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The model proposed by Harris ef al. [J. Mater. Res. 5, 1763—1773 (1990)], describing
planar inversion domain boundaries in aluminum nitride, consists of a basal plane of
aluminum atoms octahedrally coordinated with respect to oxygen, and with a translation
of R = 1/310T1Y + 1/3(0001) or 1/3(1011). This thin sandwich is inserted onto the
basal plane of the wurtzite structure of aluminum nitride. This model does not take

into consideration any interfacial relaxation phenomena, and is arguably electrically
unstable. Therefore, this paper presents a refinement of the model of Harris et al., by
incorporating the siructural relaxations arising from modifications in local chemistry. '
The interfacial structure was investigated through the use of conventional transmission
electron microscopy. convergent electron diffraction, high resolution transmission electron
microscopy, analytical electron microscopy, and atomistic compuier simulations. The
refined planar inversion domain boundary model is closely based on the original model

of Harris ef al.; however, the local ¢hemistry is changed, with every fourth oxygen

being replaced by a nitrogen. Atomistic computer simulation of these defects, using a
classical Born model of ionic solids, verified the stability of these defects as arising

from the adjustment in the local chemistry. The resulting structural relaxations take

the form of a 0.3 mrad twist parallel to the interface, a contraction of the basal planes
adjacent to the planar inversion domain boundary, and an expansion of the c-axis
component gf the displacement vector; the new displacement vector across the interface is
R = 1.3{1010) + €(0001), where €pes = 0.387 and €cye = 0.394.

I. INTRODUCTION

A. Background

The presence of extended two-dimensional defects
in complex mineralogical systems, tungsten bronzes,
mixed tungsten-niobium and tungsten-tantalum oxides,
and in rutile has been extensively studied,'” their pres-
ence being related to the nonstoichiometry in the ma-
terial. More recently, extended two-dimensional defects
have been reported in aluminum nitride (AIN)®’ and zinc
oxide (ZnO),? both of which possess the wurtzite struc-
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ware. In AIN, two distinctive morphologies of extended
two-dimensional defects are present, a planarvariant and
a curved variant which can exhibit three different mor-
phologies: curved, facetted, and corrugated (for a com-
plete discussion of these morphologies, the reader s
referred to our second paper, Part IT).? :

This paper will focus on refining the~earljer model
of Harris et al.,'” for the planar interface structure in
AIN, based upon the experimental findings presented
here. Our second paper (Part II)® will be devoted (0
understanding the structure and chemistry of the far more

complex curved interface, and the formation mechanisms .

of the planar and curved faults. Finally, the third paper
(Part TI) will concentrate on a re-evaluation of the

high oxygen concentration polytypoid structures in the _
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AIN-AION pseudobinary system. ‘Fhe:combined result
of these three papers will be an’indepih analysis of
oxygen -incorporation into the wurlzile structure via

extended two-dimensional defects and-the transformation

from a wurtzite-based matrix to a cubic spinel matrix.
The extended planar defect lying on the basal plane
{0001} of AIN has received considerable attention from
a number of researchers.®!®->* This interface has been
described variously as an antiphase domain boundary
(APB),"*® 4 stacking fault®'"1220 or as an inversion

domain boundary (IDB), which is now known to be the 7

correct structure,'®16:1921.22.2

A correlation between oxygen and the presence
of these defects was suggested in many of the stud-
ies and was experimentally verified by Westwood and
Notis'® who showed that oxygen was associated with
this extended planar defect, and by Youngman er al."”
who showed oxygen to be associated with the curved
IDB. This suggests that the extended defects observed
in AIN are related to nonstoichiometry, similar to the
two-dimensional defects reported in other systems. In-
terest in the presence of oxygen in AIN, and how it is

- incorporated in the structure, is heightened because of the

detrimental effect that oxygen is known to have on the

~ thermal conductivity of AIN. Westwood and Notis,!®

using convergent beam electron diffraction (CBED),?
which allows the polarity of the crystals to be deter-

. mined, showed that the polarity exhibited a 180° reversal

acrgss the planar interface. This is indicative of an inver-
sion in symmetry of the crystal structure, identifying this
planar extended defect as an IDB. This result was later
confirmed independently by Berger'” and Westwood
and Notis,”* using a conventional transmission electron
microscopy (CTEM) multibeam technique.”’ Figure !
shows the striking contrast reversal on crossing the
planar IDB, which is characteristic of an inversion across
an interface.

B. Inversion domain boundaries:
Classification and energy

Inversion domain boundaries were first considered
by Aminoff and Broome in 1931.%% An inversion domain
boundary relates domain I to domain II by an inversion
symmetry operation across the boundary. The lattice
is, the same on both sides of the boundary, but the
structure is inverted. IDB’s can occur only in noncentro-
symmetric crystals (crystals that do not possess a center
of symmetry). The structure of the planar IDB has
been categorized into two subtypes: type 1 was pro-
posed by Austerman and Gehman® [see Figs. 2(a),
2(c}, and 2(¢)], and type Tl was first put forward by
Holt*® [see Figs. 2(b), 2(d), and 2(f}] even though it
was misclassified as an APB. A full explanation behind
the confusion that existed in the literature regarding

classification of these interfaces as either IDB’s or APB’s
is given by Westwood and Notis.?' Austerman and
Gehman,” stidying large BeO crystals, proposed that
inversion boundaries were present, based upen macro-
scopic observations of the crystals, etching response, and
piezoelectric measurements. They referred to the IDB’s
as “inversion twins.” The inversion twin configuralion
assumes that the anion sublattice is undeviated across
the boundary, with the cation sublattice switching its
tetrahedral packing from one set of tetrahedral sites to
the other set of tetrahedral sites; see Fig. 2(a). In the case
of a fault on a basal plane, the twin is a reflection type
{(boundary perpendicular to the c-axis), while faults on
the pyramidal {1011} or prism {10T0} planes are rotation
twing (boundary not perpendicular to the c-axis); see
Figs. 2{(c) and 2(e).

Holt* introduced the type I IDB configuration con-
sisting of A atoms on A sites and B atoms on B sites in
domain I, with A atoms on B sites and B atoms on
A sites in domain II [see Figs. 2(b), 2(d), and 2(D)];
note that neither of these two sublattices is continuous
across this interface. This type of IDB has been observed
experimentally in both SiC*' and GaAs.* epitaxiaily
grown on Si. Across the type II IDB interface, the
bonding consists of A-A and/or B-B bonds, of which two
types exist, depending upon the interface plane which
can either be stoichiometric with equal numbers of A-
A and B-B bonds present. or nonsteichiometric with an
unequal number of A-A and B-B bonds present across
the interface. In the case of boundaries on the basal
and pyramidal planes, the bonds are all the same type
as shown in Figs. 2(b) and 2(d) (nonstoichiometric),
whereas a stoichiometric boundary exists if the habit
plane of the IDB is the {1010} prism plane, as in
Fig. 2(f).

The energy associated with type II IDB interface
structures is expected to be considerably greater than
type I interfaces because of the “wrong” bonding present
across the type II interface. Van Vechten® calculated
the energy of antistructure pairs (A on a B site, and
vice versa) in 23 common compound semiconductors.
Using the values quoted in Van Vechten’s paper, the
energies for type II IDB interface orientations can be
estimated based upon the energy of wrong bonds per
unit area, and are presented in Table 1. From Table [ it
is understandable why type [I IDB’s have been observed
in GaAs and SiC, but not in AIN or ZnO, because the
interfacial energies of the latter compounds are an order
of magnitude greater. In the case of the more covalently
bonded materials, they atlempt to maintain their tetra-
hedral coordination across the interface, because this
situation is energetically more favorable than having
a lower coordination and dangling bonds, or too high
a coordination and insufficient electrons. for bonding,
which would occur in a type I'IDB interface. Therefore,
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and a planar

FIG. 1. Bright-field (BF} image of a strongly diffracting grain aleng a {1120} zone axis, containing a f-shaped IDB (center)
IDB (far right). Note the {1011} portion of the curved section of the D-shaped IDB at the interscction with the planar IDB. {b) Dark-field
(DF) multibeam image using a gooy reflection: note the contrast reversal in the- thickness fringes across the curved and planar IDBs. {c} A

similar image using the £{v003) reflection: note the contrast is oppositc between (b) and (¢).
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Domain [

IDB

ol NN

Domain 11

(a)

Displacement of the
Calion sublaitice

(c)

Displgcemento(lh& :
Prism {1070} Calion subtaltice

FIG. 2. A schematic showing the two types of inversion boundaries. described here as type 1 (Austerman and Gehman®) and type Il (Hol?®).
(a) Type I IDB: cation ion sublaitice is undeviated across the interface; cation sublattice switches its tetrahedral site on crossing the interface
from domain 1 to domain 1L (b} Type II IDB: cation and anion sublattices have exchanges sites in domain I[ with respect 1o domain L
No simple (ranslation can relate domains T and 1); therefore, it cannot be an APB. (c) Type [ IDB on the polar pyramidat {1071}; notice
the cation sublattice is continuous across the interface. (d) Type ILIDB on the polar pyramidal {IOT[}. {e) Type I IDB on a prism {1070}
(f) Type Il IDB on a prism {1010}, (All schematics are in the { 1200 projection. Large open circles are nitrogen, small open circles are
aluminum, and black circles are a half plane back 1/2 {[0T0}).

in covalenily bonded materials, wrong bonds may be  produce large short-range repulsive forces in regions
preferred, rather than the presence of dangling bonds  with increased electronic cloud overlap (anions) or in
across an interface. In the case of materials possessing  regions with reduced shielding (cations) due to either the
a higher ionicity, the presence of wrong bonds will  acceptance or donation of electrons in other bonding pro-
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TABLE 1. Calculated interfacial energies for type 11 IDB interface
structures. The calculations are based upon the antisite defect energies
calculated by Van Vechten.

Compound (IDB plane) IDB energy (Jm™?)

SiC{110) ' 2.1
GaAs(110) ) 1.0
AIN(DO01) Co 12.9
Za0{0001) : 26.6

cesses with nearest neighbors. Therefore, ionic materials

" are expected to prefer type I IDB interfaces, avoiding

the short-range repulsive forces related to the wrong

"bonding across the type IT IDB interface. However, the

tetrahedral coordination present in wurtzite or sphalerite
structures cannot be maintained across a type 1 interface.
Therefore, for an inversion to exist across an interface
in these structures, the coordination must be either
twofold or sixfold, or more, and deviation from the ideal
coordination will contribute toward the interfacial energy
of the IDB. Unfortunately, no energy calculations for
type 1 IDB interfaces are available.

The only known calculations for inferfacial energies
of IDB’s rather than just the estimates based upon Van
Vechten’s approach, were carried out by Lambrecht and
Segall.® They calculated the energy for an unrelaxed
type 11 IDB in SiC on the (110) planes as =7.3 Jm*
(compared to 2.1 Jm™? based upon the values of Van
Vechten). Because of the high energy associated with
these IDB interfaces, relaxation will likely take place. A
number of processes are available to allow the interface
to reduce its energy, even though it may be constrained
by the bulk crystal structures. These processes, collec-
tively known as relaxation processes, can be arranged
into five groups: line {dislocations), rigid body trans-
lations, segregation, facetting, and interfacial expansion
or contraction.’® Lambrecht and Segall® calculated the
relaxed energy of a SiC(110) type 11 [DB as =3.65 Jm 2,
which is half of the unrelaxed energy. Interfacial relax-
ation can produce large changes in interfacial energy,
in excess of two orders of magnitude.”” The mode. of
relaxation at the SiC(11Q) type II IDB was described by
Lambrecht and Segall®* as bond rotation of the Si—-C
bonds. In their model they proposed that the Si atoms
move farther apart and the C atoms approach edch
other. The energy of the relaxed IDB in SiC compares
favorably with calculated grain boundary energies for a
number of ceramic oxides.” These calculated energies,
for a number of different orientations, lie between ==0.5
and 3.5 Im™2. This comparison appears to indicate that
these (110) type [1 IDB’s should not occur in the mate-
rial, but rather, grain boundaries should form. However,
carbide grain boundary energies may be significantly
higher than oxide grain boundary energies, because a
covalent solid would try to maintain tetrahedral coor-
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dination across the boundary, which could cause large
distortions within the surrounding lattice, This may result
in the grain boundary energy being much higher than
the IDB energy, and thus the IDB structure would be
prefei‘red. No information is available on the measured
or calculated energies of carbide grain boundaries,

Kim and Goo,® studying a planar IDB in wurtzite
Zn0, determined it to have a type I configuration,
comprised of a basal plane of oxygen atoms which are
at the intersection of the apices of two inverted tetrahe-
dra, a basal plane translation, and a contraction in the
c-axis. In this configuration, the oxygen atom is bonded
to only two zinc atoms, 180° apart, rather than the normal
four zinc atoms in tetrahedral coordination. Based upon
Pauling’s electrostatic valence principle,*” one would
expect that this IDB structure would be highly unstable,
suggesting that the proposed IDB structure of Kim and
Goo may not be appropriate.

From our studies on AIN, it appears that “pure”
type I and type 11 IDB structures-—similar to those
suggested for ZnO,} GaAs,* and SiC and used in
the calculations of Lambrecht and Segall®® —are unsta-
ble. In AIN the formation of IDB’s is known to be
strongly related to oxygen, which is incorporated as.an
impurity.!%1#16.7.21-2¢ the possibility therefore exists that
the presence of IDB’s in other materials may likewise
be related to low concentration impurity effects. Sup-
porting evidence for this comes from recent work by
Makovec and Trontelj,"! who showed titanium segre-
gation to IDB structures in BiyTi;Oyy doped Zn0O), and
by Bruley et al.,* whose work indicated the segregation
of antimony to the planar IDB in Sb,0;-doped ZnO.
In the proposed model of Kim and "Goo,® and the
calculations of Lambrecht and Segall,®® they have both
neglected to consider the effects of impurities on the
formation of IDB’s. The varistor material of Kim and
Goo® contained-2 wt. % Biz0s, 1 wt. % 8b, 03, 1 wt. %
MnCOs, and 1 wt. % CoO; and in SiC, both B and
C are added as sintering aids. The formation of these
IDB structures may be a simple method for removing
the nenstoichiometry present in the lattice as a result
of the presence of impurities. It is suggested that these
impurities may thus allow the stabilization and formation
of low energy interfaces, and this appears to be occurring
in AIN.

C. Structural models of the extended
planar defect in aluminum nitride

A number of structural models have been proposed
to describe the oxygen-containing extended planar de-
fects present in AIN. Hagege ef al.%'"'? and Hagege and
Ishida®® have suggested a number of different interface
models, all consisting of a stacking fault centered on
a nitrogen-oxygen: basal plane ‘which was octahedrally

10, No. 5, May 1995
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coordinated to aluminum, each model differing by the
magnitude of the displacement vector, McKernan and
Carter'? initially suggested that the interface was an
APB, and was. comprised of [/2 unit cell of alumina.
McKernan ef al."?® later reappraised their work, propos-
ing a similar APB model, but based on 1/3 of a unit cell
of alumina. Although not initially proposing a structural
model, Westwood and Notis'® identified these defects as
IDB’s, making the above two models (stacking faults and
APB’s) incorrect. This work has since been supported
by Berger,'¥ Massler er a/,* and Westwood and Notis.?!
Harris er al,'’ proposed a defect model emphasizing a
logical sequence of oxygen incorporation: initially as
a substitutional impurity on the nitrogen sublattice and
associated with an aluminum vacancy; continued oxygen
incorporation produces an octahedral defect, in which
an aluminum atom was octahedrally coordinated to six
Oxygen atoms; at increased oxygen concentrations, these
octahedral defects coalesce to form an extended planar
IDB. This model is consistent with the expected struc-
tural rearrangement when oxygen comes into contact
with tetrahedrally coordinated aluminum based upon
Paulimg’s rules. Their proposed model of the IDB pos-
sesses a displacement vector R = 1/3{1011), which can
be split into the two perpendicular components R =
1731010} + 1/3{0001).

Strong supporting evidence in favor of the model
proposed by Harris er al’® came from two indepen-

dent ftechniques: high-resolution transmission elec- |

tron microscopy (HRTEM) with quantitative image
simulations,” and quantitative analytical electron
microscopy (AEM) with Monte Carlo x-ray generation
simulations.*** During the HRTEM studies, asymmetry
was observed in the structure image obtained from
either side of the planar IDB. This was atiributed to
& small twist paralle! to the planar IDB, and whose
axis was parallel to the (0001). In addition, based upon

charge neutrality arcuments. Youngman® suggested that
g Y arg |4 424

every fourth oxygen in the two adjacent oxygen basal
planes be replaced by a nitrogen. The presence of three

‘nitrogen atoms for every two octahedral defect units will
‘cause distortion of the ideal octahedral configuration

of aluminum and oxygen. The introduction of the
nitrogen at the interface is likely to cause relaxation
of the interface, which is apparent from the presence of
the twist, and will produce changes in the rigid body
translation at the interface. The original displacement
vector R = 1/3(1011) was proposed for the perfect
octahedral configuration; however, the presence of
nitrogen distorts the ideal octahedral coordination, and
thus a different displacement vector will be required to
describe the interface.

With these relaxation effects in mind, the planar IDB~

has been re-examined with the aim of refining the model
both structurally and chemically using CTEM, HRTEM,

AEM, CBED, and atomistic calculations. These atoni-
istic calculations are the first reported attempt at deter-
mining the energy of a type 1 IDB interface.

. EXPERIMENTAL PROCEDURE

A. Sample preparation

The AIN samples used in this study were fabricated
from commercially available AIN powder (Tokuyama
Grade F) containing =1 wt. % oxygen, cation impurities
totaling <370 ppm (220 ppm C, 98 ppm Ca, 37 ppm

- 8i, 10 ppm Fe), and with an average particle size of

=1 pm. Powder processing was conducted in a dry box,
in which the moisture content was maintained betow
10 ppm H-0, minimizing further oxygen pickup during
processing. The samples were fabricated by hot pressing
in a graphite die coated with boron nitride (BN). The
hot pressing conditions were 1800 °C, a 20 MPa load,
for 1 h, in a N; atmosphere.

The samples used for electron microscopy studies
were prepared by cutting thin slices from the fabricated
bulk samples using a diamond saw, followed by ultrason-
ically cutting 3 mm disks out of the slices. These disks
were then dimpled to a final thickness of =10-20 wm.
The sample was ion beam thinned to perforation using
4 kV Ar ions at a grazing incident angle of 10°-12°.

B. Instrumentation

CTEM and CBED were conducted on a Philips 400T
microscope equipped with a LaB, electron source and
operated at 120 kV. The large range of C, apertures, the
variable voltage control, and the *=45° tilt goniometer
specimen stage made this an ideal instrument for CBED.
During some of the convergent beam analyses, the
sample was cooled to —186 °C using a cooling stage,
a method that teduced thermal lattice vibration and
therefore improved image quality,

HRTEM was conducted on a JEOL JEM-4000EX
microscope fitted with a LaB, fitament and operated at
400 kV. The use of the high resolution top-entry double-
tilt specimen stage allowed =20° of tilt. The optical
parameters of the microscope used in image simulation
caiculations were spherical aberration constant, C; =
1.00 mm, beam convergence semiangle (@} = 0.5 mrad,
and an electron beam focal spread (Af ) = 8.0 nm. The
interpretable resolution of this microscope at Scherzer
defocus (—49.7 nm) was (.17 nm.

The HRTEM image simulations of the defect models
were generated using a multislice algorithm in the EMS
V3.2 program.*® Three supercells were created in the
{1120) projection, one based on the experimental results,
and two based on the equilibrium structure predicted
by the atomistic simulations. These supercells differed
only in their g-axis values; the experimental super-
cell dlmensmm were a = 5.6106 nm, b = 0.5388 nm,

J. Mater. Res., Vol. 10, No. 5, May 1995 ' 1275
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(b)

FIG. 3. {a} BF image of a series of planar and curved IDB's; (b) a
DF image obtained using a g3 reflection: fringe contrast is
clearly present for both curved and planar IDBs (arrowed). If the
displacemen: vector R = 1/3(J0T1) as proposed by Harris er al®
was cotrect, no fringe contrast should have heen obscrved.

and ¢ = 03111 nm, and the atomistic supercell di-
mensions were g = 5.5272 nm, & = (.5388 nm, and
¢ = 03111 nm, and ¢ = 53529 nm, b = 0.5388 nm,

and ¢ = 0.3111 nm. The supercells each contained 86
atoms. For further details regarding the Debye—Waller
factors, scattering factors, “aliasing” effects, and process-
ing of experimental and simulated images, the authors
refer the reader to McCartney et al.?> Analytical electron
microscopy (AEM) was conducted using a Vacuum gen-
erators HB-501 dedicated scanning transmission electron
microscope (STEM) equipped with a cold-field emis-
sion gun (FEG) source, ip an ultrahigh vacuum (1 X
1077 Torr), and operated at 100 kV. In all analyses, a
probe size of 1.0 nm full-width half-maximum (FWHM)
and ‘1.8 nm full-width tenth-maximum (FWTM)Y was
employed with a probe current of 0.2-04 X 1077 A.
Fitted to the HB-501 was a Link windowless Si(Li)
detector with an active area of 30 mm?, a collection
angle of 0.077 sr, and an energy resolution of =140 eV
at MnK,, and was capable of detecting elements with
Z > 4. The HB-501 was also fitted with a Link serial
electron energy loss spectrometer, which was used for
determining the sample thickness.* |

C. Atomistic computer simulations

Computer simulation of atomic structures and pro-
cesses has become a well-established technique for the
analysis and modeling of a wide variety of solid-state
physics problems.* The aim of all atomistic computer
simulations is to describe as accurately as possible the
interactions among the electrons and atomic nuclei of the
material under investigation, since-it is these interactions
that ultimately control the bonding and properties of the
material.

There are two different simulation methodologies:
static lattice (either perfect or defect) or molecular dy-
namics. The choice of the simulation methodology is
governed to some degree by the material and the prop-
erties of interest. In this work, static lattice simulations,
including energy minimization equilibration procedures,
were used.

One of the most common problems employing com-
puter simulations is the study of crystallographic lattice
defects, and this is true in this paper..The benefit of
atomistic computer simulation te this problem is the
level at which the analysis can be carried out, since the
structure and chemistry of individual atoms at the defect
can be studied in a very precise and controlled manner.
An additional advantage of simulation procedures is
that they allow the study -of a wide variety of different
defect chemistries and structures, enabling trends to be
analyzed far more easily than if the compounds had to
be fabricated from the raw materials. The programs are
sufficiently well advanced to predict the structures of
compounds not vet studied, given appropriate potential
models. Central to all simulation procedures is the need
for an accurate representation of the interatomic forces

1276 J. Mater. Res., Vol. 10, No. 5, May 1995
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FIG. 4. {a) CBED pattern {0001 from the matrix adjacent to the
planar IDE, 6 mm symmetry, and (b) CBED pattern {0001} obtained
when the probe was positioned on the planar [DB, 3 m symmetry.
The bars indicate the mirror planes.

in the material. Classically, a parameterized interatomic
potential model is employed. These meodels are the
most widely used in atomistic simulations, especially

for complex systems such as are dealt with here, al-
though ab initio methods are becoming more common
as computer power increases.

In this work the model of Cormack® is used, em-
ploving pair potentials to describe the atomic interactions
and model the behavior of pure defecl-free AIN. The
computer simulation treats the structure as an ionic
solid. Although the original program was developed for
ionic solids, it has since been modified by the inclu-
sion of a directional bonding component, which allows
more accurate simulations of covalently bonded struc-
tures. However, Cormack,” studying AIN (44% ionic
component based upon the ionicity scale af Philips®
and Van Vechten® using the diclectric definition of
electronegativity), showed that AIN did not require the
directional bonding component becanse it behaved more
like an ienic material due to charge localization around
the ions. This observation decreased the complexity of
the calculation since we could discard the directicnal
bonding portion of the calculation. The interatomic po-
tentials describing the attractive (Madelung potential,
van der Waals, zero point terms) and repulsive (electron
cloud interactions) forces between identical and different
atomic species must first be determined. The accuracy
with which the interatomic potential is known will de-
termine the accuracy of the simulation. The interatomic
potentials can be delermined ab initio,® or empirically
by fitting the calculated values of the lattice parameter,

FIG. 5. A weak-beam image using a gufmj of the planar IDB
interface showing: the regular displacements of the fringe contrast
of the fault at the locations where the extinction: contours -intersect
the fault. :

J. Mater. Res., Vol. 10. No. 5, May 1995 ) 1277
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bulk modutus, and high and low frequency dielectric
properties with that of the experimentally determined
crystal properties.®* The interatomic potentials are
adjusted until a best fit is obtained between the ex-
perimental and calculated values. The best fit is based
upon the minimization forces between the atoms, i.e.,
equilibrium when zero forces (strainsj on all atoms.
The program requires as input the trial atomic co-
ordinates of each ion in the supercell of interest (the
structural cell which contains the defect), the interatomic
potentials between all of the different species in the
supercell, the charge on the ions, and the supercell lattice

~ parameters. The program uses a well-tested algorithm to

sum up the attractive and repulsive elements of all the
interatomic potentials used, to thus obtain- the cohesive

energy or lattice energy per mole of the solid.*">" Energy
minimization is used to find an equilibrium structure, a
procedure which includes relaxation effects which +are
known to be an important aspect in stabilizing extended
defect structures.®*® Unfortunately, it was difficult to
compare directly two different defect types due to the
nature of the input supercell,”® and to determine the
actual interfacial energy of the defect. However, within
the spectrum of different defect structures, trends and
relative stabilities could be calculated and compared.
This was achieved by calculating the theoretical energy
of the system based upon the constituents (number of
moles of AIN, namber of oxygen atoms sitting on
nitrogen sites, and the number of aluminum vacancies);
this theoretical energy was subtracted from the calculated
energy of the (relaxed) system to give AE, values which
are dlscussed later in Sec. IIL.D. The difference is a
measure of the stability, with more stable structures
being indicated by larger (negative) energy differences.
All computations were carried out on a VAX computer.

Hl. OBSERVATIONS AND RESULTS

A. Conventional transmission electron
microscopy (CTEM)

The initial objective was to determine if the dis-
placement vector R = 1/3(1011) of the Harris ef al."
mode]l was correct. If so, only the relaxation retated
to the twist need be determined. The CTEM two-beam
invisibility criterion was used to verify the displacement
vector, The criteria for determination of the displace-
ment vector R = 1/3(1011} reveal that under four of
the twelve possible {1011} type reflections, and for all
twelve {3033} reflections, the planar interface should
be invisible when viewed using one of the above re-
flections, assuming that the displacement vector R =
1/3(1011) was correct. Figure 3 shows that the planar
IDB’s clearly produce fringe contrast when imaged using
a g3033) reflection. The presence of the fringe contrast
indicates that the original choice of the displacement
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vector required adjustment. The displacement vector in
a hexagonal crystal structure can be separated into two
perpendicular components: one in the basal plane and
the second along the c-axis, e.g, R = 1/3(1010% +
1/3{0001}. Therefore, three possibilities may account
for the change in the displacement vector: a relaxation
causing a change only in the basal plane displacement,
only a change in the c-axis displacement, or a relaxation
which produces a change in both components of the
displacement vector. A further problem was noticed in
the two-beam analysis; the number and contrast of the
fringes were very sensitive to small deviations in s {the
deviation from the exact Bragg diffraction condition),
making image interpretation more difficult. '

CBED patterns obtained -along the {0001} zone
axis confirmed the presence of 1/3{1010) translation.
Figure 4(a) shows a CBED pattern obtained from the
matrix, and possessing the characteristic 6mm symmetry
of the wurtzite structure. Figure 4(b) shows a CBED
pattern obtained form the region of the planar IDB; the
pattern displays 3m symmetry. This symmetry reduction
(6mm — 3m) is consistent with the 1/3{101 10) translation.
Therefore, the relaxation of the displacement vector
had to be in the c-axis displacement. A number of
different two-beam cenditions were tried in an atternpt to
determine the magnitude of the c-axis displacement. The
results were inconclusive, indicating that the magnitude
was not a simple fraction of a lattice vector.

A weak-beam technique developed by Miyazawa
and Ishida,® and Miyazawa er al.®' allows the deter-
mination of displacement vectors that need not be
described by whole fractions. The technique requires
imaging the interface under a weak-beam condition, with
3g excited.®* Under these conditions a displacement of
the planar interface fringe contrast occurs with respect
to the extinction contours, due to the presence of a
displacement at the interface. The relative displacement
(Ar) in the fringe contrast of the planar defect, with
respect to the extinction contours, can be directly
measured from the weak-beam image; see Fig. 5. The
technique relies upon the relationship g - R = An + 5
and the ability to obtain the shift for a pumber of
different reflections. The value of s is considered positive
if the interface fringe contrast is displacement toward
the foil edge, and negative if displaced away from the
foil edge; the value of An must lic between —1/2 <
An < 1/2. '

Because the basal plane component of the displace-
ment vector is known, the c-axis component could be
isolated by using the appropriate operating reflection;
giiory was used. This enables the effect of the basal
plane component on the relative shift of the fringe
contrast to be calculated separately; the difference be-
tween the measured displacement and the calculated
basal plane dlsplacement is attributable to the c-axis
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FIG. 6. Scanning transmission electron microscopy (STEM) CBED patterns taken along the {2201} zone axis from either side of a ptanar [DB.
The arrows indicate a small shift in the HOLZ lines in the direction indicated which is parallel to the interface. The translution corresponds o
a small crystal tilt which is a small 0.3 mrad rotation parailel to the interface, with the rowation being along the (0001).

displacement. Using this approach the c-axis displace-
ment was found to be —0.113{0001) *+0.5{0001). Be-
cause no observable difference would be seen with a
displacement of .5{0001}, the displacement can be ex-
pressed as a positive quantity 0.3(G001} —0.113{0001) =
0.387{0001).

Quantitative analysis using the weak-beam tech-
nique requires comparison between the experimentally
obtained image and a simulation of the fringe con-
trast. The input requirements for the simulated image
are the experimentally determined displacement vector
and the diffraction conditions (g and 5) under which
the experimental image was obtained. Unfortunately, the
fringe contrast simulation programs®** cannot incorpo-
rate the crystal potential change at the interface due to
the presence of oxygen (see Ref. 9, Part I1 for a full
explanation); therefore, the experimentally determined
displacement vector could not be verified by image
simulation. Therefore, the displacement vector measured
using the weak-beam technique could not be quantified
through matching of experimental and simulated images.

The twist present across the interface was measured
from the shift in the higher order Laue zone (HOLZ)
lines in the CBED patterns from either side of the
interface. The shift in the HOLZ lines can be seen in the
STEM CBED pattern in Fig. 6. This shift reflects a tilt of
one crystal relative to the other, and was measured to be
==(1.3 mrad. This tilt corresponds to a twist of a similar
magnitude parallel to the interface, with the twist axis
being parallel to the (0001).

B. High-resclution transmission
electron microscopy

Because of the problem in quantifying the revised

c-axis component of the displacement vector using the

weak-beam technique, HRTEM was used with the hope
that the displacement vector could be sbtained from the
image simulations. Figure 7 shows an HRTEM image
of the planar IDB viewed along (1120); under these
viewing conditions, the dark lozenge shapes are the
Al-N pairs. The image of the planar IDB is identical
to that of McCartney er al* McCartney ef al. had used

FIG. 7. A HRTEM image of the pianar IDB interface viewed along
the (1120}, The basal plane translation of 1/3¢1010 can be seen, and
the black lozenge shapes between the white dots represent Al—N-pairs,
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the original displacement vector of Harris et al. 1 in their
image simulations. The same basic model was used for
the image simulations in this paper. except that the c-
axis displacement was adjusted from the original values
of 0.333(0001) to 0.387{0001), to match the experi-
mentally measured weak-beam value. The 1/3(1010)
basal plane translation was retained, based upon the
CBED resuits.

The image simulations were carried out for various
defocii-and thicknesses, with a reasonable match being
_obtained between the experimental and the simulated
image, as shown in Fig. 8. However, the simulated image
“appears to be slightly too-large, with basal planes on
one side of the boundary being misaligned. This was
also observed in the model of Harris ef al., but to a
lesser degree.” Comparison between the HRTEM image
simulations obtained in the present study and those
obtained by McCartney et al..” based upon the model of
Harris et al..'? indicates that no difference could be seen
in the image characteristics of the two simulations over
a wide range of defocii and thicknesses; see Figs. 9(a)
and 9(b). According to Saxton and Smith,*® it is pos-
sible to determine atomic positions using HRTEM to
within 14 pm (0.014 nm); this requires a through-focal
series reconstruction of the experimental images. In the
present case, the difference in c-axis displacement vector
components, 0.333(0001) and 0.387(0001), corresponds
to 26 pm (0.026 nm). This is near the limit of atomic
position determination using HRTEM, as suggested by
Saxton and Smith.5® Therefore, it appears that it is not
possible to determine unambiguously the small differ-
ences between these two models using HRTEM.

C. Analytical electron microscopy (AEM)

For a full account of the experimental AEM work,
the authors refer the reader to Westwood et al.*>** The
oxygen concentration profiles obtained across the planar
IDB are presented in Figs. 10(a) and 10(b). In each case,
oxygen segregation was found to be limited within a very
narrow region, with maximum concentrations of 6.5 &
0.9 wt. % [Fig. 10(a)], and 6.0 * 0.8 wt. % [Fig. 10(b)].
Both these profiles were obtained from different IDB’s in

_a region 110 nm thick. There appears to be an oxygen-
depleted region extending out to 20 nm on either side
of the IDB. The matrix oxygen concentration on either
side of the IDB appears to be asymmetric once outside of
the oxygen-depleted zone. At random locations along the
IDB, small amounts of calcium were detected; calcium
is an impurity present in the starting AIN powder.
When a number of other data points that were not
part of the profile were taken from locations along the
IDB interface, they revealed small fluctuations in the
oxygen concentration. Table I provides all the experi-
mentally determined oxygen concentration data obtained

1280 J. Mater. Res., Vol. 10, No. 5, May 1995

FIG. 8. A HRTEM image of the interface with a simulated image
based upon the refined planar [DB model with the adjusted c-axis
displacement vector, R = 1/3¢10T0y + G.387(0001). A reasonable
match is obtained between the experimental and simulated images.
The width of the fault appears to .be too large, and also a slight
misregistry can be seen in the atomic planes on the right-hand side
of the 1DB. {Simulated image: Af = —43.7 am, at a foil thickness
of 4.5 nm.) ’

from points on the planar IDB’s. The variance present
in the oxygen concentrations obtained from different
locations along the IDB’s may be due to counting
statistics, because the oxygen peak generally contained
only 1500-2000 -counts,

The aluminum, nitrogen, and oxygen profiles for
the IDB shawn in Fig. 10(a) are seen in Fig. 11. The
nitrogen concentrations appear to decrease at the bound-
ary, whereas the aluminum concentration appears Lo be
undeviated. This result would be expected, because in
all the models oxygen is replacing nitrogen on the nitro-
gen sublattice in the AIN structure with the aluminum
sublattice unaftected.

Monte Carlo electron trajectory simulations® treat
the interface (the IDB) as a plate-like precipitate
running through the foil thickness, with the precipitate
oriented parallel to the electron beam. The input to the
program required the assumed IDB composition and
density based upon the proposed models, the speci-
men thickness, the density and composition of the
matrix in which the precipitate was sitting, the electron
probe size, and the number of electron trajectories.
Eight different IDB models were chosen for simulation
based upon their structure and associated chemistry; the
various models had been proposed by Hagege er al.,”?
Hagege and Ishida,”® McKernan e al.,!® Harris et al.,)’
McCartney et al.,> Youngman.* and Westwood™;
see Table ITL. The Monte Carlo simulation program®’
was executed on a massively paralleled computer,
the advantage being the extreme speed of operation
allowing far more trajectories to be simulated, improving
statistical accuracy. To improve the simulation it was
assumed that the AIN matrix contained =1 wt. %
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FIG. 8. Defocii and foil thickness montages_for (:1).[he model of Harris ez al. with R = 1/3(0T1), and (b} the model confaining the
adjusted c-axis parameier with R = 1/3(10T0) + 0.3870001}. No differcnce can be seen between the image characteristics of the two

slightly differeat models.

oxygen impurity. The output from the program provided
the oxygen, nitrogen, and aluminum x-ray intensities
generated in the IDB and the AIN matrix. These
intensities were converted into compositions by use
of a k-factor.*> The oxygen concentration of the IDB
calculated for each of the eight models was determined
for a foil thickness of 60 nm and 10 nm. These values
of foil thickness were chosen to closely match the foil
thickness of the experimentally determined data points,
enabling comparisons to be made with the experi-
mentally determined oxygen concentrations at the

boundary. The oxygen concentrations determined by
Monte Carlo simulation for each of the eight models are
presented in Table I1I. Figure 12 shows a simulated
profile using the planar IDB model proposed by
Harris ef ai.'™* (model 6). The calculated profile is half
the width of the experimental profile. This observed
discrepancy, in the measured width of the oxygen
profile from the IDB can be attributed either to a dilute
oxygen cloud surrounding the planar IDB, or a slight
misalignment of the boundary so that it was:not exactly
parallel to the beam. : :
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FIG. 10. (a,b) Quantitative oxygen cancentration profiles form two
different planar IDB’s,

TABLE II. Experimentally determined oxygen concentrations for
several planar IDB’s.

Oxygen weight 9 Sample thickness (nm)

65 + 0.9 100
6.4 £ 09 106
5007 117
75+ 10 _ 103
6.0 = 0.8 106
47 £ 0.7 103
6.0 ~ 0.8 108
44 + 0.7 101
78 = 10 53

A comparison between the experimentally deter-
mined oxygen concentrations and the Monte Carlo simu-
lations of the oxygen concentrations at the boundaries
showed that model 6 and model 7 provided very good
matches between the experimental and calculated values.
The simulations of models 5 and 8 were to study the local
oxygen environment around the octahedrally coordinated
aluthinum atom, in particular to determine whether the
aluminum was coordinated.only with oxygen, or three
oxygen and one nitrogen, as suggested by Youngman,”
whose argument was based upon maintaining charge
neutrality at the interface. The simulations showed that
an all-oxygen interface provided too high an oxygen
content when compared with experiment. This suggests
that the all-oxygen interface is not the preferred structure.
Oxygen concentrations calculated for models 1, 2, and
3 were between one and four times higher than the
experimentally measured oxygen concentrations. Model
4 had a slightly lower oxygen concentration than the ex-
perimentally measured value; its width was so small that
based on the HRTEM studies this model was discounted.

Therefore, these AEM results are consistent with
a planar IDB whose chemistry and structure can best
be described as an octahedrally coordinated plane of
aluminum sandwiched between two basal planes of
substituted oxygen, with every fourth oxygen being
replaced by a nitrogen. The experimentatly determined
oxygen concentration data are slightly higher than the
calculated oxygen values. This can be understood if
the actual oxygen concentration in the AIN matrix was
higher than our assumed value of =1 wt.%.

D. Atomistic computer simulations’

Atomistic computer simulations have provided a
means to probe the finer structural details of the planar
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FIG. (1. Concentration profiles for aluminum, nitrogen, and oxygen
from the planar IDB shown in Fig. 10¢a). ’ ‘

1282 J. Mater. Res., Vol. 10; No. 5, May 1995

-

bttt e R

N e e ————




e e

A.D. Westwood et al.: Oxygen incorporation in aluminum nitride via exiended defects: Par |

TABLE TII. Calculated oxygen concentrations using a Monte Carlo simulation for the eight proposed planar IDB models. The model of
Youngman®® and the model based on the experimental data presented here™ are the best match with the experimental data. These data also
support the, argument that nitrogen is present at the planar IDB interface rather than pure alumina.

Calculated oxygen concentration

Model ' Boundary width {nm) Composition 110 nin 600 nm

McKeman et al.'® . 0.433 AlO 12.8 14.8
1/3 unit cell-of alumina - -

Westwood™ 0.458 AION - 17.8 19.5
(EL1) slab of AION ’

Hagcge el a[_IE 0.174 A]ng 9.0 - 104
R = 1/3{1010) + 0.35(0001)

Hagege and Ishida® (.075 AlLOy 3.0 . 58
R = 1/3(1010) + 0.15(0001)

Haris ef al.'? and MeCartney er al.? S 0165 Al Oy 9.3 109
R = 1/3(1070) + 0.333(0001}

Youngman® : 0.165 AlOsN 6.7 7.7
IDB
R = 1/31010) + 0.333(0001) )

Westwaod™® 0,192 Al;OaN 7.1 ) &1
tDB
R = [/3{1010) + 0.387{0001)

Westwood>? 0.192 AlrOs : 8.2 0.5
1IDB ’

R = 1/3{1010} + 0.387(0001)

IDB: the effect of aluminum vacancies, the number
of oxygen atoms around the octahedrally coordinated

aluminum, and possibly to confirm the experimentally -

measured c-axis displacement of (0.387(0001).

A large number of supercells were constructed,
each containing a different IDB structure and chemistry.
The energies of each of the different supercells were
calculated, then compared against each other, and also
against the theoretical energy of the supercell structure in
order to determine their relative stability. Initially, pure
IDB’s comprised of all Al-Al or N-N bonds across
the basal plane interface [as shown in Fig. 2(b)] with no
oxygen and without the introduction of a translation were
studied. The program was unable to find an equilibrium
minimum energy configuration for these structures, indi-
cating that this type H IDB interface is highty unstable,
and the likelihood of its existence would be small, This
result agrees with the antisite energy values for this type
of interface based upon Van Vechten’s* approach (see
Table I} where an AIN (0001) IDB interface would have
a large energy of 12.9 Jm™ 2

Models comprised of octahedrally coordinated alu-
minum, surrounded by nitrogen, and incorporating a
translation were next considered, and minimum energy
equilibrium  structures were found. However, the en-
ergy changes AE were positive which indicates that
these would not be stable configurations. However, the
replacement of nitrogen with oxygen at the interface
provided a dramatic improvement in stability, going

from a positive to a negative AE, This indicates that
incorporating the oxygen within the planar defect is
energetically more favorable than having it randomly
distributed through the structure. This structural configu-
ration was found to be most energetically favorable when
oxygen atoms occupied three out of four nitrogen sites
at the interface. These atomistic calculations therefore
confirm the TEM and AEM results, and support the
conclusion that these defects require oxygen to stabilize
the interface.

Evaluation of the c-axis component of the dis-
placement vector was conducted in two ways. First,
in the minimization process, the lattice vectors of the
supercell are allowed to vary, so that any relaxation
across the interface (both perpendicular to the c-axis
and parallel to the ¢-axis) will automatically result in a
displacement which can be compared with experiment.
Second, the initial magnitude of the c-axis displacement
across the interface was varied from 0.11{0001) to
0.61{0001) (and relaxation allowed). In both cases, the
structure and the displacement across the interface after
energy minimization was always found to be the same,
independent of the starting input.

The equilibrium structure of the planar IDB that
was consistently output is shown in Fig. 13. Two struc-
turally important observations can be ‘made: first, the
oxygen-nitrogen. mixed basal plane on either side of
the octahedrally coordinated aluminum IDB plane is not
perfectly planar. and second, the distance of the adjacent
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FIG. 12. A comparison of an experimental oxygen concentration
profile [Fig. 10(b}] with a simulated oxygen profite using the model
proposed by Harris ef f., with the basal planes adjacent to the
octahedrally coordinated aluminum atoms having an oxygen nitrogen
ratio of 3:1.

basal planes on either side of the IDB is shorter due
to the influence of the tetrahedral Al-O bond (Al-O =
0.176 nm; AI'=N = 0.191 nm). The distance between the
oxygen atoms on either side of the boundary was calcu-
lated to be 0.394{0001) (0.196 nm), and the distance be-
tween the nitrogen atoms was calculated as 0.257{0001)
{(0.128 nm). The octahedral Al-O bond at the IDB
interface is 0.204 nm, and the AI-N bond is 0.191 nm;
the difference is due to the varying c-axis displacement
of the oxygen and mitrogen atoms from the central
aluminum IDB plane. The difference between the tetra-
hedral Al-O bond adjacent to the IDB and the octahedral
Al-O bond at the IDB is believed to be due to the
repulsive influence of the nitrogen displacing the oxygen
atoms on either side of the IDB away from the central
aluminum plane, resulting in an increased bond length.

A difficult question arises when trying to quantify
the displacement vector across the boundary because
of the “puckered” basal plane structure on either side
of the octahedral aluminum plane, Three possible values
are available based upon -the calculations: a simple
weighted average of the oxygen-oxygen and nitrogen-
nitrogen distances results in R = 0.358(0001), the
oxygen-oxygen distance provides R = 0.394{0001}, and
lastly, taking only the nitrogen-nitrogen distances gives
R = 0.257{0001). However, the last case can be ruled
out because the distance is much less than observed
in the experimental images. The two remaining values
for the displacement vector are both in good agreement
with the experimentally measured value.

Changing the oxygen content at the interface had the
effect of adjusting the equilibrium c-axis displacement.

0.198nm (0.394c) 0.128am {D.,257c|
@-0 Dlstanss N:N Distance

FIG. 13. A {1120} projection of the eguilibrium [DB structure based
upon the atomistic calculations. The large circles represent aluminum,
the small dark circles are oxygen, and. the small light gray circles
are nitrogen. The various bond lengths are indicated, along with the
oxygen-oxygen and nitrogen-nitrogen distances.

When the interface was comprised of all oxygen with
no nitrogen being present, the c-axis displacement was
found to be 0.333(0001), as suggested by Harris er al.'®
However, this interface was less stable than the interface
structure that consisted of three oxygen and one nitrogen
and a c-axis displacement of 0.358(0001). This observa-
tion indicates that the chemisiry of the interface is the
primary controlling factor determining the equilibrium
interface structure; and further that the composition
suggested by Westwood er al** is correct.

‘The role of aluminum vacancies on the interface
structure was also investigated. The calculations indi-
cated that incorporation of aluminum vacancies at the
octahedral aluminum sites (center of the IDB) or adja-
cent to the oxygen-rich basal planes was not favorable.
Therefore, aluminum vacancies may be considered to be
repelled from the planar IDB interface.

Some degree of distortion on one side of the inter-
face was observed, which appeared to indicate a twist,
supporting the CBED results and the HRTEM observa-
tions of McCartney et al.®® This twist was lost on mov-
ing away from the interface. This is probably due to a
small amount of strain being present at the interface,

possibly resulting in part from the distortion in the octa-

hedral structural unit due to the presence of nitrogen.
The c-axis displacement across the IDB obtained
from the atomistic calculations, 0.358{0001), matches
reasonably well with the weak-beam measured value of
0.387{0001). Interestingly, these values are both very
close to the u parameter value for AIN, 0.3821(3),
reported by Schulz and Thiemann,” and 0.385 reported
by Jeffery and Parry.”® The u parameter is a measure
of the Al--N separation along the c-axis in the wurtzite
structure and expressed as a ratio of the c-axis. The
similarity between the interface displacement and an
important crystal structure property may also have an

influence on the final interface structure, since this would
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minimize distortions within the crystal, thus minimizing
the overall energy of the system.

Finally, in an attempt to determine between displace-
ments in the c-axis of 0.358(0001) and 0.394{0001),

supercells were constructed for HRTEM image sim-’

ulations containing structures with displacement vec-
tors of R = 1/3(1010) + :358(0001) and R = 1/3
{10103 + 0.394(0001). Both models contained the relax-
ation in atomic spacing on ¢ither side of the IDB due to
the shorter Al-0 bond lengths. An almost perfect match

~ between the experimental image and simulated image
was achieved with R = 1/3{1010) + 0.394{0001) as’

shown in Fig. t4(a). Figure 14(b) shows the match be-
tween the experimental and calculated intensities across
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FIG. 14. (a} An cxperimental image of the planar 1DB, with a
simulated image of the interface structure superimpesed across the
boundary. The simulation image was constructed based upon the
calculated structure and with R = 1/3{10T0} + 0.394{0001} and with
the relaxation due to the short Al-O bonds adjacent to the interface.
(b) A plot of experimental (dashed line) and calculated intensity {solid
line) hased on the model versus distance on either side of the [DB;
the excellent match can ciearly be seen supporting the conclusions
regarding the structure, displacement vector, and chemistry of the
planar [DB,

the IDB; perfect registry between the atomic plancs
is achieved with this model. Therefore, the displace-
ment vector for the planar IDB is R = 1/3{1010) +
0.394(0001).

IV. CONCLUSIONS

The planar boundaries observed in oxygen-contain-
ing AN are inversion domain boundaries (IDB’s). These
interfaces require the presence of oxygen for them to be
stable in the AIN matrix. The interface is comprised of
a basal plane of aluminum atoms, octahedrally coordi-
nated to oxygen and nitrogen atoms in the ratio of 3 to
1. This was verified by HRTEM, AEM, and atomistic
calculations. The displacement vector for the interface
has been measured experimentally, and was found 1o be
R = 1/3{1010} + 0.387{0001}). Atomistic computer sim-
ulations verified the intertace structure and chemistry and
determined the displacement vector to be R = 1/3(i010)
+ 0.394{0001}. This result is in good agreement with
the experimental results. The calculations also revealed a
contraction of the basal interplanar spacing on either side
of the IDB due to the Al-O bond, aluminum vacancies
were repelled from the interface, and that a distortion in
the form of a twist was present on one side of the inter-
face, supporting the HRTEM and CBED observations.

"These resuits reaffirm the importance of chemistry as
a controiling factor in defect formation, and also the host
crystal structure, in which the defect is expected to sit.
The role of chemistry is emphasized by the observations
and calculations which indicate the requirement for
impurities to be present to allow the formation of IDB’s.
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