to case where the
fractional density was 0.7. After a 300 sec rapid thermal annealing treatment at 150 °C,
the results of the model show that for initial densities of 0.6 and 0.5, the final densities
were found to be respectively lower by 10.22% and 17.61%, than the case where initial
fractional density was 0.7. Similarly the final conductivities were found to be lower by
16.3% and 30.4% for initial densities of 0.6 and 0.5 respectively, when compared to the

case where the initial fractional density was 0.7.
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Figure 47: Predictions of the model for annealing at 150 °C with initial particle size

of 6 nm and an initial fractional density of a) 0.6, and b) 0.5., ¢) 0.5, 0.6, and 0.7
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Figure 47: Predictions of the model for annealing at 150 °C with initial particle size
of 6 nm and an initial fractional density of a) 0.6, and b) 0.5., ¢) 0.5, 0.6, and 0.7
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Figure 47: Predictions of the model for annealing at 150 °C with initial particle size
of 6 nm and an initial fractional density of a) 0.6, and b) 0.5., ¢) 0.5, 0.6, and 0.7

6.5 CONCLUSIONS

We have presented a model that describes the evolution of the microstructures and

conductivities of thick nanoparticulate silver films at low annealing temperatures as a
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function of time. The model is derived based on existing theoretical models of the

29,30

dependence of conductivity on density and grain size”™™, a theoretical analysis of

simultaneous densificaion and grain growth in the intermediate and final stages of

sintering*®°

and by fitting experimental data to the models. The use of a fitting
parameter to the theoretical models is necessary since the theoretical models assume
highly idealized geometries for the particle and pore geometries and thus fail to
quantitatively predict the sintering behavior in real systems****. The uniqueness of the
current model lies in the fact that it predicts the sintering behavior and the dependence of
conductivity on the annealing treatment for a real system with reasonable accuracy. The
effect of the type of annealing treatment, influence of NP size and influence of initial
relative density on the final microstructures and conductivities of the sintered films are
calculated using the model. We also were able to determine the effective surface
diffusivity and activation energy for surface diffusion at low temperatures for silver,
which is difficult to measure directly using other techniques. These results compare
reasonably well with measured values of surface diffusivity and activation energy for
surface diffusion that were determined at high higher temperatures and extrapolated to
lower temperatures. The ability of this model to accurately predict sintering behaviors

shows its utility in the development of low temperature annealing treatments to produce

high conductivity, nanoparticulate films.
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Chapter 7: Effect of Agglomeration

The attractive van der Waals forces between particles increases as the distance
between particles decreases and so NPs have a very strong tendency to agglomerate®™.
Furthermore, as demonstrated earlier, when bare NPs touch, they can sinter at room
temperature and form “hard” agglomerates which cannot be subsequently broken™. A
negative consequence of particle agglomeration is a decrease in the packing density™
which results in a lower sintered density on further annealing™. Also, agglomerates often
pack non-uniformly, leaving high porosity regions surrounded by more dense regions™.
These non-uniformites can give rise to differential densification and lead to porosity and
cracks in the sintered product®’™.

Aerosol-based methods for producing thick films, in particular, suffer from a lack
of control of agglomeration because organic dispersants that can be effective at
preventing agglomeration in suspension-based processes are not typically used in aerosol
processes® . As a result, the films produced by aerosol methods are generally annealed
at high temperatures to achieve adequate conductivity. Unfortunately, systematic
experimental studies of the effect of agglomeration on conductivity of NPs that would be
useful in addressing this issue do not exist. Gleason® studied the agglomeration
dynamics on NPs and offered a way to quantitatively control agglomeration of NPs

produce by the LAMA process which is utilized in this work to produce conductive lines

with controlled agglomeration. While, characterizing the state of agglomeration is still a
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difficult task, the density of the agglomerated compacts is a useful if indirect measure of
the extent of agglomeration because films that contain high fractions of agglomerates
have a low relative density. In this chapter we present an experimental investigation of
the effects of agglomeration on the final microstructures, densities and conductivities of
as-deposited and sintered nanoparticulate films. Films deposited at feed rates of 10 mg/hr,

20 mg/hr and 50 mg/hr were used for this study.

7.1 MICROSTRUCTURE

The plan-view microstructure of lines annealed at 150 °C for 5 min are shown in
Figure 48. The levels of porosity in the annealed lines appear to increase with increasing
MP feed rate, and the grain size appears to decrease. The grain sizes were quantified by
image analysis and the results are shown in Figure 49, showing the effects of

agglomeration on the grain size of lines annealed at 150 °C.
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Figure 48: Plan-view microstructures of lines annealed at 150 °C. MP feed rates of

a) 50 mg/hr, b) 20 mg/hr, c¢) 10 mg/hr
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Figure 48: Plan-view microstructures of lines annealed at 150 °C. MP feed rates of
a) 50 mg/hr, b) 20 mg/hr, c¢) 10 mg/hr
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Figure 49: Grain size versus feed rate for films annealed at 150 °C

7.2 DENSITY

The densities of the lines were measured using the technique described in Chapter 3 and
are presented as function of the MP feed rate in Figure 50 for both as-deposited and

annealed lines.
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Figure 50: Dependences of the densities of as-deposited and annealed films on MP
feed rates

The densities of the as-deposited lines decrease with feed rate because the packing
efficiency decreases with the increase in the state of agglomeration. The density of the
annealed lines decreases from 93% to 90% when the feed rate is increased from 10 to 20
mg/hr. The highly agglomerated films that were produced at an MP feed rate of 50
mg/hours do not show any measurable densification because of the very low initial

densities of these films.
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7.3 CONDUCTIVITY

Figure 51 shows the influence of feed rate on conductivities of the as-deposited and
annealed lines. The lines exhibit a marked decrease in conductivity with increases in the
MP feed rate. The conductivities obtained in this work suggest that highly agglomerated
lines are the cause of the relatively low values of conductivities observed in previous

lines produced by LAMA and reported by Albert et al.** and Huang et al*.
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Figure 51: Dependences of feed rate on the conductivities of as-deposited and
annealed films
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7.4 CONCLUSIONS

Agglomeration was shown to have a significant effect on the properties, sintering
behavior, and conductivity of the annealed lines. In the LAMA process, the MP feed rate
controls the degree of agglomeration in the lines. We have presented an experimental
study of the effects of MP feed rate on the density, grain size and conductivity of as-
deposited and annealed films. The results of the study can be summarized as follows:

1. As the MP feed rate increases, the initial relative density and conductivity of

the as-deposited lines decreases.

2. As the MP feed rate increases, the final density, grain size and conductivity of

the annealed lines decreases.

3. An increase in the MP feed rate from 10 to 20 mg/hr significantly decreases

the sinterability of the films. A further increase of the MP feed rate to 50
mg/hr produces films that show no measurable densification or increase in
conductivity on annealing at a temperature of 150 °C.

From our experimental results we conclude that a maximum MP feed rate of 10
mg/hr should be used to produce films using the LAMA process, if high conductivity at

low processing temperatures is desired.
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Chapter 8: Comparative studies with low
initial density films consisting of larger NPs

The films discussed in Chapters 4-6 consist of small NPs packed to high initial
densities. A comparative study with larger NP films and low initial density films would
elucidate the importance of particle size and packing efficiency in films. While it is not
possible with the given setup to change the particle size and packing density in films
independently, it is possible to produce larger NPs in the LAMA process by substituting
Ar for He as the carrier gas which also results in lower particle impaction speeds and thus
relatively porous films. A comparative study with such films is significant in qualitatively
accessing the overall influence of NP size and initial density on the properties of the final
sintered films, and the effects of deposition conditions of the LAMA process. In this
chapter we present a comparison of the properties of the sintered films made in He and

Ar gas.

8.2 INFLUENCE OF TEMPERATURE

Nanoparticulate films were produced in He and Ar by maintaining a feed rate of
10 mg/hr, and were rapid thermally annealed at temperatures of 150, 200 and 250 °C for 5
minutes. The relative densities of the as-deposited films made in He and Ar were 70%

and 42% respectively.
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8.2.1 Microstructure

The plan-view microstructures of the as-deposited and sintered lines deposited with Ar as
the carrier gas are shown in Figure 52. A comparison of the mean grain sizes of films

produced in Ar and He are shown in Figure 53.

Figure 52: Plan-view microstructures of lines deposited in Ar as the carrier gas a)
as-deposited, and annealed at b) 150 °C, c) 200 °C, d) 250 °C
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Figure 52: Plan-view microstructures of lines deposited in Ar as the carrier gas a)
as-deposited, and annealed at b) 150 °C, ¢) 200 °C, d) 250 °C
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Figure 53: Comparison of grain sizes of sintered films produced using He and Ar
carrier gas

It can be seen from Figure 53 that the grain sizes of the as-deposited lines
produced using Ar are significantly larger than the those produced using He. However,
the grain sizes of the annealed films produced with He are larger than those produced in
Ar and annealed under the same conditions. We can explain these results by considering
that the rate of grain growth is dependent on the grain size and density (Equation 20), and
it increases with increasing density and decreasing grain size. Upon annealing, the lines
deposited in He densify very quickly to near full densities, which increases the rate of

grain growth (Equation 20). The films deposited in Ar on the other hand do not densify
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significantly, and the rate of grain growth is always lower than the rate of grain growth in
films deposited in He. The grain size of films deposited in He is therefore larger than the
grain size of films deposited in Ar.

While we do not observe any measurable densification in films deposited in Ar,
the films likely densify but my an amount that is below the detection limits for this
technique. As the annealing temperature increases, densification for lines deposited in
both Ar and He increase. However, since the films deposited in He have already densified
to near full densities at 150 °C, the increase in density at temperatures higher than 150 °C
is negligible. The difference in the density of films deposited in Ar at different
temperatures is, however, significant. Thus, the rate of grain growth increases much more
with temperature for lines deposited in Ar when compared to lines deposited in He. The
differences in the grain sizes of Ar-deposited and He-deposited lines thus decrease as the

annealing temperature increases.

8.2.2 Density

The annealed lines deposited in Ar exhibited no measurable change in density for
annealing temperatures up to 250 °C. The relatively low sintered density of lines
deposited in Ar can be attributed to the larger sized NPs from which the lines were
produced and the low initial relative density of the lines. While the larger size of the NPs
produced in Ar decreases the sintering kinetics when compared to smaller NPs produced
in He, the low initial density also decreases the driving force for densification (Equation

23).
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8.2.3 Conductivity

A comparison of the conductivities of the as-deposited and annealed lines deposited in
He and Ar are shown in Figure 54. The conductivities of lines deposited in Ar are found

to be substantially lower than the ones deposited in He.
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Figure 54: Comparison of conductivities of lines deposited in He and Ar.

8.3 CONCLUSIONS

Table 5: summarizes the major differences observed between films deposited in He and

Ar gas using the direct write LAMA process.
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Table S: Comparison of Properties of films deposited in He and Ar carrier gas using
the direct write LAMA process.

Property He Ar
Line width Smaller FWHM Larger FWHM
NP size 5-10 nm 30-40 nm

Initial density

70% relative density

42% relative density

Sintered ~ 93-97% at annealing temperatures up | No measurable change in
density to 250 °C density on annealing
Microstructure | Larger grain size in annealed films. Smaller grain size in annealed
Low porosity in as-deposited and films. High porosity in as-
annealed films. deposited and annealed films
Conductivity | High conductivity in as-deposited film | Low conductivity and only

which increased to very high values on
annealing at low temperatures (150-

250 °C)

marginal improvement in

conductivity on annealing
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Chapter 9: Conclusions

In this work the direct-write LAMA process has been used to deposit highly
conductive thick lines/films of silver NPs. The conventional LAMA setup was used with
a modified aerosol feeding mechanism?®®, which gives control over the agglomeration
characteristics of the NPs. While the conventional LAMA setup has the capability of
producing organic dispersant-free, small NPs which are uniform in size, the use of the
modified aerosol feeder adds the unique advantage of producing non-agglomerated NPs,
which can be packed to very high relative densities. The capabilities of the modified
LAMA process allow the production of films that do not suffer from the major
deleterious factors that inhibit sintering.

An experimental study of the effect of rapid thermal annealing on such films at
low temperatures of 150 — 250 °C, showed very high values of densification and grain
growth, and a remarkable increase in conductivity when compared to existing techniques.
These results establish that the true sintering kinetics of NPs is very high and it is
possible to achieve high densification and growth at low temperatures, if the deleterious
factors to sintering are minimized. An evaluation of the microstructure, density and
conductivity of films in the temperature range of 75-250 °C, revealed two distinct
transitions - one at about 150 °C, where densification became dominant and another at

about 100 °C, where coarsening became dominant. At temperatures between these two
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critical values both surface diffusion and grain boundary diffusion contribute
significantly to sintering.

A model was developed by fitting existing theoretical models of the dependence
of conductivity on density and grain size, and models of simultaneous grain growth and
densification, to our experimental data. The model was solved numerically to predict the
evolution of grain size, density and conductivity as a function of annealing treatment at
low temperatures. The uniqueness of the model lies in the fact that it predicts the
sintering behavior of a real powder system with reasonable accuracy. Since, the
experimental results represent the true sintering kinetics of NPs, it was possible to use
existing sintering models to calculate the fundamental diffusion parameters. The
experimental data was used to determine the effective surface diffusivity and the effective
activation energy for surface diffusion of silver at low temperatures. While the accuracy
of the surface diffusivity of silver is dependent on the ability of the existing models to
describe surface diffusion-limited grain growth for real systems**, we believe our analysis
of activation energy for surface diffusion does not suffer from this limitation.

To study the effect of agglomeration on the sinterability of films, films were
deposited at higher feed rates. Grain size, density and conductivity of as-deposited and
annealed films were evaluated as a function of MP feed rate. The results showed a
significant decrease in sinterability with an increase in agglomeration, suggesting that a
low MP feed rate of about 10 mg/hr is essential to produce films if a high final density

and conductivity is desired.
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Experimental studies and theoretical considerations in this work showed that to
achieve high conductivity in films it is necessary to achieve high density in films. The
major conditions required to achieve high density in films are a) High initial density in
films, b) Low agglomeration of particles in films, c) absence of organic capping on
constituent particles, and d) an annealing treatment in the grain boundary diffusion
dominated regime.

Finally, we used the LAMA setup to produce films with larger NPs and low initial
relative density, using Ar as the carrier gas to do a comparative study with films with
small NPs and high initial density, produced using He as the carrier gas. The results
showed the superior qualities of films deposited using He as the carrier gas for

applications where a high density and conductivity is desired.
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Chapter 10: Future Work

The following are recommendations for future work:

1.

In the present work, films were deposited at room temperature and there is
considerable evidence of room temperature sintering of NPs. The films deposited in
this work consisted of NPs with well-developed necks before any annealing treatment
was given. Since, these necks were developed in the surface diffusion-dominant
regime, the driving force for densification was reduced when the annealing treatment
was later performed in the grain boundary diffusion-dominant regime. It is postulated
that depositing the lines on a cold substrate and then rapidly raising the temperature
above 150 °C may yield even higher conductivity lines. This deposition strategy
would densify the films significantly in the initial stage of sintering and further
increase the rate of densification and grain growth in the intermediate and final stages

of sintering.

In-situ TEM annealing experiments of cross-sections of the as-deposited films would
give insights into the actual sintering processes that occur at low temperatures. The
sintering processes are complex and a non-agglomerated array of uniform sized
spherical NPs provide a unique opportunity to model sintering behavior of a many

particle system.
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3. Gleason reported a NP synthesis technique using the laser ablation of aqueous
aerosols. The silver NPs synthesized using this route were found be non-
agglomerated and much easier to feed when compared to metallic MPs. From a
technological point of view, it would be worthwhile to evaluate the microstructures

and conductivities of films produced with this feeder and using LAMA.

4. The biggest challenge the LAMA process faces for commercialization is the low
efficiency and low yield of the process. J.W. Keto has suggested that the use of larger
MPs may overcome the problem of low yield®. Currently, the setup wastes the
majority of the input laser energy. A creative use of optics might help solve the

problem and increase both the efficiency and yield of the process.
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Appendix A

This appendix gives the general theory and calculations done for the error analysis of the

various parameters used in the developed model described in this dissertation.

Estimating the error in the fitting parameter R
Since the conductivity of the films is an arbitrary function of density and grain size, and

this arbitrary function cannot be reduced to a linear form, the error in the fitting
parameter R is calculated by numerically calculating (chi-square) X2 as a function of R.
The error in R simply corresponds to an increase in XZ by 1°* . A justification of this
analysis to calculate errors in least square fitting of arbitrary functions can be found in
Ref [93]. Figure 55 shows the plot of X2 vs R obtained for this work. Note the value of

reduced chi-square is close to 1, indicating a good least square fit to the data.
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Figure 55: Xz vs R

R=0.558£0.0128

Calculating the error in K2

The major source of error in the value of K2 is the uncertainty in the extrapolated values
of Dgb from Guy et al.’s work. Hoffman et al.’® report the experimental data for the
values of Dgb in the same temperature range as reported by Guy ez al>. 1 estimate the

error in the values of Dgb from the experimentally obtained values of log(Dgb) and fitted
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values of log(Dgb), reported by Hoffman et al. 6(log(Dgb)) was found to be 0.09. Error

in K2 was simply calculated using the following expression:

o(K2)] _ [o(Dgb)
| = ogr

Calculating the error in the ratio K2.Kpre/K1

The error in the ratio K2.Kpre/K1 simply comes from the error in grain size measurement
and density measurements. The error can be simply calculated by knowing the deviation
in grain size measurements, density measurements and knowing the grain size — density

trajectory .

Calculating the error in the pre-factor Kpre

The error in Kpre is calculated using the same procedure as used for calculating the error
in the fitting parameter R. It was realized that the instrumental error in density
measurements for samples that exhibited low densification was very high and not
quantifiable; for this reason the sample annealed at 100 °C was omitted from the
calculations of error in Kpre. The figure shows the plot of chi-square and Kpre for

various iterations of Kpre.
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Figure 56: Xz vs Kpre

Kpre =36.45+4.9

Calculating the error in Ds, Do and Ea

The errorbars in the determined values of Ds can be calculated from:

la(Ds) _ la(Kl)

Ds K1
Where the error in K1 can be estimated using
o(K1)1 _ [o(Kpre) o(K2) o(Kpre.K2/K1)
l K1 B l Kpre l K2 l Kpre.K2/K1
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The activation energy and the pre-exponential factor Do is determined by doing a linear
least-square fit of the values of In(Ds) as a function of temperature. The error in the
values of the activation energy and the pre exponential factor Do can be calculated by

measuring the uncertainties in the fitted coefficients (-Ea/RT and In(Do)).
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Appendix B

This appendix gives the MATLAB codes written for the purpose of modeling in this

work. There were 5 different codes that were used in this work, and are as follows:

1.  To find the fitting parameter R, using the Maydas-Schatzkes equation and the
Bruggeman effective medium approximation.

2. To calculate constant conductivity curves as a function of density and grain size.

3. To model the effect of heating rate on density, grain size, densification, grain
growth rate, grain size-density trajectory and conductivity.

4.  To model the effect of a two-step annealing treatment on density, grain size,

densification, grain growth rate, grain size-density trajectory and conductivity.

The codes are divided into separate MATLAB m files and the file run.m summons
the other m files in all the simulations. This is done to allow for an easy handling of

codes and to give the codes the ability to shut off a particular feature if it is not desired.
Code to find the fitting parameter R:

% Run.m
[e)

% This m file gives the values of conductivity calculated

by Maydas-Shactzkes
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% equations and Bruggeman effective medium approximation
based on the

% given grain size and desnity and the given value of R. It
also plots the

% experiemntally found values specified by the user. R is
set to 0.554

[

% right now.

D= [ 107*107-9 190*107"-9 238*107-9 55*107-9]; % grain
size from experimental data (nm)
fv = [ 0.07 0.05 0.03 0.15 1 ; % fractional density from

experiemntal data

R = 0.554 ; % reflection coeffecient
cond bulk = 6.3*10"7; % in /ohm.m
lamda = 52*107-9; % electron mean free path

Q

% finding alpha in Maydas Schatzkes equation
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¢}

% finding grain boundary conductivity using Maydas
Schatzkes equation

n=1;

for n = 1:4

cond gb (n) = cond bulk*(1 - 1.5*alpha(n) + 3*alpha(n)"2 -
3*alpha(n)*3*log (1l +(1/alpha(n))));

n = n+l;

end

% finding actual conductvity using Bruggeman effective

medium approximation

q % summons the m file to calcualte the roots of the

Bruggeman approximation

r = roots(p);

cond(n) = r(l)*100/cond bulk;
n = n+l;

end
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actual cond = [47 61 71 31]; % actual conductivity from
experiments
% least square fitting. Just to check, the actual fitting

can be done by doing an iteration of hte values of R.

for n=1:4
least (n) = (cond(n)- actual cond(n))"2;

end

o°

min least = least(l) + least(2) + least(3) + least (4)

displays the least square fit paramter

Q

% Sets grain size to nm

for n = 1:4

plot (D, cond, 'ko', D,actual cond, 'k+")
legend ('Predicted Conductivity', 'Measured Conductivity')

xlabel ('Grain Size (nm)"'");
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ylabel ('Conductivity (% of Bulk Conductivity) ' )

cond % displays the values of found conductivity based

on R

¢}

% calculates the roots of the effective Bruggeman

approximation
a = fv(n);

b=1- fv(n);

p=1[ (-2%(a/b + 1)) ((a/b)*(2-cond gb(n)) + 2*cond gb(n) +

1) (cond gb(n)*(a/b))];

Code to find constant conductivity curves as a function of density and grain size:

% run.m

% finds the constant conductivity curve as a function of
density and grain

[e)

% size

cond bulk = 6.30*10"%7; % bulk conductivity of Ag

actual cond = 30; % conductivity for which we want the

cosntant conductivity curve
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o)

cond = actual cond*0.0l1*cond bulk; % converting to
percentage of bulk

lamda = 52*107-9; % mean free path of electron

% setting the values of grain size from 50-250 nm
n = 50;

for n=50:250

D(n)= n*10"-9; % grain size
n = n+l;
end
R = 0.554 ; % reflection coefficient

o\°

finding alpha in Maydas Schatzkes equation

n = 50;

for n = 50:250

alpha(n) = (lamda*(R))/(D(n)*(1-R));

n = n+l;

end

% finding grain boundary conductivity using Maydas equation

n=50;
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for n = 50:250

cond gb (n) = cond bulk*(1 - 1.5*alpha(n) + 3*alpha(n)”"2 -

3*alpha(n)*3*log (1l +(1/alpha(n))));

n = n+l;

end

% Bruggeman effective medium approximation
n = 50

for n = 50:250

a(n) = (l-cond)/(l-2*cond);

b(n) = (cond gb(n) - cond)/(cond gb(n) + 2*cond);
fv(n) = b(n)/(b(n)+a(n));

end

[e)

% setting grain size in nm
n = 50;
for n=50:250

D(n)= n; % grain size

end

[e)

% setting conductivity
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n = 50;

for n=50:250
fv(n)= 100 - (100*fv(n)): % density
n = n+l;

end

plot (D, fv, 'k")

$axis ([50 250 0 0.37]);
legend ('30%")

xlabel ('Grain Size (nm)");

ylabel ('fv ' )

Code to model the effect of heating rate on density, grain size, rate of densification, grain
growth rate, grain size-density trajectory and conductivity:
% run.m

clear all

go = 5*10"-9; % set the intial grain size in nm
di = 0.70; % set the initial fractional density here

variables;
initial conditions;
density grain size;
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conductivity;

o) o)

% plot(g2,rho) % activate if you want to check what you
doing is right, the

o)

% plot should be a straight line

o)

% variables.m

cond bulk = 6.3*10"7; % in /ohm.m
lamda = 52*107-9; % mean free path of electrons in
background

% initial condition.m

o)

% this m file generates the values of the constants Kl and

K2 and sets the

Q

% intial conditions of final temperature, initial

temperature, hodling

[e)

% time, heating rate and the time step.

Q

% The time step is to be chosed depending on the accuracy
desired. In

% general a time step of 0.01 works for uptill 150 C. At
200 C it is

% required to use 0.001 and at 250 it is required to use

0.001. The time

151



% step is the step at which the code re-evalutaes all the
parameters. The

% time to run the simulation depends on the total time and

the time step.

Tf = 200 + 273 ; % final temperature in K
Ti = 200 + 273; % initial temperature in K. Ti = Tf, for

rapid thermal annealing

heating rate = inf ; % in kelvin per second. When set to
infinity gives the case of rapid thermal annealing.
holding time = 300 ; % hodling time at the final
temperature in seconds

total time = ((Tf-Ti)/heating rate) + holding time; % time
taken for the entire annealing treatment

t step = 0.001; % steps at which the paramters will be
evaluated

simulation steps = round(total time/t step); % total number
of simulations steps

n=1; % for the for loop

T(l) = Ti; % setting initial tempearture as Ti
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% this loop sets the values of temperatures at all the time
steps / at all
% values of time
for n= l:simulation steps
t(n) = n*t step;
if t(n)<(total time - holding time);

T(n+l)= T(n) + t step*heating rate;

n = n+l;
else
T(n+l) = Tf;
n = n+l;
end
end

% variables for K1 and K2

Q

Kpre = 36; % prefactor determined by fitting

gb _energy = 0.79 % grain boundary energy in Joules/m2

sc_depth =1 * 107-9; % Surface depth in nm

at vol = (10.3*%107-6)/(6.023*10723) ;% atomic volume of the
material
k = 1.38*10"-23; % Boltzmans constant in m2.kg.s-2.K-2
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Na = 24/3.14; % constant attached to the equation for no.
of pores

r pore factor = (48)"(4/3); % constant attached to the
equation for pore radius

o)

gb depth = 0.3*107-9; % grain boudnary depth in nm

sc_energy = 1.14; % surface energy in Joules/m2

alpha = 2 ; % for spherical grains

Do gb = (10)"(-4.575); % pre-factor for grain boundary
diffusion

Do sc = (2.7182)7(-13.793); % pre-factor for surface
diffusion

Ea gb = (4.9202*%1000*k) /(0.434); % activation energy for

grain boundary diffusion

Ea sc = 9018*k; % activation energy for surface diffusion

% setting the wvalues of Dgb, Ds , Kl and K2

n =1;

for n = 1:(simulation steps +1)

Dgb (n)= Do_gb* (exp (-Ea_gb/ (k*T(n))));

Ds (n)= Do_sc* (exp(-Ea_sc/(k*T(n))));
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kl =
(Kpre*Dgb (n) *gb depth*sc energy*at vol*4)/(3*k*T(n));

k2 =
(alpha*gb energy*Ds(n) *sc_depth*at vol*r pore factor)/(Na*3
14*k*T (n)) ;

n = n+l;

end

o)

% density grain size.m

o)

% this m file generates the graphs for density, grain size,

grain growth

o)

% rate, and densification rate. The constants used in this

file are

Q

% generated in initial condition.m

Q

% the density and grain size values generated in this file

is used the

% conductivity.m to generate the graphs for conductivity vs
annealing time

[e)

% for particular temperatures.
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% calculating rates of densification, grain growth, and
grain size and

¢}

% density at all time steps.

n=1;
for n =l:simulation steps

d(l) = di; % setting initial density

g(l) = go; % setting initial grain size

d t(n) = (k1)/(((1-d(n))"(0.5))*(g(n)"4)); =
densification equation

g_t(n) = (k2)/(((1-d(n))"(4/3))*((g(n)"3))); % grain

growth equation

% In this if-else loop, only the if part will be used.
It is designed

% to reject the values of densities if fractional
density shoots above

% 1. However if a proper time step is used the else
part should never

% actually be required.

if d(n)<0.99
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d(n+1)

Il
(o}
o]
+
lQ
.
o]

*
l("’
0
part
D
T

g(n+l) = g(n) + g t(n)*t step;

else

(o
3
+
=
Il
o
\el
el

end

% setting times in seconds instead of time
n=1;

for n=1:(simulation steps +1)

tl(n) = n*t step;

n=n+1;

end

% setting times in seconds instead of time
n=1;
for n=l:simulation_ steps

t2(n) = t(n)*t step;
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n=n+1;

end

% converting grain size in nm
n=1;

for n=1:(simulation steps + 1);
gl(n)=g(n)/(10%-9);

n=n+1;

end

$%%%% the following paramters rho and g2 are not really

$%%%% however be plotted again each other and should be a
straight line, if

$%%%% we are not making any mistakes. This is just to check
if what you are

$%%%% doing is right. a plot of rho and g2 is an indication
of K1/K2 and a

$%%%% straight line implies that K1/K2 are constants

for n=(simulation steps + 1);
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g2 (n)=log((g(n))/(go*(107-9)));

n=n+1;

n=1;

for n=1:(simulation steps + 1);
rho(n)=(1-d(n))"(1/6);
n=n+1;

end

subplot (3,3,1)
plot(tl,d),title('Density vs Time')
xlabel ('t (sec)");

ylabel ('Fractional Density ' )
$axis ([0 300 0.7 17)

% plots grain size vs time
subplot (3, 3,2)

plot(tl,gl), title('Grain Size vs Time')

159



xlabel ('t (sec)");

ylabel ('Grain Size (nm) ' )
$axis ([1 1000 0.7 0.99])

% plots rate of densification vs time

subplot (3, 3, 3)

plot(t2,d t), title('Densification vs Time')
xlabel ('t (sec)'");

ylabel ('Rate of Fractional Density Change (/sec) ' )
% plots grain size - density trajectory
subplot (3, 3, 5)

plot(d,gl),title('Grain Size - Density Trajectory');
xlabel ('Fractional Density');

ylabel ('Grain Size (nm) ' )

% plots grain growth rate vs time

subplot (3,3, 6)

plot(t2,g t),title('Grain Growth Rate vs Time');
xlabel ('t (sec)');

ylabel ('Grain Growth Rate (nm/s) ' )
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o)

% conductivity.m
% this m file give a plot of conductivity as a function of
time at a given

% temperature. The grain size and density required in these
plots come from

% density grain size.m. The file solves Maydas-Schatzkes
equation and the

o)

% Bruggeman effective medium approximation simultaneously.

R = 0.554 ; % reflection coeffecient

% setting values of Grain size
n=1;
for n=1:(simulation steps + 1)

[e)

D(n) = g(n); % grain size

end

[e)

% calculating alpha

for n = 1:(simulation steps + 1)
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alpha(n) = (lamda*(R))/(D(n)*(1-R));
n = n+l;

end

% calculating grain boundary conductivity

n=1;
for n = 1:(simulation steps + 1)
cond gb (n) = cond bulk*(1 - 1.5*alpha(n) + 3*alpha(n)"2 -

3*alpha (n)*3*log(l +(1/alpha(n))));
n = n+l;

end

% calculating void fraction

n=1;

for n=1:(simulation steps + 1)

fv(n) = 1- d(n); % fractional density
n=n+1;

end

% calcualting the roots of the effective bruggeman

approximation equation.
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o)

actually

% solved.

n=1;

for n = 1:(simulation steps + 1)

g

r = roots (p):;

cond(n) = r(l);

n = n+l;

end

% actual cond = [47 61 71 31]; %is shut off, activate if

you want to see

o

5 the actual conductivities for comparison

[e) [e)

% finding the values of % conductivity of bulk. I denote

Q

condl as %
% conductivity of bulk

n=1;

for n=1:(simulation steps + 1)

condl (n) = (cond(n)*lOO)/(cond_bulk);

n=n+1;
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% The for loop calls on the m film g, where the equation is



end

¢}

% plotting conductivity vs time

subplot (3,3,4)

plot(tl,condl)

$axis ([0 30 0 1001])

title('Conductivity vs Time');

xlabel ("t (sec) "),

ylabel ('% Conductivity of Bulk Ag ' )

% conductivity 5S5min = condl (simulation steps) % activate if
you want to see

Q

% the final conductivity

Code to model the effect of a two-step annealing treatment on density, grain size,
densification, grain growth rate, grain size-density trajectory and conductivity:
% run.m

clear all

go 5¥107-9;% setting initial grain size

di = 0.7; % setting intial desnity

164



variables; % calling on the variables
initial conditions; % intial conditions
density grain size;

conductivity;

o)

% variables.m

cond bulk = 6.3*10"7; % in /ohm.m
lamda = 52*107-9; % mean free path of electrons in
background

o)

% density grain size.m

[e)

% this m file generates the graphs for density, grain size,

grain growth

Q

% rate, and densification rate. The constants used in this

file are

[e)

% generated in initial condition.m

Q

% the density and grain size values generated in this file

is used the

[e)

% conductivity.m to generate the graphs for conductivity vs
annealing time

Q

% for particular temperatures.
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% calculating rates of densification, grain growth, and
grain size and
% density at all time steps.
n=1;
for n =l:simulation steps
d(l) = di;

g(l) = go;

(o

ct

o}
Il

(k1(n))/ (((1-d(n))"*(0.5))*(g(n)"4));

(k2 (n))/ (((1-d(n)) "~ (4/3))*((g(n)"3)));

Q
ct
o}

Il

% In this if-else loop, only the if part will be used.
It is designed

% to reject the values of densities if fractional
density shoots above

% 1. However if a proper time step is used the else
part should never

% actually be required.

if d(n)<0.99

d(n+1) d(n)+ d _t(n)*t step;

g(n+1l) g(n) + g t(n)*t step;
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o
o}
+
'_\
Il
o
©
©

Q
3
+
'_\

Il

Q

3

+ g t(n)*t step;

end

t(n+l) = (n+l);
n=n+1;

end

% setting times in seconds instead of time steps
n=1;

for n=1:(simulation steps +1)

tl(n) = n*t step;

n=n+1;

end

% setting times in seconds instead of time steps
n=1;

for n=l:simulation_ steps

t2(n) = t(n)*t step;

n=n+1;
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end

% converting grain size in nm
n=1;

for n=1:(simulation steps + 1);
gl(n)=g(n)/(10%-9);

n=n+1;

end

%%%%% however be plotted again each other and should be a
straight line, if

$%%%% we are not making any mistakes. This is just to check
if what you are

$%%%% doing is right. a plot of rho and g2 is an indication
of K1/K2 and a

0 0 0 00

$%%%% straight line implies that K1/K2 are constants

for n=(simulation steps + 1);
g2 (n)=log((g(n))/(go*(10%-9)));
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n=n+1;

n=1;

for n=1:(simulation steps + 1);
rho(n)=(1-d(n))"(1/6);
n=n+1;

end

% plots density vs times

subplot (3,3,1)

plot(tl,d),title('Density vs Time')
xlabel ("t (sec)');

ylabel ('Fractional Density ' )

$axis ([0 300 0.7 17)

% plots grain size vs time

subplot (3,3, 2)

plot(tl,gl), title('Grain Size vs Time')
xlabel ("t (sec)');

ylabel ('Grain Size (nm) ' )

axis ([1 1000 0.7 0.997)
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% plots rate of densification vs time

subplot (3, 3, 3)

plot(t2,d t), title('Densification vs Time'")
xlabel ('t (sec)'");

ylabel ('Rate of Fractional Density Change (/sec) ' )
% plots grain size - density trajectory
subplot (3, 3, 5)

plot(d,gl),title('Grain Size - Density Trajectory');
xlabel ('Fractional Density');

ylabel ('Grain Size (nm) ' )

% plots grain growth rate vs time

subplot (3, 3, 6)

plot(t2,g t),title('Grain Growth Rate vs Time');
xlabel ('t (sec)');

ylabel ('Grain Growth Rate (nm/s) ' )

[e)

% conductivity.m
Q

% this m file give a plot of conductivity as a function of

time at a given
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% temperature. The grain size and density required in these
plots come from
% density grain size.m. The file solves Maydas-Schatzkes

equation and the

% Bruggeman effective medium approximation simultaneously.

R = 0.554 ; % reflection coeffecient

% setting values of Grain size

n=1;

for n=1:(simulation steps + 1)

o)

D(n) = g(n); % grain size

end

% calculating alpha

n=1;

for n = 1:(simulation steps + 1)
alpha(n) = (lamda*(R))/(D(n)*(1-R));
n = n+l;

end
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% calcualting grain boundary conductivity

n=1;
for n = 1:(simulation steps + 1)
cond gb (n) = cond bulk*(1 - 1.5*alpha(n) + 3*alpha(n)”"2 -

3*alpha(n)*3*log (1l +(1/alpha(n))));
n = n+l;

end

% calculating void fraction
n=1;
for n=1:(simulation steps + 1)
fv(n) = 1- d(n); % fractional density
n=n+1;
end
% calculating the roots of the effective bruggeman
approximation equation.
% The for loop calls on the m film g, where the equation is
actually

% solved.

n=1;
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for n = 1:(simulation steps + 1)

g

r = roots (p):;

cond(n) = r(l);

n = n+l;

end

% actual cond = [47 61 71 31]; %is shut off, activate if

you want to see

% the actual conductivities for comparison

o) o)

% finding the values of % conductivity of bulk. I denote

Q

condl as %
% conductivity of bulk
n=1;
for n=1:(simulation steps + 1)
condl (n) = (cond(n)*100)/ (cond bulk);
n=n+1;
end

Q

% plotting conductivity vs time
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subplot (3,3,4)

plot(tl,condl)

$axis ([0 30 0 1001)
title('Conductivity vs Time');
xlabel ("t (sec)');

ylabel ('% Conductivity of Bulk Ag ' )

o)

% conductivity 5S5min = condl (simulation steps) % activate if
you want to see

% the final conductivity
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