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The coincidence site lattice (CSL) theory is very successful in detecting grain boundaries with low
energy and is applied to zinc oxide and aluminum nitride. Special symmetrical tilt ZnO-grain
boundaries in a-axes orientation with low X values were selected for molecular dynamics simula-
tions. The calculations lead to stable atomic structural units at the grain boundary core with 8 or
10 atoms, which have different bonding lengths than those in the single crystal and, hence, promise
special electronic properties. The experimental HRTEM images show the well-defined atomic
structure of C5L grain boundaries compared to others.

Die Koinzidenztheorie (CSL) ist sehr erfolgreich fir die Bestimmung von Korngrenzen mit perin-
ger Energie und wurde angewendet fir Zinkoxid und Aluminiumnitrid. Spezielle, symmetrische
ZnO-Kipp-Korngrenzen in a-Achsen-Orientierung mit niedrigen Z-Werten wurden ausgewihlt fiir
molekulardynamische Simulationen. Die Rechnungen fihren zu stabilen, strukturellen Einheiten
im Kern der Korngrenze mit 8 oder 10 Atomen, die verglichen mit dem Einkristall verschiedene
Bindungsldngen aufweisen und daher spezielle elektronische Eigenschaften versprechen. Die ex-
perimentellen HRTEM Aufnahmen zeigen die wohldefinierte, atomare Struktur der CSL Korn-
grenzen im Vergleich zu anderen.

1. Introduction

Using ceramic materials, special electronic devices, like transistors, will become more
stable and can operate at higher temperatures. These electronic devices require a spe-
cial bicrystal with well-defined atomic structure in order to perform a certain structure
of the electronic density of state. At zinc oxide varistors [1 to 9] the double Schottky
barrier at grain houndaries has been studied already in detail and simulations of the
electronic behavior already show the important influence of the grain boundary thick-
ness [1]. In order to understand this behavior, HRTEM investigations have been car-
ried out to detect the crystalline structure of grain boundaries [2, 4 to 6]. The grain
boundaries usually have lower density of atoms than the bulk specimen, so this device
finally possesses a more narrow band gap than the single crystal. Also alumina with its
high temperature resistance has already been studied for this purpose [10]. The bond-
ing lengths among grain boundary atoms were found to be different than in bulk mate-
rial. Examples for the successful use of special grain boundaries are the weak links in
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some superconductor devices and examples for the open structures at grain boundary
have been found especially in materials with large unit cells like spinell or perovskite
structure.

For the classification of special grain boundaries several geometrical models have been
developed, the most famous one is the coincidence site lattice (CSL) theory [11 to 14],
but also the coincidence of reciprocal lattice planes (CRLP) [15 to 17] and the d-spa-
cing-concept [13, 14, 18] are well established and are described in detail later. The
latter one is called in this paper the model of low index lattice planes of supercells
(LIPS). Among all grain boundaries in polycrystalline materials special boundaries can
be classified by a low value of £, which describes the density of coincidence points
according to the CSL theory. These special boundaries have other properties than ran-
dom boundaries, particular the grain boundary energy is generally lower. The structural
unit model [13, 14, 19] was able to show that these grain boundaries consist of special
atomic configurations in the grain boundary core which are significantly different com-
pared to the coordination of atoms in the single crystal. The structural units are found
to be stable over a wide temperature range. The structural unit model has successfully
been used for the description of the atomic structure of grain boundaries not only in
metals.

Zinc oxide possesses wurtzite-type structure which consists of the hexagonal lattice
with a cfa ratio of 1602, Aluminum nitride has the same structure and nearly the same
cla ratio, so all results of this paper concerning the geometrical relationship of grain
boundaries are valid for both materials. Also the ¢/a ratios of other materials with wurt-
zite-type structure are close to this value, such as for InN, MnS and one modification of
TaN, while, however, for gallium nitride the ¢/a ratio (1.622) deviates too much.

The aim of this paper is to describe the successful search for special grain bound-
anes in ZnQ and AIN by using three different geometrical models. The atomic struc-
ture of the most promising ZnO grain boundaries was calculated by molecular dy-
namics simulations and the structural units are analyzed. The experimental observations
with high resolution transmission electron microscopy (HRTEM) described in the fol-
lowing section support these results and are finally discussed by comparing them to
other results.

2, Methods
2.1 Coincidence site lattice (CSL)

The basic idea of the coincidence site lattice theory [13] is that special grain boundaries
are defined by assuming a hypothetical three-dimensional interpenetrating of both lat-
tices, at which one part of the atoms (1/X) are sitting on coincidence positions which
belong to atomic positions in both grains. The lower the X value, the more atoms are
sitting on coincidence sites belonging to atomic positions of both lattices. Thereafter the
grain boundary plane is defined, which means that the definition of the X wvalue is
independent of the choice of this plane,

The X value was calculated by geometrical analysis of the coincidence in plots of the
atomic structure. The search was focussed on symmetrical tilt grain boundaries (STGB)
where the two facing grains possess the same zone axes, but are rotated to each other
around this axis by the angle of misorientation & as shown in Fig. 1.
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Fig. 1. Definition of the angle of misorientation @ for symmetrical tilt grain boundaries

2.2 Coincidence of reciprocal lattice points (CRLP)

The coincidence of lattice points in reciprocal space [15 to 17] is worthwhile to be consid-
ered, because each lattice point in the reciprocal space represents a set of parallel planes
in real space, as seen in a TEM diffraction pattern. Hence, the coincidence of reciprocal
lattice points of two lattices means a perfect matching of real space lattice planes. In
order to find these coincidences, the total sum of overlap of the reciprocal lattice points is
calculated and summed up by a computer program [16]. The algorithm used in this pro-
gram treats the reciprocal lattice points as spheres with a certain radius and their sum of
overlap is plotted as a function of the misorientation angle, as explained in detail else-
where [16]. By varying the size of this radius also grain boundaries with near coincidence
[10, 20] can be found (indicated in this paper with X in parentheses), which means, a
close degree of parallelness and similarity in interplanar spacing. The calculation is ap-
plicable for any homophase or heterophase interface very easily and the results are con-
sistent with experimental observations for a variety of materials [16, 17].

2.3 Low index plane supercell (LIPS)

The idea to consider the low index planes of supercells (LIPS) [14, 18] of grain bound-
aries arose by comparing interfaces with crystal surfaces. If low index planes lie parallel
to the boundary plane, they have a larger lattice spacing, the so called d-spacing. The
atomic density in these low index planes is higher than in other planes and hence, these
boundaries should have special atomic arrangements, and properties as well. This mod-
el is also known as the d-value model. The search was performed by using the stereo-
graphic projections and commercial computer programs for crystallography. For the
chosen zone axis the low index planes were scarched for and then their corresponding
angles of rotation /2 were calculated.

2.4 Molecular dynamics

After the above described geometrical analysis the atomic structure of these grain
boundaries is calculated by the molecular dynamics method. The upper half of the MD
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supercell was determined by rotating the unit cell and the lower half is formed by a 18(°
mirror operation. The supercell was chosen to have at least a size of about 10 x 3 x 1 nm’
with about 4000 atoms, in order to avoid any interaction effects between the two grain
boundaries which are formed by using the periodic boundary conditions. The MD calcula-
tions were performed by using the program “Moldy™ which includes the long range Cou-
lomb interaction by performing the Ewald sum in reciprocal space. This code has been
tested for several material science problems [22, 23]. The forces between Zn-0 and O-0O
atoms are calculated by the Buckingham potential with a parameter set which has been
successfully used for calculations on zinc oxide [3, 9, 21]:

—F (N

- ..-"1. cxXp (F) - _F_E .

The parameters were A = 529.7 eV, B = 0.03581 nm, C = 0 for the Zn?*-0*" bonding, and
A=954796eV. B =0.021916 nm, C = 32 x 10" nm forthe O~?-0~? bonding. The calcu-
lations were performed in the N, p, Tensemble at constant atmospheric pressure. By sev-
eral trials the following sequence for the temperature schedule was determined in order to
find the energy minimum of the system: 4000 time steps at 950 K, then slow cooling in five
steps to 300 K and again running 2000 time steps. Temperatures higher than 1000 K were
found 1o cause a large disordering within the grain boundary region and were avoided.
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3. Results
3.1 Geometrical analysis

The geometrical analysis was focussed on symmetrical tilt grain boundaries with a cer-
tain angle of misorientation &, as defined in Fig. 1. Using the CRLP model the sum of
the coincidence lattice planes A{&) is plotted in Fig. 2 as a function of the misorienta-
tion angle for the three zone axes [0001], [1010] and [1120] in the four-point notation
and [001], [110] and [120] in the three-point notation, in the following called c-, a-,
b-axes. This sum represents the intensity of the coincidence and shows several peaks
al angles where grain boundaries with a large amount of coincidence sites occur.
The heights of these peaks are proportional to the amount of coincidence and are
indicated in Table 1 with the letters vw for very weak, w weak, m middle, s strong,
ss super strong. The values of the corresponding angles give the orientation relation-
ship for the grain boundaries with high coincidence.

In order to check this analysis, the two other models were also applied and the com-
parison of the results of the three methods, the CSL, CRLP and LIPS model, is shown
in Table 1. The angle of misorientation & is printed in the first column of this table and
in the second column the exact X values (or the near X values in parentheses) are
printed. The third column displays the results of the CRLP-model calculations, which
were taken from the plot in Fig. 2. The corresponding angles & which are in most cases
the same as for the other models are printed in this column of the table. Finally in the
last column the result of the LIPS model is presented: The normal directions [uvw] of
low index planes parallel to a STGB-grain boundary were searched for and are dis-
played in three-point notation. These directions are identical to the 1807 rotation axis in
the CSL model. Another criterion used for this analysis is the final size of the resulting
supercell. Thereafter, for each of them their misorientation angle was calculated and
inserted in the corresponding row of the table.
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Fig. 2. Intensity of the coincidence
of reciprocal lattice points (CRLFP)
a% a function of the misorientation
angle of ZnO and AIN symme-
trical tilt grain boundaries for
the three zone axes a) [0001].
b) [1010], ¢ [1120]

intensity

misarientation angle

The three methods show mostly identical results, as can be seen by the good agree-
ment in the angles for grain boundaries detected by the exact geometric CSL and
LIPS models (column 1) compared to those found by the (numerical) CRPL model {col-
umn 3). For the grain boundaries with c-axis orientation the coincidence is the same for
all hexagonal lattices no matter which c/a ratio they possess [12]. For the c-axis orienta-
tion, due to the sixfold symmetry, there are two different ways to describe the crystal-
lographic direction of any plane containing this c-axis. For this zone axis the computer
program using the CRLP model cannot predict all special grain boundaries and also
the angle sometimes deviates of more than 1 compared to the other models, which has
to be considered in a further version of this program. For the a- and b-axes all three
models showed several special grain boundaries in good agreement. The CSL model
[12] describes two cases of exact coincidence, £ = 13 and £ = 17, but also all other
cases of near coincidence found independently with the two other models are of physi-
cal relevance and have to be considered. The peaks indicating the coincidence are
rather weak and sometimes disappear if the size of the reciprocal lattice points is chan-
ged, indicating that the coincidence of these boundaries 15 not so sharp. The cases were
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Tabkle ]

List of symmetrical tilt boundaries for three different zone axes detected by three differ-
ent methods and comparison of the calculated angles

misorientation C5L model CRLFP model LIPS model
angle & L values &, peak int. cell planes
z=[001]

17.9° k| - [740]or[510]
21.8° 21 225" m 120]or[410
278 13 323w 310]or|2 3 0]
382 7 383" m 210)or[140
46.8° 19 - 170]or[230]
6.0 3 60,07 s5 110]or[210]
z=[110]

10.4° {49) 8.5 w 12 10)

20.4° (17 203 w 126

12.2° (19) 242% w 125]

30.1° (31) 30.5% w 124

34.2° (43) 342 m 247

T (35) 405 m 123

496" (33) 504" m 367

56.8° {21) 56.2° m 123]

66.2° (25) 66.2° w 510 8]

71.67 (49) T2 w 243

7847 (29) 783" w 364

B5.6° (15) 863" 5 121]
z=[120]

22.6" (23 226° w 103]

2498 13 21" w 601]

36 (21 23w 102]

408" - 40.8° m -

436" (59) 4307 vw 401]

56.2° 17 - 301]

50.9° - 508 w -

654" 13 68.2% w [101]

T5.8° - 755" w -

T9.4° 17 BO.07 w [201]

u7.8° (25) HR.O7 vw [503]

L0004 {19} GO w [4 03]
108,87 - 108.17 w —
118.8¢ - 1188 w -
130.8° (15) 130.8" m [304]
148.2" Rk} 148.2° w [5011]
162.2° {43) 1625 w [104]
173.8° - 173.8° vw -

the size of the supercell was beyond the capability of the computer program are indi-
cated with a vertical bar. The indices of the grain boundary plane sometimes show
rather unexpected high values due to the special hexagonal lattice geometry. Each
method has its advantages and the combination of all of them gives reliable results. The
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results of this geometrical analysis depend only on the lattice symmetry and are there-
fore valid for all materials with hexagonal crystal structures with a c/a ratio of 1.604,
especially for ZnO and AIN.

3.2 Molecular dynamics calculation

For the most interesting of these ZnO
grain boundaries with the zone axis
[110] shown in Fig. 2b the atomic
structure was calculated using the MD
simulation. The results are shown iIn
Fig. 3 as the average atomic positions
at 300 K, where Zn atoms are dis-
played with a large radius, O atoms
with a small radius. The scale of each
drawing is 2 x 5 nm’, but the sizes of
the supercells were 6.6 x 3.0,
9.3 = 6.4, 16.0 x 7.2, 13.0 x 5.4,
14.0 x 3.8, 9.8 x 3.6, respectively, n
F‘Q'. *i‘i' the given order of Fig. 3. The misor-
' P ‘* . Pa ientation angle has to be considered
"‘*".‘ ) " ) EP lc-llS[F’. because thI:E aluhmi? base
(P Pt B P Y e B b bl as a lower symmetry than the lattice.
Ff:"*::“‘f’:é‘:"':é Three types of atomic structures at the
’iﬂmzﬂzﬂm:d: core of grain boundaries in zinc oxide

L - . o ’ can be defined: 1. Those with well-de-

o %‘d 101.6, (£29) fined structural units which are signifi-
%

cantly different than in the single crys-

TF L EE
40409

"-ul.u.-hml\ tal, 2. those with six-atom rings at the
& of : grain boundary core with a similar ar-
rangement as in the single crystal, and

o ‘ finally 3. unstable or undefined atomic

structures, indicated in Fig. 3 by mis-
matches in the atomic columns of the
T three unit cells perpendicular to the

zone axis (e.g. right part of the 62° and

X3 .
.‘ -“ the 130.4° grain boundary).

ses

Fig. 3. Atomic structure obtained by molec-
ular - dynamics (MD) simulations of some
special symmetrical tilt boundaries in Zn0O
as a function of the tilting angle & (in de-
grees) between the grains
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Fig. 4. MD structural model for the core of the
101.6% (X29) grain boundary indicating the bonding
lengths in units of 0.1 nm (=1 A) compared to the
bulk structure with .195 and (L1%9 nm

101.6, (229)
—

\

Well-defined structural units were found for
the 38.7" (X35), 101.6" (£29), 85.6° (X15) grain
boundaries. The boundary with an angle of
101.6° contains nings with 10, 8 and 4 atoms n
an alternating, but well-defined sequence. It
has a symmetry plane parallel to the boundary
plane. The core of the 38.7° (£35) grain
boundary consists of clusters of 10 and 6 atoms
with a wvery short repeat length. The 85.6°
(£15) boundary possesses an alternating se-
quence of 10-10-10-B-atom rings.

The 62.0° (£25) boundary belongs to the sec-
ond type of boundaries and consists of rings con-
taining the usual number of six atoms as typical
for a single crystal. However, they are slightly
deformed. This structure has been found in the
middle part of Fig. 3, while in the left part one
structural unit of the 38.7° boundary appears as a
defect. Also the unstable arrangement of atoms
15 a defect structure which does not effect the
main result for this boundary. Finally, the third
type of boundaries 15 the largest group contain-
ing those with larger & values, random bound-
aries and non-symmetrical boundaries showing
no clear periodicity in the MD simulations.

The bonding lengths of the 101.6° (X29)
boundary have been analyzed in detail, as
shown n Fig. 4 in larger magmbication. Some
Zn-0 bonds are compressed to less than (.18 nm or stretched to more than 0.22 nm at
the edges of the rings, compared to the bonding length of 0.195 and 0.199 nm in the
single crystal. The deviations are sigmficantly larger than the broadening due to ther-
mal vibrations and are supposed 1o change the electronic properties.

3.3 Experimental results

Grain boundaries in polycrystalline ZnO, sintered at 1280 °C for 4 h, were imaged by
HRTEM using a Topcon 002B. In low magnification (Fig. 5) the microstructure clearly
shows straight grain boundarnies indicating a late stage of sintering. However, by analyz-
ing the diffraction pattern no special CSL relationship between the grains could be
found. as frequently observed in sintered polycrystalline materials. Hence, the grain
boundary core as found in the HRETEM images (Fig. 6) has no periodic atomic struc-
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Fig. 5. TEM micrograph of sint-
ered (1280 *C, 4 h) Zn0 micro-
structure
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Fig. 6. HRTEM micrographs of random grain boundaries in polverystalline Zn() imaged with dif
ferent zonc axcs, showing crystalline grain boundary structure
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Fig. 7. HRTEM micrographs show the difference of a) a special grain boundary (62°) compared to
b) a randem boundary (6% . without any special coincidence )

ture. All these grain boundaries were crystalline and not amorphous, indicating the
stability of the wurtzite structure even in the grain boundary core.

However, special grain boundaries were found in an internal oxidized Pd-Zn alloy
[24]. Within the Pd matrix ZnO precipitates are formed with a size of 100 nm. These
precipitates contain symmetrical tlt grain boundaries in a-axis orientation, which were
imaged by HRTEM using a JEOL 200CX with a point-to-point resolution of 0.20 nm
operated at 200 kV. The analysis of the HRTEM micrographs shows that the angle of
these grain boundaries changes according to the growth mechamsm and the minimum
of phase energy [25]. The boundaries with an angle of 62° according to the special CSL
orientation relationship of near-Z225 have a well-defined structure: The contrast of the
lattice planes in Fig. 7a clearly indicates the well-defined atomic positions with periodi-
city in the contrast. Hence, the atomic structure consists of stable structural units. For a
grain boundary, however, where the tilting angle is increased only a few degrees to the
value of 68", the comadence s lost and a non-periodic structure 15 formed. The
HRTEM micrograph of this boundary (Fig. 7Tb) has a dark, unclear contrast, indicating
strain fields due to irregular, not well-defined atomic positions.

4. Discussion

The experimental HRTEM micrographs are the evidence, that for ane oxide, as for
many other materials the same rule is observed: The CSL boundaries have really a
special atomic arrangement compared to the other randomly oriented ones and the
well-delined structural units with their ordered atomic positions with low peniodicity are
unique for those special tilting angles where the coincidence rule is fulfilled properly.
The geometrical analysis leads to special grain boundaries with rather high X values
compared 10 metals, which can be explaned by the lower symmetry of the wurtzite
structure.
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The MD calculations for the experimentally observed 62° (X25) boundary (Fig. 7a)
showed the presence of structural units. The same boundary was observed by HRTEM
and in this image also structural units are present indicated by the periodic contrast.
However, at the boundary with an angle of 68°, which means a boundary out of low
coincidence, those units were omitted indicated by the non-periodic contrast. Quantita-
tive image calculations in order to determine the atomic positions exactly should be
performed in future to prove the agreement between calculated and observed structural
units. Each structural unit at the grain boundary consists on atomic scale in three variants,
whether the Zn0O tetrahedera are facing at the boundary plane tip-to-tip or bottom-to-
bottom or tip-bottom. This arrangement of the tetrahedera will lead to a positively
charged boundary, a negatively charged or a non-polar boundary, similar as calculated for
SiC [26] with zincblende structure. With the recént progress in quantitative HRTEM
contrast analysis it should be possible to distinguish these variants experimentally.

The molecular dynamics calculations presented in this work were able to find ZnO
grain boundaries with stable structural units, Rings with 6 atoms have a similar mor-
phology with those of the bulk crystal, they certainly have the lowest energy. Rings
containing a smaller number of atoms than the single crystal rings (4) have a larger
energy, because there the atomic coordination is changed drastically. On the other
hand, at the 10-atomic ring the bonding lengths (Fig. 4) are in average smaller than in
the single crystal, which will lead to a larger energy due to the asymmetry in the poten-
tial. Both effects are obviously contrary and are worthwhile to be studied in detail. The
structural unit model successfully applied for metals could explain the well-defined se-
quences of structural units, which will change systematically by increasing the angle of
misorientation. In order to prove the whole range of misorientation angles for ZnO
grain boundaries, more effort has to be done, since it cannot be excluded that there
might exist other grain boundaries with stable structural units.

In zinc oxide the part of covalent bonding is rather high, which supports the short-
range structural elements like atomic rings or clusters. The extreme would be an amor-
phous structure with only short-range order as observed when the guartz structure of
510, is rapidly quenched to glass material. These amorphous structures, however, are
not observed in ZnO, even at random tilt- or undefined grain boundaries as observed
by the HRTEM micrographs in Fig. 5. Hence, also other forces must act: The ionic
bonding forces between the Zn*"- and O° ions have rather large, long-range interac-
tions. This is the reason, why the coincidence concept works well for ceramics with high
amount of ionic bonding, like CdO or MgO [13]: The purely geometrical concept of the
coincidence model makes sense not only for metals where each lattice point represents
an atom, but also for ceramics, where the unit cell contains more than one atom and,
hence, the lattice points are not directly related any more to atomic positions. These
long range Coulomb interactions are the physical principle, why the CSL theory works
with great success also for ceramics.

Aluminum nitride has the same crystal structure and nearly the same c/a ratio as zinc
oxide, so the results of the geometrical analysis are the same as for ZnO. But it is
known, that nitrides generally have a higher amount of covalent bonding and especially
the bonding angles are more stiffer in these materials. MD calculations using the three-
body potential with the Born-Mayer-Higgs-type [27] have been successfully used for
simulating the thermal conductivity of AIN single crystals. Concerning the grain bound-
ary, the structural units predicted for ZnO could be even more stable in AIN.
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The atomic structural units for ZnO grain boundaries show open structures with rings
of atoms with a larger number of atoms than in the single crystal. This excess volume
allows electrons of the conduction band to be trapped in this energetically favorable
places. because they are repulsed from the deep potential of the valence electrons into
the emply space at the grain boundary core. Hence, the electronic band gap of grain
boundary atoms will be smaller as shown in a previous works on alumina [10]. It is the
goal of further engineering on atomic scale to influence this gap and the barrier height
at grain boundaries more precisely for practical applications by taking the advantage of
the results published in this paper. The next step after experimental verification will be
electronic band structure calculations, so that the goal, producing a ceramic transistor
with higher temperature performance, will be reached in near future.

5. Conclusion

The geometrical analysis using three different models gives for the first time a complete
list of the most interesting symmetrical tilt grain boundaries with wurtzite-type structure
and is valid for ZnO and AIN. At special ZnO grain boundaries atomic structural units
have been found which are stable after long-time MD simulations. The units consist of
rings with 10 or 8 atoms. more than in the single crystal and have a large excess vo-
lume. The bonding lengths between atoms for the most promising candidate for varistor
applications have been characterized. The experimental HRTEM micrographs show in-
deed the occurrence of structural units for the coincidence boundary and non-periodic
contrast for the non-coincidence boundary.
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