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Abstract Diffusion reactions between MgAl,O,
(spinel) single-crystal substrates and epitaxial Al layers
were studied by transmission electron microscopy
(TEM) imaging and analysis. The specimens were
annealed for 10 and 20 h at 893 K in ultra-high vac-
uum. In addition to plain annealing, we annealed while
applying electric fields across the MgAlL, Oy, either
oriented in the direction from the Al to the MgAl,O,
or opposite. TEM revealed that plain annealing en-
ables a diffusion reaction during which the MgAl,O,
region adjacent to the interface becomes depleted of
Mg and enriched in Al. An electric field oriented in the
direction from Al to MgAl,O, accelerates the reaction,
while a field in the opposite direction retards it. The
observations agree with an ion exchange mechanism
proposed earlier, implying transport of Mg into the
metal. However, Mg transport into the opposite
direction also contributes to the reaction. The experi-
mental observations demonstrate that annealing in
electric fields can effectively control interface micro-
structures and properties.
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Introduction

Recent work [1] on spinel (MgO - 1.25A1,03) nano-
particles dispersed in Al (aluminum) suggested an ion
exchange reaction at the Al-spinel interface, charac-
terized by cross-diffusion of (i) Mg?" (magnesium) ions
from Mg positions in the spinel into the Al metal and
(ii) Al atoms from the Al metal into Mg positions of
the spinel. The Mg positions of spinel require a charge
of (2+), but the incorporated Al ions carry the charge
(3+) [2]. Accordingly, a one-to-one exchange of Al for
Mg generates charged point defects [1, 3]

Mgy, + Al(ss) — Mg(ss) + Aly, + ¢/, (1)

where ‘‘ss” refers to the solid solution of Mg in Al on
the metal side. The condition of charge neutrality in
ionic crystals requires this reaction to be accompanied
by further reactions involving charged point defects in
the MgAl,Oy, such as [1].

Mgy, +€' — Mgy, (2)
or
Alfyy +¢ — AL, (3)

As a result of (1), the spinel becomes enriched in
AP jons (relative to Mg?" ions), while the outward
diffusing Mg forms a solid solution and/or intermetallic
compounds with the Al matrix. Since the above reac-
tions alter the population of charged point defects in the
oxide, such ion exchange should impact the adhesion
between the metal and the oxide. Investigating this
possibility may throw new light on the fundamental
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question about the possible bonding mechanism
between metals and ceramics, which is of great impor-
tance for fundamental research and many technical
applications (e.g. joining of functional ceramics to
metals, packaging of microelectronic devices, oxide
dispersion-strengthened alloys, or protective oxide
coatings on metals) [4-9]. The correlation between
metal-oxide adhesion and the distribution of electric
charges in the oxide constitutes the basis for a quanti-
tative theory of metal-oxide adhesion, known as the
“image charge” model [10-13]: According to the laws
of electrostatics, positioning a charge g at a distance z,
in front of a metal surface causes quasi-free charges in
the metal to re-arrange and create a charge density
distribution

20
r=—q ———, 4
,0[ ] q 27‘[(2% r2)3/2 ( )

where r is the lateral distance from ¢ (parallel to the
metal surface). The corresponding electric field is the
same as if an “image charge” of opposite sign, — g,
were placed at (- zg, r = 0) behind the metal surface.
Consequently, g is attracted to the metal. At metal-
oxide interfaces, correspondingly, the ions in the oxide
generate image charges which attract them towards the
metal. The corresponding Coulomb forces should
account—at least partly—for the adhesion between
metals and oxides (or, more general, ionic ceramics)
[14].

As a continuum theory, the original image charge
model fails at small distances—directly at a metal-oxide
interface—because it does not correctly account for the
atomistic structure of the metal and the band structure
of its electrons (zo,r — 0= p — —oc0). Later exten-
sions of the model, however, correctly account for the
discreteness of the metal lattice [14, 15] and lead to
realistic predictions of interface structures [16-18]. For
the AlI-MgAl,0Oy, in particular, recent atomistic simu-
lations [19], based on the DFT (density functional the-
ory) and supported by a highly precise assessment of the
Al-MgAl,O, interface structure by digital processing of
high-resolution transmission electron microscopy
(HRTEM) images [20], have revealed that for a struc-
turally perfect oxide, the contribution of image charge
interaction to the bonding is relatively weak. However,
the presence of charged point defects may result in a
much stronger contribution of image charge interaction.
Therefore, an ion exchange reaction that builds up a
space charge layer at the AI-MgAl,0, interface should
have profound consequences on the adhesion and the
related mechanical properties of these interfaces. On
the other hand, re-distribution of electrical charge at a
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metal-oxide interface can have substantial impact on
the kinetics of the diffusion reactions that take place at
the interface [21, 22]. Considering the technical
importance of metal-oxide interfaces, it is therefore
important to understand the diffusion reaction between
Al and MgAlL,O, at a fundamental, quantitative level.

In this publication, we report annealing experiments
carried out on Al-MgAlL,O, interfaces prepared by
molecular beam epitaxy (MBE). Utilizing advanced
methods of transmission electron microscopy (TEM),
we have studied the interface structure and the corre-
sponding spatial distribution of atomic species before
and after annealing with high spatial resolution. The
results of this work lead to a new and much more
detailed understanding of the diffusion reaction at the
Al-MgAl,O, interface and the microstructural changes
that go along with this reaction. Moreover, we dem-
onstrate that the spatial distribution of ions and the
microstructure of the Al-MgAl,O, interface can be
substantially manipulated by the application of (static)
electric fields during annealing. Our observations sug-
gest that diffusion reactions under applied electric
fields can sensitively alter the strength of interfacial
bonding and—consequently—can be used to control
the mechanical properties of AI-MgAl,O,4 and related
metal-oxide interfaces.

Experimental
Fabrication of AI-MgAl,0O, interfaces

Planar Al-MgAlL,O, interfaces, particularly suitable
for microcharacterization by TEM, were fabricated by
depositing Al onto (001)-oriented substrates of stoi-
chiometric MgAlL,O, (MTI Corp., Richmond, CA).
The substrates had a cross-section of 10 x 10 mm?, a
thickness of 0.50 mm, and the (001) growth surface was
polished by the supplier to a roughness of less than
0.5 nm. After the deposition of Al, the thickness of the
substrates was reduced to 0.25 mm by SiC abrasive
papers (P1200 and P4000) to reduce the voltage
required to obtain a sufficiently high electric field
across the spinel during annealing under applied elec-
tric fields (Sect. ““Annealing experiments”’).

For growing Al thin films on these substrates with
high structural quality, we employed MBE, which
operates in ultra-high vacuum (UHV, =5 x 10~ Pa)
[23]. The Al to be deposited was evaporated from a
source of highly pure Al by electron beam heating. The
substrates were first cleaned by in situ sputtering with
Ar" ions. The effectiveness of the cleaning procedure
was verified by in situ Auger electron spectrometry.
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Subsequently, the substrates were annealed for 1 h at
1273 K. After this preparation, epitaxial Al layers were
deposited at a growth rate below ~0.1 nm/s. In prior
work [19, 24, 25], we had adjusted the substrate tem-
perature between 673 and 873 K and had found that the
Al initially grows in the form of epitaxial islands, which
persist at least until the amount of deposited Al is
equivalent to that of a 200 nm thick continuous layer. In
the present study, in contrast, we kept the substrate
temperature at room temperature to avoid the onset of
diffusion reactions during layer growth and grew the
Al layers to a final thickness of 500 nm. Under these
conditions we obtained continuous Al layers.

Annealing experiments

Al layers grown on MgAl,O, by MBE were annealed
in a UHV chamber for different times at 893 K
(620 °C), ~40 K below the melting point of Al
(933 K). The temperature was adjusted by resistive
heating of a quartz furnace, around which we wound a
nichrome wire, and controlled by a thermocouple in
direct contact with the MgAl,O, substrate.

In addition to plain annealing experiments, we
annealed AI-MgAl,O, specimens while applying a
constant voltage U, across the MgAl,O,, generating an
electric field FE,. Figure 1 schematically depicts the
assembly we designed for carrying out these experi-
ments on Al-MgAlL,O, interfaces fabricated by MBE.
In this construction, electrical contact between the
voltage supply and the specimen was established by
sandwiching the specimen between two flexible Al
sheet electrodes, which in turn were sandwiched
between rigid glass—ceramic plates. The assembly
also included a thermocouple, sensing the annealing

UHV

glass-
ceramic

electrode

AMgALO,

~_glass-
thermo- ceramic

couple

=5 mm—

Fig. 1 Schematic illustration of the setup we used for annealing
of AI-MgAl,0, interfaces in UHV and under an applied electric
field. The polarity of the voltage supply shown here corresponds
to U,>0

temperature 7, directly at the specimen. Intimate
mechanical and electrical contact between all compo-
nents was established by two screws, pressing the layers
of the sandwich together when tightened. With this
method, we obtained reproducible results for the
microstructure of the Al-MgAl,O, interface—we did
not observe significant variations in the microstructure
of TEM specimens from different regions of the
sandwiches. By means of electrical feed-throughs, the
electrodes and the thermocouple were connected to
the DC power supply and a temperature controller,
respectively, outside of the vacuum chamber. In order
to limit the external voltage required for obtaining the
desired electric field strength across the (insulating)
MgAlL,O, substrate, the thickness was reduced to
250 um by mechanical polishing.

During all annealing experiments with an applied
electric field, the DC power supply (Hewlett-Packard
Company, 6209B) maintained a constant voltage
(electric potential difference)

Ua := a1 — ¢y (5)

across the MgAlL,O, layer, where ¢, denotes the
electric potential of the MBE-grown Al layer and ¢y
the potential of the back-electrode. With this defini-
tion, U, > 0 corresponds to positive bias of the metal,
U, < 0 to negative bias of the metal versus the oxide.

The applied voltage U, was adjusted to generate an
average electric field strength of |E,l =5 x 10° V/m
across the thickness of the spinel substrate. For the
chosen thickness of 250 pm for the MgAl,O, substrate,
this corresponds to a voltage of U, = + 125 V between
the upper and lower substrate surface. The electric
current through the circuit was continuously monitored
and recorded by an ampere meter.

Microcharacterization

To study the structure of the AI-MgAIL,O, interfaces
and characterize the spatial distribution of atomic
species after different treatments, we employed
TEM, including conventional TEM (CTEM), se-
lected-area electron diffraction (SAD), high-resolu-
tion TEM (HRTEM), scanning TEM (STEM) with a
high-angle annular dark-field (HAADF) detector,
elemental mapping by electron-spectroscopic imag-
ing (ESI), and X-ray energy dispersive spectroscopy
(XEDS).

For these investigations, we used a Tecnai F30
S-TWIN (FEI, Eindhoven, Netherlands), a 300 kV
field-emission gun energy-filtering high-resolution ana-
lytical scanning transmission electron microscope.
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Operated under optimum conditions for conventional
HRTEM, the information resolution limit of this
instrument is 0.14 nm. For energy-filtering TEM, the
instrument is equipped with a post-column imaging
energy filter (“GIF 2001,” Gatan), retrofitted with a
2k x 2k charge-coupled device (CCD) camera. For the
present work, we applied the “three-window method”
[26] of electron-spectroscopic imaging for elemental
mapping of Al, Mg, and oxygen. Table 1 indicates the
settings we have employed for these experiments. For
acquiring Mg and Al maps, we used L-edges rather than
K-edges because the signals of the latter are so weak
that acceptable signal-to-noise ratios require excessive
electron doses, likely to introduce beam-damage- and
drift-related artifacts. The Mg-L edge, however, is close
to the plasmon region of the energy-loss spectrum.
Particularly in the presence of a strong plasmon signal
(thick specimen), the proximity may introduce consid-
erable error in quantifying the Mg concentration.
Therefore, we recorded elemental maps only in very
thin specimen regions (<0.4 A~ 60 nm, where
A~ 140 nm is the mean free path length of inelastic
scattering [27, 28]).

XEDS is enabled on our instrument by an X-ray
energy-dispersive spectrometer (EDAX™) with a
selected Si-Li detector (energy resolution better than
130 eV at Mn-K,;). XEDS line scans were conducted
in STEM mode, based on Z-contrast imaging with the
aid of a HAADF detector (Model 3000, Fischione
Instruments). The FWHM of the electron probe we
employed for XEDS line scans was ~0.5 nm, corre-
sponding to gun lens setting # 7 and spot size # 6 in
nano-probe mode. The foil thickness in the regions in
which we recorded XEDS line scans was below
1.54 ~ 200 nm. For this thickness, a single-scattering
model predicts a resolution limit of 7.7 nm [27, 29].
Under our experimental conditions, the true resolution
seems to be significantly better—likely because of
channeling [30], although for the sake of accurate
quantification we tried to minimize channeling by tilt-
ing away from low-indexed zone axes.

Cross-sectional specimens for TEM were prepared
using standard methods, including mechanical pre-

Table 1 Experimental conditions for the acquisition of the
elemental maps

Element Edge Pre-edge 1 Pre-edge 2 Post-edge Window Acq.

onset (eV) (eV) (eV) (eV) time

(eV) (s)
Mg-L 51 38 46 55 8 3
Al-L 73 56 66 78 10 3
O-K 532 484 514 547 30 30
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preparation, dimple grinding down to a residual thick-
ness of about 15 um, and Ar* ion-beam thinning to
electron transparency in a precision ion polishing sys-
tem (PIPS, Gatan Inc.).

Results
As-grown Interfaces

Figure 2a shows the typical morphology and atomistic
structure of the AI-MgAl,O, interface as grown by
MBE. The dark features in the Al are line defects and
point defect agglomerates, most likely introduced
during TEM specimen preparation or by electron
beam damaging during observation, rather than during
MBE growth. As expected and confirmed by electron
diffraction, the aluminum layer is free of large-angle
grain boundaries and has grown in ‘‘cube-on-cube”
orientation relationship with the MgAl,O, substrate:

(100) 71| {100) rgg L0, (6)

{001} 5,[[{001 }pgeal,0,- )

The AI-MgAl,O, interface is parallel to the planes
(7).

Fig. 2 (a) Cross-sectional TEM bright-field image of an as-
grown Al-MgAl,O, interface made by MBE. (b) HRTEM
image of the interface in (a). The dark and bright Fresnel fringes
along the AI-MgAlL,O, interface are artifacts of HRTEM
imaging
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The atomistic structure, revealed in Fig. 2b, closely
resembles the structure we observed in previous work
[19, 20]. In particular, the transition form the crystal
structure of MgAl,O,4 to the crystal structure of Al
occurs within the thickness of one atom layer.

Figure 3 presents a zero-energy-loss-filtered image
(ZL) of the interface in Fig. 2, elemental maps of Al,
Mg, and O obtained by the three-window method, and
an XEDS line scan across the interface. The elemental
maps as well as the XEDS line scan confirm that the
interface between the metal and the oxide is “sharp,”
i.e. constitutes an abrupt transition in structure and
composition. In particular, the Mg and the oxygen map
do not show significant intensity on the metal side of

concentration (at%)

0 50 100
distance x (nm)

Fig. 3 Zero-loss-filtered image (ZL), elemental maps of Mg, Al,
and oxygen, and XEDS line scan across the interface shown in
Fig.2, an Al-MgAlL,O, interface “as grown” by MBE. In the
elemental maps, the metal is on the left, the oxide on the right

the interface. In the XEDS line scan at the bottom of
Fig. 3, the metal-oxide interface is at x; ~ 48 nm. The
finite width of the transition region of all three ele-
mental profiles, estimated to ~3 nm, is exclusively
attributed to the non-negligible diameter of the elec-
tron probe and the inevitable effect of beam broad-
ening in the specimen. The levels of Mg, Al, and
oxygen measured in the MgAl,O, reflect the stoichi-
ometry, except that the measured Mg level exceedes
the true level by a factor ~ 1.3. The fluctuations in the
concentrations observed in the MgAl,O,4 far away from
the Al-MgAlL,O, interface indicate absolute reliabili-
ties of + 1%, = 2%, and + 2% for Xy, Xa1, and Xo,
the atom fractions of Mg, Al, and oxygen, respectively.

Plain annealing—without applied electric field

Figure 4 shows the structure of the MBE-grown
interface after plain annealing (without applied electric
field) for 10 h at 893 K in UHV. In the CTEM image,
Fig. 4a, no significant difference is observed compared
to Fig. 2a. The main contrast features at the Al-
MgAl,O, interface are dark lines on the Al side, which
we interpret as strain contours arising from the (very
small) lattice misfit between bulk Al and MgAlL,Oy,.
Confirming the structural similarity with the specimen
in the as-grown condition, the high-resolution image of
Fig. 4b does not indicate any obvious structural change
compared to Fig. 2b.

Fig. 4 (a) Cross-sectional TEM bright-field image of an MBE-
grown Al-MgAl,O, interface after plain annealing for 10 h at
893 K (without applied electric field). (b) HRTEM image of the
interface in (a)
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Fig. 5 Zero-loss-filtered image (ZL), elemental maps of Mg, Al,
and oxygen, and XEDS line scan across the interface shown in
Fig.4, which was obtained after plain annealing for 10 h at 893 K
(without applied electric field). In the elemental maps, the metal
is in the lower left, the oxide in the upper right

The analytical data in Fig. 5, in contrast, does reveal
a significant effect of the annealing treatment. In con-
trast to the sharp transition in structure, the elemental
maps and the XEDS line scan in Fig. 5 indicate that the
compositional profiles of all three elements have sub-
stantially broadened by interdiffusion. Different from
the XEDS line scan in Fig. 3, where the transition of
the atomic fractions Xy, X a1, and X occurs over a
region of ~3 nm, the corresponding transition widths
in Fig. 5 are ~45 nm for Xj,;, ~45 nm for Xo, and
~20 nm for Xy;,. Approaching the metal-oxide inter-
face from the metal side (left), X o begins to decay at
Xm =~ 40 nm. Approaching the interface from the oxide
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side (right), a notable deviation from the plateaus
representing the concentrations of the three elements
in stoichiometric MgAl ,04 begins at xs ~ 84 nm.
Between x, and xs, at x, ~ 52 nm, the XEDS line scan
and the ESI maps consistently indicate a 3 nm wide
local maximum of X, and X o, whereas X 4 features a
corresponding minimum. At xq ~ 55 nm, in contrast,
the Xy, and X exhibit a local minimum, while X,
goes through a maximum. This phenomenon and the
related “spikes” in the concentration profiles X[x]
and X a[x] were observed in some, but not all TEM
specimens we prepared after plain annealing. In the
region between xq ~ 77 nm and x,, the Al concentra-
tion profile X aj[x] has the shape of an error-function,
typically encountered for diffusion from a semi-infinite
source. Xy and Xg are correspondingly lower in this
region, and the concentration profiles Xyg,[x] and
Xo[x] exhibit a shape resembling what one would ex-
pect for outward diffusion of Mg and oxygen from the
oxide into the metal.

Annealing in the presence of an applied electric
field—Al positive

Figure 6 reveals the typical result of applying a voltage

U, = + 125V for 10 h at 893 K in UHV. The CTEM
image, Fig. 6a, features a distinct reaction layer

(a)

it

Fig. 6 (a) Cross-sectional TEM bright-field image of an MBE-
grown Al-MgAl,O, interface after annealing for 10 h at 8§93 K
while applying a voltage of U, = +125 V across the 250 pm thick
spinel substrate. Note the dark layer between the MgAlLO,
substrate and the Al layer (arrow). (b) HRTEM image of the
interface in (a)
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between the Al layer and the MgAl,O, substrate. The
thickness of the layer ranges between 5 nm and 10 nm,
and the interfaces it makes with the Al above and the
MgAl,O, below both appear like sharp phase bound-
aries. The HRTEM image in Fig. 6b zooms in on the
interface between the reaction layer and the Al layer
on top. In this image, the contrast pattern of the
reaction layer resembles that of the spinel in Figs. 2b
and 4b. While the interface between the reaction layer
and the Al layer appears somewhat rougher than the
Al-MgAl,O, interface in Figs. 2b and 4b, the transition
in structure seems to be equally abrupt: The contrast
pattern in the HRTEM image changes over a distance
corresponding to the thickness of only one or two
monolayers.

Figure 7 presents the data we have obtained from
the same specimen by analytical TEM. The oxygen
map obtained by ESI and the oxygen concentration
profile obtained by an XEDS line scan consistently
reveal a constant (spatially homogeneous) and very
small oxygen level X on the metal side and a high and
equally constant Xo on the oxide side. According to
the XEDS line profile, the oxygen concentration
abruptly jumps from Xo =0 on the metal side to
X0 ~ 0.40 on the oxide side. The latter is very close to
the expected value Xo =4/7 for stoichiometric
MgAl,O,, and the transition between the regions of
different X at xj = 58 nm is as sharp as it is for the as-
grown material in Fig. 3. On the metal side, x > x;j,
Xmg ~ Xo =~ 0. On the oxide side, Xy and X4 are
constant for x > x; ~ 86 nm. The average measured
Mg level in this region is at Xyig ~ 0.14, as expected for
stoichiometric MgAl,O4. The average measured Al
level is X aj ~ 0.32, overestimating the true concen-
tration by a factor of f;! = 1.14, whereas the measured
level of oxygen is at X ~ 55, underestimating the true
concentration by a factor fo = 1.04.

In the region x;, which has a width of ~30 nm, X4,
smoothly increases from Xaj[xs] = 0.32 to Xaj[xi] =
0.40, while Xy, decreases from Xyg[xs] ~0.14 to
Xwmglxi) = 0. The concentration profiles X [x] and
Xwmg[x] are complementary (Xa+ Xme = 1— Xo).
X ai1[x] roughly resembles an error function, as ex-
pected for inward diffusion of Al from a semi-infinite
source, while Xy, [x] roughly corresponds to what one
would expect for outward diffusion of Mg. However,
plateaus are observed in both concentration profiles in
the region x; (arrowed in Fig. 7). Here, X ~ 0.38,
Xo = 0.55, while Xz < 0.05. Taking into account the
slight errors in the measured levels of Al and oxygen,
implying a correction factor fa;/fo =0.84 for the
X a1/ Xo ratio, this region consists of Al,O3 rather than
MgAlLL,O,4. The width of the plateau region,

100
Sestya Mw“ - —e—Al
+Mg ]
80l | I \. . |-0
g . . X -
% 60 |——|— . I: I
_% X IW %od boda, PodgPoy
E40 |- [T 11 lﬁf\l"‘\ [ 1
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Fig. 7 Zero-loss-filtered image (ZL), elemental maps of Mg, Al,
and oxygen, and XEDS line scan across the interface shown in
Fig. 6, which was obtained after annealing for 10 h at 893 K
while applying a voltage of U, = + 125 V. In all elemental maps,
the metal is in the lower left, the oxide in the upper right

|xr — xi| &2 13 nm, corresponds to the width of the
reaction layer observed in Fig. 6a. The coherence of
lattice planes across this layer observed in the HRTEM
image of Fig. 6b suggests that the layer consists of y-
Al, O3, which is cubic with a face-centered cubic oxy-
gen substructure and a lattice parameter very similar to
that of MgAl,O,4. The Mg-depleted region is also ob-
served in the ESI map of Mg in Fig. 7, followed by a
transition region in which the intensity steadily de-
creases towards the metal side. (The fine bright line at
the position corresponding to x; in the XEDS line
profile is apparently an artifact.) In the ESI map of Al,
the corresponding plateau of Xxj[x] is less obvious,
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presumably because the relative variation in the Al
concentration is smaller than for Mg.

Figure 8 presents the results from an XEDS line
scan obtained after annealing for 20 h at 7, = 893 K
with U, = + 125V, i.e. after doubling the annealing
time. Compared to the concentration profiles obtained
after 10 h (Fig. 7), the plateau region x; of Xy [x] and
X a1[x] has now broadened to |x; — xj| &~ 120 nm. All
other features of the composition profiles, including
the near-Al,O; composition of the plateau region
(arrowed), correspond to those observed in Fig. 7.

Annealing in the presence of an applied electric
field—Al negative

Figures 9 and 10 show the corresponding results of
applying a voltage U, = —125 V for 10 h at 793 K.
Different from Fig. 6a, the TEM image in Fig. 9a does
not expose a reaction layer. Closely resembling the as-
grown Al-MgAl,O, interface in Fig. 2, the images
exclusively feature an interface between Al and
MgAL,O,4, and similar to the as-grown state, the
interface appears to be atomically sharp and flat. The
HRTEM image in Fig. 9b confirms an abrupt structural
transition between Al and MgAl,O,—within a distance
corresponding to the thickness of one or two mono-
layers. The corresponding elemental maps obtained by
ESI are shown in Fig. 10. The maps suggest a relatively
sharp step in the composition of all three elements at
the metal-oxide interface. According to the XEDS line
scan in Fig. 10, all three composition profiles are
somewhat flatter than in the as-grown state (Fig. 3),
but definitely sharper than the profiles observed across
the reaction layer that formed at U, = +125 V. In
Fig. 10, the zone x4y, <x<x; where notable deviations

100 ,
80 [ :
60 |,

40

——Al
——Mg

—-0

concentration (at%)
x

20 X

omé'""*" st . T

0 120 240 360
distance x (nm)

ITT"'W
Y

Fig. 8 XEDS line scan obtained after annealing for 20 h at
893 K while applying a voltage of U, = +125 V
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Fig. 9 (a) Cross-sectional TEM bright-field image of an MBE-
grown Al-MgAl,O, interface after annealing for 10 h at 893 K
while applying a voltage of U, = —125 V across the 250 um thick
spinel substrate. (b) HRTEM image of the interface in (a). The
central bright fringe along the AI-MgAl,O,4, accompanied by
parallel dark fringes at the top and the bottom, is an artifact of
HRTEM imaging

occur from the respective concentrations in Al and
MgAl,O,4 has a width of only ~13 nm.

Discussion

The results of our studies consistently lead to the fol-
lowing conclusions:

(1) The Al-MgAl,O, interface is not thermodynam-
ically stable. On annealing, a diffusion reaction
occurs that leads to considerable spatial redistri-
bution of atomic species.

(2) Plain annealing (without applied electric field)
broadens the initially sharp steps in the concen-
tration profiles of Mg and Al and—appar-
ently—also oxygen. The MgAl,O, adjacent to the
metal-oxide interface becomes deficient in Mg
and richer in Al

(3) Annealing U, = +125 V accelerates the rate of
Mg depletion and Al enrichment, while annealing
with U, = —125 V has the opposite effect, i.e.
retards the re-distribution of Mg and Al.

(4) After all three types of annealing treatments, i.e.
with U, =0V, +125 V, and -125 V, the crystal
structure of the oxide remains face-centered
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Fig. 10 Zero-loss-filtered image (ZL), elemental maps of Mg,
Al, and oxygen, and XEDS line scan across the interface shown
in Fig. 9, which was obtained after annealing for 10 h at 893 K
while applying a voltage of U, = —125 V. In the elemental maps,
the metal is in the upper left, the oxide in the lower right

cubic, and the orientation relationship between
the Al and the oxide remains ‘‘cube-on-cube.”

The location of the structural interface observed in
the HRTEM images cannot be directly correlated with
the position of features in the ESI elemental maps and
the XEDS line scans. This raises the question where
the structural interfaces observed in the conventional
and HRTEM images are located in the elemental maps
and in the XEDS line scans. This question is particu-
larly interesting for the rather complex composition
profiles observed after plain annealing (Figs. 4b and 5).
Recalling that the mobility of oxygen in spinel is small

at T, = 893 K and oxygen is nearly perfectly insoluble
in Al [31], it seems possible that the observed broad-
ening of the concentration profiles is an artifact, e.g.
caused by beam broadening. However, all XEDS line
scans were recorded under very similar condi-
tions—particularly with respect to the local foil thick-
ness. If beam broadening was the reason for the large
width of the transition region x,<x<x, in Fig. 5, the
concentration profiles in Fig. 2 should show a compa-
rable degree of convolution. However, they do not.
Further, the sharpness of the ‘“‘spikes” observed at x,
and x4 in Fig. 5, which may indeed be an artifact,
demonstrate that the spatial resolution is in fact close
to 3 nm, which corresponds well to the spatial resolu-
tion observed in Fig. 3 (assuming an ideally ‘‘sharp”
interface).

If the observed width of the transition region is not
an artifact, we must conclude that most of this region is
not single phase: Stoichiometric spinel, MgAl,O,, can
formally be written as MgO -n AL O3 with n=1.
According to the (quasi-binary) MgO-Al,O; phase
diagram, spinel can accommodate large deviations
from the stoichiometric composition MgAl,O,, corre-
sponding to 0.7 < n < 7.8. Even for the most oxygen-
deficient spinel, however, X >0.56. Since the spinel in
our experiments was stoichiometric (n = 1), the X¢[x]
should approach Xo[n = 1] = 0.57 in the region x>x;
in Fig. 5—far away from the metal-oxide interface.
However, the measured oxygen level in this region is
only =~ 0.52. Accordingly, the measurements underes-
timate the true oxygen concentration by a factor
fo = 1.10. But even after correcting for this deviation
(assuming a linear relationship between measured and
true Xo), only the region x>x, contains enough oxy-
gen to consist entirely of spinel.

In the region xq<x<x,, where the deficiency of
oxygen is significant, the reaction has either roughened
the metal-oxide interface, generating islands of oxide
with thin layers of metal between them, or decomposed
the spinel to generate regions of Al-rich, metallic
Al-Mg solid solution. Presumably, the alternating
regions of metal and oxide are small and have their
crystal lattices oriented parallel to each other. They
will be difficult to detect in conventional and HRTEM
images like Fig. 4 because the lattice mismatch
between Al and the face-centered cubic oxygen
substructure of spinel is very small [19, 20].

Although the solubility of oxygen in Al at
T, =893 K is negligibly small, Fig. 5 indicates sub-
stantial oxygen levels between x;, and x; on the metal
side of the interface. Similar to the observations on the
spinel side, this leads to the conclusion that this region
contains y-Al,O3; particles dispersed in the metal
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matrix, which apparently do not generate sufficient
contrast to be detected in Fig. 4. Again, this is possible
because y-Al,O; has a face-centered cubic oxygen
substructure with a negligible mismatch to the Al
matrix, such that small y-Al,O; particles can make
perfectly coherent, practically stress-free interfaces
with the Al matrix. In the region around x,, where
Fig. 5 exhibits local maxima of Xy, and X¢ and a local
minimum of X, a considerable amount of oxygen
seems to be bound in MgALO, particles. This
hypothesis is in agreement with the isothermal sec-
tion of the Mg-Al-O phase diagram calculated for
1348 K [32]. For the measured composition of
Mg 10Aly 4500 45, the diagram predicts the coexistence
of AlL,O; and MgAl,O4 in equilibrium with Al-Mg
solid solution. Small particles of MgAl,O, included in
Al-Mg will again not be detectable under the imaging
conditions of Fig. 4, either, owing to the similarity of
the MgAl,O, lattice parameter to those of Al and
y-Al,O3 and because it is highly likely that the crystal
lattices of all three phases are oriented parallel to each
other. However, the microscopic mechanism by which
such microstructure can evolve demands further
investigation.

Several features of the scenario observed in Figs.4
and 5 agree with the proposed ion exchange reaction
(1). Most of all, the spinel adjacent to the metal-oxide
interface (x,<x <x;) features an Al composition
profile indicating inward diffusion of aluminum and—
although less pronounced—outward diffusion of Mg.
In addition, the composition parameter n of the spinel
in this zone is smaller than 1, corresponding to
Xo <4/7. This indicates a trend for this region to
eventually form Al,Os.

When a voltage is applied across the MgAl,O, layer,
the resulting electrical field E, does not penetrate the
interior of the Al layer. Further, diffusion of Al atoms
into spinel or ions from the spinel into the metal does
not involve charge transport across the metal-oxide
interface. Therefore, the main impact of the applied
electric field will be to change the diffusion rates and
spatial distribution of charged point defects in the
spinel. The diffusion rate of charged point defects, in
particular, changes because the electric field changes
the activation energy of diffusion from @ to
O — gE, - r, where ¢ is the charge of the point defect
and r the jump vector.

As observed in the XEDS line scan of Fig. 7, the
electric field generated by U, = +125 V has a pro-
found impact on the spatial distribution of Mg and Al.
However, it does not significantly alter the distribution
of oxygen. Very similar to the as-grown state (Fig. 3),
Fig. 7 indicates Xo[x<xj] = 0, Xox>xi] =~ 0.55. This
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implies that x; corresponds to the position of the
metal-oxide interface before annealing, and that
practically no transport of oxygen has occurred during
annealing with U, = +125 V.

The cation concentration profiles X[x] and X aj[x]
differ from those observed in the as-grown state
(Fig. 3) and after plain annealing (Fig. 5). Similar to
the latter between x4 and xs in Fig. 5, the shapes of
Xwmglx] and X o[x] in the region x; in Fig. 7 correspond
to what one would expect for inward diffusion of Al
and outward diffusion of Mg. However, there are
two important aspects in which the profiles in Fig. 7
differ from those in Fig. 5: (i) Xo[x] is constant,
and Xy, and X, are complementary in the region
x> % Xmglt] + Xailx] =1 - Xolx] =045, (i) Al
diffused somewhat deeper into the MgAl,O4, and
much more Mg is removed in the corresponding region
(arrow in Fig. 7). The width |x; — xi| = 30 nm of the
reaction layer, over which X, decreases from its
maximum X aj[x;] ~ 0.42 at the interface to the MgA-
LO4 level Xailx]~0.33 and Xy, raises from
Xwmglxi] = 0 to Xmg[xs] ~ 0.33, is much larger than the
width |xs — xo| ~ 14 nm of the Al diffusion zone in un-
decomposed spinel in Fig. 5. Considering the low
concentration of Mg in the reaction layer and its dis-
tinct contrast it the TEM images of Fig. 6 leads to the
conclusion that this layer is an early stage of y-Al,O;
forming at the AI-MgAl,O,. Indeed, the layer broad-
ens on prolonged annealing with U, = +125 V and
features a low and constant Mg concentration, as ex-
pected for y-Al,O5 [27].

While annealing with U, = +125 V promotes the
diffusion of Al and Mg in the spinel, annealing with
U, = —125 V yields the opposite effect. The concen-
tration profiles in Fig. 10 are very similar to those ob-
tained from the as-grown material in Fig. 3. The main
difference is that the transition from the composition
of the metal to the composition characterizing stoi-
chiometric MgAl,O,4 occurs over a somewhat broader
zone, namely between xy, ~ 47 nm and x5 ~ 60 nm. As
discussed for the case U, = 0 V, this region will include
Al-Mg and y-Al,0s;.

Obviously, U, = +125 V facilitates the exchange of
Al ions for Mg ions in the MgAl,O,, while U, = —
125 V retards it. This observation agrees with the
implication of the proposed ion exchange reaction (1),
according to which the Al ions incorporated from the
metal carry an effective charge of + 1. Consequently,
the electric field generated by U, = +125 V will drive
the Al ions deeper into the MgAl,O4, which can
explain why inward diffusion occurs to larger depth for
this polarity of the applied voltage and less deep for
the opposite voltage. Since ion exchange implies
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dissolution of Mg in the Al layer, it also provides a high
gain in configuration entropy. Based on these obser-
vations, it is very likely that the ion exchange reaction
(1) actually does occur.

However, there is evidence that ion exchange is not
the only operating micromechanism for Mg transport
away from the AI-MgAl,O4 The alternative to be
considered is transport of Mg ions into the opposite
direction—away from the metal and deeper into the
spinel. One piece of evidence supporting this hypothesis
arises from the fact that we have not detected any Mg on
the metal side of the interface—particularly not in Fig. 8,
obtained after prolonged annealing (20 h) at 7, = 893 K
with U, = +125 V. Literature values for the pre-factor
Dy and the activation energy Q of the Mg diffusion
coefficient in single-crystalline Al include Dgmgaly =
6.23 x 107° m%s, Owmg(an = 1.91 x 1077 J (1.19 eV)
[33] and Do gl = 1.24 x 10~*m /s, Qugran = 2.17 x
10712 J (1.35 eV) [34]. Accordingly, the mean diffusion
distance /Dygant of Mg after 1=72x10%s is
between 290 nm and 460 nm. Since this is comparable
to the thickness of the Al layer, we may assume that
dissolved Mg is distributed homogeneously in the Al
layer. Approximating the true concentration profile
Xwmglx] in Fig. 8 by Xwg = 0.04 between x = 100 nm
and x =225 nm and (Xwg[x =225nm| =1/7) for x >
225 nm, homogeneous distribution of all expelled Mg in
the Al layer (thickness: 500 nm) would yield a Mg con-
centration of 3.7 at%. In Fig. 8, however, the Mg con-
centration in the region x < x;is clearly below this level.

The second reason why we believe that Mg from
the oxide side of the AlI-MgAl,0, interface may also
diffuse away from the Al metal originates from the
observed behavior of the system under applied
electric fields. During annealing with U, = + 125V,
the electric field across the interface not only pro-
motes the migration of AI**, but also Mg®" into the
direction from Al to MgAl,O4 Therefore, the
experimental observation that U, > 0 accelerates the
transport of Mg and U, < 0 retards it not only
supports the hypothesis of an ion exchange reaction,
but is also consistent with Mg transport away from
the metal.

Similarly, Xwm,[x] agrees with the ion exchange
mechanism, but also with the hypothesis of Mg trans-
port towards the back-electrode. Provided that the
mobility by, of Mg in the spinel is higher than the by,
of Al, the Mg concentration profiles on the spinel side
in Figs. 5, 7, and 8 actually do not indicate outward
diffusion of Mg, but can be explained as a consequence
of rate-limiting inward diffusion of Al and the condi-
tion of charge neutrality, requiring that the Xy, mat-
ches Xo — Xaj.

Finally, the ion exchange reaction (1) implies a
redox reaction in which Al is oxidized and Mg is
reduced. It appears that this is energetically unfavor-
able compared to a reaction in which Mg remains
oxidized.

Figure 11 shows two corresponding models for Mg
transport away from the metal, based on two different
assumptions concerning the reaction products. In
model A, MgAl,0O4 decomposes into MgO and Al,O;
(without reducing Mg). This kind of ‘kinetic”
decomposition is neither an oxidation nor a reduction
and occurs when local differences of the chemical
potential of oxygen up exceed the critical value [35,
36]

Zng + bal o
Allo max = Zbrig — 3ban AGygear,0,- (8)

Here, b denotes the ion mobility and AGyy,, o, the
Gibbs free energy of formation of MgAl,O, from MgO
and A1203.

Since byg>bar in MgAL Oy [37], MgO should form
on the side of higher po. For U, = +125 V, this is the
side of the Al back-electrode because of the applied
electric field and because oxygen may be released
e.g. from traps in the rough interface between the

A Al ALO;  MgAL,O,  MgO
| Al —> AR+ —> E 0
—> Mg?* ——)*E,ﬁ.‘-'
< Vo VAl -(—L)_j:
+ -
I
It
UEI
B Al AL,O,  MgALO,

Al —> APRY —»

—> Mg+ —)-||||

-, S V|
I
|I
Ua

Fig. 11 Two models for reactions at the Al-MgAl,O, interface
based on Mg transport away from the metal
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back-electrode (Al foil) or from the native oxide on the
back-electrode. Absent additional sources of oxygen,
the behavior of the back-electrode during annealing
with U, = +125 V should be equivalent to the behav-
ior of the MBE-grown Al-MgAl,O, interface during
annealing with U, = —125 V. However, there is a
marked asymmetry with respect to inverting the
polarity of the voltage, supporting the hypothesis that
the back-electrode can provide additional oxygen [27].

The overall reaction corresponds to anodic oxida-
tion of Al, involving the anode reaction

Al(ss) — Aly, +¢' 9)

and the cathode reactions

1

502 (g) +2¢' — O + K/Ig (10)
3 !/ X "

502 (g) +6¢" — 30§ + 2V~ (11)

20,(g) + 8¢’ + Mgy, +2Al% —
MgAlLOq4 + Vi, +2Vy;. (12)

The cation vacancies created at the cathode
according to (10) and (11) migrate toward the Al-
MgALO, interface. There, they are filled by neigh-
boring Mg ions, leaving new Mg vacancies behind
(toward the interface), which are subsequently occu-
pied by Al ions incorporated from the Al layer, oxi-
dized according to (9).

To date, the hypothesis of MgO formation at the
back-electrode has not been experimentally verified.
To account for the possibility that no elemental
oxygen is available at the back-electrode, model B in
Fig. 11 assumes that the migration of cations is
accommodated by entirely by local changes in the
composition of the spinel and exchange in cation sites
up to the limit indicated by the Mg—Al-O phase dia-
gram. This reaction results in the formation of Al,O;
at the anode and Mg-rich spinel at the cathode. Model
B, accordingly, is based on the tolerance of MgAl,O,
for accommodating a large concentration of charged
point defects.

Model A implies an electric current, while model B
does not. In principle, therefore, it should be possible to
determine the dominant operating mechanism by
measuring the electric current during the annealing
experiment. However, the current measurements we
performed to date are not conclusive because they suf-
fer from considerable impact of uncontrolled effects
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[27]. To obtain meaningful measurements, the current
experimental setup needs to be replaced with a more
sophisticated one. Further potential routes to distin-
guish between the proposed models include (i) deposi-
tion of Al on both sides of a spinel substrate, (ii)
deposition of a closed film of Pt or a Pt grid on the back-
side of the spinel substrate to be able to control the
oxygen activity, and (iii) patterning of the Al layer to
observe the Al-MgAl,O4—~vacuum triple-junction line.

Conclusion

The interface between Al and MgAl,O, is not stable.
Annealing at elevated temperatures causes a diffusion
reaction eventually leading to substantial spatial
re-distribution of atomic species. The experimental
observations confirm a strong tendency for Al to
replace Mg in the MgAlL,O, adjacent to the Al-
MgAlL,O,4. The reaction rate can be sensitively con-
trolled by applying an electric field across the spinel. A
field oriented in the direction from the metal to the
oxide accelerates the reaction, while the field in the
opposite direction retards it. The underlying micro-
mechanism includes ion exchange at the AI-MgAlL,Oy,,
as hypothesized in earlier work. However, the main
direction of Mg transport is away from the metal,
deeper into the MgAl,O,4. The circumstances under
which this transport occurs deserve further investiga-
tion. Since each one of the proposed mechanisms
involves charged point defects in the MgAl,O,, the
diffusion reaction will impact the adhesion between
the metal and the oxide—according to the image
charge theory of metal-oxide adhesion. Our results
demonstrate that annealing in electric fields can be
effectively employed to control interface microstruc-
tures and properties.
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