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Metals

Metals are characterized as systems where the nature of the bonding between
constituent atoms or molecules is by “metallic bonds”. In metallically bonded systems,
the concept of electron pair bonds is not applicable. In these systems, the coordination
number, (the number of electrons surrounding a given atom) is frequently much larger
than the number of valence electrons (the number of electrons available for bonding).! In
metallically bonded systems, the valence electrons become itinerant electrons in the
conglomerate, in other words, they are not localized to a given region. In quantum
parlance, one would say their wavefunction extends throughout the volume of the

metallic system.?

The fact that in metals one has large concentrations of itinerant electrons has
profound effects on their materials properties. Their high thermal conductivity (k) is
directly caused by these itinerant electrons, as is the high electrical conductivity (c) and
high reflectivity (R). As a matter of fact, in metals at room temperature where electron
scattering is primarily elastic, the thermal conductivity (k) and electrical conductivity (o)

are related to each other by the Wiedermann-Franz law®*:
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where T is the absolute temperature in Kelvins, kg is Boltzmann’s constant (1.38x107
erg/K), and e is the charge on the electron (4.8x10™° esu). The high reflectivity (R) and

high electrical conductivity (o) are related to each other by the Hagen-Rubens law®:

R=1 22
where o, is the dc electrical conductivity (in cgs units [c.]= sec™), and e is the angular
frequency of the light.

The fabrication of high quality metals by laser processing possess a number of
challenges due to the intrinsic nature of metals mentioned above. The reflectivity of the
metallic structure being fabricated is high, thus decoupling the laser energy. The thermal
conductivity of the metallic structure being fabricated is large, thus drawing heat away
from that portion of the structure the laser is trying to heat. Both of these effects can be
exacerbated by the properties of the substrate upon which the metallic structure is being
fabricated. As appropriate, we will discuss these issues as they applied to the metallic

systems covered in this project.

Dielectrics

Dielectrics (insulators) are materials with very low electrical conductivity. A

more concise way of stating this is that in terms of their complex conductivity, ¢ = o, +

icj (where i = \/_1 ), that 6;>>c. This is a very broad definition, but is accurate.
Dielectrics contain no mobile charges like metals do that can move under the influence of
electric fields.®’

The majority of dielectric materials are covalently bonded insulators. Like metals,
where itinerant electrons determine a wide range of physical properties, thus linking
those properties, in covalently bonded insulators the strength of the covalent bonds link
those same properties. As a result, in covalently bonded insulators many the properties of
the materials are determined by the behavior of lattice vibrations and their propagation.
This behavior can, in large measure, be reduced to one physical parameter called the
Debye Temperature, ©p.®

A number of properties are determined by the value of ®p. The melting

temperature is linked by the Lindemann melting criteria’ where the melting temperature
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Tm o« ®p?. The specific heat at constant volume® (c), thermal expansion coefficient™

iy _ T)3
(o), and thermal conductivity™ (k) all are proportional to (@) at T<<®p, and become

proportional to ®p° as that limit is left. For materials like diamond, sapphire, and Si, ©p
= 1886K, 1035K and 625K respectively, which is why (Tmy,Cv,0,K)diamond >

(T, Cv, 0, K)sapphire >(Tm,Cv,a,k)si. The Bulk (K) and Young’s (Y) Moduli are also related to
®p, with larger (K,Y) going with materials with larger ©p.'® This linkage of physical
properties makes the choice of dielectric materials for the MICE program problematic, as
some aspects of a material that are desirable are intrinsically linked with undesirable

properties.

Inhomogeneous dielectric systems, especially ones formed from particles, play a
large role in modern electronics. However the behavior of such systems are often non-
intuitive.

For a system of spherical particles of dielectric constant € imbedded in a matrix
with a dielectric of g, the average dielectric constant of the mixture is exactly described

by Maxwell-Garnett theory™*

S'Sm
3f(8+28m)

€ave =€m| 1+ L f(s-Smj
i €+ 2em

where f is the volume fraction of material the spherical particles of dielectric constant «.
As one can see from this equation, the average dielectric constant is dominated primarily
by the properties of the matrix over the entire range of f. In the figure below, we show the
effects on the average dielectric constant for systems composed of a high dielectric
constant matrix with low dielectric constant spherical particles, as well as a low dielectric
constant matrix with high dielectric constant spherical particles. In commercial thick film
capacitors, the situation is best described by the situation on the left side of the figure
below, namely the bulk of the capacitor is high € material with some voids like Swiss

cheese. The hit these capacitors take from the voids (g=1) is rather slight as long as their
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concentration is rather low. The MICE LTS approach on the other hand, is better
represented by the situation on the right side of the figure below. In the MICE approach,
the system starts as spherical particles which the LTS procedure is trying to cement or
glue together with dielectric.
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Spherical dielectric particles € in dielectric matrix g, Problem is
not symmetric with respect to € & g,,. Maximum volume fraction f
possible with single sized spheres is 74% when hexagonal close
packed.
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As one can see from the above figure, the use of particles does not reduce the
burden on the requirement that the precursor convert to a dielectric with an € of the same

order as the particles themselves.
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