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Exchange-biased magnetic tunnel junctions and application
to nonvolatile magnetic random access memory „invited …
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Exchange biased magnetic tunnel junction~MTJ! structures are shown to have useful properties for
forming magnetic memory storage elements in a novel cross-point architecture. MTJ elements have
been developed which exhibit very large magnetoresistive~MR! values exceeding 40% at room
temperature, with specific resistance values ranging down to as little as;60 V~mm!2, and with MR
values enhanced by moderate thermal treatments. Large MR values are observed in magnetic
elements with areas as small as 0.17~mm!2. The magnetic field dependent current–voltage
characteristics of an MTJ element integrated with a silicon diode are analyzed to extract the MR
properties of the MTJ element itself. ©1999 American Institute of Physics.
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I. INTRODUCTION

Recently there has been renewed interest in magn
random access memory~MRAM ! because of the develop
ment of novel highly magnetoresistive~MR! thin film mag-
netic structures, namely giant magnetoresistance~GMR! and
the related spin-valve sandwich in metallic multilayer
structures,1 and magnetic tunnel junction ~MTJ!
structures.2–6 MRAM possesses the attractive property
nonvolatility, namely the state of the memory is maintain
even when power is removed from the memory. A variety
MRAM technologies have been explored over a period
many decades. Originally these involved macroscopic fer
cores arranged in two- or three-dimensional arrays7 but per-
haps for the past 20 years or so interest has centere
magnetic thin film MRAM. Early interest centered on ma
netic bubble technology involving the storage of informati
in continuous magnetic films8 but this was not successful. I
more recent years MRAM technologies have favored arr
of individually patterned magnetic storage cells or bits wh
one bit comprises a magnetic thin film multilayered stru
ture. The magnetic bit is designed to have two stable m
netic states in zero and small magnetic fields which usu
exhibit two different resistance values representing ‘‘0’’ a
‘‘1’’. Until recently such bits involved the use of the com
paratively small anisotropic magnetoresistance~AMR! effect
of conventional ferromagnetic materials arranged in thin fi
structures. While some of these structures are v
ingenious,9 these memories have been, not only of compa
tively poor performance, but very expensive, and thus l
ited in their application.

Replacing AMR bit structures with GMR bit structures10

has some obvious advantages. First the magnetic states o
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GMR bit cells are much simpler. Second the larger GM
effects give rise to larger signals because of the higher
values: the time required to read the state of the bit c
depends on how large is the difference in signal between
two states of the cell. Moreover the signal from a GMR c
in an appropriately designed MRAM can be sufficien
large that the bit may be read nondestructively witho
changing its magnetic state. This is not only faster still b
consumes less power because the bit does not have t
subsequently rewritten.

Nevertheless even the larger signals available fr
GMR structures do not make GMR MRAM attractive fo
mainstream RAM applications. The reason for this is illu
trated in Fig. 1~a!. In order to achieve reasonable memo

FIG. 1. Schematic illustration of~a! a number of GMR MRAM cells con-
nected in series along a common bit line, and~b! a number of MTJ MRAM
cells arranged along a common word line~lower line! at the cross points
with corresponding upper bit lines.
8 © 1999 American Institute of Physics
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array densities many GMR cells~of numberN! have to be
electrically connected in series which means that the ac
signal available when reading one particular cell is;MR/N.
This signal is not sufficient to make GMR MRAM compet
tive with conventional dynamic RAM~DRAM! and static
RAM ~SRAM!.11

By contrast, as illustrated in Fig. 1~b!, the high MR sig-
nal from individual MTJ storage cells can be fully utilized
a novel cross-point MRAM architecture,12 by connecting
each MTJ element in series to a switch, for example, a
con diode. In this case, since current only passes throu
single MTJ cell, the available signal when reading that ce
MR/1. With reasonable MR values such an MRAM archite
ture has the potential to rival that of DRAM in density, an
SRAM in speed. In this article we address some of the m
terials issues required for making such a memory possi
We demonstrate useful MTJ structures, with areas as s
as 0.230.8 (mm!2, with very high MR values~.30%! at
room temperature in small magnetic fields, and enhancem
of these MR values on annealing at moderate temperatu
We also present MTJs with resistance–area products as
as;60 V~mm!2 which will allow scaling of MTJ MRAM to
densities needed for Gigabit memory chips. We show t
the resistance and MR of MTJ elements in small test s
can be reasonably controlled and finally we demonstrate
operation of an MTJ integrated in series with a silicon dio

II. MAGNETIC TUNNEL JUNCTION MATERIALS

The basic magnetic tunnel junction comprises sim
two ferromagnetic~FM! layers separated by a thin insulatin
tunnel barrier. The conductance of such sandwiches varie
the cosine of the angle between the magnetic moments o
two FM layers13 and is highest when the magnetic mome
are parallel to each other. The relative orientation of
magnetic moments in the most basic MTJ structures is va
by utilizing FM layers with different magnetic coercivities
Note that in lithographically patterned basic MTJ eleme
the magnetic switching fields of the FM layers can be read
varied by changing their self-demagnetizing fields, for e
ample, by varying their shape or net magnetic moment. N
ertheless, it is useful to magnetically pin or magnetica
harden one of the FM layers in an MTJ by exchange b
with an antiferromagnetic~AF! layer.14 In contrast to ex-
change biased GMR sandwiches15 the AF layer must be me
tallic because of an important difference between GMR a
MTJ memory elements: namely, whereas in GMR eleme
the flow of sense current is parallel to the layers, in M
elements the current flows perpendicular to the layers.

Figure 2 shows a typical resistance versus field curve
a MTJ element with an areaA of ;40340 (mm)2, defined
by metal contact masks. The structure is deposited by m
netron sputtering~3 mTorr argon, 1–2 Å/s deposition rate! at
room temperature on a 0.5mm thick SiO2 layer on a 1 in.
diam Si~100! wafer using, sequentially, three contact mas
The lower FM electrode consists first of a Ti/Pd seed lay
chosen both because it adheres well to SiO2, and because i
promotes the formation ofg-Mn46Fe54, an antiferromagnetic
phase which is magnetically ordered well above room te
Downloaded 09 Aug 2005 to 148.6.178.88. Redistribution subject to AIP
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perature. Next the first FM layer, 30 Å Co84Fe16, is deposited
on top of the;100 Å thick MnFe layer. Then a thin metalli
aluminum layer~;18 Å! is deposited through a second co
tact mask and subsequently plasma oxidized. Finally, a t
contact mask is used to define the upper FM electrode wh
comprises 80 Å Co84Fe16/Pd/Ti. The complete structure i
madein situ without breaking vacuum. The arrangement
the contact masks is shown as an insert to Fig. 2. Ten
more junctions are fabricated on each wafer and up to
wafers can be prepared in one pump-down of the vacu
chamber. The masks can be placed relative to one ano
within the vacuum chamber with an accuracy of;20 mm.

The MTJ in Fig. 2 has an MR;32% at room tempera
ture and has a resistanceR;7 kV, corresponding to a spe
cific resistanceRs5R3A ;11 MV~mm!2. The reproducibil-
ity of MR and R for the ten junctions on the same wafer
very good: MR andR vary between;29% and;32% and
;6.5 and ;8 kV, respectively. Larger MR values ca
readily be obtained by varying the composition of the Co
layer with values of more than 42% at room temperature
Co40Fe60 layers.

Shadow masked junctions are very useful for rapidly e
ploring MTJ materials and structures but it is not possible
fabricate junctions with realistic dimensions for usef

FIG. 2. Room temperature magnetoresistance vs field curves for a sha
masked MTJ structure with an area of;40340 (mm)2. ~a! shows the varia-
tion in resistance caused by the switching of the free FM layer close to
field as well as the switching of the exchange biased FM layer at;2500
Oe. ~b! shows the low field resistance curve in greater detail.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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MRAM structures. Moreover our studies with shadow mas
are limited to junctions with specific resistance valu
greater than;104 V(mm)2 because for lower resistance va
ues the current through the junction may not be uniform.16,17

This can give rise to, for example, apparent decreased r
tance and enhanced MR values. Indeed, under these cir
stances, we have observed MR values as high as 1000%

MTJ junctions with dimensions ranging from;100 mm
to submicrons were fabricated by the use of optical a
e-beam lithography using a self-aligned process as descr
elsewhere.6,18 The stability of MTJ structures to therma
treatments during such patterning, for example, during
baking of photoresists, is very important. It appears that
critical element of an MTJ structure, namely the Al–O tu
nel barrier, is highly thermally stable. Moreover, contrary
GMR structures, the MR is typically increased by therm
treatments at moderate temperatures.19 An example is given
in Fig. 3 where the resistance versus field curves of an M
structure with an exchange-biased fixed Co layer an
Ni40Fe60 free or sense ferromagnetic layer are compared a
thermal treatments at 140 °C~for setting the MnFe exchang
bias! and after a series of thermal treatments up to 230 °C
the latter case the sample was annealed successive
higher temperature temperatures in;20 °C steps for 60 min
intervals. The resistance of the junction was only wea
affected by the thermal treatment but the MR systematic
increased for thermal treatments up to;230 °C. After an-
nealing at higher temperatures the MR of the structure
creased systematically although the resistance changed
little. We suppose that the increased MR is related to
provements in the tunnel barrier, either for example, by o
dation of any aluminum metal in the barrier by homogeni
tion of the barrier or, more likely, by an improved interfa
with the lower FM electrode. The latter is consistent with
reduction, on thermal treatment, in a small amount of cob
oxide observed in related test structures by x-ray absorp
measurements. Increased MR values with thermal treatm
were observed for a wide range of MTJ structures and
terials.

III. MAGNETIC TUNNEL JUNCTION MEMORY CELL
PROPERTIES

In Fig. 1~b! a series of MTJ memory cells are shown
the cross points between a lower ‘‘word’’ line and an upp

FIG. 3. Room temperature resistance vs field curve of a shadow ma
MTJ structure after the structure was annealed initially at 140 °C and af
series of successive anneals at temperatures up to;230 °C.
Downloaded 09 Aug 2005 to 148.6.178.88. Redistribution subject to AIP
s
s

is-
m-

d
ed

e
e

-

l

J
a

er

In
at

y
ly

e-
ery
-

i-
-

lt
n

nts
a-

t
r

‘‘bit’’ line. These metal lines are conductors through whic
electrical current can be passed. Typically magnetic mem
ries use a combination of orthogonal bit and word lines7 in
order to be able to individually address each magne
memory cell to set or ‘‘write’’ its magnetic state. The vect
combination of the orthogonal magnetic self-fields of t
currents or current pulses passed through these lines is
ranged such that the magnetic state of the selected mem
element at the intersection of the chosen bit and word li
can be appropriately set. On the other hand the self-field
these same currents must be such that the magnetic sta
the half-selected devices along the same bit and word line
not altered. Nevertheless these latter cells will be magn
cally disturbed and it is very important that even after ma
such disturbances the magnetic state of these cells doe
‘‘creep’’ either to some intermediate state or completely
verse. Unpatterned MTJs without exchange-bias layers
pear to be susceptible to creep.20

In order to explore such properties as well as to char
terize the magnetic and transport properties of magnetic
nel junctions on a size scale and pitch relevant to MRAM
test site shown in Fig. 4 was used. The upper part of Fig
shows a low magnification micrograph of the test site sho
ing 40 contact pads at the extremities of the chiplet. The
site consists of two levels of Al metallization in betwee
which are sandwiched magnetic tunnel junctions. The bri
areas in the high magnification image correspond to the
metal wiring which is at a pitch of 1.9mm: 17 depressions
can be seen indicating the locations of 17 MTJ devic
which populate the array in cross pattern~i.e., the center
vertical and horizontal lines!. Two contact pads are used t
contact each of the top and bottom electrodes so that

ed
a

FIG. 4. Optical micrographs of an MTJ test site chiplet. The chiplet has
contact pads which can be seen in the upper micrograph. The lower m
graph is a high resolution image of the middle portion of the upper mic
graph. The test site contains 17 MTJs, each;0.330.8 (mm!2 in size dis-
tributed along the central horizontal and vertical metallic contact electro
~visible as brighter regions!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



n
c
n

re
g
a
e
ns
ri
ac
w

sis
e

y

ie
re
o

th
M
A
M
A
-

s.
m

/

-

the
the
ich.
ge
nts

e-
ree
J
g

he

ich

TJ
ent,
t of
s in
the
e of
re-
the

ree
ices
field

ap-
ff-
lso

ou-
e of
de-

ag-
er-

ron

ord

ell
der
d
e

und-

er
he
for
as

ich

e
al–

la

-
de

:
e

-
he

5831J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Parkin et al.
point electrical measurements are possible on all 17 ju
tions. Underneath the bright metallic lines, the wires conta
ing the bottom electrode level can be seen, which are o
finer 0.8mm pitch. The junctions in this particular array we
approximately 0.330.8~mm!2 in size and were defined usin
e-beam lithography. The cross pattern for the junctions
lows for the study of interactions that might occur betwe
nearest-neighbor junctions in the two orthogonal directio

Figure 5 shows resistance versus field curves for a se
of related MTJ structures patterned from a single wafer, e
rectangular in shape and of the same aspect ratio, but
areas ranging from 0.430.8 (mm)2 to 8316 (mm)2. The
specific resistance of each of these junctions is;60 V~mm!2

approximately 200 000 times lower than the specific re
tance of the MTJs in Figs. 2 and 3. The lower resistanc
obtained by the use of thinner Al layers;7 Å thick. The
resistance of MTJs can be varied from.109 V(mm)2 to as
low as 60V~mm!2 by varying the Al thickness and properl
oxidizing it. As first discussed by Parkinet al.5 incomplete
oxidation leads to the presence of metallic Al in the barr
which results in a rapid suppression of the MTJ magneto
sistance. This result is in contradiction to the early claims
Mooderaet al.4 and Daughtonet al.21 that a thin unoxidized
metallic layer of Al at the lower FM electrode interface wi
the tunnel barrier was essential to the observance of high
values in MTJs. On the other hand overoxidation of the
layer results in oxidation of the surface of the lower F
electrode which also results in diminished MR. While the
layer can be oxidized by a multiplicity of different tech
niques each one must be optimized for each Al thicknes

The structure of the MTJs in Fig. 5 consists of a botto
FM electrode of the form: 50 Å Ta/250 Å Al
40 Å Ni60Fe40/100 Å Mn54Fe46/40 Å Co/7 Å Ru/30 Å Co/, a
tunnel barrier of the form: 7 Å Al, and, a top electrode con

FIG. 5. Resistance vs field curves at room temperature of a series of re
rectangularly shaped MTJs with sizes in~mm!2, of 0.430.8, 0.631.2, 1.4
32.8, 234, 336, 438, 5.6311.2, and 8316. Each magnetic tunnel junc
tion has the same structure as follows: bottom FM electro
50 Å Ta/250 Å Al/40 Å Ni60Fe40/100 Å Mn54Fe46/40 Å Co/7 Å Ru/30 Å Co/,
tunnel barrier: 7 Å Al thermally oxidized, and, top electrode
75 Å Ni60Fe40/250 Å Al/75 Å Ta. Note that the resistance and MR of th
three largest junctions~shaded panels! are artificially decreased and in
creased, respectively, because of nonuniform current flow through t
junctions.
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sisting of: 75 Å Ni60Fe40/250 Å Al/75 Å Ta. The 7 Å Al layer
was oxidized by thermal or natural oxidation by exposing
layer to oxygen within the vacuum chamber. Note that
exchange biased FM layer comprises a Co/Ru/Co sandw
The thin Ru layer strongly antiferromagnetically exchan
couples the two Co layers so that their magnetic mome
are arranged antiparallel to each other.22,23 This provides
greater stability to the pinned FM layer and additionally r
duces the magnetostatic coupling of this layer to the f
layer as well as to the FM layers of neighboring MT
elements.24 For this reason Fig. 5 only shows the switchin
of the free layer moment: the field required to switch t
exchange biased layer is on the order of;10 kOe and out-
side the range of the experimental apparatus with wh
these measurements were made.

The data in Fig. 5 show that the resistance of the M
element scales inversely with the area of the MTJ elem
whereas the MR of the element is essentially independen
the area of the device. Note that for the larger area device
Fig. 5 the resistance values are artificially lowered and
MR values artificially raised presumably as a consequenc
nonuniform current flow through these devices when the
sistance of the tunnel barrier becomes comparable with
lateral in-plane resistance of the top or bottom electrodes.16,17

Note also that the magnetic field required to switch the f
layer increases systematically as the area of the MTJ dev
is decreased as a result of the increased demagnetization
from the free layer magnetic moment. This field scales
proximately inversely with the length of the device. The o
set field of the free layer resistance versus field loop a
increases as the size of the junction is decreased.18 In all
cases the offset field is consistent with an antiparallel c
pling of the free and pinned FM layers as a consequenc
the magnetostatic coupling between these layers which
creases with increased junction size.25 In the limit of very
large area junctions there is typically a residual ferrom
netic coupling between the free and pinned FM layers p
haps resulting from orange-peel coupling.26

Figure 6~a! shows a cross section transmission elect
micrograph~XTEM! of an MTJ test site showing four MTJ
cells sandwiched between an upper bit line and four w
lines. The bit and word lines are formed from Al96Cu4. The
MTJ devices are of area;0.330.8 (mm!2: the MTJs have
been sectioned along their shortest side. Figure 6~b! shows a
higher magnification XTEM of one MTJ storage cell as w
as a cartoon describing the structure of the MTJ cell. In or
to avoid growing the MTJ directly on the top of the wor
line, which may be rough, and which would likely either b
recessed beneath or protruding above the dielectric surro
ing it, the MTJ is grown on a thin insulating SiO2 layer
which can be readily prepared very smoothly. This lay
electrically isolates the MTJ from the word line. Since t
lower electrode of the MTJ must be accessed electrically
reading purposes, a thin metallic lateral electrode, shown
the MX layer in the figure, extends to an adjacent via wh
contacts a lower metal region.~The connection to the word
line is not visible in the XTEM.!

In a real memory device the MX layer would likely b
connected by a via in a lower level to complementary met

ted

:
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 license or copyright, see http://jap.aip.org/jap/copyright.jsp



he
de
a
e
n
ow
or
ac
in
an

nc
va

c

th
lly

e.
ise
th

ft
s
FM

ra

ries
ere
s

ves
o
s,
on
at

wa-

for
a
t

th
t of

s

TJ

field
so
e

5832 J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Parkin et al.
oxide–semiconductor~CMOS! circuits arranged in the sili-
con surface beneath it. In particular, this would allow t
possibility of connecting, in series with each MTJ, a dio
between the MTJ and its associated word line. This is
important feature of the MRAM cross-point architectur
The bit and word lines can be electrically biased so that o
one diode is forward biased so that the sense current fl
only through a single chosen MTJ device in the mem
array.11 In the absence of such a diode all the MTJs at e
intersection of every bit and word line in the cross-po
array would otherwise be electrically connected to one
other. Note that for optimum performance, the resistance
the MTJ must be matched to that of the effective resista
of the diode. This can be achieved because of the large a
able range ofR3A of the MTJ devices described above.

Figure 7~a! shows an example of a magnetoresistan
versus field curve of such a compound device consisting
an MTJ integrated in series with a diode fabricated on
surface of a standard silicon wafer. The MTJ is nomina
hexagonally shaped with outer dimensions of;0.3
30.8 (mm)2 and a nominal area of;0.23 ~mm!2. The loop
was measured at a 1 V bias applied to the compound devic
The shape of the MR curve is similar to that of otherw
identical MTJ devices on the same wafer but without
diodes connected. The current–voltage (I –V) characteristics
of this compound device were measured at zero field a
saturating the junction in positive and negative fields so a
set the MTJ in its two remanent magnetic states with the
layers either parallel~P! or antiparallel~AP! to each other.
To separate the diode characteristics from the MTJ cha

FIG. 6. Cross section transmission electron micrograph of an MTJ test
chiplet showing~a! a series of four neighboring MTJs and~b! a single MTJ
cell illustrating the deposition of the MTJ on a SiO2 layer above a word line.
The cartoon describes the cross section.
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teristics, theI –V curves corresponding to theP and AP
states were fitted to a model for a standard diode in se
with a nonlinear resistor. The same diode parameters w
used for both curves, with different linear plus cubic term
used to describe the two MTJ characteristics. Figure 7~b!
shows the measured data for the two zero-fieldI –V curves
and the very good fit to these two curves. The model cur
for the diode by itself and the MTJ by itself for the tw
remanent states~P and AP! are also shown. From these fit
the resistance of the MTJ itself as a function of voltage
the junction can be extracted. This fit gives an MR value
low bias voltage of;17%, which is consistent with the MR
values measured directly on isolated MTJs on the same
fer.

Finally, Fig. 8 shows resistance versus field curves
two sets of 14 nominally identical junctions measured in
MRAM test chiplet similar to that shown in Fig. 4 excep
that the wires are;4 mm wide on a 8mm pitch. The junc-
tions have nominal dimensions of 234 and 0.6
31.2 (mm)2 in Figs. 8~a! and 8~b!, respectively. The easy
axes of the junctions are along their longer axis in bo
cases. The structure of these junctions is identical to tha
those in Fig. 5 except that the thickness of the Ni60Fe40 free
FM layer is reduced to 50 Å in~b! and the Al thickness is
increased to;9 and;11 Å in ~a! and~b!, respectively. The

ite

FIG. 7. ~a! MR vs field curve of a compound device consisting of an M
integrated with a silicon diode at a bias voltage of 1 V.~b! Current vs
voltage curves measured across the compound device in zero magnetic
with the MTJ in either itsP or AP configuration. Fits to these curves are al
shown including the extracted fittedI –V curves corresponding to the diod
and MTJ itself~in its P and AP states!.
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junctions have correspondingR3A values of;150 and 800
V~mm!2, respectively. Figure 8 shows that, notwithstandi
the large dependence of junction resistance on Al thickn
the local uniformity of the junction resistance and MR
very good. Indeed the variation in resistance and MR fr
junction to junction is less than61.5% for both sets of junc-
tions. As can be seen from Fig. 8 the variation in magne
switching field from junction to junction is much large
Note that the switching fields are much larger in the sma
junctions in Fig. 8~b! because of the larger demagnetizi
fields. The large variation in switching field is most like
attributable to small defects in the definition of the shape
the MTJ elements.

IV. CONCLUSION

We have developed MTJ devices that exhibit more th
40% MR at room temperature in small magnetic fields.
addition, we have shown that the resistance of such M
devices can be varied over a very wide range. This make
possible to impedance match such MTJ memory elem
with required semiconductor solid-state circuit devices e
for very dense memories of gigabit and greater sizes.

FIG. 8. Resistance vs field curves of two sets of 14 nominally identical M
devices measured in a test-site chiplet similar to that of Fig. 4. The st
tures are similar to those of Fig. 5 but with Al layer thicknesses of~a! 9 Å
and ~b! 11 Å.
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have demonstrated the possibility of accessing a MTJ de
using a silicon diode integrated in series with the devi
Using specially designed MRAM test sites we have dem
strated excellent local uniformity of MTJ resistance and M
but poorer control of magnetic switching fields. In summa
we have established that exchange biased magnetic tu
junction devices form attractive candidates for magnetic n
volatile storage elements.
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