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ABSTRACT 

The use of aluminum nitride as a substrate material for micro

electronics is examined. A brief look at thermal, mechanical, and 

electrical properties of aluminum nitride show that it is a viable 

alternative material for this use. A study of the interfaces between 

aluminum nitride and several thick film pastes (palladium silver con

ductor, ruthenium oxide resistor, and gold conductor) was performed 

with optical microscopy, scanning electron microscopy, and energy 

dispersive spectroscopy. Results of this investigation showed that 

the contaminants in the substrate material that affect thermal con

ductivity do not affect the adhesion of the thick film pastes. How

ever, it was found that the lack of certain elements in the binder of 

the thick film paste could lead to weaker adhesion, and severe degra

dation of the thick film's adhesion during thermal cycling. 

X 



CHAPTER 1 
INTRODUCTION 

Recent trends in microelectronics Indicate that the density of 

components and circuitry will continue to Increase well beyond that 

which was thought imaginable by the early scientists and engineers in 

the field. With this almost exponential Increase in density has come 

a myriad of materials problems concerned with packaging the dense 

circuitry. Thermal transfer, mechanical stability, and electrical 

properties all play a major role In the function of a packaged elec

tronic component. Without the correct choice of materials to package 

a circuit, many of the advantages developed at the monolithic chip 

level are lost in the attempt to bring the Information to the outside 

world. 

Very large scale Integration (VLSI) and ultra large scale inte

gration (ULSI) monolithic chips have two characteristics that make 

them difficult to package. The first is their large size which makes 

them susceptible to high stresses during thermal cycling. The second 

characteristic is the high power that they operate at which can gen

erate a significant amount of heat. Care must be exercised during 

the selection of the substrate to ensure that these factors are taken 

into account. A substrate must be selected that provides a stable 

base for the chip, does not Induce stresses into the chip, and has 

the ability to transfer heat away from the chip. 

1 
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Several materials have come to the forefront recently as poten

tial replacements for the commonly used alumina (AI2O3) and beryl!ia 

(BeO) substrate materials. Silicon carbide and aluminum nitride are 

two of the more recent materials which are attractive due to their 

thermal properties. In addition to having exceptional thermal con

ductivities, these materials have thermal expansion coefficients 

which closely match that of silicon and gallium arsenide. 

Silicon carbide has several other properties that limit its use 

as a packaging material. With a dielectric constant of approximately 

30, it's use is limited to applications involving microwave frequen

cies, and other specialty fields. Aluminum nitride, on the other 

hand, has properties which seem to be compatible with many types of 

applications. Development of this new ceramic substrate has involved 

examining the manufacturability of the ceramic, metallization of the 

ceramic, and an examination of the compatibility of the ceramic with 

many of the manufacturing steps involved in electronic packaging. 

This particular study examines the feasibility of using aluminum 

nitride as an electronic substrate. This includes an examination of 

thermal transfer characteristics, the thermomechanical characteris

tics, and the ability for the AIN to be metallized with various types 

of thick film metals. The effects of contaminants in the aluminum 

nitride on the adhesion mechanism of the thick film metal was 

addressed as well as the effect of some of the processing steps. Spe

cific examination of the microstructure of the interface between the 
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metal and the ceramic was performed with optical microscopy, scanning 

electron microscopy, energy dispersive spectroscopy, and analysis 

with electron microprobe quantometer. 
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CHAPTER 2 
BACKGROUND OF ALUMINUM NITRIDE AS AN ELECTRONIC PACKAGING MATERIAL 

Announcements of smaller device sizes and faster switching 

speeds are becoming a fact of every day life in the microelectronics 

industry. The ability to get the information off of the monolithic 

device and out into the real world is becoming more difficult as the 

monolithic technology advances. As the number of devices per chip 

Increase, the number of input/output paths must also increase, and 

the ability to dissipate the heat generated by those devices becomes 

more critical [1]. The advances made in the microelectronic Industry 

related to Increased density and better performance of the monolithic 

chip is now being severely limited by the package design [2]. 

Aluminum nitride was recognized in the 1970's as having very 

high thermal conductivity. In 1973, Slack reported the thermal con

ductivity of a single crystal of AIN to be »200 W/m-'C [3]. However, 

polycrystalline aluminum nitride had a thermal conductivity much 

lower than single crystal AIN (<60 W/m-'C) due to AIN being extremely 

difficult to sinter properly [4]. The limitations of sintering AIN 

to near theoretical density, and obtaining near pure crystals sev

erely degrades the thermal conductivity. For these reasons, the use 

of aluminum nitride as a substrate materia! has been limited. Recent 

advances in using Y2O3 as a sintering aid has prompted several 

companies to start manufacturing aluminum nitride [5]. Since that 

time, there have various attempts to obtain better sintered proper

ties, and to characterize the resultant material. 
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Iwase and Tsuge reported utilizing sheet casting techniques to 

manufacture substrates made out of A1N with slight additions of Y2O3 

[4]. Recently, Maya has manufactured aluminum nitride powder with 

good purity by a synthetic approach [7], and Beauchamp et al. have 

utilized hot pressing of shock activated A1N to obtain dense disks 

[8], Yasuhiro et al. have recently examined the effect of CaC2, CaO, 

Y2O3, and C on the thermal conductivity of hot-pressed aluminum 

nitride. They found that the addition of CaC2 powder resulted in a 

thermal conductivity of 180 W/mK {4.57 W/in-'C). The CaC2 helps 

increase the thermal conductivity by reacting with the oxygen left in 

the aluminum nitride thus removing or reducing the "thermal barriers" 

caused by the oxygen impurities at the grain boundaries of the alumi

num nitride [9]. 

The first applications of aluminum nitride for electronic appli

cations were published in 1984 by Japanese scientists. Iwase et al. 

discussed the use of AIN in the development of multilayer technology 

and also discussed experiments Involving thick film gold, palladium-

silver, and copper. They also discussed experiments involving 

direct-bond-copper (DBC) to aluminum nitride [4]. In addition to 

their earlier work, Iwase and co-workers performed more experiments 

on thick film metallizations and direct-bond-copper. They reported 

that wire bonding strengths were identical between thick films fired 

on AIN and on A1203. They also reported good adhesion of thick film 

systems (Au, Pd-Ag, Cu) to AIN when fired similarly to alumina. They 

briefly discussed proposed adhesion mechanisms of the different thick 
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film systems to AIN, indicating that Pb, Cu, Si, and 0 were found at 

the interfaces [10, 11]. Werdecker et a1. also discussed the possi

bility of utilizing aluminum nitride for electronic substrate appli

cations [12]. Later work by this scientist involved examining AIN 

produced by tape casting technology. Characterization of substrates 

made by this technique was performed by looking at surface roughness, 

camber, density, and using x-ray diffraction to examine contaminants 

in the substrate material. A brief examination of thick and thin 

film metallizations was carried out, as well as a discussion on the 

difficulty of finding a co-fired system that can be fired in a 

nitrogen atmosphere. This work all indicated that aluminum nitride 

would perform well as a substrate material formed by tape casting 

[13]. 

Several other Investigators have looked at aluminum nitride from 

an empirical viewpoint. They have placed various metallizations on 

various types of aluminum nitride and tested adherence of the metal

lization, or the thermal dissipation that the AIN affords [14, 15]. 

Kuramoto and co-workers of Tokuyama Soda performed tungsten co-

fired metallization in both nitrogen and nitrogen-hydrogen atmo

spheres with good success. They also had good results with Pd-Ag and 

RuO thick film pastes and molten metal metallization (Ag, Cu, Ti, Sn) 

[16] .  

Iwase et al. later published more work concerning the manufac

ture of a five layer 300 I/O pin grid array package. Measurement of 

thermal resistance {^jc)> D-C resistance (signal and power lines), 
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and Rf (1 MHz) capacitance were made with a11 measurements being 

equivalent to, or better than a similar package made with AI2O3 [17]. 

Two in-depth studies concerning aluminum nitride were carried 

out by U.S. scientists. Dettmer and Charles of The John Hopkins Uni

versity have carried out a large number of experiments which have 

been published recently [18, 19, 20]. The first paper involved a 

characterization of aluminum nitride and silicon carbide substrates 

by examining: 1) Sample purity and composition; 2) Surface morphol

ogy* finish and grain size; 3} Material hardness; 4} Optical trans

mission; 5) Surface wettability; and 6) Laser machinability. In this 

study they examined 99.6% AI2O3, 96% AI2O3, and BeO as standards 

along with AIN from Toshiba, Heraeus, Tokuyama Soda, and Hitachi. In 

addition, Hitachi SiC was also examined. In this work, they found 

that Toshiba AIN had a surface that was oxidized, which would allow 

most normal thick film systems designed for oxide ceramics to work 

well. They found that the AIN from other manufacturers had nitride 

surfaces. They also found that good surface wetting could only be 

achieved after exposing the surface of the AIN to UV/Ozone [18]. 

The second paper examined the characteristics of thick films on 

two different substrates using 96% A1203 as a standard. The parame

ters examined were: 1) Printability; 2) Electrical performance; and 

3) Wire, solder, and epoxy bondability. The aluminum nitride sub

strates examined were Heraeus's grey AIN, and Tokuyama Soda Shapal 

translucent AIN. The alumina substrate was Coors 96% AI2O3. Two 

gold-dielectric systems were examined: 1) Dupont 9791 gold, and 5704 
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dielectric; and 2) Cermalloy 5770 gold, and 9105HT dielectric. The 

data presented in this paper indicated that the Dupont system worked 

very well for all substrates, but that the Cermalloy system had prob

lems with bubbling during processing [19]. 

The third paper published by Dettmer & Charles involved an in-

depth look at the ability of AIN and SiC to be metallized by both 

thick and thin film processing. Tests performed included those pre

viously done, but also included age reliability and chemical analysis 

of the fired ink system. As part of the chemical analysis of the 

thick film system, they found (like Iwase) that oxygen was a major 

component at the ceramic-metal Interface. In all of the other test

ing, the results compared similarly to the alumina and beryllia sub

strates [20]. 

The second major study by scientists at Lehigh University 

involved an in-depth examination of interfaces between thick and thin 

film metallizations and bulk aluminum nitride. This study utilized 

transmission electron microscopy, analytical electron microscopy, 

convergent beam electron diffraction, and Auger electron spectro

scopy. The thick film study examined the bonding mechanism of 

molybdenum-manganese metal to AIN, and the thin film study examined 

titanium sputtered onto AIN [21]. 

Other work related to aluminum nitride [22 - 42], was reviewed 

and used peripherally in the present study. These references have 

no direct bearing on this study, and are not reviewed in detail. 
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CHAPTER 3 
OVERVIEW OF ELECTRONIC PACKAGING 

Electronic packages are typically divided into one of four dif

ferent levels. These levels will be discussed in reverse order. 

Level 4 packages are the large computer systems (computer, 

printer, data storage devices, monitor and all of the wiring linking 

them together) that are commonly found in offices and businesses. A 

level 3 package is the box that encloses the computer components. A 

level 2 package is typical of a printed wiring board onto which a 

number of integrated circuits are placed. The level 1 package is the 

package that holds each individual monolithic integrated circuit. An 

additional type of package is the hybrid circuit which is a combina

tion of level 1 and level 2 technology. Hybrid circuitry is becoming 

increasingly important particularly in the industries (defense and 

medical) requiring high reliability. 

For the most part, this study focuses on substrates used in 

hybrid circuits, although the information can be utilized in level 1 

and level 2 ceramic packages also. This chapter will discuss the 

thermal, mechanical, and electrical characteristics which must be 

considered when choosing a substrate material for a particular cir

cuit type. 
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BASIC HYBRID DESIGN 

A hybrid package consists of a base (commonly called a header) 

that is typically made out of either copper or a nickel-iron alloy. 

A ceramic substrate with circuitry screened, sputtered or plated onto 

it is epoxied or soldered into the header. Onto the metallized sub

strate, individual integrated circuits are placed and then gold or 

aluminum wire bonded. Figure 1 shows a cross-section of a hybrid 

package. 

CAPACtTOft 
CHIP, 

\ 
GOLD 
WIRE \ 

KOVAR UD 

ULTRASONiC 
BONO 

CHIR^ 

ALUMINUM 
WIRE 

PAD 

TC WEDGE 
TC GOLD BOND 
BAa WIRE\,^^—^ I 

JL BOND 

CERAMIC SUBSTRATE 

PACKAGE BASE (HEADER) 

HERMETIC 

SEAL (WELO) 

A. 
7N 

PACKAGE 

LEAD 

Figure 1. 

THERMAL MANAGEMENT 

The ability to keep the junction temperature of a circuit as low 

as possible is one of the major reliability and performance issues in 

microelectronics. Silicon devices cease to function above ZOO'C, and 

for each 10*C rise, the mean time to failure is reduced by a factor 

of two [22]. The overall performance of devices degrade as the tem

perature is increased. For instance, the reverse saturation current 

of a p-n junction increases with increasing temperature [23], and in 

MOSFET devices, Increased temperature leads to decreased switching 

speeds [24]. 
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It becomes obvious that removal of thermal energy from the cir

cuitry is one of the most critical aspects of advancing microelec

tronic technology. The level 1 and hybrid package provide the first 

obstacle to thermal energy removal, and it is at this level that the 

high thermal conductivity of aluminum nitride can be utilized. 

To analyze the heat transfer in an electronic package, first 

order calculations will be made to emphasize the advantage of using a 

substrate with a higher thermal conductivity. 

Thermal transfer in a level 1, level 2, or a hybrid package is 

accomplished mostly by conduction. Convective heat transfer is not 

significant until heat has been removed from the interior of the 

package. Radiative heat transfer is several orders of magnitude less 

than both conductive and convective and will not be considered here. 

Fourier's first law can be applied to thermal energy transfer. 

A general expression for the first law is: 

Qk = -KAK(dT/dX) eq 1 

From this equation, utilizing one dimensional heat flow to simplify 

the calculations: 

Qk  = K(Ti - T2 ) ( A/L) eq 2 

Qk is the heat flow in watts (W). 

Tj is the temperature of the chip surface ("C). 

T2 is the temperature of the "heat sink" ("C). 

K is the thermal conductivity (W/m-°C). 

A is the area over which heat transfer is occurring (cm^). 

L is the length over which heat transfer is occurring (cm). 
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A relatively complicated system can be analyzed by utilizing the 

concept of thermal resistance. Once thermal resistances are assigned 

to all of the elements in a system, the equations utilized in elec

trical engineering governing the use of resistors can then be 

applied. The thermal resistance of an element Is defined as: 

= (L/KA) [-C/W] eq 3 

Where the variables L, K, and A are the same as in equation 2. 

Equations 2 and 3 can be combined to find the maximum power that 

an I.e. chip can dissipate given a particular packaging situation (eq 

4) .  

Qk = (Tj - T2)/tf(total) 4 

These equations can be used to evaluate a simple chip-substrate-

heat sink system to compare standard aluminum oxide substrates with 

aluminum nitride. 

D«vlc* 
SI Chto^ 
Mlach^ 

amio Subatrat* 

Subatral* Attach 

Figure 2a 

Chip-Substrate-Heat Sink System 

Figure 2b 

Electrical Analog of Figure 2a. 
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SAMPLE THERMAL TRANSFER CALCULATIONS 

Figure 2a Is a schematic diagram which will be used to evaluate 

the thermal characteristics of the system. Figure 2b is the electri

cal analog to the physical system in figure 2a. 

Dimensions of the chip are 2.54 mm x 2.54 mm x 0.381 mm thick. 

The heat generating junction will be assumed to cover the entire sur

face of the chip, and the depth of the junction will be ignored. The 

thermal conductivity of silicon is 2.23 watt/inch-degree Celsius 

(W/m-^C). A gold-silicon alloy will be used for both the die attach 

and the substrate attach. The thermal conductivity of the gold-

silicon alloy is 345 W/m-®C. Two different substrate materials will 

be evaluated, one will be AI2O3 {K= 20 W/m-*C), and the other will be 

AIN (K= 160 W/m-"C). The thickness of both substrates is 0.635 mm, 

and the thickness of the die attach is 51 (im. Both substrates will 

be attached to a heat sink at a constant temperature of eO'C with the 

gold-silicon alloy (t = 127 im). Note that both systems are identi

cal except for the ceramic substrate material. Two dimensional heat 

flow will be assumed in the substrate materials. The equation that 

governs two dimensional heat flow for a square die is: 

0K = L/[Ka(a+2L)] eq 5 

Where a = the dimension of one side of the square die. 

Using these formulas, the data in Table 1 was calculated. 
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TABLE 1 

DATA FROM THERMAL TRANSFER CALCULATIONS 

A1N Substrate AI2O3 Substrate 

^Si 0.673'C/W 0.673'C/W 

0.023'C/W 

3.28rC/W 

0.025'C/W 

4.002'C/W 

^die attach 0.023'C/W 

^substrate 0.411'C/W 

^substrate attach 0.025''C/W 

^total 1.132'C/W 

If a maximum junction temperature of lOO'C Is assumed, then the 

maximum power that can be distributed by the AI2O3 system Is 10 watts 

whereas the AIN system can distribute 35 watts. To look at this 

another way, if both systems had to distribute 10 watts, then the 

junction temperature of the AIN system would be 7rC versus lOO'C for 

the AI2O3 system with a correspondingly longer mean time to failure 

for the AIN system. 

THERMOMECHANICAL EFFECTS 

An important aspect of any electronic package is its ability to 

withstand temperature extremes and cycling. Most materials undergo 

change in dimension as the temperature of the material changes, and 

allowance for this must be taken into account during design. In 

addition, if the material is held rigidly during the thermal excur

sion, stresses develop which can easily exceed the tensile or com

pressive strength of the member. 

The change in length of a member during a temperature change is: 

AL = aLAT eq 6 
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Where: AL 1s the change in length. 

at is the thermal expansion coefficient (cm/cm/°C). 

L is the original length. 

AT is the change in temperature. 

Most materials have a positive thermal coefficient of expansion (TCE) 

which means that they expand when heated, and contract when cooled. 

An Important characteristic of a system is how the different 

materials in the system interact during temperature excursions. If 

one material has a large TCE and is joined to a member with a smaller 

TCE, large stresses can build up both in the individual members as 

well as in the joint during the temperature change. The magnitude of 

the stress depends on the difference in the thermal expansion coeffi

cient, the temperature differential, the elastic modulus and dimen

sions of the members, and the bulk modulus and dimensions of the 

material holding the members together. 

Figure 3 is a schematic of the bond line between an Integrated 

circuit die bonded to a ceramic substrate with a gold-silicon alloy. 

NEUTRAL AXIS 

L 

IE ATTACH 

i X 

Figure 3 
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Equations for this type of system were developed by Sloan [25] 

and are summarized below. The maximum shear stress (S^ax) 

"adhesive" Is defined by; 

GAT(ai-a2)s1nh(Ax) 
S = eq 7 
max tA 

Where: a2 = (G/t)[{l/Ea)i+{l/Ea)2] eq 8 

and where: G = Bulk modulus of the "adhesive" (MPa). 

AT = Change In temperature ("C). 

= Thermal expansion coefficient for each 
component (cm/cm/'C). 

x = distance from neutral axis (length of die In 
this case) In cm. 

t = thickness of "adhesive" (cm). 

E{ = Young's modulus of each component (MPa). 

a^ = thickness of each component (cm). 

The tensile or compressive stress developed In the individual 

members can be determined from: 

GAT(ai-a2)(coshAL-coshAx) 
a = eq 9 

t^A^ coshAL 

Using these equations, data was generated to again compare sub

strates currently in use to aluminum nitride. Calculations were 

based on a silicon die 2.54 mm x 2.54 mm x 0.38 mm thick, soldered to 

a ceramic substrate with a gold-3% silicon alloy solder. The bond 

line thickness for the solder is 5.08 im, and the thickness for all 
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of the substrates is 0.635 mm. Determination of the shear stress 

placed into the solder (S^^x)* tensile stress induced in the 

silicon chip (agi) was made based on a AT = 337'C. 

TABLE 2 

DATA FROM THERMOMECHANICAL CALCULATIONS 

A1N AI2O3 BeO 

Smax (NPa> 296 

asi (HPa) 68.3 124 186 

The tensile strength of silicon is approximately 276 MPa, and 

the tensile strength of the gold-silicon solder is approximately 234 

MPa. From the first order calculations made here, it is obvious that 

other alternatives would be required if the BeO was used. Even the 

alumina places relatively high stresses into the solder which could 

cause adhesion problems during thermal cycling. However, the alumi

num nitride, with its lower TCE places very little stress in the 

solder or the silicon chip. This would allow a larger chip to be 

placed on the substrate given similar dimensions and process vari

ables. 
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ELECTRICAL CONSIDERATIONS 

The electrical performance of the circuitry placed onto a sub

strate is obviously a significant factor in the performance of the 

electronic component. It is becoming well known that the performance 

of a component is becoming limited by the packaging and interconnect 

characteristics rather than by the monolithic technology [2]. 

The substrate places constraints on the electrical characteris

tics of the system due mainly to its dielectric constant (6^.). The 

dielectric constant of the substrate material affects the capacitance 

of a trace running over the substrate. This in turn affects the 

characteristic impedance (Zq) and the propagation delay (t(j) of the 

circuit trace. The actual values of Zq and tj depend on the geometry 

of the circuit in addition to the capacitance, however examples of 

how these two circuit characteristics vary with dielectric constant 

are given below. The characteristic impedance and propogation delay 

are given by the following equations respectively: 

Zq = 377/(6J.)V2 X (function of geometry) eq 10 

td = (Cr)^/Vco eq 11 

where: Cq = propagation velocity in vacuum. 

The relative dielectric constant of various substrate materials 

along with other properties used in this chapter are listed below. 

This data indicates that, while aluminum nitride does not eliminate 

the problem of having a high dielectric constant when compared to 

AI2O3 and BeO, it does not aggravate the situation like silicon 

carbide would. 
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Table 3 
PROPERTIES OF COMMON SUBSTRATE MATERIALS 

Description Units AI2O3 (96%) BeO AIN SIC 

Thermal Conductivity W/m-'C 20 260 140-220 270 
(Room Temperature) 

Dielectric Constant 0 1 MHz 8.9-10.2 6.7 8.8 40 

Dielectric Loss Tangent " " 0.001 0.0004 0.001 0.050 

Thermal Expansion xlO"®/°C 7.1 7.2 4.1 3.8 
Coefficient (RT-400°C) 

Bending Strength Kg/mm^ 20-30 17-28 40-50 45 

Hardness, Knoop Kg/mm^ 2000 1000 1200 2800 
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CHAPTER 4 
METALLIZATION OF CERAMIC SUBSTRATES 

One of the most important attributes of a ceramic substrate is 

its ability to be metallized. Without reliable metallization, the 

substrate is essentially useless. One of the first problems noted 

with aluminum nitride was its inability to be metallized with the 

current thick film inks on the market. The majority of these thick 

film inks were designed for oxide ceramic systems, rather than 

nitride ceramics [18]. The components that were present in the ink 

assisted in the adhesion of the thick film to the oxide components in 

the ceramic. For this reason, new ink systems were developed which 

would be compatible with nitride ceramic systems. 

This chapter will discuss the basic principles underlying the 

printing and firing of thick film systems. This discussion will also 

include specifics on the types of inks available for both oxide and 

nitride ceramics, and the components that make up those inks. 

PROCESSING OF THICK FILM SYSTEMS 

Thick film systems have been utilized in industry because of the 

ease of application, speed of application, and the ability to mass 

produce electronic circuits. Thick film systems can be utilized to 

produce not only single layer ceramic substrates, but also multilayer 

ceramic substrates with more than 10 layers of conductors. 
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The thick film ink is first screened onto the bare ceramic simi

lar to a silk screening process for T-shirts. The ink is then 

allowed to sit at room temperature for a period of time to allow the 

paste to "level", and then dried in air at approximately lOO'C. Fir

ing is typically performed using a belt fed kiln through three zones. 

The preheat zone ramps the temperature slowly up to the firing tem

perature of eOO-SOO'C burning off the high temperature volatiles. The 

part is held at the maximum temperature long enough to liquify the 

glass frits and allow partial sintering of the metal particles. The 

cool-down zone allows the part to cool slow enough to prevent frac

turing due to thermal shock. A typical profile for gold thick film 

ink on aluminum nitride is shown in figure 4. 
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Figure 4. Typical Firing Profile for Thick Film Pastes. 

Multilayer substrates are manufactured similarly except that 

this process is repeated with dielectric (non-conductive) layers in 

between the conductor layers. In addition, vias are made in the 

dielectric to allow connection of conductor traces on different 

layers. Figure 5 is a schematic of a simple multilayer structure. 
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Figure 5. Schematic of a Simple Multilayer Substrate (3 Conductors) 
in Cross Section. 

The composition of thick film inks are typically proprietary in 

nature, but all contain basic components that aid in either its 

application, adhesion, or function after firing. The components in 

most systems can be classified into one of three categories: binder, 

vehicle, and functional elements. The relative proportion of binder 

and functional elements make up the final properties of the paste. 

The vehicle is normally a volatile organic that gives the paste its 

pseudoplastic qualities before drying. Ideally the vehicle is com

pletely volatilized prior to firing. The binder consists of metal 

oxides In both crystalline and non-crystalline (glass) form that 

assist in holding the functional particles together and typically is 

a major factor in the adhesion mechanism of the thick film metal. 

The functional elements are what give the paste its properties {con

ductor, dielectric, resistor). The basic pastes utilized in industry 

are outlined below. 
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PASTE TYPES 

Conductor pastes typically are made up with 10 to 20% binder by 

weight, and 50 to 70% conductor material. The vehicle makes up 

approximately 12 to 25% of the pre-dried weight. The conductor par

ticles are typically metallic smaller than 5 microns diameter. 

Nickel, gold, copper, palladium, platinum, and alloys of many combi

nations are commonly used. Nickel and copper thick films require a 

reducing atmosphere during the firing operation to prevent oxidation 

of the metal. The other systems are commonly fired in air. 

Dielectric pastes can consist of functional elements that are 

low permittivity (magnesium titanate, zinc titanate, titanium oxide, 

and calcium titanate), and high permittivity (barium titanate doped 

with strontium, calcium, tin, and zirconium oxides to reduce dielec

tric constant of BaTiOs). binder material is a complex system of 

glasses that change viscosity during the first (low temperature) fir

ing and the second (higher temperature) firing. This prevents prob

lems during cross-over firing and firing of double-dielectric layers 

on multilayer substrates. By varying the type of dielectric material 

and the glass system, the dielectric constant can range from 6 to 

3000. 

Resistor pastes contain approximately 40% binder which is a for

mulation of lead bismuth and lead zirconate glasses with various 

oxides. Ethyl cellusolve and solvents such as terpineol make up the 

vehicle which is about 30% by weight of the pre-fired ink material. 

The functional elements are made up of ruthenium oxide, palladium 
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oxide, palladium, and silver. RuO typically gives better stability 

for fired substrates, and is the most commonly used resistor mate

rial. Sheet resistances between 1 ohm per square and 10 Meg-ohms per 

square can be achieved with the right proportion of oxide materials. 

THICK FILM SCREENING TECHNIQUES 

The screens used in thick film deposition are typically made out 

of stainless steel with mesh sizes between 325 and 105, and can print 

line widths as low as 0.002 Inches. Figure 6 shows a screen pattern 

with the resultant deposition of material. Figure 7 shows the screen 

in use to screen a thick film material onto a substrate. 

W/, 
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Figure 6. Screen Construction and Resultant Deposition, 
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Figure 7. Schematic of the Screening Operation. 

DRYING AND FIRING PROCESSES 

The drying and preheat processes are the most critical processes 

in modern manufacturing technologies. These processes must com

pletely remove all of the organics present in the ink to prevent poor 

adhesion and blistering of the thick film material. This is typi

cally not a problem in air fired systems (such as gold), but can 

become a serious problem in non-air fired systems (such as copper). 

Copper thick film inks cannot be fired in air since the oxygen pre

sent would quickly oxidize the copper metal rendering the thick film 

material useless. On the other hand, oxygen is required during the 

preheat and burnout phases to oxidize the organics to CO and CO2. If 

all of the carbon present as volatiles are not removed prior to fir

ing, upon it's formation to CO and CO2, it can act as a reducing 

agent for the metal oxides present as binder [27]. 
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The presence of moisture In the firing zones of the furnace can 

also cause a reducing condition to exist for the metal oxides In the 

binder material. Reduction of the oxides of low melting point metals 

(Pb and Bi) can result In vaporization of the metals which can then 

condense on lower temperature regions of the furnace. This metal can 

then drop onto the substrate shorting out circuits and destroying the 

part. Complete reduction of the metal oxides will also be detrimen

tal to the adhesion of the thick film metal since the binder is crit

ical to the adhesion mechanism. 
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CHAPTER 5 
EXPERIMENTAL PROCEDURE AND RESULTS 

The experimental work carried out in this study involved examin

ing the fired microstructure of several thick film pastes on differ

ent grades of aluminum nitride substrates. The experimental section 

is divided into two parts: specimen preparation, and material char

acterization. In addition, the material characterization section is 

broken down further into: Resistivity measurements, microstructure 

characterization with optical microscopy, scanning electron micro

scopy, energy dispersive spectroscopy, and electron microprobe quan-

tometer analysis. 

SPECIMEN PREPARATION 

Aluminum nitride substrates were obtained from three different 

suppliers. One supplier, Toshiba/Norton, supplied four different 

grades of aluminum nitride. The other two suppliers were Tokuyama 

Soda and Keramont Inc. Two different gold thick film paste systems 

(ESL D8835-1D, and Shoei 4460} were examined on the Tokuyama Soda 

substrates, as well as one palladium-silver conductor paste (Shoei 

D-4688) and one ruthenium oxide resistor paste (Shoei ANR-1310). One 

of the gold thick film pastes (ESL) used on the Tokuyama Soda sub

strate was also examined on the Keramont substrate and on all four 

grades of the Toshiba/Norton substrates. Table 4 shows a tabulation 

of all of the substrate-thick film paste combinations examined. 
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TABLE 4 

ARRAY OF SUBSTRATES AND THICK FILM PASTES EXAMINED 

Paste Type Tokuyama Soda Keramont 
Shapal 

Toshiba 
70 130 170 200 

ESL Gold 
(D8835-1D) X X X X X X 

Shoei Gold 
(4460) X 

Shoei Pd-Ag 
(D-4688) X 

Shoei RuO 
(ANR-1310) X 

The pastes were printed with a 325 mesh stainless steel screen 

with a 15 MM emulsion thickness, and a 45° mesh angle. The thick 

film material was allowed to level at room temperature, and then 

dried for 10 minutes at 150'C. Firing took place in a Radiative 

Technology Corporation infrared furnace with air atmosphere. The 

furnace profile used is shown in figure 4 (page 21). It was reported 

that the adhesion of the Shoei 4460 gold paste degraded with repeated 

firings. Therefore, one sample of that paste on Tokuyama Soda sub

strate was fired through the same profile a total of five times. 

SPECIMEN CHARACTERIZATION 

Overall photographs were taken of the different substrates dur

ing examination with low power optical microscopy. Figure 8 shows 

the Pd-Ag conductor pattern and RuO resistor pattern, and figure 9 is 

an example of the gold metallization pattern. No abnormalities were 

noted on any of the substrates during this examination. 
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Figure 8. Photograph of Pd-Ag/RuO metallization pattern. Mag: 3.5X 

Figure 9. Photograph of gold patterns on Toshiba/Norton substrates. 
Mag; 0.7X 
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RESISTIVITY MEASUREMENTS 

Kelvin four point probe resistivity measurements were taken on 

a11 of the gold metallization patterns. A Hewlett-Packard Model 

3478A Multimeter with "Autozero function" was used for the measure

ments in conjunction with an Alessi Industries four-point probe sta

tion. The data is included in Table 5. 

TABLE 5 
RESISTIVITY MEASUREMENTS OF GOLD CONDUCTORS 

SUBSTRATE PASTE TYPE R (fl) # of B ' S  fi {irSl/m) 

Tokuyama Soda ESL D8835-1D 1.102 250 4.4 

Keramont ESL D8835-1D 1.088 250 4.4 

Norton-70 ESL D8835-1D 1.285 250 5.1 

Norton-130 ESL D8835-1D* 1.267 250 5.1 

Norton-170 ESL D8835-1D 1.313 250 5.3 

Norton-200 ESL D8835-1D 1.291 250 5.2 

Tokuyama Soda Shoei 4460* 
(1 firing) 0.885 250 3.5 

Tokuyama Soda Shoei 4460* 
(5 firings) 0.949 250 3.8 

PREPARATION OF CROSS SECTIONS 

A section was cut out of each sample for microstructural exami

nation using a slow speed diamond impregnated saw. Each section was 

then mounted in "Epomet" epoxy mounting media perpendicular to the 

face of the sample for cross-sectional examination. Successive 

grinding steps were performed with 165 im, 45 /im, and 30 /im diamond 
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grinding plates, and finish grinding was performed with 600 grit 

silicon carbide paper. The cross sections were then polished with 

6 /im and 1 fim diamond paste. 

OPTICAL MICROSCOPY 

Optical microscopy was performed initially utilizing light 

field, dark field, and polarized microscopy. Figures 10 through 17 

are light field optical photomicrographs of the various interfaces. 

Figures 18 through 20 are reflected polarized photomicrographs of the 

interfaces. A Unitron Versimet inverted stage microscope was 

utilized for this examination. All micrographs are taken on Polaroid 

Type 52 sheet film. 

Figure 10. Light field optical photomicrograph of Tokuyama Soda 
substrate with Shoei Pd/Ag in cross-section. Mag: lOOOX 
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Figure 11. Light field optical photomicrograph of Tokuyama Soda 
substrate with Shoei RuO resistor material in cross-
section. Mag: lOOOX 

Figure 12. Light field optical photomicrograph of Tokuyama Soda 
substrate with ESL gold in cross section. Mag; lOOOX. 



Figure 13. Light field optical photomicrograph of Toshiba/Norton 200 
W/mK substrate with ESL gold in cross section. 
Mag: lOOOX 

Figure 14. Light field optical photomicrograph of Toshiba/Norton 70 
W/mK substrate with ESL gold in cross section. 
Mag: lOOOX 
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Figure 15. Light field optical photomicrograph of Keramont substrate 
with ESL gold in cross section. Mag: lOOOX 

Figure 16. Light field optical photomicrograph of Tokuyama Soda 
substrate with Shoei gold (1 firing) in cross section. 
Mag: lOOOX 
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Figure 17. Light field optical photomicrograph of Tokuyama Soda 
substrate with Shoei gold (5 firings) in cross section. 
Mag: lOOOX. 

Figure 18. Reflected polarized optical micrograph of Tokuyama Soda 
substrate with Shoei Pd-Ag in cross section. Mag: lOOOX 
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Figure 19. Reflected polarized optical micrograph of Tokuyama Soda 

substrate with Shoei RuO resistor material in cross-
section. Mag: lOOOX 

Figure 20. Reflected polarized optical micrograph of Tokuyama Soda 
substrate with ESL gold in cross section. Mag: lOOOX 
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SCANNING ELECTRON MICROSCOPY 

The cross section specimens used for optical microscopy were 

carbon coated so that examination with scanning electron microscopy 

could be performed. Carbon coating prevents non-conductive media 

(ceramic and epoxy) from developing a surface charge during examina

tion. 

Three different instruments were used in this analysis. Differ

ent microscopes were utilized because each had different equipment 

attachments which made that instrument beneficial. A Cambridge S200 

scanning electron microscopy with a lanthanum hexaborlde filament was 

used for the high resolution secondary electron micrographs and for 

overall examination at high magnification. A Cambridge 90B SEM was 

used for Robinson Backscattered examination of the samples, and a 

Cambridge S-600 SEM was utilized for the quantitative energy disper

sive spectroscopy (EDS). 

Examination of each specimen was made first with secondary elec

tron Imaging on the Cambridge S200. The specimen was then trans

ferred to the Cambridge 90B for Robinson Backscattered examination. 

Finally, the specimens were examined with the Cambridge 600 SEM and 

analyzed with energy dispersive spectroscopy. EDS spectra were taken 

at different spots traversing across the interface of each specimen 

to determine how the relative weight percent of each element changed 

across the Interface. The EDS data was collected and analyzed with a 

Kevex 6000 microanalysis system. Quantification was made by the sys

tem using a standard!ess routine developed by Kevex called ASAP, and 
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with ZAF corrections. This was done not to get absolute weight per-

cents of the elements, but to examine how the relative percentage 

changed with position across the interface. This data was then 

graphed and is included with the photomicrographs of each specimen. 

The first specimen examined was the Tokuyama Soda substrate with 

palladium-silver thick film conductor. Figure 21 is a secondary 

electron image of the interface. The particles seen on the sample 

surface is carbon deposited during carbon coating. As can be seen in 

figure 22, these particles disappear when the Bse~ image is viewed. 

Figure 22 is a split micrograph with the left side of the micrograph 

being the 2nd e~ image, and the right side the Bse~ image. Figure 23 

is the EDS data taken from this sample across the reaction zone seen 

in the figures 21 and 22. 

Figure 24 is a 2nd e" image of the RuO resistor-Tokuyama Soda 

substrate interface. Figure 25 is a Bse" image of the same region. 

The vertical lines seen in this micrograph are from electronic noise 

in the detector system and should be ignored. Figure 26 is the data 

obtained from the EDS traverse from the bulk resistor materials into 

the aluminum nitride. 



Figure 21. Secondary electron micrograph of the Tokuyama Soda sub-
strate-Shoei palladium silver thick film interface in 
cross section. Mag: 3970X 

Figure 22. Split 2nd e" (left) and Bse" (right) image of Tokuyama 
Soda substrate Shoei palladium-silver thick film paste 
interface in cross section. Mag: 2040X 
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Figure 23. Energy dispersive spectroscopy traverse of the Tokuyama 
Soda substrate and Shoei palladium silver thick film. 



Figure 24. Secondary electron micrograph of the Tokuyama Soda 
substrate-Shoei RuO resistor thick film interface. 
Mag: 3100X 

Figure 25. Backscattered electron micrograph of the Tokuyama Soda 
substrate-Shoei RuO resistor thick film interface. 
Mag: 1990X 
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TRAVERSE OF RUTHENIUM OXIDE 
TOKUYAMA SODA SUBSTRATE 
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Figure 26. EDS traverse of Tokuyama Soda substrate-Shoei RuO resistor 
thick film interface. 
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The first gold sample examined was the Tokuyama Soda substrate 

with ESL gold thick film. Figure 27 is a secondary electron photomi

crograph of this sample, and figure 28 is a backscattered electron 

micrograph of the same area at similar magnification. Figure 29 

shows the EDS traverse of the interface region seen in figures 27 and 

28. Similar micrographs and EDS data were taken for the Nor

ton/Toshiba substrates with ESL thick film gold (figures 30 through 

35), and for the Keramont substrate with ESL thick film gold (figures 

36 through 38). 

Figure 39 is a low magnification secondary electron photomicro

graph of the Shoei thick film gold sample with one firing. Figure 40 

is a higher magnification secondary electron micrograph of the same 

sample. Figures 41 and 42 are secondary electron and backscattered 

electron micrographs of the same region on this sample. Figure 43 is 

the EDS traverse performed on the Shoei (1 firing) sample. 

A similar examination of the Tokuyama Soda substrate with Shoei 

thick film gold fired five times was performed. Figures 44 through 

46 are micrographs of the interface, and figure 47 is the EDS data 

obtained from this sample. 
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Figure 27. Secondary electron micrograph of the Tokuyama Soda 
substrate-ESL thick film gold interface. Mag: 10,000x 

Figure 28. Backscattered electron micrograph of the same region as 
figure 27. Mag: 10,100X 
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TRAVERSE OF ESL GOLD 
TOKUYAMA SODA SUBSTRATE 

Al Si Ca Cu 

Zn Cd Au Pb 

Relative Weight Percent 

' - ^ Aluminum NItrld* TWek Film Gold / 

\ 

/ 
\ 

S 

S 

\ 

-2.0 -1.5 -to -0.5 0.0 0.5 

Distance (microns) 

Figure 29. EDS traverse of the Tokuyama Soda substrate-ESL gold thick 
film interface. 
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Figure 30. Secondary electron micrograph of the Toshiba/Norton 
200 W/mK substrate with ESL thick film gold. 
Mag: 3980X 

Figure 31. Backscattered electron micrograph of the Toshiba/Norton 
200 W/mK substrate with ESL thick film gold. Mag: 3980X 
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TRAVERSE OF ESL GOLD 
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Figure 32. EDS traverse of interface between Toshiba/Norton 200 W/mK 
substrate and ESL thick film gold. 



Figure 33. Secondary electron micrograph of the Toshiba/Norton 70 
W/mK substrate with ESL thick film gold. Mag: 4870X 
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Figure 34. Backscattered electron micrograph of the Toshiba/Norton 
70 W/mK substrate with ESL thick film gold. Mag: 4870X 
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TRAVERSE OF ESL INK 
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Figure 35. EDS traverse of interface between Toshiba/Norton 70 W/mK 
substrate and ESL thick film gold. 



Figure 36. Secondary electron micrograph of the Keramont substrate 
with ESL thick film gold. Mag: 2980X 

Figure 37. Backscattered electron micrograph of the Keramont sub
strate with ESL thick film gold. Mag: 2980X 
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Figure 38. EDS traverse of interface between Keramont substrate and 
ESL thick film gold. 



Figure 39. Secondary electron micrograph of the Tokuyama Soda sub 
strate with Shoei paste (1 firing). Mag: 1020X 

Figure 40. Secondary electron micrograph of the Tokuyama Soda sub 
strate with Shoei paste (1 firing). Mag: 5030X 



Figure 41. Secondary electron micrograph of the Tokuyama Soda sub
strate with Shoei paste (1 firing). Mag: 2980X 

Figure 42. Backscattered electron micrograph of the Tokuyama Soda 
substrate with Shoei paste (1 firing). Mag: 2980X 
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Figure 43. EDS traverse of the interface between the Tokuyama Soda 
substrate and Shoei thick film gold (1 firing). 



Figure 44. Secondary electron micrograph of the Tokuyama Soda sub 
strate with Shoei paste (5 firings). Mag: 3180X 

Figure 45. Secondary electron micrograph of the Tokuyama Soda sub 
strate with Shoei paste (5 firings). Mag: 2980X 



Figure 46. Backscattered electron micrograph of the Tokuyama Soda 
substrate with Shoei paste (5 firings). Mag: 2980X 
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Figure 47. EDS traverse of the interface between the Tokuyama Soda 
substrate and Shoei thick film gold {5 firings). 
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ELECTRON MICROPROBE QUANTOMETER RESULTS 

Because the use of EDS for quantitative analyses is considered 

by many to be questionable, an electron microprobe quantometer was 

utilized to verify the results of the EDS quantification. An Applied 

Research Laboratories Scanning Electron Microprobe Quantometer (SEMQ) 

was used to examine the Tokuyama Soda substrates with ESL gold. This 

graph is Included as figure 48. 
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Figure 48. SEMQ traverse of Tokuyama Soda substrate with ESL thick 
film gold. 
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CHAPTER 6 
DISCUSSION OF RESULTS 

The initial samples supplied for this study Included one sample 

of Tokuyama Soda substrate with ESL thick film gold, and one sample 

of the same substrate with a Shoei palladium-silver conductor and 

ruthenium oxide resistor pattern (figure 8). As the study pro

gressed, it was discovered that the possibility existed for contami

nants present in different substrates to affect the adhesion of the 

thick film systems, and so the examination was narrowed to examine 

only the thick film gold system on various substrates. Later, it was 

found that the Shoei gold conductor degraded with repeated firings, 

and it was decided to examine substrates with Shoei gold to determine 

the cause of this degradation. The discussion of the study will fol

low this basic format. 

Figure 10 is an optical photomicrograph of the palladium silver 

thick film in cross section. As can be seen in this photomicrograph, 

a thin layer of material exists between the metal layer and the alu

minum nitride substrate. This layer can also be seen with polarized 

light (figure 18), and with both secondary electron detection and 

backscattered electron detection (figures 21 and 22). Energy disper

sive spectroscopy Indicated (figure 23) that this layer was high in 

chromium, with a high proportion of bismuth at the interface of this 

layer with both the ceramic and the metal. EDS also indicated that 

lead was present and was associated with the ceramic side of the 

Interface. Both the micrographs and the EDS traverse indicate that 

this reaction zone is approximately 3 micrometers in width. 
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The ruthenium oxide resistor Interface was not nearly as 

straight forward as the Pd/Ag Interface. Both light field and pola

rized microscopy (figures 11 & 19) show no obvious reaction zone 

which Is also the case with the electron micrographs (figures 24 & 

25). However, energy dispersive spectroscopy Indicated that some of 

the elements from the resistor paste did diffuse into the aluminum 

nitride. Figure 26 shows this data in which diffusion of Ru, Zn, Ca, 

and Ti at least 8 micrometers into the AIN can be seen. Potassium 

(K) and Mn can be seen to a lesser extent also. 

The analysis of the gold thick film pastes Involved using a dif

ferent pattern of metallization. A serpentine resistor pattern for 

measurement of sheet resistivity of the metallization was made along 

with round pads 2.54 mm in diameter for adhesion testing with a 

Sebastion IV Adhesion Testing apparatus. The adhesion testing was 

Inconclusive since either ceramic or adhesive failure of the epoxy 

occured on all substrates with the exception of the Shoei gold paste 

that had been fired five times. The Shoei sample with five firings 

failed at a value near zero. The round adhesion pads were used for 

the cross sections seen in the photomicrographs for all of the gold 

systems. 

The resistivity measurements were performed in an attempt to 

correlate the microstructure of the fired gold paste to the measured 

resistivity. However, the only difference noted in the resistivity 

measurements were related to differences in thickness of the fired 

conductor. 
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Optical microscopy revealed a very thin layer of material at the 

metal/ceramic interface on all of the gold specimens (figures 12 

through 17). This layer was significantly thicker on the sample with 

Shoei ink that had been fired five times (figure 17). Figure 20 is 

an example of polarized light on the Tokuyama Soda substrate with ESL 

gold. Note that the reaction zone can also be seen in this photomi

crograph. Polarized light revealed similar microstructures in the 

other gold samples, but these micrographs are omitted for brevity. 

The first gold sample examined was the Tokuyama Soda substrate 

with ESL thick film gold. Figure 27 is a secondary electron micro

graph of this sample, and figure 28 is a backscattered electron 

micrograph of the same area at a similar magnification. Note in both 

micrographs that higher atomic number elements can be seen diffusing 

into the aluminum nitride. This becomes very obvious in the back-

scattered image. This data is substantiated by figure 29 which is 

the EDS traverse of this Interface. A definite reaction zone approx

imately 1.5 microns thick is visible in the micrographs, and higher 

atomic number elements are present for a distance slightly longer 

than this in figure 29. This figure also indicates that lead is 

playing a major role in this adhesion reaction, and that Si, Ca, Cu, 

and Zn are present in significantly lesser amounts. 

Similar information was obtained from the Toshiba/Norton 200 

W/mK substrate with ESL gold thick film sample. Figure 30 is a sec

ondary electron micrograph of this sample, and figure 31 is a back-

scattered electron micrograph of the same region. As in the Tokuyama 
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Soda substrate, diffusion of higher atomic number elements into the 

aluminum nitride has occurred. This distance of the visually 

observed diffusion is approximately 1.5 microns. This is consistent 

with the data in figure 32 which shows the data from the EDS traverse 

of this sample. 

Figures 33, 34, and 35 are the 2nd e~, Bse~, and EDS data 

obtained from the Norton/Toshiba 70 W/mK substrate with ESL thick 

film gold. Similar figures (36, 37, and 38) exist for the Keramont 

substrate with ESL thick film gold. It is interesting to note that 

very little difference exists between the Tokuyama Soda and Tosh

iba/Norton substrates. However, the Keramont substrate seemed to 

have a reaction zone that was much thinner than the other substrates. 

The EDS data obtained from the Keramont substrate seemed to indicate 

that the diffusion of lead, and possibly some of the other elements, 

had occurred further into the aluminum nitride than with the other 

samples. This could explain why less relative amounts could be seen 

with backscattered electron detection. Since all substrates had 

identical processing, this data implies that the Keramont substrate 

has some grain boundary activity that assists diffusion of the glassy 

reaction components in the thick film paste. 

Examination of the Tokuyama Soda substrates with Shoei thick 

film gold were performed similarly. The first sample examined was 

the one that had been fired only once (figures 39 through 43). Some 

marked differences were noted from the substrates with ESL gold. A 

reaction zone was present, but much thinner than that found on the 
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other substrates (with the exception of the Keramont substrate). 

Definite diffusion of the thick film components into the grain bound

aries of the aluminum nitride was noted (figure 40). It was also 

noted that more of the binder phase stayed in the gold thick film 

structure rather than diffusing to the interface as was done in the 

other samples (figure 39). 

Figures 44 through 47 are electron micrographs of the Shoei 

sample with 5 firings. The most obvious characteristic noted (figure 

44) is the crack running along the interface which sometimes includes 

the first grain of substrate material. It was noted in other areas 

that this crack occurred for the most part at the reaction zone-

aluminum nitride Interface. It was also noted that this sample had a 

fairly thick reaction zone. EDS data (figure 47) confirmed this, but 

also showed that very little diffusion of the other elements into the 

aluminum nitride had occurred at this location. The EDS traverse 

indicated that a thick layer of materia! with a fairly constant pro

portion of aluminum and gold had formed. In addition, a very wide 

band of material had lead present in large quantities. It was also 

noted that a significant amount of silicon was found near the alumi

num nitride-reaction zone interface. Figure 44 Indicates that a 

large number of islands of binder material have formed in the thick 

film material. These Islands were not found in either the other 

Shoei sample or in any of the ESL samples. 
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Several elements were found in the ESL thick film that were not 

found In the Shoel samples. Cadmium, calcium, and copper were absent 

In the EDS traverses of the Shoel samples. However, trace amounts of 

copper were found In the islands that had formed in the Shoel thick 

film material. This might indicate that the cadmium (which was found 

in significant quantities in the ESL samples) and possibly calcium 

act to prevent the other elements in the binder from diffusing rap

idly into the grain boundaries and from coalescing into islands 

within the thick film material. 

Figure 48 is a traverse of the Tokuyama Soda substrate with ESL 

thick film gold performed with the scanning electron microprobe quan-

tometer (SEMQ). This technique utilizes wavelength dispersive spec

troscopy (WDS) versus energy dispersive spectroscopy. WDS is more 

accepted by some scientists for quantitative analysis than EDS, and 

was therefore utilized to check the results from several of the EDS 

samples. As can be seen, figure 48 is very much like figure 29. 

Because of the similarity of the two sets of data, the EDS data was 

assumed to be representative of the sample compositions. 
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 

The data gathered from literature, generated from first order 

calculations, and generated from experimentation indicate that alumi

num nitride is a viable alternative substrate. The added cost of 

aluminum nitride (which is dropping constantly) would be justified 

when a substrate material is needed for either heat dissipation prob

lems, or to meet thermal expansion requirements for large integrated 

circuit chips. Care must be taken during the design of the package 

using aluminum nitride to allow for the thermal mismatch between the 

ceramic substrate and the header. As with any "miracle" material, 

some problems are solved while others are developed. Care must also 

be taken during the metallization of the aluminum nitride to ensure 

that repeated firings do not degrade the adherance of the metalliza

tion. The use of aluminum nitride as a substrate material has not 

changed the fact that thick film formulations are complicated and 

need a great deal of experimentation before use in production. 
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CONCLUSIONS 

Data generated In this project allow for the following conclusions: 

1. Given identical packages and environments, when compared 

with alumina substrates, aluminum nitride can allow nearly a 

four fold increase in power dissipation, or a 40% decrease 

in junction temperature for a given power consumption. 

2. Given identical packages and environments, aluminum nitride 

can decrease stresses placed into die bond solders and large 

silicon chips by 43% for alumina and 63% for BeO. 

3. Aluminum nitride can be successfully screen printed using 

standard screen printing apparatus and thick film inks 

developed for adhering to nitride ceramics. 

4. Binder material in one type of palladium silver thick film 

paste consists of chromium, bismuth, lead, silicon, and cal

cium. 

5. Binder material in the thick film gold pastes consist of 

lead, silicon, copper, and sometimes cadmium, calcium, and 

zinc. 

6. The elements that make up the binder migrate to the inter

face of the metal and ceramic and are probably in the form 

of amorphous oxides. It is suspected that these glassy 

phases react with the ceramic assisting in the adhesion of 

the thick film material. 
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7. Repeated firing degraded the adhesion of gold thick film 

systems that did not contain cadmium, zinc, and calcium. It 

is suspected that one or more of these elements hold the 

major elements (lead, silicon, bismuth) in a glassy phase 

and prevent substantial migration into the aluminum nitride 

grains. They may also prevent adverse reactions of the major 

elements with aluminum and gold which may degrade the adhe

sion. 
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