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Exchange biased magnetic tunnel junctihTJ) 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 magnetoresigiWR) values exceeding 40% at room
temperature, with specific resistance values ranging down to as litt@£)(um)?, and with MR

values enhanced by moderate thermal treatments. Large MR values are observed in magnetic
elements with areas as small as 0.0#m)% 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. @999 American Institute of Physics.
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I. INTRODUCTION GMR bit cells are much simpler. Second the larger GMR
effects give rise to larger signals because of the higher MR
Recently there has been renewed interest in magnetigy|yes: the time required to read the state of the bit cell
random access memo@MRAM) because of the develop- gepends on how large is the difference in signal between the
ment of novel highly magnetoresisti#IR) thin film mag- o states of the cell. Moreover the signal from a GMR cell
netic structures, namely giant magnetoresistd@¥R) and  j, an appropriately designed MRAM can be sufficiently
the related spin-valve sandwich in metallic multilayered|arge that the bit may be read nondestructively without
structures, and magnetic tunnel junction (MTJ)  changing its magnetic state. This is not only faster still but
structures® MRAM possesses the attractive property of consumes less power because the bit does not have to be
nonvolatility, namely the state of the memory is maintainedsubsequenﬂy rewritten.
even when power is removed from the memory. A variety of  Nevertheless even the larger signals available from
MRAM technologies have been explored over a period ofgMR structures do not make GMR MRAM attractive for
many decades. Originally these involved macroscopic ferritgnainstream RAM applications. The reason for this is illus-

cores arranged in two- or three-dimensional arfdyst per-  trated in Fig. 18). In order to achieve reasonable memory
haps for the past 20 years or so interest has centered on

magnetic thin film MRAM. Early interest centered on mag-
netic bubble technology involving the storage of information
in continuous magnetic filnfisout this was not successful. In
more recent years MRAM technologies have favored arrays
of individually patterned magnetic storage cells or bits where
one bit comprises a magnetic thin film multilayered struc-
ture. The magnetic bit is designed to have two stable mag-
netic states in zero and small magnetic fields which usually
exhibit two different resistance values representing “0” and
“1”. Until recently such bits involved the use of the com-
paratively small anisotropic magnetoresistat&®IR) effect
of conventional ferromagnetic materials arranged in thin film
structures. While some of these structures are very
ingenious’ these memories have been, not only of compara-
tively poor performance, but very expensive, and thus lim-
ited in their application.

Replacing AMR bit structures with GMR bit structut8s

has some obvious advantages. First the magnetic states of thi. 1. Schematic illustration ofs) a number of GMR MRAM cells con-
nected in series along a common bit line, dhda number of MTJ MRAM

cells arranged along a common word liflewer line) at the cross points
3E|ectronic mail: parkin@almaden.ibm.com with corresponding upper bit lines.

N elements
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array densities many GMR cell®f numberN) have to be — T
electrically connected in series which means that the actus 30- (a) 4
signal available when reading one particular cel-iBMMR/N.
This signal is not sufficient to make GMR MRAM competi-
tive with conventional dynamic RAMDRAM) and static
RAM (SRAM).1 20 1
By contrast, as illustrated in Fig(l), the high MR sig-
nal from individual MTJ storage cells can be fully utilized in
a novel cross-point MRAM architectuté,by connecting 10+ 1
each MTJ element in series to a switch, for example, a sili-
con diode. In this case, since current only passes through
single MTJ cell, the available signal when reading that cell is —~ - —
MR/1. With reasonable MR values such an MRAM architec- 3~  _1g00  .750  -500 -250 0 250 500
ture has the potential to rival that of DRAM in density, and
SRAM in speed. In this article we address some of the ma-
terials issues required for making such a memory possible
We demonstrate useful MTJ structures, with areas as sma
as 0.20.8 (um)?, with very high MR values(>30%) at
room temperature in small magnetic fields, and enhancemer 20+
of these MR values on annealing at moderate temperature:
We also present MTJs with resistance—area products as lo
as~60 Q(um)? which will allow scaling of MTJ MRAM to 10-
densities needed for Gigabit memory chips. We show that
the resistance and MR of MTJ elements in small test sites !
can be reasonably controlled and finally we demonstrate th L

i ; . ; . - ; 0- gmnesenco e
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II. MAGNETIC TUNNEL JUNCTION MATERIALS Field (Oe)

The basic magnetic tunnel junction comprises SimplyFlG- 2. Room temperatgre magnetoresistance vsé field curves for a _shadow

two ferromagneti¢dFM) layers separated by a thin insulating [?“aS'.‘ed MT. structure with an area-6#10x 40 (um)*. () shows the varia-
. . . ion in resistance caused by the switching of the free FM layer close to zero

tunnel barrier. The conductance of such sandwiches varies @8id as well as the switching of the exchange biased FM layer -a500
the cosine of the angle between the magnetic moments of th&e. (b) shows the low field resistance curve in greater detail.
two FM layers® and is highest when the magnetic moments
are parallel to each other. The relative orientation of the
magnetic moments in the most basic MTJ structures is variederature. Next the first FM layer, 30 A g e, is deposited
by utilizing FM layers with different magnetic coercivities. on top of the~100 A thick MnFe layer. Then a thin metallic
Note that in lithographically patterned basic MTJ elementsaluminum layer(~18 A) is deposited through a second con-
the magnetic switching fields of the FM layers can be readilytact mask and subsequently plasma oxidized. Finally, a third
varied by changing their self-demagnetizing fields, for ex-contact mask is used to define the upper FM electrode which
ample, by varying their shape or net magnetic moment. Neveomprises 80 A CgFe,s/Pd/Ti. The complete structure is
ertheless, it is useful to magnetically pin or magneticallymadein situ without breaking vacuum. The arrangement of
harden one of the FM layers in an MTJ by exchange biashe contact masks is shown as an insert to Fig. 2. Ten or
with an antiferromagneti¢AF) layer!* In contrast to ex- more junctions are fabricated on each wafer and up to 20
change biased GMR sandwicfhiethe AF layer must be me- wafers can be prepared in one pump-down of the vacuum
tallic because of an important difference between GMR anadthamber. The masks can be placed relative to one another
MTJ memory elements: namely, whereas in GMR elementsvithin the vacuum chamber with an accuracy-e20 um.
the flow of sense current is parallel to the layers, in MTJ ~ The MTJ in Fig. 2 has an MR 32% at room tempera-
elements the current flows perpendicular to the layers. ture and has a resistan&e~-7 k(}, corresponding to a spe-

Figure 2 shows a typical resistance versus field curve focific resistancéR;=RXA ~11 MQ(um)% The reproducibil-
a MTJ element with an areA of ~40x 40 (um)?, defined ity of MR and R for the ten junctions on the same wafer is
by metal contact masks. The structure is deposited by magrery good: MR andR vary between~29% and~32% and
netron sputtering3 mTorr argon, 1-2 A/s deposition ra  ~6.5 and ~8 k(), respectively. Larger MR values can
room temperature on a 0/am thick SiG, layer cm a 1 in.  readily be obtained by varying the composition of the CoFe
diam S{100) wafer using, sequentially, three contact maskslayer with values of more than 42% at room temperature for
The lower FM electrode consists first of a Ti/Pd seed layerCo,gFesq layers.
chosen both because it adheres well to Siéhd because it Shadow masked junctions are very useful for rapidly ex-
promotes the formation of-Mn,gFes,, an antiferromagnetic  ploring MTJ materials and structures but it is not possible to
phase which is magnetically ordered well above room temfabricate junctions with realistic dimensions for useful
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FIG. 3. Room temperature resistance vs field curve of a shadow masked
MTJ structure after the structure was annealed initially at 140 °C and after a
series of successive anneals at temperatures w280 °C.

MRAM structures. Moreover our studies with shadow masks
are limited to junctions with specific resistance values
greater tham-10* 0 (um)? because for lower resistance val-
ues the current through the junction may not be unifdfr.
This can give rise to, for example, apparent decreased resis-
tance and enhanced MR values. Indeed, under these CircUrG, 4. optical micrographs of an MTJ test site chiplet. The chiplet has 40
stances, we have observed MR values as high as 1000%! contact pads which can be seen in the upper micrograph. The lower micro-
MTJ junctions with dimensions ranging from100 um graph is a high re_solution _image of the middle portion ofzthe u_pper‘micro-
to submicrons were fabricated by the use of optical ande0" e e Ste contans 17 T e 08 G sie e
e-beam lithography using a self-aligned process as describg@sible as brighter regions
elsewheré:'® The stability of MTJ structures to thermal
treatments during such patterning, for example, during the
baking of photoresists, is very important. It appears that thepjt” line. These metal lines are conductors through which
critical element of an MTJ structure, namely the Al-O tun-electrical current can be passed. Typically magnetic memo-
nel barrier, is highly thermally stable. Moreover, contrary tories use a combination of orthogonal bit and word lihies
GMR structures, the MR is typically increased by thermalorder to be able to individually address each magnetic
treatments at moderate temperatufean example is given  memory cell to set or “write” its magnetic state. The vector
in Fig. 3 where the resistance versus field curves of an MT¢ombination of the orthogonal magnetic self-fields of the
structure with an exchange-biased fixed Co layer and @urrents or current pulses passed through these lines is ar-
NisoFeso free or sense ferromagnetic layer are compared aftefanged such that the magnetic state of the selected memory
thermal treatments at 140 (@r setting the MnFe exchange element at the intersection of the chosen bit and word lines
biag and after a series of thermal treatments up to 230 °C. Igan be appropriately set. On the other hand the self-fields of
the latter case the sample was annealed successively tiese same currents must be such that the magnetic state of
higher temperature temperatures~#20 °C steps for 60 min  the half-selected devices along the same bit and word lines is
intervals. The resistance of the junction was only weaklynot altered. Nevertheless these latter cells will be magneti-
affected by the thermal treatment but the MR systematicall\tally disturbed and it is very important that even after many
increased for thermal treatments up-t®230 °C. After an-  sych disturbances the magnetic state of these cells does not
nealing at higher temperatures the MR of the structure descreep” either to some intermediate state or completely re-
creased systematically although the resistance changed veggrse. Unpatterned MTJs without exchange-bias layers ap-
little. We suppose that the increased MR is related to impear to be susceptible to cre&p.
provements in the tunnel barrier, either for example, by oxi-  |n order to explore such properties as well as to charac-
dation of any aluminum metal in the barrier by homogeniza-+erize the magnetic and transport properties of magnetic tun-
tion of the barrier or, more likely, by an improved interface nel junctions on a size scale and pitch relevant to MRAM a
with the lower FM electrode. The latter is consistent with atest site shown in Fig. 4 was used. The upper part of Fig. 4
reduction, on thermal treatment, in a small amount of cobalshows a low magnification micrograph of the test site show-
oxide observed in related test structures by x-ray absorptiomg 40 contact pads at the extremities of the chiplet. The test
measurements. Increased MR values with thermal treatmengste consists of two levels of Al metallization in between
were observed for a wide range of MTJ structures and mawhich are sandwiched magnetic tunnel junctions. The bright

terials. areas in the high magnification image correspond to the top
metal wiring which is at a pitch of 1.em: 17 depressions
::Ialhgﬁgyﬁég TUNNEL JUNCTION MEMORY CELL can be seen indicating the locations of 17 MTJ devices

which populate the array in cross pattgjire., the center
In Fig. 1(b) a series of MTJ memory cells are shown at vertical and horizontal lings Two contact pads are used to
the cross points between a lower “word” line and an uppercontact each of the top and bottom electrodes so that four
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b T’ i P i was oxidized by thermal or natural oxidation by exposing the

oo layer to oxygen within the vacuum chamber. Note that the

exchange biased FM layer comprises a Co/Ru/Co sandwich.

The thin Ru layer strongly antiferromagnetically exchange
couples the two Co layers so that their magnetic moments

75F . . .
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" 0.70 = greater stability to the pinned FM layer and additionally re-
bl 7/ 050 r 0.1 duces the magnetostatic coupling of this layer to the free
17} layer as well as to the FM layers of neighboring MTJ
1.0 B " ) b element$? For this reason Fig. 5 only shows the switching
s oss el S of the free layer moment: the field required to switch the
B B e o zwam e 0 e exchange biased layer is on the order-af0 kOe and out-
Field (Oe) side the range of the experimental apparatus with which

these measurements were made.
FIG. 5. Resistance vs field curves ‘at room tzemperature of a series of related  The data in Fig. 5 show that the resistance of the MTJ
rfgg?%‘ijr"éj?afs"vg f; X"l't'zyséf]‘zsgf’g' ’Ec;fcg'ﬁ(a%'fét?c'%iﬁigl J.lu'ﬁc_ element scales inversely with the area of the MTJ element,
ton has the same structure as follows: bottom FM electrode:Whereas the MR of the element is essentially independent of
50 A Ta/250 A Al/40 A NijoFe, 100 A Mg, Fe,g40 A Co/7 ARW30A Co/,  the area of the device. Note that for the larger area devices in
tunnel barrier 7 A Al thermally oxidized, and, top electrode: Fig. 5 the resistance values are artificially lowered and the
t7h5A NisoFe,/250 A Al/75 A Ta. Note that the resistance and MR of the o\ oy 65 artificially raised presumably as a consequence of

ree largest junctiongshaded panelsare artificially decreased and in- . .

creased, respectively, because of nonuniform current flow through thes@onuniform current flow through these devices when the re-
junctions. sistance of the tunnel barrier becomes comparable with the

lateral in-plane resistance of the top or bottom electrdés.

Note also that the magnetic field required to switch the free
point electrical measurements are possible on all 17 juncdayer increases systematically as the area of the MTJ devices
tions. Underneath the bright metallic lines, the wires contactis decreased as a result of the increased demagnetization field
ing the bottom electrode level can be seen, which are on tom the free layer magnetic moment. This field scales ap-
finer 0.8 um pitch. The junctions in this particular array were proximately inversely with the length of the device. The off-
approximately 0.%0.8(um)? in size and were defined using set field of the free layer resistance versus field loop also
e-beam lithography. The cross pattern for the junctions alincreases as the size of the junction is decred%éd.all
lows for the study of interactions that might occur betweencases the offset field is consistent with an antiparallel cou-
nearest-neighbor junctions in the two orthogonal directions.pling of the free and pinned FM layers as a consequence of

Figure 5 shows resistance versus field curves for a serighe magnetostatic coupling between these layers which de-
of related MTJ structures patterned from a single wafer, eachreases with increased junction sfZen the limit of very
rectangular in shape and of the same aspect ratio, but witlarge area junctions there is typically a residual ferromag-
areas ranging from 0x40.8 (um)? to 8x 16 (um)?. The netic coupling between the free and pinned FM layers per-
specific resistance of each of these junctions & Q(um)>  haps resulting from orange-peel couplitig.
approximately 200 000 times lower than the specific resis- Figure §a) shows a cross section transmission electron
tance of the MTJs in Figs. 2 and 3. The lower resistance isnicrograph(XTEM) of an MTJ test site showing four MTJ
obtained by the use of thinner Al layers7 A thick. The cells sandwiched between an upper bit line and four word
resistance of MTJs can be varied froml0° Q(um)? to as  lines. The bit and word lines are formed fromg&Tu,. The
low as 60Q(um)? by varying the Al thickness and properly MTJ devices are of area0.3x0.8 (wm)% the MTJs have
oxidizing it. As first discussed by Parkiet al> incomplete  been sectioned along their shortest side. Figup $hows a
oxidation leads to the presence of metallic Al in the barrierhigher magnification XTEM of one MTJ storage cell as well
which results in a rapid suppression of the MTJ magnetoreas a cartoon describing the structure of the MTJ cell. In order
sistance. This result is in contradiction to the early claims oto avoid growing the MTJ directly on the top of the word
Mooderaet al* and Daughtoret al?! that a thin unoxidized line, which may be rough, and which would likely either be
metallic layer of Al at the lower FM electrode interface with recessed beneath or protruding above the dielectric surround-
the tunnel barrier was essential to the observance of high Mihg it, the MTJ is grown on a thin insulating SjQayer
values in MTJs. On the other hand overoxidation of the Alwhich can be readily prepared very smoothly. This layer
layer results in oxidation of the surface of the lower FM electrically isolates the MTJ from the word line. Since the
electrode which also results in diminished MR. While the Al lower electrode of the MTJ must be accessed electrically for
layer can be oxidized by a multiplicity of different tech- reading purposes, a thin metallic lateral electrode, shown as
nigues each one must be optimized for each Al thickness. the MX layer in the figure, extends to an adjacent via which
The structure of the MTJs in Fig. 5 consists of a bottomcontacts a lower metal regioiThe connection to the word

FM electrode of the form: 50ATa/250AAl/ line is not visible in the XTEM.
40 A NiggFe,y100 A MngFe,40 A Co/7 ARU/30ACo/, a In a real memory device the MX layer would likely be
tunnel barrier of the form7 A Al, and, a top electrode con- connected by a via in a lower level to complementary metal—
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FIG. 6. Cross section transmission electron micrograph of an MTJ test site 0.0 0.2 0.4 06 0.8 1.0 1.2
chiplet showing(a) a series of four neighboring MTJs afig) a single MTJ VoItage (V)

cell illustrating the deposition of the MTJ on a Sifayer above a word line.

The cartoon describes the cross section. FIG. 7. (a) MR vs field curve of a compound device consisting of an MTJ

integrated with a silicon diode at a bias voltage of 1 (¥) Current vs
voltage curves measured across the compound device in zero magnetic field

oxide—semiconductofCMOS) circuits arranged in the sili- with the_ MTJ _in either it orAP_configuration. Fits to thesg curves are also
. . . shown including the extracted fittédd-V curves corresponding to the diode

con surface beneath it. In particular, this would allow the, w13 itself(in its P and AP states
possibility of connecting, in series with each MTJ, a diode
between the MTJ and its associated word line. This is an
important feature of the MRAM cross-point architecture.
The bit and word lines can be electrically biased so that onlyeristics, thel-V curves corresponding to the and AP
one diode is forward biased so that the sense current flowstates were fitted to a model for a standard diode in series
only through a single chosen MTJ device in the memorywith a nonlinear resistor. The same diode parameters were
array!! In the absence of such a diode all the MTJs at eachused for both curves, with different linear plus cubic terms
intersection of every bit and word line in the cross-pointused to describe the two MTJ characteristics. Figuita 7
array would otherwise be electrically connected to one anshows the measured data for the two zero-field/ curves
other. Note that for optimum performance, the resistance oénd the very good fit to these two curves. The model curves
the MTJ must be matched to that of the effective resistancéor the diode by itself and the MTJ by itself for the two
of the diode. This can be achieved because of the large availemanent stated® and AP are also shown. From these fits,
able range oRX A of the MTJ devices described above. the resistance of the MTJ itself as a function of voltage on

Figure fa) shows an example of a magnetoresistancehe junction can be extracted. This fit gives an MR value at
versus field curve of such a compound device consisting ofow bias voltage of~17%, which is consistent with the MR
an MTJ integrated in series with a diode fabricated on thevalues measured directly on isolated MTJs on the same wa-
surface of a standard silicon wafer. The MTJ is nominallyfer.
hexagonally shaped with outer dimensions ef0.3 Finally, Fig. 8 shows resistance versus field curves for
% 0.8 (um)? and a nominal area 0f0.23 (um)2. The loop  two sets of 14 nominally identical junctions measured in a
was measuredta 1 V bias applied to the compound device. MRAM test chiplet similar to that shown in Fig. 4 except
The shape of the MR curve is similar to that of otherwisethat the wires are-4 um wide on a 8um pitch. The junc-
identical MTJ devices on the same wafer but without thetions have nominal dimensions of x4 and 0.6
diodes connected. The current—voltagie{) characteristics X 1.2 (um)? in Figs. 8a) and 8b), respectively. The easy
of this compound device were measured at zero field afteaxes of the junctions are along their longer axis in both
saturating the junction in positive and negative fields so as teases. The structure of these junctions is identical to that of
set the MTJ in its two remanent magnetic states with the FMhose in Fig. 5 except that the thickness of thg N, free
layers either paralle(P) or antiparallel(AP) to each other. FM layer is reduced to 50 A iiib) and the Al thickness is
To separate the diode characteristics from the MTJ charadncreased to~9 and~11 A in (a) and(b), respectively. The

Downloaded 09 Aug 2005 to 148.6.178.88. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Parkin et al. 5833

| RxA~160 Q(um)?2
24 - 2x4 (um)?2

have demonstrated the possibility of accessing a MTJ device
using a silicon diode integrated in series with the device.
Using specially designed MRAM test sites we have demon-
1 strated excellent local uniformity of MTJ resistance and MR

25

23 | - but poorer control of magnetic switching fields. In summary
L 1 we have established that exchange biased magnetic tunnel
22 . junction devices form attractive candidates for magnetic non-
1 volatile storage elements.
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FIG. 8. Resistance vs field curves of two sets of 14 nominally identical MTJ
devices measured in a test-site chiplet similar to that of Fig. 4. The struc-
tures are similar to those of Fig. 5 but with Al layer thicknesse&p® A
and(b) 11 A.

IV. CONCLUSION
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