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CHARACTERIZATION OF CERAMIC MATERIATS 
FOR MICROELECTRONIC APPLICATIONS PART 111 

ABSTRACT 

The major objectives o f  this investigation were to charac- 
terize surfaces and grain-boundaries in such electroceramic mate- 
rials as BaTi03. 
wexe used to characterize particulate BaTiO 
differences in stoichiometry and particle size, An electron 
beam scanning technique to study the electrical characteristics 
of ceramic grain-boundaries was developed, and results obtained 
with KC1 and BaTi03 described. 

Dielectric measurements over a frequency range 
possessing known 3 
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CHAPACTERXZATPON OF C E W L C  MATERIALS 
FOR MICROELECTRONIC APPLICATIONS - PART I11 

I. SUrnfiRY 

Ceramics are used in microelectronic devices where 
?I..ey play an important role, Since their functions cannot be 
replaced, we have need to characterize them and, of course, pre- 
dict their behavior, not only in use but in their fabrication. 
The question that comes up is, how. Unlike, say single crystal 
silicon, where an electronic engineer in semiconductor work can 
obtain well characterized data, and effectively design a usable 
device, no such infomation or even means of obtaining such data 
exists for ceramic materials. 

Therefore, the major objectives of this investigation 
have been on the characterization of surfaces and grain-boundaries 
in electroceramic materials, such as barium titanate. This is 
so because the characteristics of surface layers of powders play 
a significant role in determining the processing and properties 
of materials, while the nature of grain-boundaries has a marked 
i&fluence on the electrical behavior of sintered ceramics. 

The work done on characterizing HaTi03 powders has 
shown how dielectric measurements can be used as a diagnostic 
tool for "finger-printin.g" the nature of particulate surfaces 
Powder morph.ology and slight deviations in stoichiometry can be 
monitored by evaluating their ac conductivities as a function of 
partial pressure of water vapor. This is useful not only in the 
selection of starting powders for capacitor production but  a l s o  
for evaluating other ceramic powders such as mixed oxides, car- 
bides, borides and nitrides, where stoichiometry can significantly 
alter electrical performance, 

In fact, it is conceivable that this type of work could 
form the basis of a new chemical stoichiometry measuring igstrument-- 
a sort; of "particle hydroxylmeter" analogous to potentiometer-- 
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for determining stoichiometry of fine powders by evaluating the 
change in their conductivities as a function of water vapor. 
This would certainly be an attractive and a portable quality- 
control tool for raw material manufacturing. 

The development and use of an electron beam scanning 
(Ei5S)r system to study directly the electrical characteristics of 
grain-boundaries and interfaces have shown how boundary misorien- 
tations (twist and tilt), can alter the grain-boundary electrical 
conductivities in ionic materials such as KC1. In addition, the 
EBS data has shown that in BaTiQ3 ceramics the dielectric constant 
of "grain-boundary regions" is significantly different from that 
of the grains. This technique also has potential use as a manu- 
facturing in-process control technique for evaluating junctions 
in active electronic devices. 

Finally, the XITRI: work on characterization of ceramic 
materials for microelectronic applications has evolved into new 
and somewhat different concepts on the methodology of character- 
ization. The techniques developed on the NASA sponsored program 
are essentially "indirect" methods for characterization, which 
in many cases c5rcumvent the complex and diverse variables that 
must be determined in "direct" characterization methods. Herein 
lies its practical usefulness as a manufacturing in-process con- 
t r o l  and design engineering technique. 

I%. ~ N ~ ~ ~ ~ ~ C T ~ ~ N  

This is the final summary report on NASA Contract No, 
NAS1-8025 on "Characterization of Ceramic Materials for Microelec- 
tronic Applications", The report covers the period from March 13 ,  
1968 to March 12, 1969. 

The current program is aimed specifically at a meaning- 
ful characterization of electroceramic materials, such as BaTi03 
which have significant applications in microelectronics ., The 
research done at %TTKE1 under NASA Langley Research Center spon- 
sorship has demonstrated thag selected electrical measurements 
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can be applied t o  yield meaningful information about the in t e r -  
f ac i a l  (surfaces and grain-boundaries), and bulk properties of 
a ceramic such as BaTiOg. The e l ec t r i ca l  measurements a re  not 
only pertinent t o  the end use of electroceramics in  microelec- 
t ronics ,  but simplify the interpretat ion of the electronic pro-  
per t ies  of the material fo r  device design and microelectronic 
applications,  

In attempting t o  characterize ceramic materials fo r  
microelectronic applications, we have directed our e f f o r t  towards 
the following fac tors :  

1, The properties of the surface layer of powder particu- 
l a t e s  and how they change with pa r t i c l e  s i ze ,  processing history 
and environmental p a r t i a l  pressure. 

2 .  The e l e c t r i c a l  properties of the boundary phase i n  
polycrystall ine materials and t h e i r  relationship t o  grain s i z e  
and misorientation. 

3 .  Possible correlation between the charac te r i s t ics  of 
the surface layer of the powder par t ic les  and those of the boun- 
dary phase i n  the ceramic. 

111. CHARACTERIZATION OF BaTiO, POWDERS 

A. Introduction 

The charac te r i s t ics  of the surface defect layer  of 
powders play a s ignif icant  ro le  in  determining the properties 
of the sintered ceramic. 
t i c l e  s i ze  d is t r ibu t ion  and shape, i t s  rheology i n  the foming 
operations, degasification during green body compaction, and 
f ina l ly ,  the s inter ing mechanism i t s e l f ,  A l l  these factors  are  
in te r re la ted  t o  the microstructure of the f i n a l  ceramic, and 
hence a f f ec t  i t s  properties.  With micron and submicron sized 
powders, because of the increased surface-to-volume r a t i o ,  the  
effects  due t o  adsorbed gases and surface charges can a l t e r  the 
electronic behavior of the f i r ed  ceramic. 

Surface phenomena strongly a f f ec t  par- 
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Generally speaking, the surface of a s o l i d  material i s  
in an unusual crystallographic s t a t e  due t o  valence requirements. 
10 ceramic materials such as Si02 and A1203, the requirements of 
lowest f r ee  energy lead t o  a virgin surface ordinarily dominated 
by oxide ions which screen the l e s s  polarizable metal ions. Since 
jnherently these surface ions have unsatisfied chemical valences, 
aany of the bivalent surface oxide ions w i l l  a t t r a c t  positive- 
charged ions from the environment. Therefore the external surface 
of powders, and in  par t icu lar  of submicron sized material, can 
be considered as a defect s t ructure .  Such a defect layer involves 
a region adjacent t o  t he  o u t e r  surface boundary, physically and/or 
chemically adsorbed molecules and atoms on the surface, and elec- 
t r i c  f i e lds  extending away from the surface into the bulk., 

Water vapor plays a s ignif icant  ro le  in  determining 
2 -4 surface phenomena of oxide pQwders. A number of investigators 

have studied the surface hydration of various types of oxide pow- 
ders using infrared adsorption and other techniques. 

The possible role of the proton in  the degradation pro- 
c e s ~  of t i t ana te s  has been suggested by a number of investigators,  L 5  

The proposed degradation mechanisms entailed proton generation 
a t  the anode arid migration towards the cathode, o r  generation of 
anion vacancies. In e i the r  case, the electronic conductivity of 
the degrading t i t a n a t e  can be ascribed t o  the "hopping" of the 3d 
electrons of  the ions, It is  also possible tha t  field-induced 
changes in  electron d is t r ibu t ion  could be responsible f o r  the de- 
gradation process * 

However, not enough i s  understood about the effeces of 
water vapor on micron and submicron sized BaTi.8 powders. What 
are  the nature of the defects as dehydration proceeds? Does the 
high energy surface s t r a i n  condition on BaTi03 powders due t o  ex- 
tensive dehydration, a f f ec t  the polarization processes i n  the s in-  
tered material t ha t  i s  both fe r roe lec t r ic  and piezoelectric? 
From an electronic point: of view, dehydration can be considered 

3 

I I T  R E S E A R C H  I N S T I T U T E  

-4- 



analogous eo charging a condenser, as the "dry surface" i s  assumed 
t o  have a d i f fe ren t  surface polar i ty  than when covered with hy- 
droxyl ions. What i s  the precise e lectronic  s t rycture  of t h i s  
outer defect layer?  A l l  these a re  unanswered questions tha t  a r e  
pertinent t o  the characterization of BaTi03 powders. 

It i s  the purpose of the  study t o  explore some of the 
differences i n  the d i e l ec t r i c  behavior due t o  water adsorption 
of BaTiQ3 pawders with d i f fe ren t  pa r t i c l e  s i ze  and surface charac- 
t e r i s t i c s .  

To t h i s  end, scanning electron microscopy and d i e l ec t r i c  
measurements have been used as diagnostic tools  t o  study the sur- 
face dominated behavior of barium t i t ana te  powders. 

€3. Experimental Procedures 

Dielectr ic  measurements were carr ied out on uncompressed 

3 and cold-compacted (unsintered) BaTiO powders, under controlled 
water vapor environments. 

The d i e l ec t r i c  behavior of uncompressed powders w a s  
evaluated i n  a c e l l  consisting of t w o  concentric nickel cylinders 
embedded on end i n  a Teflon block--the powder under investigation 
being placed between the  t w o  concentric cylinders. 
of the c e l l  was ver i f ied by measuring the capacitance and d i s s i -  
pation fac tor  a t  l o 3  Hz of a powder specimen by f i l l i n g  and re- 
f i l l i n g  the c e l l  a number of times. Details and dimensions of 
t h i s  special  c e l l  have been described previously.6 In order t o  
emphasize the  contribution of the surface layer ,  the d i e l ec t r i c  
properties reported i n  th i s  study have been obtained on powders 
whose packing density i n  the d i e l ec t r i c  c e l l  gives a s t a t e  of 
minimum compression, but commensurate with in te rpar t ic le  contact 
between the  par t icu la tes ,  

Reproducibility 

The d i e l ec t r i c  measurements an cold-compacted specimens 
(pressed a t  10,000 p s i  external pressure), were carried out w i t h  
a guarded r ing electrode system. 
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The measurements w e r e  c a r r i e d  o u t  i n  s i t u  under con- 
t r o l l e d  environments i n  a modif ied vacuum chamber, The p a r t i a l  
p re s su re  of  w a t e r  vapor ,  PHZ0, w a s  c o n t r o l l e d  by pass ing  h igh-  
p u r i t y  argon gas  over  d ry ing  columns of Drier i te  (CaS04), then 
Anhydrone (Mg(C104)2) t o  c o n t r o l  PH 
85% and 45% s t r e n g t h  H SO so lu t ion6  t o  o b t a i n  PH 
7 x a t m ,  e -: l . 5  IS. L O  a t m ,  r e s p e c t i v e l y .  2The argon 

w a s  bubbled through d i s t i l l e d  water to ob ta in  PH va lue  of 
3 x a t m ,  

a t  7 x l o m 6  a t m ,  and over  
va lues  of 

4-2 

2 

TQ o b t a i n  e q u i l i b r a t i o n ,  t h e  specimens w e r e  exposed to 
each of the c o n t r o l l e d  atmospheres f o r  about  70 hr  p r i o r  t o  pe r -  
forming the electrical measurements. 

In t h e  i sopropanol  wash t r ea tmen t  t h e  powders w e r e  
thoroughly mixed wi th  the a l coho l ,  a f te r  which t h e  s o l v e n t  w a s  
removed a t  400" under vacuum. The powder w a s  t hen  d i r e c t l y  trans- 
formed t o  a glove-box w i t h  d r y  f lowing H e  and measurements c a r r i e d  
f n  s i t u .  

A l l  d i e l e c t r i c  measurements w e r e  performed wi th  a General 
3 Radio type  1615-A capac i t ance  b r idge .  This b r i d g e  has a t  1 0  Hz, 

a capac i t ance  accuracy  of  9.1% 3.0 .00003 pF, and a d i s s i p a t i o n  
f a c t o r  accuracy  of  0.1% + l o e 5  o f  measured va lues .  
d i s p e r s i o n  of the. d i e l e c t r i c  p r o p e r t i e s  has  been ob ta ined  over  a 
range of 40 t o  l o 5  Hz, 

The frequency'  

En s e l e c t i n g  B a T i O  powders f o r  d i e l e c t r i c  eva lua t ion ,  
emphasis w a s  p laced  on the p a r t i c l e  s i z e  and s to i ch iomet ry  of the 
materials. However, i t  should be  noted t h a t  these s e l e c t e d  pow- 
d e r s  have d i f f e r e n t  p rocess ing  h i s t o r i e s  and n o t  n e c e s s a r i l y  i d e n -  
t i c a l  p u r i t y  l e v e l s .  

3 

Material "C" i s  a 99.6% p u r i t y  B a T i O  powder prepared 
by t h e  T i t a n i u m  Pigment Div is ion ,  Nat iona l  Lead Company, Mate- 
r i a l  "H" i s  a 99 -1% p u r i t y  experimental  BaTiQ3 powder, which has 
a Ba0:Ti.O r a t i o  corresponding t o  s to i ch iomet ry  and i s  obta ined  
from Nat iona l  Lead Company, TAN Divis ion .  Material "M" i s  a 

3 

2 
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high-purity KaTiO3 powder obtained from the Air Force Materials 
Laboratory, Wright-Patterson Air Force Base. This material has 
been prepared by the controlled decomposition of metal alkoxides, 
and is reported7 to have exact stoichiometry and an average par- 
ticle size of about 0.01A e 

Scanning electron micrographs of BaTiQ3 powders were 
obtained with a Joelco model JSM scanning microscope, A thin 
gold f i l m  was deposited on all the particulate specimens to re- 
lease electric charges prior to scanning. 

The particle size distribution of powders "C" and "H" 
were determined by a Kaye Centrifugal Disc Photosedimentometer 
developed at IITRI. In this process, powder suspensions are 
passed through the photosedimentometer, in which the attenuation 
of light passing through the settling particles is measured and 
recorded on a strip chart. The chart data are programed into a 
computer for final analysis, Figures 1 and 2 show the particle 
size distribution f o r  the materials "C" and "H", respectively. 
The distribution at 0.5,,u intervals is shown in Figures 3 and 4 .  
Both powders show an average particle size of about 0.8 fi , al- 
though "C" also has a slight bimodel distribution of larger size 
particles e 

Surface area measurements were obtained by the BET tech- 
nique. The B a T i Q  samples were degassed to remove moisture and 3 
previously adsorbed gases at a temperature of 240" for 4 hrs. 
A steady stream of inert gas (He) was passed over the sample dur- 
ing degassing. Surface area was determined on a Perkin-Elmer 
Sorptometer which employs a continuous flow method. The results 
obtained on powders "C" and "H" are shown in Table E. 

C. 

The SEM technique was used to study surface character- 
istics of  BaTiQ ponders and to obtain a possible correlation 3 
with their dielectric 'behavior e 
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Fig .  1 PARTICLE SIZE DISTRIBUTION OF BaTi03 POWDER - 
MATERIAL C 
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Fig, 3 PARTICLE SIZE DISTRIBUTION FOR BaTi03  
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Table I 

CHARACTERISTICS OF BaTi03 POWDERS 

! 'MI 1 - BaTi03 "C" "H" - 
Average par t i c l e  s i z e  (p) 0,8 0.75 0.01 

'- 
___I Surface area (m"/g) 4.91 3 . 2  

I BaQ :Ti02  r a t i o  0.995 1.001 1.000 
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Figures 5 t o  9 are  scanning electron micrographs of 
powder "C" 
c lus te rs  indicated by "A" and "Bl'. Figures 6 and 7 show c lus te r  
"A" a t  10,OOOX and 20,OOOX magnifications, and i s  indicative of 
a highly "defective" surface topography. It i s  not c lear  a t  t h i s  
time as to  what extent the par t ic les  are  agglomerated i n  these 
c lus te rs ,  Figure 8 shows the  par t ic les  obtained by scanning 
another portion o f  the  or iginal  powder specimen. They a re  s i m i -  
l a r  t o  the par t ic les  observed in  c lus te r  "A" (Figure 5 ) .  Figure 
9 shows c lus t e r  "B" a t  6,OOOX magnification. 
seem t o  be rod-like and d i f fe ren t  from the majQrity of pa r t i c l e s  
observed i n  t h i s  powder, This i s  i n  agreement with data on par- 
t i c l e  s i ze  d is t r ibu t ion  where a bimodel d i s t r ibu t ion  was obtained. 

Figure 5 shows the presence of two types of p a r t i c l e  

Some of the pa r t i c l e s  

In contract, Figure 10 shows the scanning electron photo- 
micrograph of BaTiQ3 material "H" @ 

a surtace topography s ignif icant ly  d i f fe ren t  from the "defective" 
type charac te r i s t ic  of material ''C" 6) 

This powder appears t o  have 

Material "C" i s  BaTiB3 prepared by thermal decomposition 
of barium t i t a n y l  oxalate. Typically, t h i s  material  consists of 
re la t ive ly  Parge par t iculates  which are  composed of much smaller 
c r y s t a l l i t e s .  
Structure, as 

The 

This of course g i v e s  r i s e  ta a somewhat porous 
confirmed by the SEM r e su l t s .  

second type of material (BaTiB "H") was prepared 3 
from the decomposition of barium carbonate with t i t a n i a ,  and SEM 
r e su l t s  show tha t  it has a well defined cube-like c r y s t a l l i t e  
s t ructure  e 

Dielectr ic  measurements discussed i n  the following sec- 
t ion  indicate  a possible correlat ion between the surface character 
and ef fec ts  of water vapor on d i e l ec t r i c  behavior. 

The f ine  p a r t i c l e  s ize  (-O.01', 1 of material "M" i s  
shown in  Figure 1 2 ,  
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Fig. 5 NNING ELECT M MICROGRAPH 
BaTiQ3 POW Yrr (2000x) 
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Fig .  7 - 



Fig. 8 - 
1 
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Fig .  9 - S NNING ELECTRON MICROGRAPH 
OF BaTi03 POWDER "6" SHOWING 
CLUSTER "Btr ( 6 ,  OOOX) 
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Fig. 10 - SCANNING ELECTRON MICROGRAPH 
OF BaTi03 POWDER "H" (XlOOOO) 
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(XSOOO) 

(XlO,  000) 

Fig. 11 SCANNING ELECTRON MICROGRAPH OF ULTRA 
FINE PARTICLE SIZE ( 0.01 ) BaTiOg 
POWDER "M" 
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Scanning e l e c t r o n  microscopy w a s  a l s o  used t o  determine 
t h e  manner i n  which an o rgan ic  b inde r  (1.5% c e l l u l o s e  acetate 
p l u s  6% d i b u t y l  
"H" ,, 

observable  b e f o r e  and after the i n t r o d u c t i o n  of a b inde r  and pro- 
v ides  an i n s i g h t  i n t o  what happens dur ing  process ing  of B a T i O  
It should be noted t h a t  t h e  chemistry and phys ics  of cergmic- 

b i n d e r  i n t e r a c t i o n  i s  no t  well understood,  and t h e  r o l e  of b inde r  
i s  understood a n l y  on an empi r i ca l  b a s i s .  

p h t h a l a t e ) ,  i n t e r a c t s  w i t h  B a T i 0 3  powder material 
Figure 1 2  i l lustrates t h e  marked d i f f e r e n c e  i n  s t r u c t u r e  

3 O  

D. Dielectric Behavior 

The s i g n i f i c a n c e  of s u r f a c e  a c t i v i t y  f o r  u l t r a f i n e  s i z e d  
(/ 0.01A ) BaTi03 powders ( m a t e r i a l  "M") , i s  i l l u s t r a t e d  by t h e  
frequency d i s p e r s i o n  of t h e  d i e l e c t r i c  p r o p e r t i e s  shown i n  F igures  
13, 14, and 15.  These r e s u l t s  can be r a t i o n a l i z e d  wi th  a model 
where t h e  s u r f a c e  p r o p e r t i e s  predominate, e s p e c i a l l y  a t  lower 
f r equenc ie s .  The f i n e  p a r t i c l e  powder due t o  i t s  l a r g e  s u r f a c e  
area-to-volume r a t i o  would tend t o  adsorb gaseous s p e c i e s ,  i n  
p a r t i c u l a r  hydroxyl. groups,  i n  t h e  as - rece ived  s ta te .  The sub- 
sequent  change i n  t h e  frequency d i s p e r s i o n s  of r e l a t i v e  permit-  
t i v i t y  (c ) , imaginary p a r t  of p e r m i t t i v i t y  (5 "> , and d i s s i p a -  
t i o n  f a c t o r  ( tang > by s u b j e c t i n g  t h e  B a T i O  
pan01 wash can be a s c r i b e d  t o  t h e  removal of s u r f a c e  bound hydraxyl 
groups.  Thus, t h e  isopropanol  t rea tment  i s  purported t o  g i v e  a 
product  wi th  a ' lclean' '  s u r f a c e  and a material wi th  reduced d i e l e c -  
t r i c  l o s s  c h a r a c t e r i s t i c s .  With t h e  r e c e n t  advent of u s ing  u l t r a -  
f i n e  s i z e  e l ec t roce ramic  materials f o r  h igh  R ' - capac i to r s  and 
s u b s t r a t e s ,  t h i s  e f f e c t  i s  of s i g n i f i c a n c e  t g  r a w  material  vendors 
and c a p a c i t o r  manufacturers .  

- r  
powder t o  an i s o p r o - '  3 

We have hypothesized t h a t  t h e  chemical ly  adsorbed i s o -  
propanol groups combine wi th  a pro ton  t o  d e p a r t  as molecules of 
isopropanol  i n  a process  analogous tQ s u r f a c e  dehydra t ion ,  as 
shown below: 

1 I T  R E S E A R C H  I N S T I T U T E  
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Fig, 12 SCANNING ELECTRON MICROGRAPHS OF BaTi03 PARTICULATES 
a )  Showing Distribution of Organic Binder and 
b) Without (10, O O O X )  
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The absence of a l o w  frequency dispersion of E r, E 
and tan6 a f t e r  the alcohol treatment (wash followed by removal 
a t  SOO"C), tends t o  indicate tha t  the isopropanol effect ively de- 
hydrates the  barium t i t a n a t e  surface. A similar e f fec t  has been 
observed f o r  alumina powders. 6 

In view of these r e s u l t s ,  it i s  meaningful t o  ask wheth- 
er the d i e l e c t r i c  properties of RaTiO3 powders a re  p a r t i c l e  
s i z e  dependent f o r  "clean" surfaces. 

Figure 1 6  shows the r e l a t ive  permitt ivity ( e  r) cor- 
retted f o r  p o r o s i t y  of t w o  types of BaTiO powders, "H" and "M" , 3 
w i t h  average p a r t i c l e  s izes  of 1 . 0  and O . O l A ,  respectively, a f t e r  
being subjected t o  the isoprQpanol treatment. These t w o  materials 
a r e  supposed t o  have a BaO:Ti02 r a t i o  equal t o  One according t o  
suppliers.  The measurements were performed i n  s i t u  i n  a d r y  He 
atmosphere, such tha t  the powders were not exposed t o  a i r  a f t e r  
the alcohol wash. The data indicates t h a t  although the 0.01,a 
p a r t i c l e  s i z e  RaTi03 (AFNL material) has a s l i g h t l y  higher per- 
m i t t i v i t y  value than the 1 pa r t i c l e  s i z e  material ("H") , there 
a re  no s ignif icant  differences i k i r  r e l a t i v e  permi t t iv i t ies  
in comparison with the marked difference i n  t h e i r  p a r t i c l e  s izes .  
It should be remembered tha t  the 0 . 0 1 ~  p a r t i c l e  s i z e  BaTi03 has 
much higher values i n  the as-received" s t a t e  o r  when exposed 
t o  a i r .  

I 1  

The measured values of l o s s  tangent ( t a n & )  f o r  the 
t w o  types of powders were not found t o  be s ign i f icant ly  different  
e i ther ,  a f t e r  the "alcohol wash" treatment e 

I I T  R E S E A R C H  I N S T I T U T E  
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The r e su l t s  described above i f  interpreted by themselves 
8 tend t o  indicate tha t  the previously reported pa r t i c l e  s i ze  de- 

pendence of d i e l ec t r i c  constant f o r  BaTiO powders i s  not an in- 
t r i n s i c  surface layer charac te r i s t ic ,  but primarily due t o  the 
difference in  surface reac t iv i ty  or degree of hydroxylation caused 
by varying surface area-to-volume ra t io s .  Further, it seems that  
a pa r t i c l e  s i z e  dependence does not ex is t  f o r  "clean" surfaces. 
However, it should be remembered tha t  these powders were prepared 
by s ignif icant ly  d i f fe ren t  techniques and have d i f fe ren t  impurity 
1 eve1 s e 

3 

The ef fec t  of water adsorption a t  25°C on the  d i e l e c t r i c  
behavior of t w o  contrasting samples of RaTi03 powders, namely "C" 

and "El" , have been investigated. Although the average p a r t i c l e  
s i z e  o f  t h e  t w o  samples were approximately equal (0,8 t o  1 . 0 9  >, 
t h e i r  surface "character" (surface topography and areas) , and 
stoichiometry were markedly d i f fe ren t .  The reported data has 
been obtained on cold-compacted (unsintered) specimens with iden- 
t i c a l  packing densi t ies  (54% of the theore t ica l ) .  

The frequency dispersion of the d i e l e c t r i c  constant K '  
of the cold-compacted specimens a t  various FH g3 values has been 
S~QWX-I. i n  Figures 1 7  and 18. Water vapor a t  p a r t i a l  pressures of 
about 1 . 5  x atm axid above causes a s ignif icant  increase i n  
the d i e l ec t r i c  constant, especially a t  l o w e r  frequencies (--- 1 kRz). 

2 

The e f fec ts  of the water p a r t i a l  pressure 819 the  ac 
conductivity t.rac> of the powders i s  shown i n  Figure 1 9 .  
r e su l t s  show tha t  material  "H" shows a significane change i n  

= -  10-3 atm. 
''C" (specimen no,  C-lp 1 indicates tha t  i n  s p i t e  of the  lack o f  

equilibration discussed below, ther?-.- i s  more sensi t ive t o  changes 
i n  2 values than f o r  similar specimens prepared from material 

The conductivity values have been obtai2ed by exposing the I i p T  

test speca.imeax f o r  72 hrs  a t  each successive p a r t i a l  pressure of 
water. Zbfs e h e  perfod  w a s  sufficient f o r  eqvfbKbratFsn at the 

The 

t3- a t  values of' PE The data obtained on material 
2 ac 

ac 
Tip . 
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lower PH 
f o r  exposure t i m e s  ranging from 48 t o  120 h r s .  For h i g h e r  

co3d-compacted specimen (H) , whi le  t h e  porous cold-compacted 
(C) prepared from material  "C" d i d  show a change i n  r T  

f o r  exposure t i m e s  of 48 t o  72 h r s ,  i n d i c a t i n g  t h a t  e q u i l i b r a -  
t i o n  had n o t  taken  p l a c e .  

value of  1 x  LO-^ a t m ,  and no changes i n  occurred 
2 

va lues  a s l i g h t  change i n  - w a s  ob ta ined  f o r  t h e  porous 

va lues  

pH 0 

It should be  noted t h a t  t h e  barium t i t a n a t e  powders 
having d i f f e r e n c e s  i n  t h e i r  s u r f a c e  s t r u c t u r e  show s i g n i f i c a n t l y  
d i f f e r e n t  d i e l e c t r i c  l o s s  phenomena due t o  w a t e r  vapor,  b u t  have 
n e a r l y  i d e n t i c a l  va lues  of D and ac a t  a PH 
a t m  and i n  vacuum ( l o e 6  t o r r ) .  The enhanced d i e l e c t r i c  l o s s  
i n  t h e  material wi th  a s l i g h t  excess  of  T i 0 2  (C)  as compared t o  
t h e  s t o i c h i o m e t r i c  material (H) ,  only man i fe s t s  i t s e l f  w i t h  i n -  
c r e a s i n g  p a r t i a l  p r e s s u r e  of  H 2 0  as shown i n  F igure  1 9 .  

va lue  of  7 x l o e 6  
2 

A number of p o s s i b l e  reasons e x i s t  f o r  t h e  d i f f e r e n c e s  
i n  d i e l e c t r i c  l o s s  behavior  due t o  w a t e r  vapor f o r  materials 
ffcft and r1H". 

The adso rp t ion  of gases  on p a r t i c u l a t e  ceramics i s  a f -  
€ec ted  by the s i z e ,  shape, surface area, and charge d i s t r i b u t i o n  
a t  t h e  s u r f a c e  of  t h e  p a r t i c l e s .  Both powders w e r e  found t o  
have very  s i m i l a r  average p a r t i c l e  s i z e  ( 0.8 ), and t h e  
t es t  specimens had i d e n t i c a l  d e n s i t i e s  (54% t h e o r e t i c a l )  and 
dimensions e 

However, powders "C" and "H" do have d i f f e r e n t  s u r f a c e  
2 2 areas of  4.9m /g and 3.2m /g ,  r e s p e c t i v e l y .  I n  a d d i t i o n ,  SEM 

s t u d i e s  i n d i c a t e d  t h a t  they  possess  markedly d i f f e r e n t  s u r f a c e  
topography. The powder showing t h e  enhanced d i e l e c t r i c  l o s s  due 
t o  w a t e r  a d s o r p t i o n  a l s o  has a h i g h l y  d e f e c t i v e  s u r f a c e  topography. 

The fac t  t h a t  t h e  d i e l e c t r i c  l o s s  eva lua t ions  w e r e  c a r -  
r i e d  ou t  on cold-compacted specimens of about  54% of t h e o r e t i c a l  
bu lk  d e n s i t y  and not  d i spe r sed  powders could somewhat reduce 
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the  significance of possible differences i n  surface area per 
uni t  volume, especeally fo r  powders having very similar p a r t i c l e  
s i zes  

Impurity e f fec ts  could change the d i e l ec t r i c  l o s s  char- 
a c t e r i s t i c s  of BaTi03. Both materials ''C" and "H" are  develop- 
mental type powders and have s ignif icant ly  higher pu r i t i e s  than 
commercial BaTiOg. However, differences i n  impurity content of 
multivalent ions such as iron could change the l o s s  characteris-  
t i c s .  A p a r t i a l l y  complete spectroscopic analysis indicates that  
the Fe203 content i s  -< 0,001 and 0.012 w t %  respectively for  mate- 
r i a l s  "C" and ' W r y  and tha t  i n  general material "C" which shows 
the enhanced d i e l ec t r i c  loss due t o  w a t e r  vapor, i s  a purer m a t e -  
r i a l  than "H" which had reduced lo s s  charac te r i s t ics .  Therefore, 
impurity e f f ec t s  cannot explain the observed differences i n  dielec- 
t r i c  l o s s  due t o  interact ion i n  the water vapor. 

It has been recognized tha t  the e f fec ts  of stoichiometry 
i n  BaTiO are  s ign i f icant ,  and i n  some cases more important than 
the attainment of higher purity.  Barium t i t a n a t e  material "C" 

has a BaO/TiQ2 r a t i o  of 1.001, while material "H" has a BaO:Ti02 
r a t i o  of 0,995. Therefore, the poss ib i l i ty  tha t  a greater  number 
of surface defects a r e  created due t o  interact ion w i t h  water vapor 
i n  material "C", which has a s l i g h t  excess of T iOZ as compared 
t o  material "H" which does not have excess TiC)29 must be considered, 
If t h i s  is  so ,  i t  of fe rs  an excit ing potent ia l  of monitoring very 
small deviations i n  stoichiometry, par t icu lar ly  i n  u l t r a  f i n e  par- 
t k l e  s i ze  materials from signif icant  changes in  the ac conducti- 
v i t y  as a junction of p a r t i a l  pressure of water, 

2 

Eowever, these r e su l t s  do indicate tha t  the surfaces 
of barfan t i t a n a t e  powders can be characterized by evaluating the 
changes in  ac conductivity due to  controlled p a r t i a l  pressure of 
w a t e r .  

I I T  R E S E A R C H  I N S T I T U T E  
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Ifv . 
FOR. DIRECT MEASUREMENT OF DIELECTRIC PROPERTIES 
OF GRAINS AND GMIN-BOUNDARIES 

A .  Introduction 

The electron beam scanning (EBS) technique is a new 
and direct approach to the study of the dielectric properties of 
graln-boundaries and interfaces. 

in 1965 and has been described previously.' 
one surface of the dielectric material i s  charged with a scanning 
electron beam in a vacuum. The charge measurement is obtained 
in the form of a video signal output, which i s  a measure o f  the 
spatially resolved conductivity of the sample. The use o f  an 
electron beam to produce an equipotential insulator surface has 
several desirable features. The charging source is basically 
high impedance. Beam currents are easily measured and controlled, 
and excellent guarding of the measurement area occurs automati- 
cally for most scanning patterns. For a study of grain-boundaries 
and interfaces, i t s  most significant feature is that the area of 
dielecCric evaluation i s  of the order of the electron beam s p o t  . 

size and can be made very small. This, coupled with the ability 
to move the area of measurement to various positions on the sample 
in  a simple manner, makes it a unique t oo l  for studying the dielec- 
tric properties of grain-boundaries as a function of grain size, 
stoichiometry and other microstructural parameters. 

The EBS system, developed at IITRI, was first constructed 
In this technique, 

An attempt has beenmade to adapt the existing EBS sys- 
tem for studying the dielectric properties of grain-boundaries 
in potassium chloride and barium titanate. Preliminary experi- 
ments w e r e  perfomzed on potassium chloride (KC1) bicrystals and 
barium titanate (BaTi03)  multiclrystalline specimens. The bicrys- 
tal specimens were used for these experiments as they offer a 
single grain-boundary w i t h  well defined boundary misorientatians, 
which is advantageous in developing and modifying the EBS c i r cu i t ry  

I I T  R E S E A R C H  I N S T I T U T E  



t o  m e e t  th is  program's objectives. In addition, the a l k a l i  halides 
can be considered as model materials f o r  Certain oxides such as 
MgQ . 

B. Experimental Procedure 

The mechanical arrangements f o r  d i e l e c t r i c  measurements 
using t h i s  technique a r e  s t r a igh t  forward. Figure 20 i s  a sche- 
matic diagram of the EBS system, The sample i s  backed on one s ide  
by a metal l ic  electrode while the other s i d e  i s  i r radiated by an 
electron beam produced by a conventional electron gun, A col lector  
grid or  a la rge  diameter co l lec tor  ring i s  placed close t o  the 
sample. The col lector  electrode may be a t  ground potent ia l ,  and 
the backing electrode i s  connected t o  a var iable  high-voltage 
supply i n i t i a l l y  a t  ground potent ia l .  
potential  i s  of the order of several hundred vol ts ,  and i f  the  
secondary electron emission coeff ic ient  ( geff) of the insulator  
i s  greater than unity a t  t h i s  voltage then i n i t i a l l y ,  the  poten- 
t i a l  of  each spot on the insulator  which i s  bombarded by the p r i -  
mary beam w i l l  tend t o  change from zero t o  a posi t ive value. The 
sample surface potent ia l  w i l l  come t o  an equilibrium value of a 
f e w  v o l t s  above ground, when 1, The sample i s  then no 
longer being charged. I f  the backing electrode i s  then slowly 
raised t o  a high potent ia l  of e i the r  po lar i ty  while the electron 
beam coqtinue6 t o  scan the sample i n  a regular pattern,  each spot 
on the f ront  surface of the sample w i l l  be brought back t o  the 
same equilibrium pa ten t ia l  whenever the beam s t r i k e s  it, The 
charge deposited on the  sample w i l l  be opposite i n  polar i ty  t o  
that- of the high-voltage backing electrode and of a magnitude suf- 
f i c i e n t  t o  charge the sample capacitance t o  the potent ia l  d i f f e r -  
ence between i t s  surfaces, and a l so  t o  compensate fo r  the conduc- 
t ion  which has occurred between i t s  surfaces. 

I f  the  electron accelerating 

The determination of d i e l e c t r i c  properties depends on 
knowing the voltage drop across the sample and the charge deposited 
on the sample by the electron beam. 

I I T  R E S E A R C H  I N S T I T U T E  
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The BaTi03 used i n  these experiments w a s  a 50 m i l  thick 
mult icrystal l ine specimen obtained from an imperfect portion of 
a high pur i ty  BaTi03 s ingle  c rys ta l  boule. This mult icrystal l ine 
specimen w a s  selected because it has large c rys ta l s  with w e l l  de- 
fined boundaries. The specimen holder shown i n  Figure 21,  w a s  
designed t o  optimize readout and minimize secondary electron 
e f fec ts .  

The K C 1  b ic rys ta l s  w e r e  about 10  m i l  thick with w e l l  
defined boundary misorientations and w e r e  tested i n  a holder as 
shown i n  Figure 22. Figure 23 shows four KC1 c rys ta l s  of d i f fe ren t  
boundary misorientations mounted together i n  a holder. 

C .  Results and Discussion 

1. Grain Boundary Profi les  

The major experimental objectives w e r e :  f i r s t l y ,  t o  
determine whether i t  i s  possible t o  separate su f f i c i en t ly  the 
d i e l e c t r i c  properties of conductivity and d i e l e c t r i c  constant 
f rom secondary electron emission e f fec ts ,  so  as t o  be a b l e  t o  
observe the r e l a t i v e  var ia t ions of these d i e l e c t r i c  properties 
as a function of specimen posi t ion i n  the  EBS technique. And sub- 
sequently, t o  ascer ta in  whether the d i e l e c t r i c  properties of the 
grain-boundary region. are suf f ic ien t ly  d i f fe ren t  from those of 
the grain, so  as t o  observe a conductivity and/or d i e l e c t r i c  cons- 
t an t  p ro f i l e  o f  the  grain-boundary region. 

Experimental e f f o r t  w a s  f i r s t  directed toward the  sepa- 
r a t ion  of the ex t r ins ic  secondary emission e f f ec t s  from the dielec- 
t r i c  properties on the K C 1  b ic rys ta l  specimen. It i s  t o  be real- 
ized tha t  differences i n  the secondary emission coeff ic ient  and 
secondary red is t r ibu t ion  lead t o  charging of the specimen i n  ways 
which may o r  may not have any r e l a t ion  t o  i t s  d i e l e c t r i c  p r o p e r t i e s .  
Lf changes i n  charging and patterns of charge d is t r ibu t ion  r e su l t -  
ing from these secondary electron emission e f f ec t s  are la rger  than 
those produced by the i n t r i n s i c  d i e l e c t r i c  properties of the 
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Si l icone  Rubber 

BaTi03 Specimen 
Backing Electrode 

Conductive Path t o  
Supply and Video 
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Power 
Input 

2 1  BaTiOg SPECIMEN HOLDER 

K C 1  Specimen 

S i 1  er Pa'nt Back 
Eyectro A e 

Aluminum Electrode 

Fig. 22 KC1 SPECIMEN HOLDER 
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Fig. 23 SAMPLE HOLDER WITH FOUR KC1 BICRYSTALS 
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specimen, then it  may not be possible t o  separate these t w o  e f fec ts  
and observe the d i e l e c t r i c  properties. In order t o  achieve t h i s  
objective the following was  done: 

a )  The noise due t o  external pickup and internal  generating 
amperes. (This can be -1 0 sources w a s  reduced t o  about 1 .5  x 10 

reduced fur ther ,  but with d i f f i cu l ty . )  

b) The specimens w e r e  ground as th in  as possible t o  make 
the r a t i o  of surface resis tance t o  bulk resis tance as la rge  as 
possible, and t o  increase the capacitance per un i t  area t o  as large 
a number as possible which minimizes the secondary redis t r ibut ion 
e f fec ts .  

c )  The "ground" reference grid w a s  placed as close t o  the  
front  surface of the specimen as possible, t o  minimize the  e f fec ts  
t ha t  potent ia l  gradients on the  surface of the sample would have 
on the charging of areas adjacent t o  these graded areas and fur ther ,  
t o  reduce secondary electron redis t r ibut ion.  

A conductivity p ro f i l e  was  carried out on KC1 bicrystal  
#I. ( t w i s t  1 0 " ) .  Figures 2 4  (a ) ,  (b), and (c) are photographs of 
the  isometric display of the spa t i a l  conductivity of t he  specimen 
a t  d i f fe ren t  delay t i m e s  (ice., between two successive scans). 
In Figure 2 4  (a) the delay between frames w a s  5.05 sec. This 
delay t i m e  w a s  found t o  be insuf f ic ien t  t o  permi t  enough leakage 
t o  occur t o  d i f f e ren t i a t e  between the e l e c t r i c a l  conductivity of 
the grain and boundary regions. Figures 24 (b) and (c) are con- 
duct ivi ty  displays with delay t i m e s  of aboua: 1 min and 3 min, 
respectively. The r e s u l t s  indicate  tha t  with a delay time of 
1 min and greater ,  the  grain-boundary conductivity can be d i f f e r -  
entiated from tha t  of the  grains. 

Figures 25 and 26 are s ingle  l i n e  scans across the 
grain-boundary corresponding t o  scan delays of 2 and 3 min, res- 
pectively. The beam current w a s  ostensibly the s a m e  i n  both photo- 
graphs, so t ha t  the r e l a t i v e  heights of  the peaks across the grain- 
boundary region are m o s t  l i k e l y  an indication of the surface 
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’ Fig .  24 - SPATIAL CONDUCTIVITY PROFILE 
OF K C 1  BICRYSTAL SPECINEN #I 

(a) Scan repe t i t ion  rate, 5 , 0 5  sec 
(b) Scan repet i t ion r a t e ,  1.1 m i n  
( c >  Scan repe t i t ion  r a t e ,  3 . 1  m i n  
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Fig. 25 - SINGLE LINE C NDUCTIVITY SCAN ACROSS 
THE GRAIN BOUNDARY OF K C l  SPECIMEN #l 
(Scan delay, 2 min) 

ITY SCANS AC 

at left, 3 min) 
K C l  SPECIMEN #I 
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potent ia ls  of the specimen which are  re la ted t o  the loca l  bulk 
conductivity -- assuming the local  transverse surface r e s i s t i v i t y  
i s  t o  be .very high. From Figures 25 aQd 26 i t  i s  evident tha t  an 
increase i n  delay t i m e  increases the in tens i ty  of the conductivity 
peak i n  the  direct ion of the higher d i f f e ren t i a l  conductivity. 
This tends t o  confirm the f ac t  tha t  the conductkviey p ro f i l e  peak 
a t  the  grain-boundary i s  m o s t  probably a t rue  conductivity e f f ec t ,  
ra ther  than being due t o  secondary emission e f fec ts .  

The r e su l t s  fur ther  indicate that i n  KC1 bicrys ta l  spe- 
cimen #I, the  grain-boundary regiOn has an e l ec t r i ca l  conductivity 
suf f ic ien t ly  d i f fe ren t  and higher than the grains. 

An attempt was made t o  obtain a p e r m i t t i v i t y  p ro f i l e  
of BaTi03 specimen #l. This prof i le ,  i n  an gntensity modulated 
isometric display, i s  shown i n  Figure 27, The results indicate 
tha t  there a re  regions of differ ing d i e l e c t r i c  constant, the  darker 
regions indicating a higher d i e l ec t r i c  constant. Figure 28 shows 
the arrangement and d is t r ibu t ion  o f  the grains in  the t e s t  speci- 
men. The areas of differ ing p e r m i t t i v i t y  in  Figure 27 closely 
match those regians representing individual grains i n  the speci- 
men, This tends t o  indicate t h a t  d i f fe ren t  regions in  the  multi- 
c rys t a l l i ne  specimen have d i f fe ren t  permit t ivi t ies  depending upon- 
the or ientat ion 05 the  grains, 

Quant i ta t ive data on the conductivity o r  permitt ivity 
p ro f i l e  Eor the BaTi03 specimen has not yet been generated; how- 
ever ,  modifications s f  the  preamplifier input for  dc response 
and the acquisit ion of an electron gun with a smal 
siqe have been accomplished within t h i s  program, It i s  hoped 
tha t  t h i s  w i l l  allow a more quantBtative measurement t o  be made. 

y beam s p o t  

It must be stressed tha t  these measurements of pennit- 
t i v i t y  as a function of position a re  preliminary, qua l i ta t ive  
measurements. Sizeable negative potentials existed on the front  
surface of the specimen. A l l  regions on the specimen d i d  not 
charge up t o  secondary emission equilibrium within one r a s t e r  
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INTENSITY MODULATED DISPLAY OF THE PERMITTIVITY 
Fig.  27 PROFILE OF MULTICRYSTALLINE BaTi03  SPECIMEN 

(NO. 1) 

OPTICAL PHQTOMICROGRAPH OF MULTICRYSTALLINE 
BaTi03  SPECIMEN (NO. 1) Figo 28 

-44 - 



scan (the darkest regions), as was shown by subsequent scans. 
The diameter of the electron beam was cer ta in ly  qu i t e  la rge  corn- 
pared t o  the width of the grain-boundary. 

Hawever, thew preliminary results are encouraging f o r  
they indicate that  the EBS technique can be used t o  study dielec- 
t r i c  charac te r i s t ics  of the grains and boundary regions in BaTi03. 

2. Effects of Boundary Orientation and 
Environment on Dielectric Properties 

Conductivity prof i les  o f  KCI bicrys ta l  specimens with 
the  following misorientations w e r e  evaluated, both under desiccated 
and nondesiccated conditions: 

T i l t  

1 10" 0" 

Bicrystal No, Twist - 

2 

3 

12" oo 
16" GP 

4 G o. 30" 

Z%.e r e s u l t s  indicated the  following: 

1. The conductivity of the grain-boundary (gb) region i s  
higher than t h a t  of the grain (g),  and the r a t i o  CY- / CY- increases 
w i t h  increasing boundary t w i s t  misorientations i n  specimens exposed 
t o  "normill" atmospheric conditions ( i .e . ,  containing w a t e r  vapor). 

" g b / r  o f  the  KCl t w i s t  b ic rys ta l s  appears t o  approach 

gb g 

g 
2. 

unity as t b  tarage t i m e  of the specimen$ under desiccating con- 
d i t ions  (vacuum -lo-' t o r r )  i s  extended over several hundred hours 
( 500 hrs) . An EBS conductivity p ro f i l e  under these conditions 
praduces no discernable change i n  conductcvitymas a function of 
posit ion ~ G ~ O S S  the  specimen, even i n  the region of the gb. The 
change in conductivit ies with t i m e  i s  shown i n  Figure 29. 

This i s  a real  observation provided the surface conduc- 
t i v i t y  i s  of the  same order as, o r  smaller than G- 

bution t o  the t i m e  co-n$taHa-t due t o  the surface conductivity i s ,  
The contr i -  

g$ * 
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(a) Stored in Vacuum for - 3 hr. 
Scan Delay Time 2 min. 

(b) Stored in Vacuum for - 30 hr. 
Scan Delay Time 3 min. 

Fig.  29 CONDUCTIVITY PROFILE ACROSS A GRAIN-BOUNDARY 
IN KC1 BICRYSTAZ (Twist 12") 
(Arrows Indicate Pos i t ion  of Grain-Boundary) 
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in any event, of the same order or smaller than those contributions 
due to bulk conductivities, with vacuum storage times such that 

3 .  A grain-boundary of high tilt (-30") misorientation 
did not show any noticeable difference in conductivities of the 
gb region and the adjoining grains, as shown in Figure 30,  

4 ,  Exposure of twist boundaries to atmospheric conditions, 
in particular water vapor, increases the effective width of the 
"boundary region whose conductivity is higher than that of the 
grains. This increase in effective width may be due to the in- 
creased surface conductivity in the hydrated state which sets up 
surface voltage gradients, or it may be due to the interaction of 
adsorbed hydraxyl groups at the grain-boundary with iqnic defects 
in the KC1 crystal. 

5. Preliminary data on pemittkity ( E  profiles indicates 
that for both tilt and twist boundaries the ratio CgblEg increases 
as a function of exposure to atmospheric (hydrating) conditions. 
For specimens - stored under good desiccating conditions (100 hrs 
at 1 . 0 ~ ~  torr), cgb/ E -I.. 

g 
The results obtained indicate that water vapor can cause 

significant differences in the electrical properties of ionic mate- 
rials by interacting with grain-bQundaries. Et alsq seems that 
screw dislocations (characteristic of twist boundaries), may be 
significant in enhancing the differences in conductivities between 
grain-boundaries and grains in ceramic materials, such as potassium 
chloride. 

D Conclvs ions 

The electron beam scanning results indicate that grain- 
boundaries in ionic materials such as KC1, have conductivities 
differing from those of the grain depending upon their misorien- 
tation, For twist boundaries, the grain-boundary conductivity 
is higher ehan that of the grains and t h i s  difference increases 
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. 

Fig. 30 CONDUCTIVITY PROFILE ACROSS A GRAIN-BOUNDARY 
IN KCl BICRYSTAL (Tilt 30") 
(Arrows Indicate Position 6f Grain-Boundary) 
Scan Delay Time 8 min. 
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w i t h  increasing t w i s t .  No such difference in  the grain-boundary 
and grain conductivities were found for  a high angle tilt boundary. 
The obServed increase i n  t w i s t  grain boundary conductivities i s ,  
t o  a s ignif icant  extent, due t o  the  interact ion of hydroxyl groups 
with defects i n  the boundary region. 

The EBS r e su l t s  a l so  indicate tha t  i n  BaTi03 ceramics 
the permitt ivity values in  the grain-boundary region are  s ign i f i -  
cantly d i f fe ren t  from those i n  the grains. 

While the observations made so  f a r  const i tute  only a 
beginning, they c lear ly  indicate the u t i l i t y  of such EBS measure- 
ments i n  studying electronic and e l ec t r i ca l  character is t ics  of 
grain-boundaries and other interfaces,  especially i n  microelec- 
t ronics .  

V ,  PERSONNEL 

The principal investigator on th i s  program was A. J .  
Mountvala. 
ning work was provided by H. R. Marks. Additional assistance on 
sample preparation and d i e l ec t r i c  l o s s  t e s t s  was provided by 
W. R. Logan. D r .  S. 1;. Blum, Director of Ceramics Research, 
provided administrative supervision. The work reported herein 
was performed under the technical direct ion of Flight Instrumen- 
ta t ion  Division, Microelectronics Section, Langley Research 
Center. 

Strong contributory e f fo r t  on the electron beam scan- 
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