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The Magnetic Tunnel Junctions (MTJs) were deposited by DC magnetron sputtering method in the fol-
lowing layer sequence: Ta(50 A)/Cu(100 A)/Ta(50 A)/NigFex(20 A)/Cu(50 A)Mnyslr,s(100 A)
/CozoFesp(25 A)/AI-O/CozFeso(25 A)NiggFey(t)/Ta(50 A)/, with ¢ = 0 A, 100 A and 1000 A. X-ray
diffraction analysis revealed that highly oriented fcc (111) of IrMn;, Cu, NigoFeyo and CoqoFesq crystal
planes are stacked parallel to the substrate plane. An improvement of (111) texture and crystallinity was
observed after annealing. The tunneling magnetoresistance ratio of patterned junction with electrode layer
of NigoFey (1 = 1000 A) deposited on the free layer of CosFeso (25 A) exceeds 40% at a room tempera-
ture after annealing at 200 °C in the magnetic field of 1 kOe. Local hysteresis loops were measured using
the magneto-optical Kerr effect system. Relatively irregular variations of the coercive force H, and unidi-
rectional anisotropy field H,, in as-deposited sample are revealed. After 200 °C annealing, the H,
decreases but H,, increases with smooth local variations. Two-dimensional plots of H, and H,, show
symmetric saddle shapes with their axes aligned with the pinned layer. The distribution of surface rough-
ness is symmetric with respect to the centre of MTJ. Correlation between surface roughness and the
variation of H,,, suggests that the H,,, variation of the free layer is well described by dipole interactions in
the form of so-called Néel “orange peel” coupling.
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1. Introduction

Ever since large tunnel magnetoresistance (TMR) at a room temperature was ob-
served [1, 2], properties of magnetic tunnel junctions (MTJs) have been steadily
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improved. Recently MTJs with 60% TMR at a room temperature (RT) have been
demonstrated [3]. This fact makes them appropriate for magnetic random access
memory (M-RAM) devices [4, 5], highly sensitive bio-sensors [6, 7] or read heads in
hard-disk drives [8].

As is generally known [9, 10], the tunneling resistance (R) depends on the relative
orientation of the magnetization (M) of each layer. In a memory device, an independ-
ent switching of the magnetically soft layer is achieved by making the other layer
either exchange-biased or magnetically hard. The antiparallel and parallel M arrange-
ments in a tunnel junction may represent two states of a bit. Reading the information
requires only the measurement of R. Writing the information involves a switching of
M for one layer, ideally without affecting M for the reference layer.

To stabilize the reference layer, its hysteresis loop can be shifted away from the
zero field by exchange biasing. M of the reference layer is pinned to an adjacent antif-
erromagnetic (AF) layer through an exchange interaction, which effectively acts as
internal field on the reference layer and must be overcome in order to switch the layer.

The magnetization reversal in a stack of thin films may be strongly affected by
various magnetic parameters. One important parameter is unidirectional anisotropy of
free layer caused by the interlayer coupling between pinned and free layers separated
by an insulating spacer. The main interlayer coupling effects have been identified to
be RKKY-like coupling through an indirect exchange mediated by the itinerant elec-
trons, and Néel’s “orange peel” coupling from magnetic dipole interaction related to
interfacial morphological corrugations [11-14]. When an insulating layer prevents
electron itinerancy, dipole interaction is reasonable rather than RKKY-like coupling.

However, there are contradictory results for the correlation between exchange coupling
and surface roughness; while one result indicates that the exchange coupling is inversely
proportional to surface roughness [15, 16], the other claims that the exchange coupling is
proportional to surface roughness [17]. A full understanding of their relationship has not
been attained because of the complex material and magnetic parameters.

In reality, the inhomogeneity of material and structure are responsible for the
above results, hence local magnetic parameters (magnetization, coercivity and unidi-
rectional anisotropy field) in both free and pinned layers can be non-uniform over the
junction.

The distribution of magnetic parameters probably arises from local variations of
the magnetic anisotropy and/or coupling from grain to grain within each layer. The
magnetization reversal and strength of exchange coupling play a decisive role in the
magnetoresistivity (MR) ratio and its field sensitivity [18, 19].

In this work, we investigate not only general properties of the structure and magnetore-
sistance, but also distributions of the coercive force, unidirectional anisotropy field and
surface roughness on patterned junctions prepared by DC-sputtering method. We discuss
magnetic parameters obtained and coupling interactions in relation to the surface rough-
ness.
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2. Experimental

MTJs with the structure of Ta(50 A)/Cu(100 A)/Ta(50 A)/NigFex(20 A)
/CU(SO A)/MH75IT25(100 A)/C070Fe30(25 A)/AI-O/COmFego(ZS A)/NigoFezo(t)/Ta(SO A),
and the thickness of NigFey top electrode of £ = 0 A, 100 A and 1000 A (Fig. 1),
were deposited on thermally oxidized Si wafers using DC magnetron sputtering with
ultra pure Ar (9N) as a process gas, in a chamber with a base pressure of 3x10™ Torr.
For barrier formation, metallic Al film of 15 A thickness was deposited and subse-
quently oxidized in an oxidation chamber with a radial line slot antenna (RLSA) for
2.45-GHz microwaves [3]. Kr was used as the inert gas mixed with O, molecular gas
for the plasma oxidation. For the X-ray diffraction and VSM measurements, in the
same deposition process simultaneously the samples in the form of discs of 10 mm in
diameter were fabricated. In-situ patterned junctions were prepared using a shadow
mask during deposition. The junction size was 180x180 pum” or 250x250 um’.

— ALO,-15 A

pinned layer

exchange
biased layer

top electrode
t=1000, 100, 0 &

Substrate Si
Fig. 1. Multilayer structure of MTJ (100}

The junction samples were annealed at 200 °C for 1 hour under the magnetic field
of 1 kOe, followed by field cooling. The magneto-optical Kerr effect (MOKE)
method was used to obtain the local M—H loops under a 50 Hz driving magnetic field
with 100 Oe amplitude. The penetration depth of He—Ne laser light is about 20 nm,
which is enough to affect the whole thickness of the free layer. The field was applied
in the annealing field direction. The laser beam size was about 2 um in diameter, cor-
responding to the spatial resolution of the micro-MOKE system. The sample was
scanned using a computer-controlled x—y stage to obtain a two-dimensional plot of
magnetic parameters. The distribution of the surface roughness was determined by
atomic force microscopy (AFM) at different points across the junction.



12 C. Kiv et al.

3. Results and discussion

3.1. Structure

In order to understand the different magnetic performances in as-deposited and
annealed MTlJs, an X-ray diffraction experiment was done in 6-268 geometry for low
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Fig. 2. Textured part of -2 profile with fcc (111) IrMn;, (111) Cu planes
for as-deposited samples with free layer of CooFes0(25 A) (a), CorgFe;0(25 A)/NigoFesq
(=100 A) (b) and annealed Co;oFe;o(25 A)/NigoFe,, (£ =100 A) (c)
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Fig. 3. 6-26 profile for annealed samples of CooFe;o(25 A)/NigoFe,, (=100 A)
with fitting lines of fcc-(111) IrMn; and (111) Cu peaks
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and high angles using a Philips diffractometer of the type X’Pert—-MPD with Cu-
anode (Ac, = 1.54184 A). Figure 2 shows the high angle diffraction #-26 scan for the
as-deposited and annealed stacking structure of the samples with the thickness of
NiFe =0 A and 100 A. According to the diffraction data of Tsunoda [22], strong fcc
peaks of (111) IrMn; and (111) Cu (not distinguished with fcc (111) NiggFey and
CosFes) are observed. These peaks manifested highly oriented fcc (111) crystal
planes stacked parallel to the film plane. Lattice planes and lattice constants were
determined from these peaks positions for as-deposited and annealed samples (as for
example, Fig. 3). These parameters of fcc-(111) IrMn; and fee-(111) Cu for the sam-
ples with the thickness of NiggFes =0 A and 100 A are: (111) IrMn; d=2.179 A (a
=3.775A) andd =2.181 A (a=3.777 A), respectively and for (111) Cu d = 2.085 A
(a=3.612 A)and d=2.087 A (a=3.614 A), respectively. The annealing treatment in
vacuum at 200 °C for 1 hour induces an increase in (111) peaks intensity and a slight
peak shift to higher 26 position: (111) IrMn; d =2.176 A (a =3.768 A) and (111) Cu
d=2.084 A (a=3.610 A) indicate an improvement in the crystallinity [22, 23] of the
multilayer structure.

2 0 [deg]

Fig. 4. The low angle diffraction 6-28 reflectivity profiles
of as-deposited (solid line) and annealed (points) samples

The low-angle diffraction (scan 6-286) in the range of 26 < 10° presents the re-
flectivity curves (Fig. 4) of as-deposited and annealed samples. No remarkable
differences (within the accuracy of this experiment) were recognized in these curves
(Fig. 4), meaning that no significant changes occurred in the interfacial roughness.
The shift of reflectivity curve of annealed sample to the lower angle of 26 indicates
particularly an increase of the thickness of the Ta sublayer. Tantalum, due to twice
higher the absorption coefficient of X-ray and density than other elements in multi-
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layer system, dominates the periodicity of reflectivity profiles (Figs. 4, 5). The fitting
analysis (using WINGIXA program of Philips, Fig. 5) proved that the thickness of
IrMn; remains unchanged and Al-O barrier decreases only slightly after annealing:
from 15.5 A for as-deposited sample to 14 A for annealed one.
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Fig. 5. 6-20 reflectivity profile. Fitting profile (solid line) and experimental one (points)

The thickness of the top Ta layer increases by 8 A (before annealing 55 A, after —
63 A) due to energetically preferred diffusion of Ni from the top electrode of NigyFey,
(high negative formation enthalpy of TaNi alloy, AHg,[TaNi] = —44kJ/mol) [24]. This
conclusion is confirmed by the slight increase in the thickness (2 A) of the bottom Ta
layer (before annealing 47 A, after 49 A), because Cu from the adjacent layer does not
diffuse into the bottom Ta layer due to negligibly small formation enthalpy
(AH¢[ TaCu] = 0 kJ/mol) [24].

3.2. Tunneling magnetoresistance

The tunneling magnetoresistance was measured at RT in the cpp configuration
(current perpendicular to the plane) with a four-point probe method for the sample
annealed at 200 °C in magnetic field (1 kOe) with the electrode layer of NiggFes
(1000 A) deposited on the free layer of CosFes (25 A). Figure 6 shows a typical
high-field magnetoresistance hysteresis loop measured at RT for an annealed MTJ
with the junction area of 250x250 um’. The major MR(H) loop originates from the
magnetically hard electrode of CosFes (25 A) pinned by the exchange biased cou-
pling of antiferromagnetic IrMn; (100 A) layer. The exchange biased field approaches
Hpp of 1440 Oe. This value corresponds with unidirectional exchange biased energy
0.52 erg/cm’ [22]. The minor MR(H) loop (as shown in Fig. 7) originates from the
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free layer (top electrode) of CosoFeso (25 A)/NigoFeso (1000 A). The coercive field of
the free layer is about 3 Oe.
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Fig. 6. High field MR-loop
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Fig. 7. Low tield MR-loop

The minor loop is shifted about 5 Oe from zero magnetic field. The offset field (unidi-
rectional anisotropy field H,,), caused by the magnetic coupling between the pinned
and free layers, has two components. The ferromagnetic coupling field, which is be-
lieved to result from the Néel “orange peel” coupling, is independent of the size of the
junction and, on the other hand, the magnetostatic coupling which scales roughly in-
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versely with the length of the junction is negligibly small, when the length of the
pinned layer (i.e., the length of junction) is larger than 50 pum [20]. The minor MR(H)
loop lies on the same side of the major MR(H) loop, indicating that the ferromagnetic
“orange peel” coupling occurred between the free and pinned electrodes.

3.3. Local variation of magnetic parameters of free layer

In Figure 8, magnetooptical Kerr effect (MOKE) M—H loops are shown at several
positions along the free-layer direction (the y-axis), as depicted in the inset of the
figure. The M—H loop was measured under external magnetic field along the pinned-
layer direction, i e. annealing field direction. There is no shift of the loop at the places
located below the edge of the junction, as shown, for example, in Fig. 8. The shift due
to the unidirectional anisotropy (bias) field H,, increases as the measuring point
moves to the junction centre, as shown in Figs. 8b—d, but then it decreases as the point
moves away from the centre (Figs. 8¢ and f). One can also see a similar change of the
coercive force H.. Even though there are local variations of both H. and H,, the
squareness ratio of the loops is nearly constant.

Fig. 8. MOKE M-H loops along the free-layer direction (the y-axis) at the positions:
0 (a), 105 (b), 130 (c), 165 (d), 205 (e), and 285 pm (f).
The starting point is 50 pm below the junction edge

Two-dimensional plots of maximum amplitude of the Kerr signal, obtained using
a 20x20 scan, are shown in Figs. 9a, b for as-deposited and 200 °C-annealed junc-
tions, respectively. The MOKE signal could be affected by the experimental
parameters (e.g., the extinction coefficient of materials). Since the experimental pa-
rameters are fixed during the measurement, the maximum Kerr signal corresponds
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with the maximum magnetization of a free layer. There is an irregular variation of the
maximum Kerr signal in the as-deposited sample even near the centre of the free layer
and also a gradual increase at the edge, and it reaches 90% of the centre value at
30 pum distance from the boundary. This variation is caused by the gradual change of
film thickness (as shown in Fig. 10), arising from edge effects during deposition using
a mask. After annealing, the irregular variation becomes smooth over the junction
area except the edge region.

B
ST

Fig. 9. Two-dimensional distribution of maximum magnetization in:
as-deposited (a) and annealed (b) samples

The variations of H, and H,, for an annealed sample are compared with those for
an as-deposited one in Figs. 11a, b, respectively. H,. in the as-deposited sample is
about 10 Oe outside the junction with maximum of 17.5 Oe at the junction centre. The
local changes of H. are quite irregular, as shown in Fig. 11a. As a whole, H. is re-
duced after field annealing, while the local variation becomes smooth and symmetric
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with respect to the centre of junction. Figure 11b shows an irregular change of H,,
with the maximum of 7.5 Oe at the junction centre in the as-deposited sample.
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Fig. 10. a-step profile of the junction thickness

However, the field annealing enhances H,, up to 20.5 Oe in the centre and, similarly
to H, variation, that of H,, along the free layer becomes smooth (Fig. 11b). The en-
hancement of unidirectional anisotropy field and the smooth variations of H,, and H,
after annealing are due to improvement of texture (111), increase of crystallites sizes,
stress relaxation and alloying due to low-temperature diffusion [25].
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Fig. 11. Variation of coercive force H, (a) and unidirectional bias field H,, (b)
along the free-layer axis in as-deposited and annealed samples

As we describe later, magnetic dipole interaction between the free and pinned lay-
ers is an origin of H,,. Thus, the above described changes of H,, might be influenced
by the changes of the exchange biased anisotropy of pinned layer during field an-
nealing [22].
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Fig. 12. Two-dimensional distribution of coercive force H, (a) and unidirectional anisotropy
field H,, (b) in annealed sample: the x-axis: pinned layer, the y-axis: free-layer directions

In Figures 12a, b, two-dimensional plots of H, and H,,, respectively, are shown meas-
ured on the annealed sample, where measuring points are scanned over the entire junction
area. Both H, and H,,, show a saddle shape with its axis along the pinned-layer axis, where
local variations along the pinned-layer axis are relatively small compared to those in the
free-layer direction. As a whole, local variations of H,. and H,, over the junction area are
significant in comparison to the H,,, changes of magnetization (Fig. 9)

3.4. Surface roughness

Atomic force microscope (AFM) images across the pinned layer outside the junc-
tion are shown in Figs. 13a—d, at the measuring points pl-p4 depicted in the inset. At

19



20 C. K et al.

Pinned layer

Fig. 13. AFM images across the pinned layer outside the junction: at the point p1, outside the layer (a);
at point p2, near left edge (b); at point p3, centre (c) and at the point p4, near right edge (d). Scan area: 1x1 pm?

Pinned layer

02

> Free layer

Ps

Fig. 14. AFM images along the free layer across the junction: at the point p3, outside the layer (a); at point p6,
near left edge (b); at point p7, junction centre (c) and at the point p8, near right edge (d). Scan area: 1x1 pum®
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the point p1, outside the layer, the root mean square (RMS) roughness is 1.4 A, corre-
sponding to the surface roughness of the Si substrate. Within the layer, the roughness
increases to 2.5 A at p2 near the edge and to 5.5 A at p3 near the centre of the layer,
but then decreases to 2.7 A near the left edge (p4).

In Figures 14a—d the AFM images are shown at several measuring points along the
free layer across the junction. On the free layer outside the junction (point p5), RMS
roughness is 3.3 A, and becomes smaller, 2.3 A at the near edge ( p6). The roughness
increases to 5.7 A as the measuring point moves to the centre of the junction (p7),
and then decreases as the point moves to the left edge (p8).

Figures 15a, b present the distribution of RMS roughness versus measuring dis-
tance, obtained from Figs. 13 and 14, respectively. The range of variation of RMS
roughness is nearly the same (from 1.4 A to 5.8 A) and reveals symmetric variation
with respect to the centre of the junction centre. However, the change near the edge is
greater when roughness is measured on the free layer across the junction. These
variations are quite similar to those of film thickness, as shown in the thickness pro-
files (given in Fig. 10). This may be a geometrical effect of the deposition process
using a shadow mask.
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Fig. 15. Variation of average surface roughness
across the pinned layer (a) and along the free layer
across the junction (b)

In Figure 12, the H,, distribution shape represents the exchange coupling field
between free and pinned layers adjacent to the barrier of Al,Os. H,, (~ 20 Oe) at the
junction centre is about 4 times larger than that near the edge (~5 Oe). Ferromagnetic
Néel’s “orange peel” coupling by dipole interaction through tunneling barrier could
be dominant over others such as RKKY-like interaction. In the Néel model,
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a sinusoidal roughness profile is assumed and exchange coupling field Hy is ex-
pressed as [12]

2,2
nh

H, = M , exp(-2my/21, / 2) (1)

YVt

where & and A are the amplitude and wavelength of the sinusoidal roughness profile,
tr and tg are the thickness of the free layer and of the barrier layer, respectively, and
M, is the saturation magnetization of the pinned layer. Based on AFM measurement,
the amplitude of the roughness profile is assumed to be 5.5 A (RMS value at the
junction centre). The wavelength of the roughness profile is reasonably assumed to be
100 A as the grain diameter of the pinned CosFes, layer as determined from XRD
analysis [25]. Then, calculated from Eq. (1) the value of “orange peel” coupling is
22 Oe, being in reasonable agreement with the H,, value at the junction centre.

M, could be constant irrespective of the pinned layer thickness. When the thick-
ness tr is taken into account in denominator, the increase of H,, at both edges,
determined from measurements outside the junction, across the pinned layer (along
the y-direction, Fig. 12b) where the roughness amplitude is small in relation to the
centre (Figs. 13 and 15a), is described well by the decrease of ¢ at the edges. But H,,
(Figs. 11b and 12b, along the x-direction), determined from the measurements inside
the junction across the free layer, increases due to increasing roughness amplitude
from the edge to the centre of junction (Figs. 14 and 15b). Because the exchange cou-
pling field is given as a square function of the roughness amplitude /4, the coupling at
the junction centre along free layer is expected to be 4-5 times higher than that near
the edge from the roughness shown in Figs. 14 and 15b. There is a good agreement
between the measured and expected H,, variations, suggesting that H,, in the free
layer is well described by dipole interaction between the free and pinned layers.

4. Conclusions

We have discussed the local variation of magnetization, coercive force and unidi-
rectional anisotropy field of the free layer of MTJs in as-deposited and annealed
samples. The XRD analysis revealed that highly oriented fcc (111) crystal planes of
IrMn;, Cu, NigFe,o and CosoFe;p grow parallel to the substrate plane. The annealing
treatment improved the crystallinity and texture in the samples investigated which
lead to smoother distributions of magnetization /,, and H, in annealed junction in
comparison to as-deposited ones. Unidirectional anisotropy field H,, should be uni-
form over the junction area when the thickness alone is taken into account in dipole
interactions. However, roughness is also involved in dipole interactions, so the cou-
pling at the junction centre is expected to be 4-5 times higher than that near the edge.
There is a good agreement between the measured and expected H,, variations, sug-
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gesting that H,, of the free layer is well described by dipole interaction in the term of
Néel “orange-peel” coupling between the free and pinned layers. As a whole, the re-
versal magnetization is not uniform over the entire junction area and macroscopic
properties are governed by the averages of the local distributions.
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