
Abstract The crystallography and texture of

solid-state reactions have been studied using electron

backscatter diffraction (EBSD) in a scanning electron

microscope (SEM). The crystallography of both the

reaction interfaces and the grain boundaries plays an

important role in the kinetics of the formation of the

reaction products. The growth of the reaction products

is dependent upon the transport of ions through the

material, which is, in turn, affected by both the orien-

tation of the reactants and by grain boundaries in the

reactants and in the reaction products. In order to

predict or control the behavior of the reactions, the

crystallography of all the interfaces present in the

reaction must be more fully understood. In the present

study, MgIn2O4 was formed by the reaction between a

single-crystal MgO substrate and a thin film of In2O3

with and without an applied electric field.

Introduction

For many technologically important oxides, solid-state

reactions are either a vital step in the processing of the

materials or a result of the environment in which the

materials function [1, 2]. In cases where the reaction is

part of the processing, the desired material is typically

a product of the reaction between two or more other

materials. In cases where the reaction is caused by

external factors, the result may be a detrimental

change in their mechanical and/or electrical properties.

The effects of high electric fields on oxides that may be

used for their insulating property have been studied

previously [3–9]. These studies have shown that where

the composite material is subjected to high electric

fields, the ionic transport is significantly increased, thus

leading to a higher rate of interfacial reactions. This

change is particularly important along interfaces where

the rate of matter transport is much higher than that

through the bulk [10].

The internal factors that influence the rate of solid-

state reactions—the kinetic processes which occur in

the materials during reactions—can be either interface-

controlled or diffusion-controlled. Either case involves

the transport of structural elements of the crystal and

possibly local reactions between the structural ele-

ments. The crystallography of a material and especially

crystal imperfections have a significant influence on the

transport of structural elements and other kinetic

processes that affect the rate of the reaction [11].

Understanding the influence of the crystallography

and structural imperfections upon the kinetics of the

reaction, requires a complete characterization of the

crystallography of the materials present, which must

then be associated with the localized behavior of the

reaction.

The formation of a spinel by the heterogeneous,

solid-state reaction between two oxides is a model

system for the study of solid-state reactions. The rea-

sons for this are: first, the close-spaced oxygen sublat-

tices of the materials are very similar; second, the

J. K. Farrer
Department of Physics and Astronomy, Brigham Young
University, Provo, UT 84602, USA

C. B. Carter (&)
Department of Chemical Engineering & Materials Science,
University of Minnesota, Minneapolis, MN 55455, USA
e-mail: cbcarter@umn.edu

J Mater Sci (2006) 41:5169–5184

DOI 10.1007/s10853-006-0428-6

123

Texture in solid-state reactions

Jeffrey K. Farrer Æ C. Barry Carter

Received: 14 July 2005 / Accepted: 27 March 2006 / Published online: 29 July 2006
� Springer Science+Business Media, LLC 2006



structure of spinel is relatively simple; and finally, the

reaction can generally be treated as a binary reaction

[12, 13]. The reaction can, in principle, proceed via

numerous different mechanisms. In the absence of

oxygen transport, via the solid or gas phase, the reac-

tion proceeds by the counterdiffusion of cations [14], or

the transport of the cations across the reaction product

layer and into the opposite interface (diffusion-con-

trolled). For example, in the case of MgO and Al2O3

reacting to form MgAl2O4, the reaction would take

place by the diffusion of Mg cations through the

reaction product layer to the Al2O3/MgAl2O4 inter-

face, and the diffusion of Al cations to the MgO/

MgAl2O4 interface. When the reaction layer is thin, the

rate of the reaction is not limited by the diffusion of the

cations, but by interfacial processes. In this interface-

controlled regime, the reaction rate is typically linear

with time, but it is also affected by the misorientations

of the reactants [15–17]. As the reaction layer thickens

the rate is then dependent upon the transport coeffi-

cient of the cations and a driving force. This leads to

the diffusion-controlled reaction regime and the well-

known and experimentally confirmed parabolic rela-

tionship between reaction–product layer thickness and

reaction time [18, 19].

It has also been shown, that in some cases, the

kinetics of the reaction and the reaction rate are

dependent on crystal orientation and the presence and

nature of grain boundaries. This effect is most clearly

seen when a thin-film geometry is used to study the

reaction [15, 16, 20–22]. For example, in cases where

polycrystalline NiO or CoO films were reacted with

single-crystal Al2O3, a difference in reaction rate was

observed with different substrate orientation [15, 17].

Also the influence of grain boundaries has been shown

in the reaction between NiO films and Al2O3 sub-

strates. It was found that there are S = 3 incoherent

twin boundaries in the NiO [23], and the intersection of

the twin boundaries with the Al2O3 acts as a nucleation

site for the NiAl2O4 (spinel) [17, 24].

Spinel-forming reactions may be further compli-

cated by external factors such as the presence of an

electric field. The effect of an applied electric field on

the formation of MgFe2O4 and MgIn2O4 has also been

investigated previously [8, 9, 25, 26]. Several of these

experiments involved preparing one of the reactants as

a thin film, the other reactant acting as the substrate for

growth. The thin-film approach was used, in part, to try

and isolate the affects of grain-boundary diffusion as

opposed to bulk diffusion. It was shown that the

kinetics of the reaction were enhanced in the presence

of an applied field. It was also shown that the reaction

product growth near a grain boundary in the film was

very different from growth occurring far from the

boundary [9, 25].

Many studies of solid-state reactions have used

various techniques to determine and analyze the crys-

tallography of the reactants and reaction products

[17, 23, 27–35], but very few have used electron back-

scatter diffraction (EBSD) to identify the phases and

also characterize the orientation texture and the mis-

orientations of the interfaces present in such reactions

[8, 10]. The EBSD detection system installed on an

scanning electron microscope (SEM) may be used

either to identify an unknown crystalline phase [36], or

to scan the surface of a crystalline material over a

specified area and create an orientation image of the

scanned area [37–41]. The advantages of using EBSD

become apparent when it is realized that the number of

data points and the size of the possible acquisition

areas far exceed the number capable of being analyzed

by other techniques. Furthermore, the actual resolu-

tion of EBSD, which is highly dependent upon the

probe size of the host SEM, is much finer than that of

X-ray microdiffraction (1–10 lm) or other techniques

typically used for texture analysis.

In the present paper, EBSD was used to study the

solid-state reaction between In2O3 and MgO. The

MgO–In2O3 system was chosen because of the tech-

nological importance of both In2O3 and MgIn2O4 as

transparent conducting oxides [42, 43]. In this example,

a thin-film approach has been used, where the In2O3 is

grown as a thin film on a MgO substrate. The growth of

In2O3 thin films has been studied extensively [44–47]

and was not the focus of this study. Therefore, dis-

cussion of the thin-film growth will be mainly limited to

the agreement or disagreement found with several

previous studies [44, 47]. Rather, in the present paper,

EBSD was used to determine the phases, the crystal-

lography and the grain character of the solid-state

reaction between In2O3 and MgO. The influence of an

electric field on the rate and nature of the reaction

layer growth was also demonstrated. Results from

high-resolution secondary electron (SE) imaging and

from X-ray energy dispersive spectrometry (XEDS)

are combined with the EBSD data to obtain comple-

mentary chemical and crystallographic information. It

is shown that the use of EBSD allows for a unique

analysis of the thin-film reaction.

EBSD analysis

Because of the relatively recent development of the

use of automated EBSD detection systems for the

study of oxides [48, 49] we will give a brief review of
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the systems, and the methods of data analysis will be

presented here.

The EBSD detection systems work by acquiring

diffraction patterns when the electron beam interacts

with a highly tilted (~70�) and well-polished sample. A

simplified schematic of the EBSD detection system

inside the vacuum chamber of a SEM is shown in

Fig. 1. The backscattered electrons from a crystalline

sample form Kikuchi-like patterns on a phosphor

screen, which is placed approximately 25 lm from the

sample. The EBSD patterns are imaged with a digital

camera and sent to a computer for processing. The

patterns are then analyzed using a mathematical

transform to locate band edges in the pattern [50].

The band edges of the pattern are directly related to

the locations of the crystal lattice planes. The angles

between the planes can then be calculated and used to

index the patterns [51].

The scanning capabilities of the SEM allow for the

beam to be scanned over a specified area of the sur-

face; at each point an EBSD pattern is acquired and

indexed. Using an attached XEDS detector, energy

counts for pre-selected elements can simultaneously be

collected at each point. A data map of the area is

thereby generated which contains for each data point:

the Euler angles, representing the orientation of the

material; the number of X-ray counts for the elements

selected; the band locations and pattern quality; and of

course, the x–y coordinates of each data point.

With these data, various maps and plots may be

constructed to ‘‘image’’ the crystallography and phases

of the surface of the material as well as various types of

misorientations. For example, the orientations of the

sample are most easily illustrated using an inverse pole

figure (IPF) map. The IPF map is a color representa-

tion of the crystallographic directions of the material

parallel to a specified direction. Therefore, if the

specified direction is the normal to the surface of the

sample, then the IPF map shows, by color, the crys-

tallographic direction of the material that is parallel to

the surface normal.

The data, however, are used for more than creating

orientation images. The orientations are also typically

displayed in a pole figure or a texture pole figure. The

pole figure simply plots on a stereographic projection,

the orientation of a given plane normal (pole) with

respect to the sample reference frame.

The ODF pole figure, however, is calculated using

the orientation distribution function (ODF), (f(g)),

which is a probability density function describing the

probability of finding a grain with an orientation g

within a given angular distance, Dg, of a specified ori-

entation go in a polycrystal; or in other words, the ODF

is a way to create a smooth curve fit from the discrete

orientations [51, 52]. The data of the ODF pole figure

are represented as a stereographic projection, which is

divided by contour lines, or different colors, into

regions that fall within a given range of occurrence of

orientation g. This is reported as a multiple of the

random occurrence or random spread of orientation g.

The ODF pole figure type analyses can be conducted on

every data point or using only one data point per grain.

Fig. 1 A simplified schematic
of the EBSD automated
detection system. The system
is attached to the SEM
chamber and consists of a
phosphor screen placed near
a highly tilted (~70�)
specimen. The patterns
appearing on the phosphor
are imaged using a CCD
camera and then analyzed by
computer. The axes shown on
the surface of the sample act
as a reference to the
orientations acquired by the
system. The axis system is
labeled ‘‘ND’’ (normal
direction or 001), ‘‘RD’’
(reference direction or 100)
and ‘‘TD’’ (transverse
direction or 010)
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Collecting X-ray counts for specific elements allows

for more complete phase differentiation. Typically, the

crystal structures of different phases are enough to

create a distinguishable difference in the EBSD pat-

terns of the respective phases. However, when the

structures are similar, the differences in the EBSD

patterns may not be enough for the EBSD detection

system to differentiate between the phases automati-

cally. In these cases it is necessary to use the X-ray

counts to filter the data. For example, if a sample

contained two different phases, NiO (cubic, sodium-

chloride structure) and NiAl2O4 (cubic, spinel struc-

ture), then it is possible that the automated indexing

routine could index an EBSD pattern from one cubic

phase or the other with the incorrect material file

(it might index a NiO pattern using the NiAl2O4

material file). In this case, it would be necessary to first

‘‘presort’’ the data based on the X-ray energy counts;

then constrain the indexing of each pattern to only the

material file of the phase that matches the energy

counts associated with that pattern [53].

The quality of the EBSD patterns is also collected

and can be used to create an image quality (IQ) map.

The IQ map is created by measuring the quality

(i.e., the degree of contrast of the band edges) of the

patterns and assigning a grayscale value—white rep-

resenting the highest relative pattern quality and black

the lowest. The IQ map is useful for locating grain

boundaries and other areas of low pattern quality. The

grain boundaries typically have a low pattern quality

because as the beam crosses the boundary the pattern

becomes very weak, or there are two weak overlapping

patterns from either side of the boundary. In either

case, the pattern quality is relatively lower, and

therefore, the boundary appears as a dark line in the

IQ map.

In order to identify an unknown crystalline phase,

the electron beam is positioned over the material in

question, and the chemical composition is acquired

using XEDS. The chemistry is then used to search a

database of materials files to generate a list of candi-

date phases. The materials files contain all of the

structural information about the material necessary to

properly simulate an EBSD pattern. The materials files

are then used to attempt to index the EBSD pattern

acquired from the same point as the XEDS spectra.

The crystallography of the phase is, therefore, identi-

fied by correctly indexing the pattern using the crys-

tallographic information of the correct candidate phase

from the list [36].

It should be noted that when the EBSD patterns are

collected to create the various orientation images or

IQ maps the samples are tilted 70� about the x-axis

(horizontal in the image). Therefore, the incremental

step size, at which the patterns are collected, is

appropriately shortened in the y direction so that the

desired step size is maintained with respect to the

surface of the sample. Then when the maps are dis-

played, the data points are shown as if the sample was

not tilted. The maps are, therefore, a tilt-corrected

image of the surface.

Experimental details

In2O3 was deposited by pulsed-laser deposition (PLD)

onto cleaved MgO (001) substrates (sodium-chloride

structure). Prior to growth, the MgO substrates were

cleaved to approximately 1 mm thickness and 10 mm2.

To reference the original interface, a 2 nm layer of Pt

was ion-sputtered on the surface of the MgO. The

substrates were then heated to 1175 �C at which point

the Pt film dewet the surface to create Pt particles

smaller than 100 nm. Following the heat treatment the

substrates were mounted in the PLD chamber. The

KrF (k = 248 nm) excimer laser of the PLD system was

focused onto a rotating target of polycrystalline In2O3,

which is approximately 6 cm from the MgO substrate

surface. A substrate temperature of 500 �C and an O2

partial pressure of approximately 20 mTorr were

maintained during deposition. The laser system was

allowed to run for 40,000 pulses at a rate of 10 Hz and

an energy of 200 mJ/pulse. This resulted in an In2O3

film of thickness 1.5 lm. Further details on the PLD

system are described elsewhere [54].

The coated substrate was then sectioned into smaller

4 · 2 mm samples. For reference, one of the samples,

sample A, was reacted without an applied electric field.

Another sample, sample B, was reacted under an

applied electric field of 400 V. To apply the field during

the reaction, sample B was placed between two Pt

electrodes, the MgO substrate in contact with the

anode and the In2O3 film in contact with the cathode.

The electrodes were roughened to allow oxygen

transport to the surface of the diffusion couple and

then held in place by a slight mechanical pressure to

ensure proper contact. Both samples were then placed

inside a box furnace and heated at a rate of approxi-

mately 15 �C/min to the reaction temperature of

1350 �C. The reaction temperature was held for 12 min

and then the samples were cooled to room temperature

at a rate of about 20 �C/min.

Cross sections of the two samples were then pre-

pared for analysis using the tripod-polishing technique,

in which the samples were mounted and polished

with successively finer grades of diamond-embedded
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lapping films. The final polish was performed using

0.05 lm colloidal silica on a padded lapping film.

Microstructural imaging was carried out using a field-

emission SEM at 5 kV. The samples were then tilted in

the microscope 70� and oriented such that the (001)

pole of the MgO substrate, or the growth direction of

the film, was parallel to the transverse direction (TD),

and the interface direction was parallel to the reference

direction (RD) (see Fig. 1). The SEM was operated at

20 kV for EBSD and XEDS analysis. The cross-section

samples were coated with 2 nm of Pt to minimize

charging. Elemental information was obtained using an

X-ray energy-dispersive spectrometer (XEDS) system

that is attached to the SEM.

An as-grown film of In2O3 was included in the

analysis in order to determine the condition of the film

prior to the reaction. The growth conditions for the

as-0grown film were the same as those of the reaction

couples except that the PLD system was operated for

fewer pulses to deposit a thinner film of In2O3. A cross

section of this sample was also prepared and analyzed

by the above techniques.

Experimental results

The entire cross section of the as-grown In2O3 film

was observed by SE imaging, and found to be of very

uniform thickness. Figure 2a is an SE image of a

small portion of the cross section, which is approxi-

mately 1.2 lm thick. The Pt markers can be seen as

bright spots located at the interface of the film and

substrate. EBSD analysis was performed on 46 lm of

the film cross section. This area includes over 450

grains of the In2O3. Figure 2b was created using only

a small section of the EBSD data. The figure is a

combined IPF map and IQ map of the as-grown film,

which illustrates the grain shape and growth direction

of the In2O3 film. The IPF map, in this case, is a

color representation of the crystallographic directions

Fig. 2 (a) A secondary
electron (SE) image and (b)
an IPF map of the as-grown
In2O3 film from different
locations on the sample. The
IPF map is superposed on an
image quality map to give a
slightly darker contrast to the
grain boundaries. The crystal
directions represented by the
colors in (b), are parallel to
the 001MgO direction
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that are parallel to the growth direction. The super-

imposed IQ map serves to give contrast to the grain

boundaries and interface in order to emphasize the

structure of the grains. The film is polycrystalline

with columnar shaped grains, but it is difficult to

detect a preferred growth orientation from this small

image.

Figure 3 is an IPF map, which reveals a larger view

of the film. As in Fig. 2b, it also represents the crys-

tallographic directions parallel to the growth direction.

Now it can be seen that, near the interface, there is a

large number of grains that have grown in such a way

that the In2O3 (111) planes are parallel to the growth

surface. Many of these grains, represented on the map

in blue, do not extend to the top of the In2O3 layer.

Figure 4 shows the texture pole figures that represent

the orientations of all the grains only within the In2O3

as-grown film. The pole figures were calculated using

one orientation per grain so that the grains are

weighted equally irrespective of size. The pole figures

are also oriented such that the pole marked ‘‘TD’’ is

normal to the growth surface, or the MgO [001]

direction. Therefore, the vertical line in the pole figure

represents the location of the interface plane. The pole

figures show that the predominant growth orientations

of the grains in the film are first,

In2O3ð111Þ kMgOð001Þ ð1Þ

and second,

In2O3ð001Þ kMgOð001Þ: ð2Þ

This is shown by the peaks located at the poles

marked ‘‘TD’’ in both the 001 and 111 pole figures.

They also show that there are several orientations til-

ted about these axes. In the 001 pole figure, there are

two lines of peaks that are approximately 35� from the

interface plane (indicated in Fig. 4). In the 111 pole

figure there are two rows of peaks that are approxi-

mately 20� from the interface plane (also indicated in

Fig. 4). These additional peaks indicate that for ori-

entation (1), the in-plane orientations are:

In2O3½1�10� kMgO½110�; ð1aÞ

which, combined with orientation (1), has four equiv-

alent orientation variants. For orientation (2), the

in-plane orientations can be seen on the pole figure as:

In2O3½100� kMgO½100� ð2aÞ

and a very minor peak indicating the orientation:

In2O3½100� kMgO½110�: ð2bÞ

The above orientation relationships, including all

four variants of (1a), were plotted on pole figures to

create the simulated pole figures in Fig. 5. From the

EBSD data it was calculated that 15.3% of the cross-

section area is within 5� of orientation (1), and 9.4% of

the film is within 5� of orientation (2).

Sample A represents the reaction couple after

annealing for 12 min at 1350 �C. A plan-view second-

ary-electron image of sample A, which shows the sur-

face of the In2O3 film, is shown in Fig. 6. The grain size

Fig. 3 An IPF map of a small area of the as-grown film cross
section. The color of the grains indicates the crystallographic
directions parallel to the growth direction
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of the film is comparable with the film thickness, which

is consistent with the formation of columnar grains as

seen in the as-grown film. In order to confirm that the

surface film was actually In2O3, EBSD was used in

conjunction with EDS to perform phase identification

of the film. Figure 7a shows a representative EDS

spectrum from the annealed film. The spectrum con-

firms the presence of indium and oxygen, however, a

quantitative analysis of the spectrum was not com-

pleted because the inherent error in performing this

type of analyses on a highly tilted sample. (The sample

was tilted to 70� in order to acquire the EBSD pat-

terns.) The chemical composition was then used to

search a database of materials and generate a list of

candidate phases. These candidate phases were used to

attempt to index the EBSD pattern, shown in Fig. 7b,

that was acquired from the same grain as the EDS

spectra. The crystallography of the phase was then

determined by correctly indexing the pattern using the

crystallographic information of the correct candidate

phase. Figure 7c shows one of the EBSD patterns

acquired from the annealed film with the indexing

overlay of the correct candidate phase. It was deter-

mined that the film was the cubic, bixbyite phase of

In2O3.

Figure 8 is an IPF map of the surface of the

annealed film. It should be noted that the image in

Fig. 8 is a tilt-corrected map of the surface. Therefore,

the rounded appearance of the individual grains is

exaggerated on the map image. The IPF map in this

case represents the crystallographic directions of the

material that are parallel to the surface normal of the

plan-view sample. The black pixels are points from

which the EBSD patterns were not of sufficient quality

to be indexed. The EBSD data set used to create the

map in Fig. 8, and for subsequent analysis, was com-

prised of over 1600 grains and over 85,000 orientation

measurements from the annealed In2O3 film. It can be

seen from the orientation map in Fig. 8 that there is a

large number of In2O3 grains for which the 001h i
direction is closely parallel to the [001] direction of the

MgO (these grains appear red in the IPF map). In fact,

the texture plot in Fig. 9 shows that the occurrence of

this orientation is 8–12 times greater than the random

value. Of the grains with that alignment, approximately

two-thirds of them also have the in-plane orientation

(2a) while the other third have an orientation (2b).

Figure 9 also shows that there is some rotation of ori-

entation (2) toward the [110] directions of the MgO.

This can be seen at the center of the texture plot as an

~35°

~20°

010MgO 

001MgO 

Fig. 4 Texture pole figures of
the 001, 110 and 111
directions taken only from
data points within the In2O3

film. The pole figures were
calculated using one
orientation per grain, and are
oriented such that the pole
marked ‘‘TD’’ is parallel to
the MgO [001] direction and
the vertical line represents the
location of the interface plane
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‘‘·’’ shape of the texture-contour lines or the texture-

contour lines forming ‘‘corners’’ that point toward the

[110]-MgO directions.

The results of the reaction that takes place in sample

A are illustrated in Fig. 10, which is an SE image of a

cross section of the reaction couple. In the absence of

the applied field, the layers have only partially reacted.

The spinel reaction product (with an intermediate SE

contrast) is seen to form at the interface between MgO

(very dark gray) and In2O3 (light gray). From the

image it is apparent that reaction rate is not equivalent

at all points along the interface, and the Pt markers

(bright spots) are found to be located within the spinel

layer [8, 26].

EBSD analysis was carried out on a cross section of

sample A to confirm the phase of the reaction layer

and to obtain orientation information for the grains in

the reaction layer with respect to the MgO substrate

Fig. 6 Plan-view SE image
from the In2O3 layer after
annealing. The grain size
(~1 lm) is comparable to the
thickness of the layer. The
circular features on the grains
are a result of faceting at the
surface due to the anneal
treatment. The region inside
the center circle is flat and
likely corresponds to the
(001) plane of the In2O3

Fig. 5 Simulated texture pole
figures of the 001, 110 and 111
directions using the three
orientation relationships
shown in the key above. The
first relationship includes four
orientation variants
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and the In2O3 layer. An XEDS spectrum was acquired

from the reaction layer and is shown in Fig. 11a. The

spectrum reveals the presence of a magnesium peak in

addition to the indium and oxygen peaks. EBSD pat-

terns acquired from the reaction layer suggest a cubic

crystal structure and the pattern indexing indicated the

spinel structure of MgIn2O4. An example of one of the

patterns acquired from the reaction layer and used for

indexing and identification is shown in Fig. 11b, c.

As part of the EBSD analysis, sample A was

scanned in 50 nm steps over an area that included a

135 lm length of the reaction layer, which included

over 700 grains from the In2O3 layer and over 80 grains

from the reaction layer. The data collected at each

point included the EBSD pattern and XEDS

counts for the energy levels associated with Mg, Li and

O. Figure 12 shows a 24 lm section of the 135 lm

length of scanned area. Figure 12 is an IQ map, an IPF

map and a phase map. The IQ map reveals many of the

grain boundaries—which can be seen as darker lines

outlining the grains—and other points of low pattern

quality. The IPF map again shows the crystallographic

directions that are parallel to the surface normal of

the cross-section sample. The phase map was created

using both X-ray counts and EBSD pattern indexing to

differentiate the three phases.

From the EBSD data, several characteristics of the

grains of the reaction couple were recognized. The IPF

map in Fig. 12 indicates that there are several grains in

the reaction layer that are aligned with the MgO [001]

direction. In fact, it was found that many grains possess

a cube-to-cube orientation with the MgO substrate.

However, it is clear that the film is polycrystalline.

Also, the predominant grain shape of the MgIn2O4

reaction layer is such that the cross-section length of

the grains (dimension parallel to the interface) is much

larger than the thickness of the grains. However, it was

found that this cross-section length varied widely, from

0.5 lm up to tens of microns. This is distinctly different

from the In2O4 overlayer, in which the grains are more

of a columnar shape. The thickness of the reaction film

was found to vary only slightly from grain to grain,

when measured at the grain centers or far from the

Fig. 7 Representative data
used to identify the as-grown
film as the cubic form of
In2O3. Images include an
EDS spectrum (a) and an
EBSD pattern without (b)
and with (c) the indexing
overlay from the correct
candidate phase

Fig. 8 An inverse pole figure (IPF) map of the surface of the
as-grown In2O3 film. The key for the IPF map is shown on the
right
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grain boundaries. Greater variations, however, were

found near the grain boundaries. The average reaction

layer thickness excluding the regions near the grain

boundaries was calculated from the EBSD data to be

approximately 0.32 lm.

The greater variations in the reaction layer thickness

indicate regions of the reaction layer that have grown

much faster than adjacent regions. Closer examination

of the three maps in Fig. 12 reveals that the faster

growth is often associated with the grain boundaries in

the MgIn2O4 layer (indicated by arrows on the IQ map

in Fig. 12). Grain-boundary analysis was performed

using the EBSD data, which indicated that, along the

135 lm length of the cross section that was analyzed,

all of the MgIn2O4 grain boundaries associated with a

faster reaction rate, had large-angle misorientations.

Furthermore, there were very few large-angle grain

boundaries that were not associated with a faster

reaction rate. The small-angle grain boundaries that

were present in the reaction layer were not associated

with a faster reaction rate. An example of the varia-

tions in reaction layer growth associated with different

grain boundary types is shown in Fig. 13, which is a

schematic of the grains and grain boundaries of a

representative portion of the sample A cross section.

The reaction layer grain boundaries in the schematic

are labeled with the misorientation angle of the adja-

cent grains. The misorientations are further illustrated

by schematics of the cubic unit cell for each grain in the

reaction layer. The regions that immediately surround

the boundaries with large misorientations have reacted

Fig. 9 A texture pole figure calculated from the same dataset
used to create the IPF map in Fig. 3. The figure displays the [001]
texture of the film with respect to the substrate. The key on the
left indicates, by color, the multiple times random occurrence of
the < 001>-type crystallographic direction. TD and RD represent
the transverse direction and the reference direction of the sample
which are aligned with the y-axis and the x-axis of the MgO
substrate respectively

Fig. 10 SE image from sample A. Only partial reaction to
MgIn2O4 spinel has taken place. The bright spots located within
the reaction layer are the Pt markers

Fig. 11 Representative data
used to identify the reaction
product layer as the cubic/
spinel form of MgIn2O4.
Images include an EDS
spectrum (a) and an EBSD
pattern without (b) and with
(c) the indexing overlay from
the correct candidate phase
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at a much faster rate than the regions surrounding the

boundaries with small misorientations.

Figure 14 is an SE image from sample B, which was

annealed at 1350 �C for 12 min under an applied field

of 400 V. From the image it can be seen that there is

now only one layer of material that is surrounded on

both sides by the MgO. It was confirmed by EDS and

EBSD that the layer with intermediate contrast was

the spinel phase of MgIn2O4, and that the surrounding

(darker) material was MgO. Therefore, under the

above reaction conditions, all of the In2O3 had been

consumed to create the spinel layer, and a continuous

layer of MgO was formed above the spinel, away from

the MgO substrate. Furthermore, many of the Pt

markers are now located in the MgO substrate. The

reaction layer of sample B has a non-uniform thick-

ness, and the interface between the reaction layer and

the original MgO substrate is very irregular. In some

regions of the substrate/reaction layer interface there

appear ‘‘spikes’’ of the substrate material pointing into

the reaction layer. It was found that some of these

features extended completely into the overgrown MgO

to create a discontinuity in the reaction layer.

EBSD analysis was performed on sample B by

scanning a cross section of the sample in 50 nm steps.

Figure 15 shows a small portion of the scanned cross

section as an IQ map, an IPF map and a phase map.

From the phase map it can be seen that the grains

within the MgIn2O4 spinel layer are also non-uniform

in size. A comparison of the IPF and IQ maps shows

that the reaction layer is composed of grains and grain

boundaries that are irregular and dissimilar from the

grains of either the original In2O3 layer or the reac-

tion product layer found in sample A. The layer of

Fig. 12 An image quality map (a), an inverse pole figure map
(b), and a phase map (c) of a section of the scanned area from
sample A. The phase map is overlaying an IQ map to give the
grain boundaries contrast. The arrows in the IQ map indicate the

location of grain boundaries in the MgIn2O4. The red arrows
point to small-angle boundaries ( < 12�) and the green arrows
point to the large-angle boundaries (>12�)

In2O3

MgIn2O4

MgO  

001MgO

010MgO

Fig. 13 (Top) A phase map
superposed on an IQ map,
which shows a portion of the
sample A cross section.
(center) A schematic of the
grains and grain boundaries
corresponding to the above
map. (bottom) The grain
boundaries in the reaction
layer schematic are labeled
with the angle of
misorientation of the adjacent
grains. The orientations of the
reaction layer grains are
illustrated by schematics of
the cubic unit cell shown
directly below the grains they
represent
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overgrown MgO appears to be the same approximate

thickness as the reaction layer, however, on average

the grains of MgO appear larger than those of the

reaction layer. The IPF map also shows that there are

large regions of the reaction layer, as well as grains

in the MgO overlayer, that are closely oriented with

the MgO substrate. However, it was found that the

oriented regions of the reaction layer, contain numer-

ous small-angle grain boundaries. An example of such

an area is magnified in Fig. 16a where a color map is

superposed on an IQ map. The color map shows the

degree of misorientation (0–15�) from perfect align-

ment with the MgO substrate. The underlying IQ map

reveals all of the grain boundaries as darker lines in the

map. There are several larger grains in the reaction

layer, which are more than 15� from perfect alignment

with the MgO substrate. It can also be seen that these

larger grains do not contain small-angle grain bound-

aries. The regions with more small-angle grain

boundaries are much closer to being aligned with the

MgO substrate.

Discussion

The In2O3 films grown for this experiment were found

to be polycrystalline with a columnar grain structure.

The EBSD data shown in Figs. 3 and 4 indicate that

the preferred orientations of the films may change

across the thickness of the layer. This was confirmed by

Fig. 14 SE image from sample B indicating that the In2O3 layer
has fully reacted to form the MgIn2O4 spinel. An overgrown
layer of MgO is seen on top of the spinel layer. The top portion
(bright) is from the Pt electrode

Fig. 15 An image quality
map (a), an inverse pole
figure map (b), and a phase
map of a section of the
scanned area from sample B.
The MgO substrate is on the
far right of the images. The
region on the far left is the
platinum cathode

(a) 

(b) 

Orientation  Range
{hk(i)l}<uv(t)w> Min Max
(001)<100> 0û 15û

Fig. 16 (a) A crystal
orientation map superposed
on an IQ map. The crystal
orientation map shows by
color the degree of
misorientation from perfect
alignment with the MgO
substrate. The underlying IQ
map, of course, reveals the
grain boundaries as darker
lines in the map. The key is
shown below the map. (b) A
phase map, superposed on an
IQ map, is shown for
reference
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recalculating the texture pole figures in Fig. 4 for the

top and the bottom 0.6 lm of the film separately.

Figure 17 shows separate cross sections of the (111)

and (001) texture pole figures for both the bottom and

top halves of the In2O3 film. In this figure, the growth

direction is centered at 0� and the cross section only

goes out to 45�, or out parallel to the MgO [101] and

½�101� directions. The figures show that for the bottom

0.6 lm of film (that closest to the interface), the frac-

tion of material that is within 2� of orientation (1) is

26.4%; for the top 0.6 lm, the amount drops to

approximately 2%. The fraction of material within 2�
of orientation (2) in the bottom half of the film was

found to be 3.4%; whereas in the top half it increases to

6%. Under the described experimental conditions,

therefore, it appears that the early stages of the In2O3

film deposition predominantly occurs with the (111)

planes parallel to the surface of the substrate and the

growth proceeding in the [111] direction of the film. At

a later stage in the growth process, however, the pre-

dominant growth direction becomes the [001] direction

of the film. This interpretation is also strongly sup-

ported by the texture pole figure shown in Fig. 9, which

was calculated from data acquired from the top surface

of the annealed film. This figure shows that, at the

surface, the predominant orientation is that of (2).

The misorientation between the two predominant

growth directions can be explained by a tilt of 54.7�
about a common [110] axis that is within the interface

plane.

Previous studies have shown the existence of both

growth orientations. Highly oriented, cube-on-cube

growth of very thin (~350 nm) In2O3 films has been

reported for growth by PLD at 400–450 �C on (001)

MgO substrates [47]. Sieber et al. have reported that

with increasing substrate temperature the amount of

film possessing the (2 ) 2a) orientation decreases and

the amount with the (1 ) 1a) orientation increases. In

that study, highly oriented films were grown by elec-

tron-beam evaporation to thicknesses of between

120 nm and 150 nm, and substrate temperatures from

600 �C to 850 �C. Sieber et al. also reported that the

growth resulted in columnar-type grain growth [44].

However, these studies did not find a change in the

preferred orientation across the thickness of the film.

The differences between the results of the present

work and those of previous workers are likely caused

by several differences between the experimental con-

ditions. In the present work, the films are much thicker

(>1.0 lm). The substrates have been cleaved and an-

nealed in preparation for growth, instead of acid

etching/cleaning. Another significant difference is the

deposition and dewetting of the Pt film prior to the

In2O3 film growth, which was carried out for the pur-

pose of creating a marker for the initial position of the

substrate-film interface. The use of Pt markers in solid-

state reactions has been previously studied, and it

has been shown that the dewet Pt islands on the surface

of the MgO may affect the growth and reaction of the

film [8].

Fig. 17 Charts representing
cross sections of the (111)
texture pole figures for the
bottom (a) and top (b) 0.6 lm
of the In2O3 film, and charts
representing cross sections of
the (001) texture pole figures
for the bottom (c) and top (d)
0.6 lm of the In2O3 film. In
the above charts, the growth
direction is centered at 0� and
the cross section only goes out
to 45�, or out parallel to the
MgO [101] and ½�101�
directions. The charts were
created using every data point
instead of one point per grain
so that they represent an area
fraction of the film cross
section, not a grain fraction
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In sample A the Pt markers are located within the

reaction layer. In the absence of an applied electric

field, the spinel forming reaction is known to be con-

trolled by the counter-diffusion of cations and follow a

parabolic growth rate [18, 19]. Therefore, the Pt mar-

ker positions in sample A are qualitatively in agree-

ment with the counter-diffusion of cations since, in that

case, the reaction would be taking place on both sides

of the marker or both ‘‘sides’’ of the original interface

[8].

The counter-diffusion of cations does not, however,

adequately explain why there are differences in the

reaction rate along the interface. The EBSD data have

shown that the reaction layer is polycrystalline (see

Fig. 12), and that the greatest inconsistencies in reac-

tion rate occurred at or near large-angle grain bound-

aries. In these regions, it is expected that the reaction

rate would be affected by the occurrence of grain-

boundary diffusion and the excess volume at the grain

boundary [17]. In addition to this, however, there were

smaller differences in the reaction layer thickness from

grain to grain when measured at the grain centers or

far from the large-angle grain boundaries. This obser-

vation indicates that the reaction rate is also dependent

on the orientation of the reaction layer or rather the

misorientation between the reaction layer and the

substrate or the reaction layer and the In2O3 film.

The kinetic processes—which occur in the materials

during reactions—can be either interface-controlled or

diffusion-controlled. The interface-controlled regime is

typically associated with the early stages of the reaction

and exhibited by a linear reaction rate. The diffusion-

controlled reaction regime, which occurs when the

thickness of the layer becomes great enough to control

the diffusion process, is associated with a parabolic

reaction rate [18, 19]. The two large differences in

reaction rates exhibited by sample A can also be

associated with these two kinetic regimes.

The smaller reaction-rate variations, which occur

from grain to grain, are observed far from the grain

boundaries. It is most likely that these differences are

caused by a difference in the orientations of the grains

themselves, or a difference in the misorientations

between the reaction layer grains and the MgO sub-

strate or between the reaction layer grains and those of

the In2O3 film. It has been shown that the nucleation of

solid-state reaction product layers may occur at triple

junctions, where a grain boundary in one of the reac-

tants meets the reaction interface [17]. However, once

the reaction product layer has nucleated, the formation

of this layer along the interface may occur rapidly as

there is very little, or no material at all, for the ions to

diffuse across. In this state, it is the structure of the

interface that has the greater affect on the reaction rate

[11]. The misorientation at the interface, in large part,

defines the structure of the interface especially on the

substrate side of the reaction layer, since the original

interface plane of the substrate is fixed. Therefore,

during the early stages of the reaction the inconsis-

tencies in reaction rate from grain to grain would be

caused by the structural differences along the interface,

which are themselves caused by the different misori-

entations.

As the reaction progresses, the thickness of the

reaction layer becomes such that the reaction rate be-

comes limited by diffusion. The rate is no longer lim-

ited by the structure of the interface, but by differences

in ion diffusion rates. If adjacent nucleation islands

have a large misorientation, then the coalescence of

these islands would create a large-angle grain bound-

ary, as was found in sample A. A large-angle grain

boundary typically has a more open structure than that

of a small-angle grain boundary or the bulk. This would

allow for much faster diffusion than that occurring

through the bulk. Therefore, the difference in reaction

rate in the diffusion-controlled regime is caused by a

difference in diffusion rates of the ions through the

grain boundaries versus through the bulk material.

Sample B illustrates that the application of the

electric field resulted in the complete consumption of

the In2O3 layer (i.e., complete reaction). Then further

transport of Mg ions across the spinel phase and for-

mation of MgO on the opposite side of the reaction-

product layer. This is explained by the fact that in the

presence of an applied field, in addition to the counter-

diffusion of the cations, there is a superimposed flux of

cations towards the negative electrode [9, 25], which

leads to a shift of the reaction layer toward the anode.

In addition, many of the Pt markers are now located in

the MgO substrate.

One of the interesting features found in sample B

that can be seen in the image in Fig. 14, is the

appearance of MgO ‘‘spikes’’ that penetrate the reac-

tion layer. Although these features may appear as

spikes, their complete physical dimensions cannot be

fully characterized by a cross section. In fact, it was

found that some of the spikes continued into the

overgrown reaction layer, becoming discontinuities in

the reaction layer. The EBSD data indicated that the

spikes were located at the grain boundaries that are

found within the reaction layer, so that the spikes

appear partially to separate some of the grains of the

reaction layer. Unfortunately, the amount of EBSD

data collected was insufficient to determine if there was

a correlation between the types of grain boundaries in

the reaction layer and the presence of a spike or
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reaction layer discontinuity. However, the observation

of grains in the overgrown MgO, which maintain the

orientation of the substrate, supports the possibility

that discontinuities in the reaction layer act to nucleate

the MgO overlayer.

Conclusions

The reaction between MgO and In2O3 thin films to

form the MgIn2O4 spinel has been characterized by

EBSD. The as-grown film was grown by PLD, and the

phase was identified by EBSD and EDS to be In2O3

with the cubic, bixbyite structure. The film was found

to be composed of columnar grains of In2O3. It was

shown that the preferred growth directions of the as-

grown films were found to change across the thickness.

The bottom 0.6 lm of the film, that closest to the

interface, was found to have a preferred growth

direction represented by orientation (1). The top

0.6 lm of the film was found to have a preferred

growth direction represented by orientation (2).

Therefore, the early stages of the In2O3 film deposition

predominantly occurs with the growth proceeding in

the [111] direction of the film. At a late stage in the

growth process the predominant growth direction be-

comes the [001] direction of the film.

Sample A was found to be partially reacted. The

reaction layer was identified as the spinel phase of

MgIn2O4. It was shown that the reaction layer is

polycrystalline and that the thickness of the reaction

layer and therefore the reaction rate is non-uniform.

The greatest inconsistencies in reaction rate occurred

at or near large-angle grain boundaries, and are asso-

ciated with the diffusion-controlled reaction regime.

The smaller differences in the reaction layer thickness

occurred from grain to grain, measured at the grain

centers or far from the grain boundaries. These smaller

differences stem from the differences in misorientation

between the reaction layer and the substrate or the

reaction layer and the In2O3 film. Further study, using

a broader range of reaction times and different sub-

strate orientations, is needed to confirm and identify

the orientation dependence of the reaction rate in the

interface-controlled reaction regime.

It was also confirmed by sample B that the appli-

cation of the electric field resulted in a complete

reaction, and then further transport of Mg ions across

the reaction layer. The formation of a layer of MgO

on the opposite side of the reaction layer is explained

by the fact that there is an additional flux of cations

towards the negative electrode. The new MgO layer

was found to be polycrystalline with larger average

grain size than the reaction layer. Several grains were

found exhibiting the same orientation as that of the

MgO substrate, indicating that the nucleation of the

overlayer may occur at discontinuities in the reaction

layer.

Finally, it has been demonstrated that the applica-

tion of EBSD to study the development of texture in

solid-state reactions compliments more detailed anal-

ysis in the TEM and indeed should always precede

any TEM analysis. The EBSD technique provides

statistical data on the type of interface selected for such

detailed studies.
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