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Atomic Structure of Heterophase Interfaces

K. L. Merkle, M. I. Buckett and Y. Gao
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Abstract ---High-resolution electron microscopy (HREM) has been used to study internal

interfaces between dissimilar materials, notably ceramic/metal interfaces. Structures observed for

systems with small and large misfits are compared in metal/metal, metal/ceramic, and

ceramic/ceramic boundaries. The interfaces were prepared by a variety of techniques, including

internal reduction, internal oxidation, and epitaxial growth by MOCVD and special thin-film

techniques. While interfaces produced by internal oxidation and reduction in fcc systems

typically form boundaries on (111) planes, non-equilibrium boundaries have also been generated

using special thin film techniques. Ali boundaries can be characterized by their tendency to form

coherent structures. While it appears that the amount of misfit and the bond strength primarily

determine the degree of coherency, kinetic factors and substrate defects also seem to play an

important role in determining the local defect structure at the boundary and the type of misfit

localization.
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1. Introduction

The unavoidable atomic disorder at a heterophase interface, which is due to

different lattice parameters and/or structures on the opposing sides of the interface,

necessarily gives rise to the formation of defect structures which seek to accommodate the

mismatch at the interface. The mechanical strength and other properties of heterophase

interfaces must ultimately be related to the atomic structure and the atomic interactions at the

interface.

Obviously, observations which relate to the atomic structure of such interfaces are

important for an understanding of the connection between properties and microstructure.

Also, simple concepts about the formation and the atomic interactions at such interfaces

may be elucidated by such studies. High-resolution electron microscopy (HREM) has been

shown to be a valuable tool for atomic-level examination of metal/ceramic and other

heterophase interfaces [1, 2].

The present paper is concerned with the HREM observation of a number of

heterophase interfaces, which differ by their misfit, crystal structure, boundary type, and

method of preparation. We report here on simple systems which do not form reaction

layers at the interface. Most of this work is concerned with fcc metal/metal-oxide systems

which have a range of misfits up to relatively large values. Observations on metal/metal

and ceramic/ceramic systems -xe also included for comparison.

lt is found that for practically ali systems investigated a strong tendency exists to

establish coherence of atomic planes across the interface. For interfaces produced under

equilibrium conditions, the interface is typically formed by atomically dense-packed planes.

The detailed structure of interfacial defects depends on the misfit and the degree of misfit

localization.
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2. Experimental

2.1. Specimen prepa_ a_.̀ion

To produce interfaces that could be studied.by HREM techniques, the specimens were

prepared by a variety of techniques:

2.1.1. Metal/ceramic interfaces produced by precipitation:

Copper precipitates were prepared by internal reduction using the following

procedure: The amo:r, hous citrate process was used to prepare 10% Cu doped NiO

powder. Polycrystalline boules were grown by the Verneuil process in an arc-image

furnace. Thin slices cut from the (Ni,Cu)O boule were annealed at 1273 K for several days

in a CO2/CO atmosphere. A CO2/CO ratio near 100 gave reducing conditions for Cu, but

not for NiO and resulted in the precipitation of Cu.

Oxide precipitates in a metal matrix were prepared from Pd alloys by internal

oxidation. Anneals of PdNi0.03 in air in the range 973-1273 K and for periods between 3

and 17 hrs produced NiO precipitates. The precipitates were further annealed for several

hours at 1173 K in a Ar, 0.2% 02 atmosphere which resulted in well-developed planar

interfaces suitable for HREM investigations.

= 2.172. Metalceramic and metalmetal interfaces produced by thin film techniques:

Special thin film techniques for the preparation of heterophase interfaces were

developed and applied for investigations of the NiO/Ag, NiO/Au, MgO/Au, Ni/Au, and

Ni/Ag systems. Briefly, for the Ni based interfaces composite epitaxial thin films,

consisting of Ni particles embedded in the matrix of the other component, were used. The

films were annealed after removal from the substrate and in this manner the interface was
-

free to choose a low-energy equilibrium configuration [3, 4]. The metal/oxide interfaces

were formed by external oxidation of the particle/matrix thin films. Interfaces whose

orientation did typically not correspond to a low-energy configuration were produced for
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the MgO/Au system. Here, small MgO smoke particles were collected (in more or less

random orientations around their <001> axis) on (011) NaC1 substrates that served as

templates for (011) epitaxially grown Au films. The anneals at temperatures near 600 K

were sufficient to form a bond between the MgO particles and the metal film, but did not

affect the original orientation of the MgO, thus resulting in more or less random interfaces,

subject to the above constraints.

2.1.3. Ceramic/Ceramic interfaces produced by MOCVD :

TiO2 thin f'drns were prepared in a cold-wall horizontal low-pressure metal-organic

chemical vapor deposition (MOCVD) system. Titanium isopropoxide (Ti(OC3H7)4) was

used as metal-organic precursor. The precursor vapor was introduced into the reactor by

high-purity nitrogen as carder gas. The TiO2 thin films were grown on (1120) ct-A1203 at

800 °C. Other growth parameters have been described in detail elsewhere [5].

2.2. TEM observations

Mechanical dimpling was used to pre-thin bulk specimen to a thickness of

15 to 30 ktm. Both oxide and metal samples suitable for TEM observation were obtained

by ion-milling on a liquid nitrogen cooled stage. HREM micrographs were taken under

axial illumination near the optimum defocus AF = (1.5Csf.) 1/2 , where Cs is the spherical

aberration constant of the objective lens and _ is the electron wavelength, using a H9000

high-resolution electron microscope operated at 300 kV.

3. HREM of Interface Structure

Interfaces ideally suited for atomic resolution microscopy must fulfill two basic

geometric conditions. First, the two solids on opposite sides of the interfaces must have

r



5
q. •

low-index zone axes parallel to each other fdr a direct interpretation of HREM images in

terms of the positions of atomic columns, l_econdly, the atomic positions of the interfacial

defects must be conf'med to displacements that largely preserve atomic columns which are

parallel to the electron beam. Only if both conditions are fulfilled a simple interpretation of

the observed structures as projections of _tomic columns is possible. While the f'trst

condition is ,always ideally fulftlled in interfaces with suitable epitaxial or topotactical

relationships, the second condition is nol; satisfied if, as is common for heterophase

boundaries, a two-dimensional network of misfit dislocations exists at the interface.

Particularly for dislocations inclined to the viewing direction the structure of the dislocation

core is not directly accessible from I-IF,'.EMimages, but comparisons can be made to

theoretical models when available [3]. Fortunately, in cases where the displacements are

weak or when the misfit is small, quite distinct and qualitatively interpretable atomic

column contrasts can often be obtained. Nevertheless, even such qualitative interpretations

must always be guided by results _om image simulations.

3.1. Interface Geometry

The precipitate morphology in ali fcc systems investigated here is largely

determined by the formation of (111) interfaces, in agreement with previous TEM and

HREM observations on fcc systems [6 - 10]. Figures 1 -3 show precipitates in the cube-

on-cube orientation viewed along <0i 1>. Octahedral shapes defined by the possible (111)

boundaries in the cube-on-cube orientation are approximated by the predpitates with

different degrees of perfection. While NiO precipitates have quite sharp comers where the

(111) faces meet (see Fig. 3), others generally have rounded comers or are truncated at

(100) planes. Macroscopically rounded comers typically are clearly microfaceted on an

atomic scale, often displaying a step length that is commensurate to the quasiperiod of the

interface [11]. In addition to the cube-on-cube oriented precipitates, twin-related

precipitates are found in Pd/NiO. These precipitates are readily recognized by their

_r
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elongated shape along the (111) planes. Several low index symmetric and asymmetric

interfaces such as (211)(211), (111)(511), and (100)(122) have been observed to form
i

minor facets in these precipitates [11].

Interfaces formed by thin f'tlm techniques consist of islands of one phase embedded

into the other phase. Since the geometry of the original islands (i.e. Ni in the Ni-based

systems and MgO in the smoke-particle experiment) are not necessarily in an equilibrium

configuration, the shapes observed after annealing may be indicative of low-energy

boundaries, provided that the equilibrium can be approached. This is clearly not the case

for the smoke-particle experiment, since the annealing temperature was too low to change

the precipitate shape or orientation. However, in Ni/Ag, Ni/Au, NiO/Ag,and NiO/Au the

(111) faces have been found to be clearly preferred. For Ni/Ag this is demonstrated in Fig.

4, which shows the reconstruction of a (110) boundary into (111) microfacets.

MOCVD grown rutile (R) films (TiO2) on (1120) sapphire (S) (0_-A1203) have the

epitaxial orientation relationship" (101)<010>RII(1120)<0001>S. Growth twins are

commonly observed in the f'dms with (101) twin planes and <101> twinning directions

[12, 13]. Note that also in this case of a heterostructural interface dense-packed atomic

planes form at the interface.

3.2. Coherence and Boundary Geometry

The interfacial energy and the binding force between heterophase materials must

depend on the interactions at the atomic level. Strong interatomic interactions favor the

alignment of atoms across the interface. Thus the misfit owing to different lattice

parameters and/or structures is not distributed uniformly, but is localized to reDon_ of

misfit, typically in the form of a two-dimensional network of misfit dislocations.

Table 1 summarizes the misfits associated with the systems that have been

investigated here. A limited amount of information on the geometry of the misfit

dislocation networks can be extracted from HREM observations. While the presence of a

, i,, ,,, .... II ...... Iii
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quasiperiodic structural modulation along the interface and normal to the electron beam is

quite obvious in all of the investigated interfaces (see Figs. 1 - 7), the period often shows

slight variations (typically less than 10 %) from the ideal geometric repeat distance. This

may indicate the presence of residual strains associated with the precipitates. It is important

to note that ali of the interfaces indicate the existence of misfit dislocations, however the

degree of misfit localization varies, as discussed below.

Whenever there is only a small amount of misfit, such as for NiO/Ag, NiO/Au and

for < 10i>R in the rutile/sapphire interface, the HREM observations clearly show the

coherence between most of the lattice planes crossing the interface (see Figs. 4 and 8). At

large misfits, the coherence which exists between some of the lattice planes is often not

very obvious, particularly when the dislocation cores appear somewhat delocalized, such as

in Figs. 1 and 5. A considerable tendency for maintaining coherence between lattice

planes is also noticeable in the interfaces produced between MgO smoke particles and

epitaxiaUy grown Au films (see Fig. 7).

3.3. Misfit Localization and Defect Structure

The strength of the interatomic interaction across the interface is expected to be

largely determining the degree of misfit localization. In contrast to this, the misfit is a

purely geometric quantity, which determines the quasiperiod of the misfit structures, as

long as the interface is free of residual strains. As the amount of misfit changes from one

system to the other, interfaces also show different interface structures. Moreover, different

atomic-scale interface structures may be found in the same system, depending on

processing conditions or other factors.

Figure 1 shows a (111) interface of a Cu precipitate in NiO, viewed along <0 [ 1>.

Although the misfit is quite large (Irll----0.14),a definite modulation in the structure of the

interface can be recognized. The observed structural period corresponds to the expected

spacing of the network of misfit dislocations. The misfit also appears to be distributed over
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several (111) planes on the Cu side and one can see that the (111) Cu lattice fringes in the

region of misfit do not fully meet the NiO plane. More detailed observations and

comparisons to atomic models via image simulations will be necessary to determine the true

nature of the misfit localization and the role of point defects. Certainly, the introduction of

vacancy-type defects may be able to minimize the interfacial energies for large misfit

boundaries that have strong enough bonding for the coherence to be maintained over part of

the interface.

A stand-off effect, i. e. when the misfit dislocation terminates at a short distance

from the interface, was first observed for the Nb/A1203 interface [9]. Presumably, the

energy of the interface is minimized by maintaining perfect coherence for the first metal

layer, while the misfit dislocation is formed at some distance from the interface. Recent

observations of stand-off-free Nb/A1203 interfaces prepared by MBE [14] suggest that the

preparation conditions may have an important influence on interfacial structure.

The Ni/Ag system (11"11= 0.15), which has a similar misfit as the NiO/Cu system,

gives somewhat delocalized misfit dislocation cores (see Fig. 5), but does not show the

stand-off effect. The HREM images are in this case in reasonably good agreement with

image simulations based on embedded atom calculations of this interface [3].

The NiO/Pd system, with ITll- 0.071, lies in the intermediate misfit range, and

shows rather complex HREM images, as seen in Fig. 2 a. The atomic column contrast

appears to be strongly affected in the vicinity of the interface. On the Pd side of the

interface strain contrast effects can be recognized in Fig. 2 a. In this intermediate misfit

range the misfit dislocation network is still small enough to produce strong overlap between

misfit dislocations within the thickness of the sample, while the strain fields also reach far

enough to affect several atomic planes in the immediate vicinity of the interface.

lt is useful to compare the observed images with multislice calculations for a rind

model of this interface. In the model chosen the interface is incoherent and it was assumed

that the interface is formed between (111) oxygen and palladium planes with a Pd-O bond

i
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length of 0.201 nra, as found in PdO. Two dimensional periodicity in the interface plane

was imposed by a slight adjustment (0.2 %) of the Pd lattice parameter. Th _MS suite of

programs [15] was used for the image simulations. The boundary supercell

(7.66x7.16x4.13 nm) contained 11106 atoms. Multislice calculations were performed with

an array of 1024x1024 sampling points up to a total thickness of 12.4 nra. Imaging

parameters appropriate for the experimental conditions at the H9000 were used (Cs = 0.9

mm, convergence semi angle ot = 0.9 mR, objective aperture radius robj = 5.9 nm-1).

Fig. 2 b shows comparisons between experimental and simulated images for a

thickness of 6.5 nm and 3 focal steps. One notes that the HREM observations of the

Pd/NiO interface reflect to a considerable degree the periodic contrast features associated

with the incoherent interface. This points immediately to the complexity of extracting

information on the distribution of misfit from HREM observations in this misfit range.

Although it is clear, particularly from the appearance of periodic strain contrast features,

that the interface is not incoherent, the degree of misfit localization cannot be simply

extracted from the HREM observations. Since even the image simulations for the

incoherent structure were quite large (94 CPU hrs on a 3520 Vax workstation), simulations

involving the detailed variation of the atomic displacements in the vicinity of the interface

would be considerably more complex, lt may therefore not be feasible to try to construct a

model of this interface from HREM observations alone. Nevertheless, more detailed

information on the interface could be obtained from rigid model simulations. Note for

example that the Fresnel-type contrast e_fect in Fig 2b at a defocus of- 14.3 nm is not well

matched and could be due to a small rigid-body translation.

The TiO2/A1203 system _long the <10i>R direction has a misfit ( Iril = 0.059)

comparable to the NiO/Pd system, however displays a completely different structure, as

illustrated in Fig. 9. Here the coherence of the atomic planes in between the misfit

dislocations is so strong that it is difficult to recognize the actual interface plane. The misfit

is very strongly localized at and about the misfit dislocation cores. In this orojection, the
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HREM analysis should not be significantly affected by the presence of a two-dimensional

misfit dislocation network because the misfit in the direction of the electron beam is very

small (see table 1.). However, due to the very large strains (note strain contrast effects in

Fig. 9) that accompany the dislocations, or possibly due to reconstruction in the dislocation

cores, atomic column contrast is not maintained in the dislocation cores and therefore their

detailed atomic structure could not be determined.

NiO/Ag interfaces wh:ch were produced by a thin film technique (see 2.1.2.) have a

relatively small misfit, Illl = 0.022, and are characterized by a cube-on-cube orientation. In

this system (111) interfaces are preferred, however owing to the special method of

preparation, nonequilibrium interfaces are also found. Such a boundary is shown in

Fig. 4, where the arrows indicate the position of the interface. On a large scale, the

interface is curved and incorporates isolated misfit dislocations. A stand-off distance of 2-3

interplanar spacings is observed in Fig. 4. The misfit dislocations appear fairly well

localized in this system [3] and the bending of the (111) planes crossing the interface can be

clearly recognized in Fig. 4. The TiO2/AI203 system along the <010>R direction has the

smallest misfit investigated here (Irll = 0.005) and shows perfect coherence at practically ali

planar sections of the interface, an example of which is shown in Fig. 8. The misfit in this

case is largely taken up at defects associated with steps in the substrate.

MgO/Au interfaces have a misfit Irll = 0.032 if the lattices are in the crabe-on-cube

orientation. Since this is not the case for the smoke particle experiment, a range of

boundaries exist with different misfits, depending on their geometry. The boundary in Fig.

7a, for example, matches (200) MgO planes with (111) Au planes, resulting in a quite

large misfit (Irl[= 0.11). Misfit locali,..ation is also observed at this interface. Atorrfically

well-matched regions can also be observed in Fig. 7b, which shows the transition from one

facet to the next at a curved part of a MgO/Au interface.
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4. Discussion and Conclusions

The dominance of (111) faces in ali fcc systems that have been fully equilibrated

indicates that interfaces formed by these dense-packed planes have low energy. This is in

agreement with theoretical considerations [16] and some observations in grain

boundaries,where dense-packed planes appear to be preferred energetically in ceramics as

well as metals [17 - 19]. The rutile/sapphire interfaces investigated here are also formed by

dense-packed planes. Whereas in a metal/metal system the close-packing of atoms may be

the dominant feature to accomplish a low-energy configuration, (111) planes are charged in

the oxides and oxygen anions alternate with (111) metal cation planes. While the

electrostatic dipole moment of these interfaces will be largely compensated by induced

charges in the metal [20], a net charge on the precipitates also needs to be avoided for

energetic reasons. Hence, these interfaces most likely must incorporate defects on the

oxygen sublattice, but unfortunately these are not expected to be visible by HREM due to

the weak scattering potential of oxygen.

Therefore, the atomic structure of metal/ceramic interfaces must be considerably

more complex than equivalent metal boundaries. Nevertheless, on the level of qualitative

HREM, we have seen considerable similarities between these systems. An important issue

concerns the nature and strength of the cohesive forces and the degree of localization of the

interactions across the interface. Coherence is generally understood as the continuation of

lattice planes and lines across the interface [21 ], while no correspondence between atomic

positions across the interface exists for an incoherent interface. The tendency to establish

coherence reflects the localization of the atomic interactions, while the strength of the

interactions should determine the degree of misfit localization.

Misfit dislocations on (111) heterophase boundaries are expected to form a

hexagonal network [22], as observed for example in the epitaxy of Pd on Au [23]. Here

edge type dislocations of Burgers vector b=a/2<l i0> with line vectors <112> form a
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network of dislocations, two of which are inclined by 30° to the <110> HRM viewing

direction and one of which is perpendicular to <0i 1>. The unit cell dimensions of this

pattern perpendicular and parallel to <0] 1> ( dh, dp ) in nm would be ( 3.3, 1.9 ) and

(6.9, 4.1 ) for NiO/Cu and Pd/NiO respectively. Clearly, such an arrangement of defects

in the interface is expected to disturb the atomic column contrast in HREM images. A

similar netwcrrk of relaxations has been calculated, using EAM potentials, for the (111)

interface in Ni/Ag [3]. In this instance the interactions are relatively ,veak and therefore the

misfit dislocations are not strongly localized. Although a delocalization of the misfit may

be implied f-rom the HREM image of a misfit dislocation in this system, as shown in Fig.

5, simulated HREM images based on the EAM calculations show extremely subtle contrast

effects. Quantitative comparisons therefore must be based on matching of through-focal

series and may still only be able to discr:aninate between strongly different model

structures. On a qualitative level, the periodic contrast features seen in metal/ceramic

interfaces appear typically stronger (see Figs. 1 and 2), which may result from the fact that

in metal/metal boundaries the elastic constants are usually not widely different, while in

metal/ceramic systems the relaxations are often largely limited to the softer metal side.

While in contrast to metal/metal systems, detailed atomic models of the misfit

localization in metal/ceramic systems are not available at this point, HREM has nevertheless

been very valuable for observing possible defect configurations. It has been shown first in

the Nb/A1203 system that the tendency to produce coherency directly at the interface can be

strong enough to have a stand-off distance for the misfit dislocation [9], which can be

understood in terms of minimizing the elastic energy of the system [24]. The observations

on Ag/NiO suggest that such a stand-off effect may also be typical fcr fcc metal/ceramic

systems, lt is interesting to note that considerable variations in the atomic relaxations are

possible even within the same system. Interfaces with and without the stand-off effect

have been observed in the Nb/A1203 system [9,14]. This points to the important role that
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processing conditions, point defects and impurities may play in the formation of the

interfacial structures between a metal and a ceramic.

Within the systems investigated here no evidence for the formation of a second

phase at the interface was found. The possibility of a reconstruction of the misfit

dislocation cores, including differing chemical compositions can however not be excluded,

particularly in complex structures. In analogy we only mention here the reconstruction of

grain boundary dislocation cores in YBa2Cu3OT-x [25]. A reconstruction could, for

example, be associated with the rather strong contrast effects seen in Fig. 9 for the

TiO2/A1203 interface. Clearly, for a full understanding of interfacial structure there is a

need for atomic-scale chemical analysis of the interfacial region aad interface defects.

The observation for Pd/NiO that the precipitates form in the cube-on-cube orientation as

well as in the twin related orientation may have significance concerning the range of the

interatomic interactions across the interface. From the fact that the precipitates can nucleate on

(111) planes in the cube-on-cube as well as on the twin related orientation, it appears that a

reversal of the stacking sequence in the oxide is of only minor influence on the interfacial energy.

Such a behavior could be explained if the interatomic interactions across the interface are

extremely short range, i. e. if second nearest neighbor interactions can be neglected [11].

Precipitates with fully twin related orientation, albeit with a reduced probability, have also been

observed by Lu and Cosandey in the Pd/MgO system [26].

5. Summary

HREM studies on heterophase interfaces in metal/metal, metal/ceramic, and

ceramic/ceramic boundaries have shown a tendency for establishing coherence across the

boundary in ali of the systems studied here.
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In all fcc systems (111) interfaces appear to be preferred energetically.

Interfaces prepared by a variety, of techniques, including internal reduction, internal

oxidation, and epitaxial growth by MOCVD and special thin-film techniques show considerable

similarities in the way in which the misfit is being accommodated.

The degree of coherency differs from system to system and appears to depend both on

the amount of misfit and the bond strength.

The local defect stracture at the boundary and the type of misfit localization also seems to

depend on processing conditions and substrate defects.

Quite short-range interatomic interactions at the metal/oxide interface may be

indicated by the nucleation of NiO on (111) planes in Pd also in the reverse stacking order.

There are considerable difficulties in applying HREM to a detailed determination of the

atomic structure of (111) metal/ceramic interfaces in fcc systems, since misfit dislocations are

inclined to the <011 > zone axis and image simulations based on suitable theoretical models are,

in contrast to metaI/metal systems, not available at presei,t.
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Table 1. The absolute value of the misfit rl (with rl=2(bl-

b2)/(bl+b2), where bl and b2 are, the interatomic distances

along the boundary for the matrix and substrate or the

precipitate and overlayer respectively) covers a wide range

for the interfaces investigated. For fcc systems, cube-on-

cube orientation is assumed.

I II

Interface Misfit

III I II II

NiO/Cu 0.144

NiO/Pd 0.071

NiO/Ag 0.022

MgO/Au 0.032

Ni/Ag 0.15

TiO2/Al203 <10i> R 0.005

(101)R II (1120) <010>R 0.059
i
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Figure Captions

Fig. 1. HREM image of NiO/Cu (111) interface produced by internal reduction.

Fig. 2. HREM images of (111) NiO/Pd interface in the cube-on-cube orientation,

produced by internal oxidation, viewed in <1 i0> direction, a) Complex interface

image. Note periodic strain contrast features on Pd side. b) Through-focal series

with AF indicated on bottom. Top: Experimental images. Bottom : Simulated

images for rigid model. (H9000, 300 kV, Cs = 0.9 mm, ot = 0.9 mR, robj = 5.9

nm-1).

Fig. 3. HREM image of part of a NiO precipitate (top) produced by internal oxidation in

Pd.

Fig. 4. HREM image of a non-equilibrium NiO/Ag interface prepared by a thin f'tlm

technique. Interface position indicated by arrows. Note misfit dislocation at

stand-off distance.

Fig. 5. HREM image of Ni/Ag interface prepared by a thin film technique. Note

matching of (111) planes across boundary outside region of misfit (arrow).

Fig. 6. Ni/Ag (1 I0) interface (arrows) decomposes into (111) microfacets to lower the

total interfacial energy [3].
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Fig. 7 HREM images of MgO/Au interfaces prepared by thin a film technique, using

MgO smoke particles and epitaxially grown Au on NAC1.

Fig. 8. MOCVD grown rutile film (TiO2) on (1120) sapphire viewed along <010>R.

This coherent interfacial region shows perfect lattice match. The interface is

indicated by arrows and can be recognized by the change in direction of the lattice

planes crossing the interface.

Fig. 9. MOCVD grown TiO2 on (1120) sapphire viewed along the <10I>R direction in

the rutile film. Note strong misfit localization.
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