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ABSTRACT | |
Internal boundary  layer capacitors were characterized by scénning
transmission electron microscopy and By microscale electrical measurements.

Data are given for the chemical and physical characteristics of tche inai-
vidual grains and boundaries, and their aésociated électric and dielectric
properties. Segreggted internél boundary layers were iden;ified with.resisc—
ivities of ].012—101.3 Q-cm. Bulk apparent dielectric constants were lO,bOO;
60,000. A model is proposed'to explain the die;ectric Behavior in terms of

an equivalent n-c-i~-c-n representation of ceramic microstructure, which is sub-

stantiated by capacitance-voltage analysis.



I. INTRODUCTION

The properties of polycrystalline electrical ceramics are greatly in-
fluenéed by the electrical and mechanical boundary conditions existing at
grain gnd phase boundaries. Properties may be engineeréd into polycrystalline
systems, which never could be obtained in single crystals alone. They are a
function of polycrystallinity. Notable examples includé'positive temperature
coéfficieng of resistance (PTCR) thérmistors and internal boundary layer ﬂIBiS
capacitors. The 1étter are the subject of this cﬁaracterization study.‘ |

Anomalously high apparent dielectric comstants (K") calculated for IBL
capacitors are generally attributed to .enhanced space charge polarization pro-
cesses taking place between semiconaucting grains and resistive‘boundaries.
Commercial capacitbrs are usually manufactured from .titanate based materials
in the perovskitel(ABX3) family, whiéh are made semiconducting (n-type) by
- aliovalent éhemical substitution, gaseous reduction, or combinations thereof.
Resistivi;y dis;ributiopé are .developed within the micfostructure By boundary
counterdiffusion (p-type), or by sintering in the presence of a liquid phase
which §olidifies'on cooling into an insulator. Ideally, the former method
ié characterized by grain»to gréin contact, with‘interfapial combensation
(c) states;‘anﬁ,the latter by grain to grain separation, with an insulating
(i) intergraﬁular phase. Commercial units often approximate a hybrid assém—‘
bly between thése two end member- conditions.

Several investigations have reported on the preparation and prbperties
qf IBL éépacitors. In particular, Wa.kul"2 reﬁorted on the effects of processihg
conditions, chemical composition, amount and type of dopants, firiﬁg practices
ana resultant dielectric proberties. Heywang376, in a pioneering series of
papers, developed the concept of potential.barriers at'grain surfaces. The ;ole
of preferentially segregated cquntérdopants was emphasized. Acceptor states

. ; . 7 . .
have also been attributed to anion absorption, and increased concentration of.
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; X . . 8 .
cation (A) vacancies at grain boundaries. Intergranular layers were iden-
. 9 - 10 - '
tified by electron microscopy,” decoration techniques, and resistivity
11 - . R ‘ 12
probes. p-type intermediate layers have also been suggested. Anomalously
high dielectric constants were explained in terms of simplified Maxwell-
Wagner theory, where space charge enhancement can be calculated in terms of
the limiting case of semiconducting grain thickness to insulating boundary
13-14 . : ‘ , ‘ . .
width. Electrical measurements of single boundaries in coarse grain
. .. . . 9 .
material were also attempted by slicing and thinning techniques. In this
paper we report on measurements made in situ within the microétructure,

by using micromanipulators. The IBL capacitors were breviously characterized

by scanning transmission electron microscopy (STEM) techniques.

II. EXPERIMENTAL METHOD

IBL capacitors were obtained from commercial sources, and were'repré5£n-
taiive of the types of units currently'manufactured.from BaTiO3 and SrTiO3.'.
They‘@ere designated>G and J, fespectively. In addition, research and develop-
ment capacitors were prepared in our laboratory from'SrTiO3, and were desig~
nated I. After bulk'capacitance (€) and resistance (R) measurements were made
as a function of temperature (T)_and voltage (V), apparént diélectric con-=
stants (K') and resistivifies (p) were calculated from geometric considera-
tion. Thin sections were prepared for electron micrEscopy by diamond wafefing
and polishing, followed by ion milling.

A Jeol JSEM-200KV electron microscope was used for routine microstructure
analysis. Detailed characterization studies were carried out with a Vacuun
Generators HP5, which was dedicated to the STEM mode. This ﬁarticularAmicro—
scope had a fie1d emission gun, with a typical electron spot size of 5 2.

°

Point by point chemical analyses were made every 100 A by energy dispersive

analysis of X-rays (EDAX). Microscale electrical measurements were carvied
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outign polished surféces, over which a checker-board pattern of electrode
bads ﬁad been déposited by Pd/Au evaporaﬁiqn through a. fine grid network.
Contacts were made to electrode pads (25 x 25 um) by tungsten wire probes
(10 ym tips) which were positioned by micromanipulators under a compound
optical microscope. Thé'microscope waé fitted with a warm stage, so that

-the temperature dependence of K' and p could be determined for individual .

. grains and ‘boundaries, by selecting appropriate electrode pads.

III. RESULTS AND OBSERVATIONS

1. Microstructure Characterization
Figure l‘illustrates'a'typical mié¢rostructure of a polished and tﬁermally B
3 The grain size

ranged between 20-50 ym, with an intergranular phase of anisotropic crystalline

etched surface of a G type IBL capacitor basedvupon BaTiO

morphology. Electron probe microanalysis (EPMA) i@entified the gfains to be.
‘(Ba,ér)(Ti,Sn)Os, and‘the boundafy phase to be titania rich,_Ti;Ba>>l. (si
Qés also found to be éreferentially segregated within the bodndary phase, with
Al only being present in the boundary region.)

A transmission photomicrograph of a replica of-a polishe& and thermall&

etched surface of a J~1 type IBL capacitor based on SrIi0, is given in

3
Figure 2. The grain size ranged from 20-60 um. (Thé boundary appears unugually
wide. in this photbmiérograph due to thermal grooving). STEM analysis indi-
cated Bi was preferentially concentrated in the boundary region. ;EPMA data

for a polished but unetched surface are given in Figure 3. Integrated inten-
sities as a function of distance illustrate the concentration profile for Bi,

B . - ©
which was concentrated in a 300 A wide boundary regions and extended 100 A

into the grain.
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% Data for research and development IBL capacitors are giveﬁ in figures
4 an&‘S. Figure 4 illustrates the microétructure for a capaciﬁor formed
from SrTiO powder doped with WO3, which w;s fired in a reducing atmosphere.

3

Cu20 was later diffused ;n from external surfaces. ' The capacitor had a
R; = 50,000. The crystalline nature of the countgrdoped Cu containing boun-
dary layer is shown by electron diffracﬁion patters. IBL capaciﬁors4of a
finer microstructure were prepared from prereduced SrTiO3 by liquid phase
'sintering techniques. The prereduced powder was doped with BiZWO6, calcined
in reducing atmospheres, and size reduced. Capacitors formed by liquid
ph;se sinterea wifh ?bSGesoll were designated I—l,>aﬂd tﬁose sintered with .
bofates I-2. The final giaiﬁ size was essentially the same és the starting
particulate size. .Figuré 5 illustrates altypical‘microstru;ture for aﬁ I-1
IBL c#pacitor. The grain size .ranged from 0.5-2 uym, suitable for ﬁultilayéf
capacitors, which have been made. EPMA identified Pb witnhin the bqundari-

phase, the crystalline nature of which was established by selected area

electron diffraction.

2. Eiectrical Measurements

Capacitance measuréments were made with a Hewlett-Packard 4270-A auto-
matic bridge and a Geqefal Raéio 1620-A transfofmer ratio arm bridge. The
a.c. signal was 0.2v at 1 KHz. Figure 6 illustrates the d.c. voltage depen-
dencé of K' for bulk samples. Dielectric saturation occurred readily with
increasing biés for type G IBL capacitors. This is to be expecﬁed for

ferroelectric materials based upon BaTiO Temperature measurements identi-

3°
fied a dielectric transition close to room temperature, with a steep Curie-

Weiss decay. Type G IBL capacitors were not stable in their properties as

temperature and voltage varied, when compared with the behavior of SrTiO3

based capacitors. The great advantage of microstructurally engineering IBL



6
capEFitors from paralectric materials is self evident. In addition; Sr'l‘iO3
type\I IBL capacitofs, whicﬁ contained an insulating intergranular phase,
and which approximated a n-i-n structure, were much more s;able in their
properties than acceptor. compensated type J capacitors. The actual magni-
tude of K" depended on the volume fraction of liquid phase sintering
compound Qsed. Measurements for individual boundaries are illustrated in

_Figure 7. Vhen one coqsiders the actual boundary thickness in:unetchéd
samples (0.61-0.1 um) , these measurements o not represent weak field
values (e.g., 105 v/em). The capacitance per boundary was approximately
10 pF, with a dissipa;ion'factor less than 4%.

ACurrenf—voltage ﬁeasureﬁents were made of the bulk, grain and boun-
dary regions by using a Keiﬁhley 610C electrometer. Typical data are

given in Figure 8 for a SrTiO, type J1 IBL capacitor. Calculated resisti-

3
vities for a suite of samples indica;ed boundary resistivities to.lie be=
. tween 1012 and ;013 i-cm,with a grain resistivity of approximately 50 Q-cm.
The grains wefe ohmic. in their I—% characteristics whereas the boundaries
were nonohnic above lOv.' The voltage dependent resistance (VDR) charac-
teristics of the bulk c0uld’be modeled on a series network éf distributed
boundaries. Typical data for the temperature dependence of fesistivity for

a J-1 type IBL cabacitor are given in Figure 9. ihe insulating grain
boundary (GB) material was m&re temperature dependent than the semiconductiné
grains (G).

éapacitance-voltage measurements previously indicated the stability of

n-i-n type I capacitors, and the voltage dependence of acceptor compensated
materials (G and J). I!MMeasurements on the latter were made of the bulk

and boundary characteristics, and the data analyZed.in terms of step (0‘2

-3 . . . .
ve. V) or graded (C vs. V) junctions. Unambiguous analysis appeared at

first, to be not possible. Data given in'figure_l()are for various types of
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IBL capacitors. The high voltage behavior approximated Schottky type

depietion layer characteristics, and the low voltaze behavior suggested
insulation stabilization. A hybrid model developed to account for these

overall characteristics, is discussed in the following section.

“IV. Discussion

STEM analysis revealed ﬁoth tﬁe physical and chemicél characteristics
of the‘boundary regions. Microscale electrical measurementsldetermined the
resistive and dielectric properties of the boundary conditions. Segregated
insulation layérs and counterdopants were idegtified. Probe analyses deter-
mined the concentration profiies for additives between resistive boundaries
and semiconducting gréins. This suggeéts the.bossible formation of compen-
sated(c) layers between n-type gfains and insulatiﬁg(i) boundaries; A prd-
posed energy,band model for.gcceptor counterdoped IBL capacitors is given

in Figure 11.!

“-The diagram is for unbiased thermai equilibrium, -and represents a
general case between end member'n—i—n.and n-c-n equivalent fepresentations.
It is réferred to as the n-c-i-c-n model for IBL phenomena. Tﬁe potenéial
barrier_(VB) for the junction is similar to a Schottky model, except thak
an insulating laye; is bresent wirhin part of the depletion region. Figure
ll:indicates the insﬁlétion layer to extend ¢ from the center of the boundary
region, and the acéeptor profilé be of width w. Thus, the intergranular.
insulagion layer is of total width 26, and the compensétion layér of ﬁidth
(w ;AG) in the grain subsurface. |

On application of a bigs Vqltage, the barrier is lowered (VB - V) in

the forward semse, and raised (V_ + V) in the reverse case. The total junc~

B

tion capacitance (C), per unit area, is given by the'capacitance of ‘the

. , . : F
insulating laver (Ci) and the series connected forward (CC ) and reverse



(CCR) biased compensation layers, i.e.,

-\\

bebedeede |
c i c c :
which is equivalent to
2 (v-v) | M2 2 (v.av) | 1?2 .
1. 26 B B
= = + . + | . (2)
C €%y WpiEoKe aNp £ K

where, €, is the permittivity of free space, Ki and Ké the  respective
dielectric constants of the insulating and compensation layers, q the

electronic charge, and N the concentration of uncompensated ionized

D+

donors. Two voltage limits therefore exist:

(i) Initially, at-V = 0, for a symmetric barrier, CCF = CC X
1_ 26 vy /2 | |
- STtk Yl l@ex ‘ (3)
C oi Pp+o™e

and

(ii) Finally, at high voltage, V > VB,‘where reverse biased capacitance

dilutes the total series capacitance,

25 2(VB+V) 1/2

= + . (4)
‘EoKi. “qND+Ech ' -

ot

Examination of equations (2-4) in expanded form, indicates why (.(-I)—2 vs.
V data (figure 105 shéuld deviate from linearity, especially at high voltages,
due to additional square root terms. Data for single junctions, illusﬁrated
in figure 10, have Been analysed according to the general n-c~i-c-n modei
(equation 2). An insulation width of 0.1 um was takén for 28, which was

conslstant with STEM anuslysis of unetched surfaces. The Eé value for linear
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SrTiO3 was 300. Tor ferrcelectric BaTiO3, a high field value of EE(E) =
600 was chosen, which is consistent with saturation behavior of .(Ba,Sr)

(Ti,Sn)O3. Parameters calculated from intercept and slope data in Figure

11 are summarized below in Table 1.

TABLE 1

Material Parameters for IBL Capacitors

Y Lg ) 4-—'
Type Material NP? - K i | VB
(cm ™)
G 4 BaTio, 1.2-10%° 55 0.9
-1 srTio, 4.0-10%° 102 0.8
3-2 srTio, ~ 5.0-20% 39 1.0

These values are in goo& agreement with cation dopant coﬁéentrationé
'(0.3 at %) in air fired type G material, and combined cation and anion con-
centrations in reductiun fired type J material. Calculated dielectric
constant vglues for insulating boundary phase (Ki) are consistent_with STEM
analysis, which identified a titénia rich boundary phase.in tyée G material,
and bismuth rich boundaries in type J capacitors.‘ The possibility of bismuth °
titanate-strontium titanate derived boundary structures in type'Jfl IBL capa-
citors.ﬁas yet to be established. Values of'VB'are consistent with dénor
‘levels within the band gap (3-4eV). Thus the n-c-i-c-n model for commercial
IBL capacitors appeafs to be extremely felevant; when one conside;s all the

possible variations from ideal representation.
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V.  SIMMARY

Internal boundary layer capacitors based upon BaTiO3 and SrTiO3 were
characterized by STEM analysis and microscale electrical measurements. The
intrinsic properties of individual grains and boundaries were determined, as
well as‘the extrinsic properties of polycrystalline ensembles. Commercial
capaciteors had a grain size of 20 - 60 um, and contained a segregated bouandary
phase., The chemical compbsition and segregation profile of the boundary regicas
were determined by EPMA. -Data were presented for fine grain multilayer compo-
sitions. IBL capacitors containing an insula;ing boundary phase were extremely
stable in their properties,and approximated n-i~-n model structures. Capacitors
A formedkby valence_couﬁ;erdoping teéhniques.were‘voltége sensitive, similar to
compensated depietion layer n—c;n model. - A hybrid representation of ceramic
microstructures was prpposed, and'probefties déscribed in terms df a general
n-c-i-c-n model. C-2vs V analyses of sinéle junctions were successful. The
bogndéry resistivities were 1012-1013 @-cm,

2
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