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Effect of annealing and applied bias on barrier shape in CoFe/MgO/CoFe tunnel junctions
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Energy-filtered transmission electron microscopy and electron holography were used to study changes in the
MgO tunnel barrier of CoFe/MgO/CoFe magnetic tunnel junctions (MTJs) as a function of annealing and in situ
applied electrical bias. Annealing was found to increase the homogeneity and crystallinity of the MgO tunnel
barrier. Cobalt, oxygen, and trace amounts of iron diffused into the MgO upon annealing. Annealing also resulted
in a reduction of the tunneling barrier height, and decreased the resistance of the annealed MT]J relative to that of
the as-grown sample. /n situ off-axis electron holography was employed to image the barrier potential profile of
a MTJ directly, with the specimen under electrical bias. Varying the bias voltage from —1.5 to +1.5 V was found
to change the asymmetry of the barrier potential and decrease the effective barrier width as a result of charge

accumulation at the MgO-CoFe interface.
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I. INTRODUCTION

Metal-oxide interfaces are the subject of extensive experi-
mental and theoretical research for next generation nanoscale
spintronic devices that exploit spin as a degree of freedom
for charged electrons.! They play a key role in metal-oxide
based science and engineering, with applications including
magnetic tunnel junctions (MTJs)? and other heterogeneous
structures such as resistance switching oxides® with uses
or potential uses in low-power nonvolatile memories. In its
simplest form, the MTJ is a trilayer structure consisting of two
ferromagnetic (FM) electrode layers separated by an ultrathin
dielectric layer. The electrical resistance across the insulating
tunnel barrier is dependent upon the relative orientation of the
magnetizations of the two ferromagnetic electrodes. In most
cases, the electrical resistance is lower when the magnetization
of the two ferromagnetic layers is parallel and higher when the
magnetization is antiparallel.* This difference in resistance
between the two magnetization configurations is quantified by
the tunneling magnetoresistance (TMR). MTJs have attracted
the attention of experimental and theoretical scientists for
their application as magnetic-field sensors in hard disk drives
and as the memory element in nonvolatile magnetic random
access memories (MRAM).> MTJs with crystalline tunnel
barriers such as MgO are of particular interest as they have
been theoretically predicted® and experimentally verified”:® to
exhibit extremely high values of TMR, which is required for
device applications, as a result of an enhanced tunneling spin
polarization from the spin-filter effect.

It is well known that the barrier layer plays a critical role in
the transport behavior of MTJs. For example, MTIJs in which
single-crystal MgO is substituted for amorphous AlQO;, in the
tunnel barrier showed greatly enhanced TMR®® as a result of
the coherent tunneling of electrons through the barrier. The
barrier shape is sensitive to many factors. An asymmetric
barrier can be induced by effects such as differences in the
crystal structure of the two FM layers on either side of it,” the
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degree of oxidation of the tunnel barrier,'? and intermixing
of elements at the barrier interfaces after annealing.'! The
most straightforward method of tuning the barrier asymmetry
is by applying a bias voltage.'” The conductance of the MTJ
is another important parameter that must be considered for
its use in hard drive disk read head applications, and careful
processing of MgO-based MTJs has led to resistance-area
products as low as 0.4 Q um? with 50% TMR."?

In general, the transport properties of MTJs depend on many
factors, such as band-structure effects'* and spin scattering.'
Microstructural changes have been used to explain the
transport behavior of MTJs after various postdeposition
treatments.'®'® In particular, vacuum annealing has been
observed to increase the TMR of MTIJs with crystalline MgO
barrier layers.'®?" This increase in TMR can be associated
with an increased tunneling spin polarization (SP),® a more
uniform barrier layer,”! and/or lower roughness and less
interdiffusion at the interfaces between the tunnel barrier and
the ferromagnetic electrodes.’>>* It has been reported that
the conductance of the parallel magnetization configuration
increases after annealing.25 On the other hand, there are
also reports that the resistance-area product does not change
during postdeposition annealing®® or increases with annealing
temperature.”’” The asymmetry in the shape of the barrier
potential has been probed by using photoconductance'® and
off-axis electron holography,?*?® which allowed the asymmet-
ric voltage dependence of the electron transport behavior to be
observed.

Transmission electron microscopy (TEM) is a powerful tool
in the study of the microstructure and chemical distribution
of materials at the subnanometer scale, and has proven to
be particularly useful in the study of MTJs.?*?°-32 High-
resolution TEM (HREM) has been applied to study the
Fe/MgO interface in epitaxial MTJs?! and microstructure
evolution in MTJs following annealing.>* The interfacial
roughness of Fe/MgO/Fe MTJs** and the segregation of B and
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O at the CoFeB/MgO interfaces in polycrystalline Mg-B-O
(Ref. 35) have been measured by a combination of electron
energy loss spectroscopy (EELS) and scanning TEM (STEM)
on the atomic scale. Recently, in situ, site-specific electri-
cal biasing TEM experiments were introduced,*® allowing
direct correlation between the microstructure and transport
behavior.’”® The chemical composition of the tunnel barrier
and its interfaces with the electrodes is a controlling factor in
the spin-dependent tunneling effect needed for high TMR.
However, the exact evolution of the barrier shape as a
function of changes to the barrier composition and structure
during annealing is still not well understood, and the way
in which barrier potential symmetry and effective width vary
as a function of an applied electrical bias is also not fully
understood.

We have used HREM, energy-filtered TEM (EFTEM), and
in situ electron holography under an applied bias to study
the MgO tunnel barrier of a CoFe/MgO/CoFe MTIJ with
the goal of understanding the barrier shape evolution as a
function of annealing and electrical bias. HREM was used to
reveal the crystalline quality of the MgO and its interfaces
with CoFe before and after annealing. The tunneling behavior
of the as-grown and annealed samples was determined by
site-specific measurements of the current density-voltage (J-V)
characteristics. The evolution of the elemental distributions of
Co, Fe, and O upon annealing was also studied in detail by
EFTEM. Finally, in situ off-axis electron holography was used
to probe the potential barrier shape, asymmetry, and effective
width in both unbiased and biased conditions.

II. EXPERIMENTAL DETAILS

The multilayer MTJ structure was deposited on a
high-conductivity Si(100) substrate (o < 0.001 €
cm) after removing the native oxide with HF etching
with the following stack sequence: Si/TaN(10)/Ta(5)/
II‘MH(ZS)/CO49F621 B30(0.3)/CO70F€30(3.5)/MgO(3.6)/C070
Fe30(2)/Cos9Fer; B3o(10)/Ta(7.5)/TaN(7.5)/Cr(60), where
the numbers in parentheses denote the layer thickness in
nanometers. The metallic layers were deposited by dc
magnetron sputtering in 3 mTorr Ar. The MgO barrier layer
was deposited by reactive deposition of a metallic Mg target
in an Ar-O, mixture. One piece of the Si wafer was annealed
at 300 °C in high vacuum for 30 min. The samples for
standard cross-sectional TEM imaging were prepared by a
focused-ion beam (FIB) lift-out technique.’® Samples for
in situ electron holography experiments were prepared as
described elsewhere.*® Off-axis electron holography requires
that the area of interest (in this case, the MgO barrier) must
be close to the vacuum edge of the sample (several tens of
nanometers, maximum). In order to meet this requirement,
the sample was imaged (lightly etched) with a 5-kV Ga™
ion beam in the FIB until the MgO was very near the
exposed surface. The 5-kV Gat damage at the surface may
also introduce some additional contact resistance, which is
expected to be small in comparison to the resistance of the
relatively thick MgO tunnel barrier layer in these particular
samples, and will therefore be neglected.’®*” All analytical
TEM experiments were carried on a FEI Tecnai F20 TEM.
Site-specific current-voltage (I-V) transport characteristics
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were measured in an electrical biasing stage inside of the
TEM with the bottom electrodes grounded, as described in
detail elsewhere.®® A pseudo four-point probe dc method
in voltage sourcing mode was used. A gold tip (50-nm
end radius) was positioned to touch the specimen surface
using piezoelectric motors, which can be controlled in three
dimensions with nanometer accuracy.’® The gold probe
tip was in constant contact with the specimen during data
collection (i.e., the contact area between the Au probe and
sample was constant throughout each I-V curve measurement),
and the tip morphology was carefully preserved throughout
the series of experiments in order to minimize the variations
in the contact resistance. The in situ applied bias voltage
was set manually in increments of 0.25 V from —1.5 to
+1.5 V. In order to obtain good statistics and smooth the
I-V curves, the applied voltage was held for 5 s at every
step and each reported data point for a given voltage is the
average of ~100 individual current measurements recorded
during the 5 s interval. Note that all electrical measurements
were made in the parallel magnetization configuration of
the two ferromagnetic electrodes (low resistance state). The
tunneling current measured from the /-V characteristic was
normalized to the electrode contact area to yield the current
density (J), which is used as the fitting parameter for data
analysis. The local effective barrier height and width values
were extracted from the experimental transport data by fitting
to the Brinkman-Dynes-Rowell (BDR) model*’ for tunneling
through the insulating barrier. The three-window background
subtraction*! method for EFTEM was applied to obtain the
elemental distributions of Co, Fe, and O. A biprism biased
at +160 V was used for the off-axis electron holography.
The reconstructed phase-shift profile was used to measure the
electrostatic potential of the tunnel barrier and thus directly
probe the barrier shape and determine the effective barrier
layer width. Here, the phase shift of the electron beam can be
simply written as*’

¢ = Cgor, ey

where Cp = 7.3 x 1073 rad V! nm~! for 200 kV electrons,
¢ is the electrostatic potential, and ¢ = Vj (V} is the mean
inner potential) when there is no external electric field applied.
This equation can also be applied to map the chemical
homogeneity if the sample thickness (f) is constant>? within
the area of interest. The holography data were processed by
reconstruction with reference images using the Holoworks*
data processing software for Digital Micrograph™. The
electron phase shift is plotted with a 200-pixel-wide line scan
from the phase-shift image. The phase-shift curves were fitted
using Gaussian functions at the CoFe/MgO interfaces and a
linear fit that connected the two Gaussians across the batrier.
The effective barrier width was measured as the sum of half
the width of the Gaussian at each interface plus the distance
between the peaks of the Gaussians.

III. RESULTS AND DISCUSSION I: EFFECTS
OF ANNEALING

A low-magnification bright-field TEM image of the as-
grown sample is shown in Fig. 1(a). The growth direction is
from the bottom to the top of the image. The mass-thickness
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FIG. 1. (a) Low-magnification TEM image of the MgO-based
MT]J device multilayer structure. HREM images close to the barrier
area of (b) as-grown and (c) annealed samples. The FTs of MgO layer
are shown as insets in (b) and (c).

contrast in the image clearly highlights the multilayer structure
of the sample. The MgO layer shows the brightest contrast
because of its low average atomic number. It is difficult to
distinguish the ultrathin 0.3-nm-thick CoFeB layer from the
3.5-nm-thick CoFe layer below the MgO barrier layer.
The top CoFeB layer can, however, be distinguished from
the CoFe layer just above the barrier due to its amorphous
nature arising from its high B content. HREM images near
the MgO barrier of the as-grown and annealed specimens are
shown in Figs. 1(b) and 1(c), respectively. In the as-grown
sample the top electrode is amorphous and the CoFe-on-MgO
interface is rougher than the MgO-on-CoFe interface. An area
in the rough interface where the MgO protrudes into the top
CoFe layer is marked with the white arrow in Fig. 1(b). There
are some crystalline lattice fringes observed in the MgO,
which means the MgO was at least partially crystalline in the
as-grown sample. After annealing, the two CoFe ferromagnetic
layers show a highly oriented [100] out-of-plane texture, as
does the MgO barrier layer, as seen in Fig. 1(c). Following
annealing, the amorphous CoFeB layers in the as-grown
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TABLE I. The interface roughness extracted from STEM
tomography.

CoFe-on-MgO (nm) MgO-on-CoFe (nm)

0.20 £0.02
0.12 +£0.01

0.138 £ 0.004
0.135 £ 0.007

As-grown
Annealed

sample were crystallized by exclusion of B to form CoFe,
which is consistent with previous research.**> By comparing
the as-grown and annealed structures in Figs. 1(b) and 1(c)
and the digital Fourier transforms (FTs) of the MgO layer
(insets), it can be seen that the crystallinity of both the
MgO and CoFe layers has greatly improved after annealing.
Sampling from a larger cross-sectional area also showed that
the CoFe-on-MgO interfacial roughness has reduced after
annealing. To quantify this effect, the rms interfacial roughness
of the MgO-on-CoFe and CoFe-on-MgO interfaces, shown in
Table I, were measured directly via three-dimensional electron
tomography.*® As can be seen from the values in Table I, the
measured roughness of the MgO-on-CoFe interface is smaller
than that of the CoFe-on-MgO interface in the as-grown
sample. The roughness of the CoFe-on-MgO interface was
reduced from 0.20 £ 0.02 to 0.12 + 0.01 nm by annealing.
In contrast, the roughness of the bottom MgO interface was
unchanged after annealing.

The sample for in situ site-specific I-V experiments was
patterned using the FIB to form many horizontal pillars varying
in size from 500 nm to 1 um in width, as seen in Fig. 2(a).
Figure 2(b) shows a representative image of the Au probe
contacted to the top of a 1-um-diam pillar. Note that the
sample is thin (<100 nm thickness) in the direction of the
electron beam in order to enable TEM observation. Annealing
resulted in a major change in the transport behavior of the
tunnel junction. The resulting experimental J-V curves are
shown in Fig. 3, where J is the current density in A/cm?, and
V is the bias voltage in volts. Both samples show tunneling
J-V characteristics but with some obvious differences. Most
significantly, the current density of the annealed sample
(22 A/cm?) under an applied bias voltage of 0.75 V is much
higher than that of the as-grown sample (12 A/cm?) at the
same bias. Least-squares regression fitting of the J-V curves

FIG. 2. (a) TEM image of an in situ sample with five separate
pillars. (b) TEM image showing the morphology of one pillar in
contact with the Au probe during /-V measurement.
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FIG. 3. Plots of current density versus voltage for the as-grown
and annealed samples.

to the BDR model*’ through an asymmetric tunnel barrier
yielded a decrease in the estimated barrier height from 1.14 to
0.50 eV, while the estimated barrier width increased
from 1.9 nm as-grown to 2.6 nm annealed as shown in
Table II.

Figure 4(a) shows the standard reconstructed electron wave
phase-shift image of the as-grown sample as measured by off-
axis electron holography. The dark areas correspond to the top
and bottom CoFe electrodes. The bright area across the center
of the image is the MgO barrier layer. From the large difference
in contrast between the MgO and the CoFe electrodes, we can
conclude that there is a significant difference in the phase shift
of the electron beam in these areas. A line scan of the electron
phase shift across the tunnel junction is shown in Fig. 4(b).
The phase shift is normalized to the sample thickness in the
region of the FM electrodes in order to plot the relative phase
shift in the MgO barrier layer of both samples. The phase
shift of the barrier layer in the annealed sample is lower than
that of the as-grown sample. The measured barrier layer width
(phase) in the annealed sample is 3.2 4= 0.1 nm, which is larger
than the 2.8 4= 0.1 nm barrier width of the as-grown sample.
This implies that after annealing, the effective barrier layer
width has expanded slightly. We note that the small phase-shift
oscillations across the MgO barrier area most likely arise from
acombination of lattice fringes, hologram interference fringes,
and Fresnel fringes at the edges of the biprism.*’

EFTEM imaging was used to map the elemental distribution
of Co, Fe, and O in the MTJ, in an attempt to explain the
higher current density and the smaller phase shift in the
annealed sample as observed in the J-V measurements (Fig. 3)
and the electron holography data [Fig. 4(b)]. Figure 5(a)
shows superimposed the color-coded Co (red), Fe (green),
and O (blue) elemental distributions of the annealed sample.
The MgO barrier area tracks with the presence of oxygen

TABLE II. Barrier parameters from BDR fitting and phase shift.

As-grown Annealed
BDR fitting Height (eV) 1.14 0.5
Width (nm) 1.9 2.6
Phase shift ~ Phase-shift height (rad) 3.43 +0.03 3.27 £ 0.03
Width (nm) 28 +0.1 32+0.1
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FIG. 4. (Color online) (a) Phase-shift image of the as-grown MTJ
reconstructed from the hologram. (b) Line scan of the phase-shift
profile averaged over 200 pixels parallel to the barrier layer. Profile
corresponds to the boxed region in (a).

and therefore is predominantly blue. In order to display the
elemental distribution more clearly, 50-pixel-wide line scans
[perpendicular to the barrier, as the white profile marked in
Fig. 5(a)] of the elemental intensities are plotted in Figs. 5(b)—
5(d) for Co, Fe, and O, respectively. The counts (arbitrary
units) of the Co and Fe distribution profiles are normalized
to that of the bottom CoFe electrode in the as-grown and
annealed samples. A larger number of counts (higher intensity)
indicates a higher relative elemental concentration. In order to
compare the elemental distributions quantitatively, the average
barrier width (fcjement) Was determined from the Co, Fe, and
O elemental distributions by averaging fejement (felement Was
determined as the distance between the points where the counts
have reached 50% of the difference between the minimum and
maximum values on either side of the barrier) from the line
profiles shown in Figs. 5(b)-5(d) at five different locations.
(felement) for the annealed and as-grown samples, for both
the Co and the Fe distributions, agree within experimental
uncertainty. However, by comparing the data points in the
center of the MgO layer between the two vertical dashed lines
in both Figs. 5(b) and 5(c), it can be seen that a significant
amount of Co appears to have diffused into the tunnel barrier
during annealing, along with a small amount of Fe, as indicated
by the higher normalized counts in the annealed sample.
While it is not possible to measure accurately the absolute
concentration of Co within the barrier from these data,*® it
is possible to make a comparison between the as-grown and
annealed samples, and thus to see that there is an increase of
~T7% in Co concentration in the barrier area after annealing.
This was determined by normalizing the Co counts to the
nominal Co content in the lower FM electrode. In terms of the
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FIG. 5. (Color online) (a) Composite elemental of O (blue),
Fe (green), and Co (red) obtained from EFTEM data; normalized
intensity profiles for (b) Co, (¢) Fe, and (d) O.

oxygen distribution before annealing, small peaks are present
on either side of the main oxygen peak in the as-grown sample,
indicated by dashed arrows in Fig. 5(d), which correspond to
a higher O content at the MgO/CoFe interfaces. These small
peaks disappear after annealing. In addition, (o) increases
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from 2.9 £ 0.1 to 3.4 £ 0.1 nm upon annealing. Previous
work using x-ray photoelectron spectroscopy (XPS) showed
that annealing results in substantial Fe and Co diffusion into
the MgO barrier in a simple Ta/CoFe/MgO/Ru stack.*” Here,
EFTEM revealed Co, Fe, and O interdiffusion between the
barrier and electrodes after annealing, which induces the
apparent increase in barrier width. The fact that more Co
diffused into the MgO than Fe is attributed to the much
higher Co concentration of the FM layers in the as-deposited
sample.

Although the composition profiles can be used to estimate
the width of the tunnel barrier, the barrier width estimated
from fphase 1s the easiest to understand in that it differentiates
between regions of low average atomic number, namely, oxide
that might be expected to form part of the tunnel barrier, and
the metal electrodes on either side. The increase in barrier
width after annealing as measured by electron holography
(phase) agrees qualitatively with the BDR model fitting results.
However, the barrier width obtained by BDR fitting to the J-V
data is smaller than that measured from the phase images
for both the as-grown and annealed samples. This is not
surprising. First, the BDR model is based on a free-electron
mass and free-electron dispersion relation, while a crystalline
CoFe/MgO/CoFe MT]J has a different dispersion relation (and
effective mass) in the majority band (A;). This would lead
to a difference in barrier width as compared with the simple
BDR model, even for perfect crystalline junctions. For the
MTlJs analyzed in this study, the crystallinity is not perfect,
Co and Fe have diffused into the barrier, and the barrier
width is not uniform. The parameters extracted from the
BDR model are known to be sensitive to defects’ and non-
ideal (e.g., rough) barrier-electrode interfaces. Additionally,
tunneling occurs preferentially through the thinnest parts of
the barrier, even if it is localized to the small area under
the probe tip. All these effects would induce the smaller
barrier width obtained by BDR fitting to the in situ J-V
measurements.

From the in situ J-V measurements it is clear that the MTJ
resistance decreases during annealing. The annealing time and
annealing temperature are both critical to the conductance and
TMR of MTJs. The EFTEM data presented here show that
annealing leads to chemical reduction of the oxidized CoFe
electrode regions at the CoFe/MgO interfaces in the as-grown
sample, and to oxygen being driven into the barrier layer.’'>?
Diffusion of O into the MgO would reduce the density of O
vacancies within the barrier and probably results in a more
stoichiometric MgO composition. In contrast, Co and Fe are
impurities in the MgO tunnel barrier which act as tunneling
mediators®® and may even form conducting channels>* that
reduce the effective barrier height, resulting in lower barrier
resistance. Even if the Co and Fe atoms are oxidized within
the MgO layer, since the band gaps of CoO (3 eV) (Refs. 55
and 56) and FeO (2.5 eV) (Refs. 56 and 57) are much smaller
than the band gap of MgO (7.7 eV),%®>° the formation of mixed
oxide phases will again reduce the barrier height. Finally,
the crystallinity of the top and bottom CoFe electrodes was
improved by annealing. Thus, the lower parallel resistance
after annealing may in part be attributed to better crystallinity
and lattice matching of the electrodes with the MgO barrier
layer.?>-60
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IV. RESULTS AND DISCUSSION II: BIASING EFFECTS

The results presented above have shown that annealing
changes the barrier shape by reducing the effective barrier
height and increasing the effective barrier width. It is, however,
also interesting to consider the effects of the biasing voltage
itself on the tunnel barrier potential shape. To do this, the
as-grown MTJ was biased in situ in the TEM and characterized
by a combination of /-V measurement and electron holography
in the area marked “A” in Fig. 6(a). The holograms were
taken with the sample under differing bias voltages. The
bottom ferromagnetic electrode was grounded during the
measurements. Under the biased condition, the electrostatic
potential ¢(x) in Eq. (1) can be rewritten as

¢(x) = Vo — Ex, (@)

where E is the simplified equivalent electric-field strength in
the tunnel barrier area when the barrier layer is biased and
the MTJ acts as a capacitor.’! V; (mean inner potential) is
a constant and x is the distance across the barrier as shown
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TABLEIII. The slopes of the electron phase shift from phase-shift
curves.

Under contact (nm™') Away from contact (nm™")

—-15V ~0 —0.03
ov —0.04 —0.04
15V —0.09 —0.04

in Fig. 6(c). The sample bias was kept below 1.5 V to avoid
dielectric breakdown.

Phase-shift plots were obtained for three bias voltages
(—1.5,0, and +1.5 V) and are shown in Fig. 6(b). The linear
fit to the phase-shift plots inside the barrier area recorded at
bias values of —1.5, 0, and 1.5 V yields slopes of~0, —0.04,
and —0.09 nm~!, respectively, as shown in Table III. Each
value is the average of three measurements made in the region
in which the probe contacts with the surface of the sample
and the experimental uncertainty is +0.01 nm~'. Note that
the shape of the barrier in the unbiased condition is still a
trapezoid, indicating that the MgO barrier itself is asymmetric
even prior to electrical biasing. The mean inner potential (V)
contribution to the phase shift is constant under the different
biased conditions. Therefore, the difference observed in the
slope of the three phase-shift plots is a direct result of the
applied electrical bias, which can be explained using Eq. (2) by
considering the change in electric-field direction as the voltage
is changed from positive to negative. The average barrier width
changes by ~0.2 nm between the +1.5 V bias case and the
unbiased case, and between the unbiased case and a bias of
—15V.

The potential landscape in the barrier layer of a MT]J is
important in helping to understand the transport properties.**-6>
The barrier potential asymmetry can be strongly modified
by the presence of an inhomogeneous or composite barrier
layer?>%3 and/or an electric field, for example, as a result of
dissimilar work functions if the two electrodes are composed
of different materials.®* The tuning of the barrier asymmetry
as a function of applied voltage is illustrated schematically
in Figs. 6(c)-6(e). Here the left electrode, which corresponds
to the bottom electrode in the sample growth direction, is
grounded. When negative bias voltage is applied [Fig. 6(c)],
the right-hand side of the barrier is pushed up to form a
trapezoid-shaped barrier potential. In contrast, when a positive
bias voltage was applied [Fig. 6(e)], the trapezoid shape
is reversed as compared to the negative bias voltage of
Fig. 6(c). In general, under a biased condition, charge will
build up at the interfaces between the metal-insulator-metal
junction and lead to the well-known electron screening effect,
causing electric-field penetration into the metal.>% In our
experiments, a negative bias voltage will increase the barrier
height at the top interface as shown in Fig. 6(c) and will
cause more electrons to accumulate near the interface, thus
increasing the effective barrier width. However, when the bias
voltage is positive, the barrier height will be lowered at the top
interface, and for the case when the applied voltage is greater
than the unbiased barrier height, the effective barrier width
will be decreased.'? The holography data suggest that the bias
voltage not only regulates the barrier symmetry but also affects
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FIG. 7. (Color online) The averaged phase-shift profile under
different biased voltages of —1.5, 0, and +1.5 V taken from region B
of Fig. 6(a).

the effective barrier width. The dependence of effective barrier
width on the bias voltage needs further theoretical study.

The slopes of the phase shift near the interfaces of the
barrier layer obtained during the in situ biasing experiment
[Fig. 6(b)] are not as sharp as they are in Fig. 4(b), which was
obtained from a standard cross-section sample. In addition,
Tphase for the unbiased case (3.03 & 0.02 nm), measured on the
in situ biasing sample, is larger than that of the as-grown
standard cross-section sample (2.80 + 0.09 nm). First, it
should be remembered that these are measurements made
on two different samples, as standard cross-section samples
are not suitable for in sifu biasing experiments. Second, and
more significantly, this is due to the practical tilt limitations
of the in situ biasing holder. For the standard cross-section
sample [Fig. 4(b)] a double-tilt holder was used which allowed
the interfaces to be aligned parallel with the electron beam.
The in situ TEM holder, in contrast, has an internal tilt
mechanism that only allows the sample to be tilted within
1°-2°0of a zone axis reliably and reproducibly. Thus the
interfaces in the in sifu sample were not as close to the parallel
imaging configuration as for the standard cross-section sample,
resulting in the layers partially overlapping in projection,
which would reduce the apparent projected interface sharpness
in the phase-shift curves and broaden the measured width.

In order to assess the lateral current spreading in the
FM electrodes, the same in situ biasing electron holography
experiment was performed at the position marked “B” in
Fig. 6(a), which is ~150 nm away from the probe-sample
contact position. The phase-shift results using the same data
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process method as Fig. 6(b) are shown in Fig. 7. In each case
the values shown are the average of seven measurements made
at points away from the contact to the sample. The averaged
values of the slopes close to and away from the contact are
shown in Table III. In contrast to the measurements carried
out under the probe contact, the measurements carried out
away from the contacts show no change in either slope or
effective barrier width with respect to applied bias, within
experimental uncertainty. This implies that the effect of the
biasing potential is localized to within less than 150 nm on
either side of the probe contact area and further confirms that
the J-V curve measured in the pseudo-four-point in situ holder
is site specific. This is believed to occur because of a very
thin oxide layer at the top surface of the specimen which
leads to ballistic transport across the tunnel barrier.® Similar
localization effects were observed by Wulfhekel et al.%” as
lateral variations in the conductance in Fe/MgO/Fe MTJs using
atom force microscopy (AFM) in contact mode.

V. CONCLUSIONS

In summary, the tunneling barrier evolution in an MgO-
based magnetic tunnel junction as a function of annealing
and externally applied bias was studied using EFTEM and
in situ electron holography. Co and Fe diffusion into the
MgO layer after annealing led to a reduction in tunnel
barrier height. In addition, the oxidized CoFe/MgO interfaces
were reduced by annealing and the O was absorbed by the
MgO layer. Improved crystallinity of the MgO barrier and
crystallization of the CoFeB layers were also observed after
annealing. The change in effective MgO tunnel barrier width
and asymmetry as a function of annealing and applied bias
were probed using in situ electron holography. The change in
barrier width under applied bias can be explained by charge
accumulation at the interface between the MgO tunnel barrier
and CoFe ferromagnetic electrodes. The localization of the
electric transport measurements in our in situ experiments is
confirmed by electron holography.
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