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Microstructures of magnetic tunneling junctions
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We have investigated the microstructures of magnetic tunneling junctions using high-resolution
transmission electron microscogiiRTEM). These junctions exhibit large magnetoresistance of
34% at room temperature and at tens of gauss. HRTEM reveals well-defined layered polycrystalline
metallic structures. The important AQ; tunneling barrier has an amorphous structure containing a
few tiny crystalline inhomogeneties. Though the barrier is flat over large length scales, its interfaces
with the neighboring electrodes are rough. We have characterized the roughness amplitude and
wavelength, which are consistent with the magnitude of offset bias fields in measured hysteretic
magnetoresistance curves. 03 American Institute of Physic§DOI: 10.1063/1.1528312

I. INTRODUCTION the ferromagnetic layers. The seed layer consisting of

elf’y(FealNilg) is used to promote thelll) texture growth of

: . _ . : . the antiferromagnetic FeMn layer, which exchange biases
1-3 i ’

junctions(MTJs), = due to their potential technological ap the magnetization vector of the bottom electrode(®ym).

plications in nonvolatile magnetic random access memory., A1L,0; barrier was formed by exposing a thin layer of

(MRAM) and as a generation of magnetic sensors. The tunA1 (1-2 nm to an oxygen plasma. The oxidation time was
neling of MTJ devices depends on the relative orientations o(f) timized to maximize MR. The to' electrode, PY2 nm
magnetization vectors between the top and bottom ferroma%-p ) P ' '

> . . erves as the free magnetic layer, whose magnetization vec-
netic (FM) layers separated by an oxide tunnel barrier. Much, . . 9 Y g N
. . o tor is relatively free to respond to external magnetic fields.
effort has been made in optimizing sample fabrication pa-

rameters for enhancing the magnetoresistafid&) ratio The magnetization direction of the pinned layer was rein-
. . ancing nag forced by annealing the sample at 170°C in dc field of 1.6 kG
while keeping junction resistance-area product to

minimum*5 The creation of a stoichoimetric, pin-hole free,afor 3 min following deposition. A self-aligned optical lithog-

L . h to patt the junctions for the four-
and smooth barrier is likely to be a prerequisite to the attaln—rap y process was used to pattern the junctions for the four

ment of larae MR and other beneficial broperties Anumbelpoint resistance measurement. The junctions used in this
‘arg o properties. A | study were rectangular shape and had area<IiBD um?.
of techniques have been utilized to characterize barrier struc- . . .
. The samples used for the cross-sectional TEM imaging
tures, such as Rutherford backscattering spectrometry anvgere repared by cutting MTJs into two small pieces. aluin
in situ resistancel-V characterization. Of these, high- brep y g P » guing

resolution transmission electron microscoRTEM) is them face to face, and finally grinding and polishing them

. ) wn hickn f~25 um. A nt ion-beam
one of the best tools for extracting MTJ microstructures an own to a thickness of-25 u subsequent ion-bea
rowth mechanisms at the atomic level. To date, there have!“nnmg process was used to make the sample electron trans-
geen very few studi€s® of MTJs using' HRTEM' In this parent. A thin carbon layer was coated on the sample surface

: . : before loading into the microscope chamber. HRTEM inves-
article, we report our microstructure analysis of,®3 bar- L . . .
rier based MTJs with larae MR ratios using HRTEM. Par tigations were carried out in a JEOL 2010FEG microscope
. . arg ng ) working at 200 kV with a point resolution of 0.19 nm. Be-
ticular attention is paid to the tunnel barrier structure. The, . . . . .
fore taking TEM images, we also did x-ray diffraction char-

extracted barrier roughness profiles generate an interlayer_ " .~ . . ; .
. oo . . . acterization on selected samples with a Simens x-ray diffrac-
Neel coupling field that is in agreement with experimentally

observed maanetic bias fields tometer (D5000 using monochromatic Ck, radiation
9 ' source with step width of 0.01°.

There has been considerable interest in magnetic tunn

Il. EXPERIMENTAL DETAIL Ill. RESULTS AND DISCUSSIONS

Our MTJ samples are multilayers with the structure e §a) shows a representative cross-sectional TEM
Pt (30 nm)Py (3 nm) FeMn (13 nm|Py (6 nM|AL05PY  micrograph of an as-deposited MTJ structure. After a mod-
(12 nm|A1 (49 nm, grown at room temperature using dc gate annealing at 170°C, there are marked improvements in
magnetron sputtering. The (300 substrates were thermally the microstructure of the same sample. Figufie) Shows a
oxidized prior to deposition. All layers were deposited in atgp\ micrograph of the annealed sample. Although the Py/
120 Oe applied field, which defines the easy-axis direction Of:eMn/Py layers underneath the AL barrier are not easily
resolvable due to relatively small difference in atomic mass,
¥Electronic mail: xiaoyong_liu@brown.edu and therefore diffraction contrast, between FeMZ (
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FIG. 1. Cross-sectional TEM images of our magnetic tunneling junctions.
(a) As-deposited sample arid) postannealed sample.
=25.5) and Py Z=27.7), each layer is visible with well- . . . . . .
defined and flat interfaces. The layer thicknesses agree well 30 -20 -10 0 10 20 30 40
with predetermined values. It is also noted that, on both sides Magnetic field(Oe)

of the pamer Ia.yer’ the grams. grow with a COIL.Jmn.ar Struc_FIG. 3. Magnetoresistance curve of a typical postannealed MTJ. Within the
ture, Or'en:[ed with the long axis in Fhe growth direction. Thefg|g range shown, only the magnetization of the free electrode is allowed to
average diameter of the columns is 8 nm. It should be emswitch. The MR curve is shifted by-3.5 Oe due to el coupling.

phasized that the TEM photographs shown in this article are

examples highly representative of our extensive investigafee |ayer is observed. A clean, square hysteresis loop is ob-
tions. _ _ _served in the MR curve, indicating nearly perfect parallel
The MTJ structure was further examined using x-ray dif-(py ang antiparalle(AP) magnetization configurations be-
fraction. As shown in Fig. 2, the FeM111) peak after an-  yeen the top and bottom Py layers outside the switching
nealing is more prominent, demonstrating a signifid@d®)  yegion. A MR ratio of 34% is consistently obtained. For the
texture improvement, which is preferable for producingg junctions we measured, tfie—AP and AP—P switch-
hjgher exchan_ge bias fields for the pinned Py layer. The Obrng fields are stable at5.5 and—1.5 Oe, respectively, giv-
vious separation betwee(lll) peaks for FeMn and Py ihg an average offset abowt3.50€, this offset is caused by

(260=43.5° and 44.2°, respectivelymplies that the layers jnteriayer coupling resulting from the roughness of the bar-
are highly textured. From the symmetric scan of the FeMnq, layer, an issue we will discuss later.

(111 peak, we were able to estimate the grain size of FeMn  Ajthough Fig. 1 reveals some structural information
by using Scherrer’s equatidriThe results are 84.8 and 86.3 g0yt the MTJ layer structure, HRTEM can reveal detailed
A for the annealed and as-deposited samples, respectiveljierface structures, grain growth mechanisms, roughness
which agree with the TEM observations. Our results supporhng interfaces between layers, as well as crystal defects at
the argument that enhanced exchange bias upon thermal afje atomic scale. Figure 4 shows a representative cross-
nealing is mainly due to an improved1l) texture, and not  sectional HRTEM image of an MTJ sample. It can be seen
due to changes in grain siz@. _ that the A30; barrier layer is of a continuous amorphous
Figure 3 shows the magnetoresistance curve of an aspase with an average thickness of 2.19 nm, which agrees
nealed MTJ sample. The external magnetic field sweepg;ith the numerical fit to thd —V curve of the MTJ using

along the easy axis of the junction. The sweeping rang&jmmons’ formula! The uniformity of the barrier is one of
(~40 Oe is far below the exchange bias field for the pinned

layer (~400 Og, so that only the switching behavior of top
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FIG. 2. X-ray diffraction spectra for the junctions before and after postan-
nealing. FIG. 4. Cross-sectional HRTEM image of the MTJ layer structure.
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FIG. 5. HRTEM micrograph of small crystalline inhomogenetics in the
barrier region of a MTJ.

the reasons behind the large MR values observed in our junc-
tions. Thickness fluctuations in the barrier and a long-range
waviness are apparent in Fig. 4. It can also be seen from Fig.
4 that the Py, FeMn, and Pt layers are made of polycrystal-
line grains with a grain size of 8—10 nm. Continuous lattice
fringes are clearly observed in each grain. In addition to
lattice fringes, some Moire fringes are also observable due to
the overlap of different grains in the observation direction.

Due to their negative effects on tunneling, we searched
for inhomogenetics in the barrier regions. Although in most
observations we found no traces of inhomogenetics in the
barrier, on one occasion a small crystalline region with a
length of about 5 nm has been observed, and is denoted by
arrows in Fig. 5.

Microstructural details of the layer structure can be fur-
ther explored via a higher resolution micrograph, shown inFIG. 7. (8)-(¢e) HRTEM images focused on the barrier layéf; schematic
Fig. 6, of the Pt/Py/FeMn interfacial region. Some prommentwew of the roughness profile of the barrier used for analysis @l eu-

pling between the FM layers.
grains have been labeled as a, b, and c. Between grains a an hd
b, there is a twin boundary marked by the arrows in Fig. 6
Grain b and c are oriented close to a comm{&h0 zone
axis. The linkage between grain a and the FeMn layer is als
oriented to 110 zone axis with an ordered transition. Al-
though there are some small discrepancies in orientation, it i
clear that all of the layers except 4Q; are almost totally
crystalline and textured, as confirmed by Fourier transform
pattern(shown in inset of Fig. 6 From the earlier analysis,

here may exist a tendency towatl]) texture in the Pt/Py/
eMn structure, which is probably important for obtaining
Igrge exchange bias and high magnetoresistance.

As shown in Fig. 3, the free layer MR hysteresis loop is
centered at a small negative offset field. This offset is due to
magnetlc coupling between the free and the pinned FM lay-
ers. There are two kinds of magnetic coupling existing in
MTJ devices: magnetostatic coupling due to uncompensated
poles at the edges of the FM layers anceN®range-peel”
coupling due to interfacial roughness at the two barrier
interfaces:? For the junctions we examined, the area of the
junction is large, making the polar magnetostatic coupling
negligible; therefore the offset of the MR loop is primarily
due to the Nel coupling field in the free layer is given B¢

2h?

" \/E)\tf

. where h and \ are the amplitude and wavelength of the
AV 5 B roughness profile of the barrier, respectivelis the average

PR \; R thickness of the barrier, anld , is the magnetization of bot-
\ i ""//' . tom pinned Py layer.
L — ,/ { 4 Figures Ta)—(e) are some representative HRTEM im-

ages focused on the barrier layer. A long-range waviness can

FIG. 6. A HRTEM image showing the local structure of the FeMn, Py, andclearly be seen. In order to accurat(_ely get the amplitudg and
Pt layers, with its Fourier transform shown in the inset. wavelength of the roughness profile that is schematically

M.e” 2m\2t/\ , (1)
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60 field, H,, to be 3.9 Oe. This result is consistent with the
(a) offset field of 3.5 Oe obtained in the MR hysteresis curve
shown in Fig. 3. The small discrepancy is attributed to the
finite size of the field incremer(t-0.25 Og¢ used in acquir-

ing the magnetoresistance curves and problems with the as-
sumption of a single sinusoidal roughness profile irel¢e
model.

Counts

IV. CONCLUSIONS

=
o
| -

In summary, the microstructures of magnetic tunneling
500 600 junctions have been investigated by HRTEM. The tunnel bar-
rier is found to be amorphous and contains few weak links.
High-resolution images of metallic layers on both sides of
! (b) the barrier reveal well-defined polycrystalline structures with

a (111) texture. These junctions exhibit a large magnetoresis-
tance of 34% at room temperature and in a small applied
field (<20 Oe. Based on the waviness of the barrier, we
have calculated the theoretical &ecoupling field, which is
found to be consistent with the offset bias fields calculated
from magnetoresistance curves.
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