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Abstract

Magnetoresistive Random Access Memory (MRAM) offies potential of a universal
memory — it can be simultaneously fast, nonvolatiense, and high-endurance. MRAM
differs from earlier incarnations of magnetic megnior that MRAM tightly couples
electronic readout with magnetic storage in a carhgavice structure competitive with
state-of-the-art semiconductor memories. Smallestamonstrations have realized
much of the potential of MRAM, but shrinking thdls@ze or embedding the memory
with logic circuitry creates difficult challenge3his chapter provides an overview of the
basic MRAM magnetic structure, including an exptaraof the functions of various
elements in the complex multilayer magnetic filmcgt Principles of MRAM circuit
design and operation are covered, with a detaileld &t the design of a single-bit cell.
Also included is a discussion of the techniquesetiged to fabricate large arrays of
MRAM devices with high yield. MRAM reliability iages and the potential for scaling
MRAM for future device generations concludes theptbr.
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1. Magnetoresistive Random Access Memory (MRAM)

Through the merging of magnetics (spin) and ebeits, the burgeoning field of

“spintronics” has created MRAM memory with charaistiics of non-volatility, high
density, high endurance, radiation hardness, tpgled operation, and inexpensive
CMOS integration. MRAM is unique in combining #ie above qualities, but is not
necessarily the best memory technology for anylsialgaracteristic. For example,
SRAM is faster, flash is more dense, and DRAM s$s lexpensive. Stand-alone
memories are generally valued for one particularatteristic: speed, density, or
economy. MRAM therefore faces difficult odds imgoeting against the aforementioned
memories in a stand-alone application. Howevehezided memory for application-
specific integrated circuits or microprocessor agagloften demands flexibility over
narrow performance optimization. This is where MIRexcels. It can be called the
“handyman of memories” for its ability to flexibyerform a variety of tasks for a
relatively low cost.[1] While one may hire a sp@ist to rewire an entire house’s
electrical circuitry or install entirely new plunmg, a handyman with a flexible toolbox is
a much more reasonable option for repairing a sietgctrical outlet or leaky sink. And,
the handyman may be able to repair a defectiveredakcircuit discovered while in the
process of repairing leaky plumbing.
A semiconductor fabrication facility that has MRANits toolbox is more likely
to tailor circuit designs to a customer’s indivitlnaeds for optimal performance at
reasonable cost. Table 1 shows how the charaatered MRAM compare to other
embedded memory technologies at the relativelyermasive 180nm node. The
remainder of the present chapter will review tlaesof the art in MRAM technology:
how it works, how its memory circuits are designealy it is fabricated, potential pitfalls,
and an outlook for future use of MRAM as deviceslssmaller.

eSRAM eDRAM eFlash eMRAM
Size Cell Area im?) | 3.7 0.6 0.5 1.2
Size Array Effic. 65% 40% 30% 40%
Cost Add’l Process 0 20% (4 msk) 25% (8 mgk) 20% (3
Speed Read Access 3.3 nsec 13 nsec 13 nsec 15 nsed
Speed Write Cycle 3.4 nsec 20 nsec 5000 nsec 15 nsec
Power Data Retention | 400 pA 5000pA 0 0
Power Active Read 15 pC/b 5.4 pC/b 28 pC/b 6.3 pC/b
Power Active Write 15 pC/b 5.4 pC/b 31,000 pC/b| 44 pC/b
Endur. Write Unlimited | Unlimited le5 cycles Unlimited
Rad Hard Average | Poor Average Excellent

Table 1: Embedded memory comparison at the 18@ur.nShaded cells indicate
where MRAM has a distinct advantage. Relative camepas should hold through

scaling to the 65nm node.[2]

Page 2 of 27

sk)



2. Basc MRAM

MRAM (magnetoresistive RAM) differs from earligrdarnations of magnetic
memory (magnetic RAM) in that MRAM tightly coupletectronic readout with
magnetic storage in a compact device structurehdrearly second half of the®20
century, the most widely used RAM was a type of netig RAM called ferrite core
memory. These memories utilized tiny ferrite ritigeeaded by multiple wires used to
generate fields to write or to sense the switcloihtipe magnetic polarity in the rings.[3]
Highly valued for its speed, reliability, and ratitie hardness, approximately 400kB of
this core memory was used in early IBM model APB @bmputers on the space shuttle.
With the advent of compact, reliable, and inexpemsiemiconductor memory, the 1fim
cell size of the core memory could no longer compeand, in 1990, the space shuttle
converted to battery-backed semiconductor memotty ariound 1MB capacity.[4]

For magnetic memory to compete again in the RA&hay miniaturization on the
scale of semiconductor integrated circuitry habdéamplemented. This was stimulated
by the discovery in 1988 of giant magnetoresistd@MR) structures which provided an
elegant means of coupling a magnetic storage (spatg with an electronic readout, and
created the field of spintronics.[5] It relies thie phenomenon wherein electrons in
certain ferromagnetic materials will align theirrspwith the magnetization in the
ferromagnet. In essence, this is a result of atgreelectron density of states at the Fermi
level for electrons with spin aligned parallel @ tmagnetization in the ferromagnet.
While passing current along two ferromagnetic filmglose proximity, one can
influence the transport of the electrons by adjpgsthe relative orientation of the two
films’ magnetization. As illustrated in Figurefty parallel orientation, electrons are less
likely to suffer resistive spin-flip scattering ews, but for antiparallel orientation,
electrons will exhibit a stronger preference fatsering and thus an increase in
resistance will be apparent. The different reaistavalues for the high resistance state
(Rnigh) and the low resistance statgy(fRcan be used to define a magnetoresistance ratio
(MR) as in equation 1:

Rhigh - I:'2|ow )

(
MR= 1
R|OW ( )

MR values for GMR devices are in the 5 — 10% raiogeoom temperature operation.
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Figure 1: lllustration of the GMR principle. Foanallel alignment (a), electron flow is subjecféaer
resistive spin-flip scattering events than for patallel alignment (b).
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By choosing different coercive fields for the thesromagnets, one can create a
so-calledspin-valveMRAM structure with configuration similar to thglhown in Figure
1. For example, ferromagnet 1 can be chosen te adngh coercivity, thus fixing its
magnetization in a certain direction. Ferromaghean be chosen with a lower
coercivity, allowing its magnetization directionftactuate. For a magnetic field sensor
such as used in disk drive read heads, small ckandbe magnetization angle of
ferromagnet 2 induced by an external magnetic fialal be sensed as changes in
resistance of the spin valve. Because the spiwewansitivity to external fields can be
substantially better than inductive pickup, suchicks have enabled dramatic shrinkage
of the bit size in modern hard drives. An alteweuse for the spin-valve structure is
found if one designs it to utilize just two wellfded magnetization states of
ferromagnet 2 (e.g., parallel or antiparallel todenagnet 1). Such spin-valve designs
serve as a binary memory device, and have founlicappn in rad-hard nonvolatile
memories as large as 1Mb.[6] Drawbacks of thig tgpmemory are

» relatively low magnetoresistance, providing onlyIsignal amplitudes and thus
longer read times,

* low device resistance, making for difficult integoa with resistive CMOS
transistor channels,

* in-plane device formation which is more difficuit $cale to small dimensions
than devices formed perpendicular to the plane.

Solutions to these problems can all be found imtlagnetic tunnel junction (MTJ)
MRAM. The MTJ structure is similar to the GMR spialve in that it uses the property
of electron spins aligning with the magnetic momaside a ferromagnet. Instead of
passing current in-plane through a normal metal/éetn ferromagnets, however, the
MTJ passes current perpendicular to the planeugiran insulating barrier separating
two ferromagnets. Figure 2 shows an MTJ struadtuits simplest form where one can
envision the electric current impinging first ofearomagnet which acts as a spin
polarizer, then passing through the tunnel baemet into a second ferromagnet which
acts as a spin filter. The separation of polagznd filtering functions is enabled by the
physical thickness of the tunnel barrier, notingt tthe tunneling process preserves
electron spin. The tunneling conductance will bepprtional to the product of electron
densities of states on each side of the barrierjrageneral for ferromagnets there will
be a larger density of states near the Fermi lievedlectrons polarized parallel to the
magnetization of the ferromagnet as opposed tdrelecpolarized antiparallel to the
magnetization of the ferromagnet. For polarizeat filiter magnetizations aligned in the
same direction, the density of states for spin-juota electrons is large on both sides of
the barrier, and the conductance of the structurelatively high. For anti-parallel
alignment of the polarizer and filter, the densifystates available for spin-polarized
electrons to tunnel into is somewhat reduced, hactonductance of the structure is
relatively low. Proposed around 1974 [7], thetfdemonstrations of MTJs used
Fe/Ge/Co multilayer stacks, but only showed appideiMR (14%) at 4 K
temperatures.[8] It was not until 1995 that imments in materials processing
techniques and the use of robust aluminum oxidedparriers began to show
reasonably large MR (18%) for MTJ devices at roemgerature.[9] This breakthrough
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brought about huge investments from numerous corapamd ushered in a new era in
the field of spintronics.
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Figure 2: Simple magnetic tunnel junction struetuFerromagnet 2 acts as an electron spin potadnd
ferromagnet 1 acts as an electron spin filter, widgnetization either parallel or anti-parallethe
magnetization of ferromagnet 2. Parallel magn#&tna generally result in lower device resistaramnt
anti-parallel magnetizations.

3. MTJ MRAM

The structure illustrated in Figure 2 can storeaby information in the direction
of magnetization within ferromagnet 1 (the “fregdd’), provided the magnetization
within ferromagnet 2 (the “pinned layer”) remaiisefl in a predetermined direction. An
asymmetry induced in the structure from device shlapntrinsic magnetic anisotropy
can stabilize preferred orientations for the fiaeel to be one of either parallel to or anti-
parallel to the pinned layer, thus maximizing MR straightforward way to enable
switching in the free layer without switching oktpinned layer is through the use of a
material with low coercive field kor the free layer and a material with highfbr the
pinned layer. Figure 3a illustrates this techniguth the hysteresis loops of a soft (low
Hc) free layer and a hard (high)Hpinned layer in isolation (i.e., not in the intated
MTJ stack structure). For operation at applied metig fields within the bounds set by
H. of the pinned layer, only the free layer will sshitdirection of magnetization. The
hysteresis curve for the free layer demonstrates#itessary memory effect when the
applied field is reduced to zero.

With the integrated multilayer structure of Fig@ehowever, the hysteresis
curves of the free and pinned layers in isolati@ret straightforward predictors of the
resistance states of the MTJ device. Becauseitineg layer will maintain a remanence
in zero applied field, there will be an offset imiga to the hysteresis loop of the free
layer. (Note that there will be a similar offsétloe pinned layer hysteresis loop
imparted by the free layer’'s remanence, but fagdaenough kb there will be no affect
on the device operation.) Figure 3b illustrateseffect of the pinned layer remanence
on the magnetoresistive hysteresis loop R versugpplied field. For large remanence
M., the loop may shift so much that there is no loregkistable memory for zero applied
field. In principle, such an offset in memory puoatl chips could be compensated by an
external field applied from a permanent magnetipeoated into the chip packaging.
This is somewhat impractical, however, due botpaokaging cost and to stringent
requirements of across-chip uniformity.
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Figure 3: (a) Representative hysteresis curvesagfnetization M versus applied field H, for a soft
ferromagnet free layer and for a hard ferromagiretqa layer in isolation. Coercive field Hs chosen
large enough to keep the orientation of the piriagdr from switching while the free layer is being
switched. M, represents the remanence from the pinned layasratapplied field. (b) Resultant hysteresis
of the MTJ resistance shown as a function of agplegnetic field. Due to the remaining magnetoati
from the pinned layer, the resistance loop is ¢ffigen zero applied field, and (as shown) can eesult

in but a single stable resistance at zero appiéd.f The blue arrows represent the magnetizatiate of

the MTJ structure (anti-parallel or parallel).

Fortunately, clever manipulation of film propestieas driven the evolution of
several generations of magnetic tunnel junctioncstires, overcoming issues such as the
offset field described above. Two such advancesllastrated in Figure 4. In Figure 4a,
an antiferromagnet is exchange coupled to the plitanger, providing a much larger
effective coercive field for the pinned, or “refece” side of the tunnel junction.[10]
With exceptional care to maintain a clean, smootérface between the antiferromagnet
and the pinned layer above it, one can obtainttle@g exchange coupling between these
films that is necessary to resist field switchimg.least 1 to 1.5nm of ferromagnetic
pinned layer must still remain in the stack toactn electron spin polarizer, but when
coupled to the antiferromagnet it can be extremadly pinned even if the ferromagnet
has low H. By removing the need for a high férromagnet in the pinned layer, this
structure allows some additional flexibility in thboice of ferromagnet pinned layer
material. One can optimize for maximum electroim gwlarization for best
magnetoresistance, and one can choose film quaidrdow remanence and thus less
offset of the R vs. H hysteresis curve. Correspayig, Figure 4b illustrates a
representative improvement in offset, for compariaah Figure 3b from the simpler
stack structure.

Although there is much benefit in using the simgahiferromagnet (AF)-pinned
structure of Figure 4a, best device operation oftdls for reducing the R vs. H
hysteresis offset to an even smaller value. s ¢hse, the flux-closed AF-pinned
structure shown in Figure 4c can be tailored te gisbitrarily small offset fields. Here a
synthetic antiferromagnet (SAF) is formed from ti@aromagnets separated by a thin
spacer layer. For common spacer layers of 0.60om of Ru, one can obtain a strong
antiparallel coupling between the two ferromagiigl3. For reasonable external fields,
this coupling forces them to be antiparallel angstthe thicknesses of the two
ferromagnets can be balanced such that the extaamgetic flux is negligible. Pinning
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of one of these ferromagnet layers with an antf@agnet gives a high effective H
while at the same time causing negligible offseh®R vs. H hysteresis loop (Figure 4d).

B Free Layer

M Pinned Layer
Tunnel Barrier
Spacer Layer

[ Antiferromagnet

|| Seed Layer

Figure 4: (a) Antiferromagnet-pinned reference tagteucture with corresponding R vs. H hysteresipl
(b). Also shown (c) is a flux-closed antiferromatpinned reference layer structure with correspan&
vs. H hysteresis loop (d).[2]

Hard Mask

Cap Layer
Free Layer—.
Tunnel Barrier =
Coupled Ref. Layers'é
Antiferromagnet

Seed Layer

Substrate

Figure 5: A TEM high resolution cross-section iraaf a MTJ stack with flux-closed, antiferromagnet-
pinned reference layers.
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Figure 6: A schematic description of Néel couplamgl how it relates to magnetostatic coupling. The
rough-topped bottom film represents the pinnedrayéigure 4. Although exaggerated in the figime
clarity, actual roughness greater than one atonsieatayer is cause for concern. The green interatedi
layer represents the tunnel barrier, and the lageve is the free layer. Black arrows in the batfidm
represent the internal magnetization of the pinagdr, but due to the rough surface, the magnetiesp
are uncompensated in the region of the tunneldrariihe resultant field from these poles creatdgel
field which favors parallel orientation of the fraed pinned layers. The magnetostatic demagnietizat
field from the ends of the pinned layer favors jgatallel orientation of the free and pinned layérs, since
this is non-local, it is less important in breakthg symmetry of devices with multiple layers. [12]

Flux closing the reference layer ferromagnet waoeksarkably well in practice,
particularly with recent advances in materials dgoan tooling which enables tight
control over film thicknesses for multilayer filnrgctures covering entire 200 to 300mm
wafers.[13] Figure 5 shows a cross-section TEMgenaf such a flux-closed reference
layer MTJ stack. Some interesting features ohtlagnetics-related elements can be
discerned from the TEM image and are discussedibelo

3.1 Antiferromagnet

The antiferromagnet is generally a polycrystalinaterial like FeMn, PtMn, or IrMn. It

is chosen and grown with several characteristicaimd:

* Interface roughness of the antiferromagnet mustufieciently small so one can
neglect Néel coupling (Figure 6) and ensure a smaunhole-free tunnel barrier.

* Pinning strength must be large compared to thddiaked to switch the free layer
between its binary memory states.

» The blocking temperature of the antiferromagnettrbesn a suitable range. To
obtain ideal pinning of the ferromagnet referersyeet, one anneals the
antiferromagnet/ferromagnet bilayer above the blogkemperaturdg at which the
exchange coupling between the films is zero. Apliag magnetic field fixes the
orientation of the ferromagnet, and then the bilageooled. During cooling, the
surface magnetization of the antiferromagnet aligitls the field-imposed
ferromagnet magnetization. After cooling and real@f the field, exchange
coupling across this interface keeps the ferromagin@ed. One must choose an
antiferromagnet with blocking temperatdrg below approximately 30C to
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minimize material diffusion and tunnel barrier dadgition. In addition]g must be
sufficiently above device operating temperaturesyiad 125C.

» The antiferromagnet must be able to withstand m®temperatures of the ensuing
circuit integration. Roughly, this translates istying that the components of the
antiferromagnet should not dissociate and diffugeob the layer for process
temperatures below about 280

3.2 Reference Layer

The reference layer closest to the tunnel barrigstract as an effective spin polarizer, so
must be of thickness at least of order the elecpn-flip scattering length. This implies
1 to 1.5 nm is the minimum thickness of the layesest to the tunnel barrier. For best
flux closure and minimal offset to the free laytbie reference layer adjacent to the
antiferromagnet will be of a similar thicknesshaligh perfect zero free-layer offset may
dictate small differences in the thicknesses. ppeu limit to the thickness is set by the
additional surface roughening and resultant Néepbog that thicker films will generate.
Reference layer materials are chosen for bestparization properties and
compatibility with device processing techniqueg(eninimal corrosion and thermal
stability). Films of CoFe of order 2 nm thick aypically used, separated by the 0.6 —
1.0 nm exchange-coupling Ru layer.

3.3 Tunnel Barrier

Aside from the requirement of reasonable magnagiies properties, the tunnel barrier
is chosen primarily for robustness. It must beerely thin to ensure spin polarization
is maintained during electron transit across ttreidraand the barrier must be able to
survive under billions of cycles of electrical biasts lifetime without developing
pinholes or any substantial shift in resistancéunfinum oxide has proven an extremely
suitable candidate for such tunnel barriers, ahasvn to offer reasonable
magnetoresistance for suitable magnetic pinnedraedayers. Recent developments in
tunnel barrier engineering show that magnesiumeoiidnel barriers can offer MR near
500% at room temperature, although MgO-barrier cks/are not yet proven as robust,
manufacturable layers in large arrays with goodme#ig switching characteristics.[14]
Aluminum oxide barrier devices can display MR n&@d%, but tradeoffs in choice of
magnetic materials for best switching charactesst@nd in choice of operating point for
best CMOS integration generally result in an MR ldgn 50%. Such MR is suitable for
maintaining distinct resistance groupings of misoof devices in modern MRAM arrays,
and increasing the MR is advantageous primarilyat it can reduce the necessary
signal integration time to read the state of acviSuch a reduction is not a terribly
strong driver at this time, as array read timeetsas much by circuit overhead as by
device signal-to-noise ratio. Increasing MR to @O@ould likely result in only a 10-
20% reduction in read duration. One place MgOibarmmay soon establish a strong
foothold is in the formation of highly transparéannel barriers. As device sizes shrink,
the lower resistance-area product afforded by MglDewable the best match to CMOS
drive transistors and thus highest speed operattwen more highly transparent tunnel
barriers are under development for a class of @svising electron spin current to switch
the device state.
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3.4 Free Layer

The free layer shown in the TEM is reasonably thike, the underlying pinned layers. It
does have a minimum thickness limit set by the §fiaring characteristics: for
thickness less than the approximate electron diprséattering length, the
magnetoresistance will begin to drop. This agais the thickness at around 1.5 nm or
more. Thicker free layers require additional egewswitch, so are undesirable for low-
power operation. Of critical importance in the @deristics of the free layer is the need
for well-defined magnetic states and well-behavegmetic switching. As one cannot
tailor the read or write circuitry to every indivdl device in megabit arrays of MRAM
devices, it is critical that each device behavey weuch like all others in the array. -
defined magnetization states such as vortices apest) C-shapes, and multiple domains
will add variability to the resistance measuredHhwy circuitry, because electron spin
polarization filtering may not be strictly parall@ antiparallel to the spin polarization
imparted by the pinned layer. In addition, sewmsitiof the film switching behavior to
tunnel barrier and cap materials, or to device edgghness or chemistry can impart
variability to the write operation of the individuaits in megabit arrays. NiFe alloys are
preferred for good magnetic behavior with reasomablrosion resistance. Addition of
Co or Fe to the NiFe, or dusting with Co or Fe letmthe tunnel barrier and NiFe layer
can help to adjust magnetic anisotropy and impifRe Layer thicknesses are typically
in the 2 to 6 nm range for best low-power operatiith good switching characteristics.

Several additional nonmagnetic elements are visiblee TEM image and discussed
below.

3.5 Substrate

An ultra-smooth substrate is required as the sapbint for smooth, uniform, and
reliable tunnel barriers. Rough interfaces alsultan increased Néel coupling, which is
detrimental to device performance. Representatiaterials for the substrate are
thermally oxidized silicon, or chemical-mechanipknarized (CMP) polished dielectrics
such as silicon nitride, silicon oxide, or silicoarbide.

3.6 Seed Layer

An appropriate seed layer is required to obtaindggrowth conditions for the
antiferromagnet, both to ensure a smooth top seiidad to ensure good magnetic
pinning strength. Given the high stress in somgheffilms in the MTJ stack, this seed
layer is also critical for ensuring good adhesmthie substrate. It may be formed from
tantalum nitride or permalloy (NiFe), for example.

3.7 Cap Layer

Proper choice of a cap layer is necessary to pritedree layer during further device
fabrication processing. It is essential as a baor getter for contaminants, keeping the
free layer clean and magnetically well-behavedte®tised materials for this layer
include ruthenium, tantalum, and aluminum. Chaitthis material can also depend on
its effect on the magnetic behavior of the freetaycertain cap materials can discourage
smooth switching between free layer states, andesuit in substantial “dead layers”
which must be compensated for by a thicker freeray
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3.8 Hard Mask
A hard mask (as opposed to a “soft” photoresistkniasused to enable patterning of the
MTJ with industry-standard etch techniques. lbaases the integration with
surrounding circuitry by providing a contact layerconnect the MTJ to wiring levels
above. The hard mask material is largely chosertda@ompatibility with subsequent
processing in the fabrication route, and can besehdrom any number of metallic or
dielectric materials.

The processing of MTJ structures to integrate thettm CMOS circuitry is
discussed in more detail later in the chapter.

4. MRAM Cdll Structure and Circuit Design
4.1 Writing the Bits

The mechanism for switching the state of the feged in MRAM lends itself
well to array layout with conventional planar seamductor design and fabrication.
Figure 7 illustrates a typical rectangular MTJ giieyout, with word lines arrayed
beneath the devices and bit lines arrayed atopekiees. Current driven along the word
lines or bit lines generates a magnetic field whioparts a torque on the magnetization
of the device. In normal operation, the superpmsiof properly-sized “write” fields
from both word line and bit line will enable a sgtiing event to occur in the free layer of
the device at the intersection of the two linete Write fields are chosen small enough
S0 as not to exceed the coercivity of the pinngdrlaPotential pitfalls from this scheme
include write errors from half-selected devices.(ithose subjected to only a word line or
a bit line field, but not both) and worse, writecgs from near-neighbor half-selected
devices (those subjected to a half select fieltiobly one row or column away from
another active line).

The diagrams in Figure 8 give more details aboeistiperposition of magnetic
fields used to switch the active device. With fln&-closed antiferromagnet-pinned
reference layer structure (Figure 4c) forming th&Jyithe single-layer free layer is
switched with characteristics first described bgrfer and Wohlfarth.[15] A simple case
is that of an elliptical-shaped MTJ with shape atnsy defining an easy axis (the major
axis of the ellipse) and a hard axis (the minos afithe ellipse). To switch the
magnetization, a hard-axis field is applied tothk free layer magnetization away from
the easy axis energy minimum, and an easy-axi iBehpplied to “set” the
magnetization of the device in the desired easg-dixection — parallel or antiparallel to
the pinned layer. With this Stoner-Wohlfarth (S-8Witching, relatively small operating
margins are illustrated by the closeness of thergead purple dots to the S-W boundary
in Figure 8b. In addition to accounting for spreadthe switching characteristics
between devices, one must also budget in extraabpgrwindow for thermal activation
errors and the disturb effects of half-selects rmear-neighbor field interaction. Circuit
designers will try to tailor the operating windour fat least 10 years of error-free
operation. Without use of error-correction teclugs, one generally aims for operating
margins to keep the activation energy for a bibeto greater than 6G:K, where Ig is
the Boltzmann constant and T is the temperatuigs imposes extremely tight
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Figure 7: lllustration of a rectangular array of Mdevices, with bit line and word line circuitryrfwriting
the bits. Current-generated magnetic fields frogiven bit line and word line are sufficient ontygwitch
the device at the intersection of the two wirestit&\errors are typically worse for devices in tizf-
select state (MTJs labeled “%%” in the figure), wharword line or a bit line is active, but not hotthe
situation is even worse for near-neighbor halfstelé devices (“NN 2" in the figure) where, for exae)
the device is in the column adjacent to the actived line, but is half-selected by the active biel
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Figure 8: (a) Top-down schematic view of an MT&gwwvith rows and columns of bit lines and word ¢éine
with fields superposed to switch the device represkby a red dot. Devices shown as green andepurp
dots are half-selected devices. Those green ampiieptievices adjacent to the red device are neghber
half-selected devices. (b) A graph showing necgdsiailine and word line current values needed to
switch a desired device. The colored dots on thegorrespond to the devices represented by cdldods

in Figure 8a. For suitable choice of word line &itdine currents, one can ensure switching ofdésired
device without switching half-selected devices.
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requirements on how uniform the array must berimseof switching, described in
equation form by the array quality factor (AQF):

AQF= s 2)

Hsw
Here, H, is the average switching field of the devices ang, is the standard deviation
of the switching field distribution of all elementsthe array. Roughly, the AQF must be
larger than about 30 to ensure lifetime of 10 yeathough some relief can be gained
through the use of error correction techniques.

Toggle MRAM was invented to circumvent the difficulties facgdSsW MRAM
in terms of operating margin for half-selected .fli8] As illustrated in Figure 9a, the
structure has taken the flux-closed antiferromagnated reference layer structure
(Figure 4c) a step further by also flux-closing tagomagnetic free layer. This is done
by depositing a spacer layer atop the free layeorfieagnet, followed by a second
ferromagnet. The spacer can be chosen (as intheglayer) with a spacer that
enhances antiparallel coupling, or the spacer eathbsen with zero or even with some
parallel coupling characteristics to decrease the\iield needed to switch the bit. The
magnetizations of two ferromagnets in the freedayié point in opposite directions, and
their balance and proximity will flux-close the &g so there is little field seen
emanating from the structure at a distance. Theewperation of this toggle-mode
structure is illustrated in Figure 9b. Noting ttedors assigned to represent the
magnetization of the free layers in Figure 9a (gree the top layer, and red for the
bottom layer), the plots at the top of Figure 9bwlthe relative orientation of the two
magnetizations. Note that the initial state ishstiat the magnetization of the MTJ has
easy (preferred) axis at 45 degrees to the worddnishes, rather than aligned parallel to
one of them. Figure 9b illustrates the need faggéred timing of word line and bit line
write-field pulses. To switch the state of theeftayers, a first magnetic field is applied
from the word line along the positiyedirection. This magnetic field cants the
magnetizations of both free layers as they trylignao the field. The antiparallel nature
of the magnetic coupling between the free layeesgmts the magnetizations from both
fully lining up with the applied word field, so Igras the field is not too large to
overwhelm this antiparallel state. Once the madgagbns are canted sufficiently, there
is a net magnetic moment to the free layers, aisdhtloment can be grabbed like a
handle by the field now imparted by the bit liEhe bit line applies a field in the
positivex-direction and the net moment of the two free layelows this bit line field.
The word line field is then shut off, and the neiment continues to rotate around
towards the applied bit line field. As the bitdifield is shut off, the free layer
magnetizations relax into their energetically-fatde antiparallel configuration, but now
with magnetizations exactly opposite to those atstiart.

The name “toggle-mode device” comes from the charitic that cycling the
word and bit lines in this manner will always swithe state of the device. To set a bit
in a particular state, a read operation must bfopeed to determine if a write “toggle”
operation is required. Aside from this drawbac# #re additional complexity of the
magnetic stack, there are several advantages toggke-mode structure:
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(b)

As alluded to above, the write operating margimsloa substantially larger than for
devices with S-W switching. Rather than a S-Wadtboundary, the toggle-mode
devices exhibit an L-shaped boundary that doesipptoach the word or bit line axes.
The potential for half-select errors is dramatigcadiduced, and the requirement on
AQF is approximately halved.

In principle, shape anisotropy is not requiredriswge the bit has only two preferred
states for binary memory. One can utilize intigrenisotropy of the ferromagnetic
free layers to define two such states. This allons to use circular MTJ devices for
smallest memory cell size.

The flux-closed nature of the free layers grealyuces dipole fields emanating from
the free layer. Such fields can affect the enagetf nearby devices, resulting in
variability of switching characteristics, dependmgthe states of nearby devices.
Thus, with flux-closed free layers, nearby devicas be packed in closer proximity
for improved scaling.
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Figure 9: (a) Structure of the toggle-mode MT &lstand (b) time evolution of the free layer switah
See the text for discussion.

4.2 Reading the Bits

The array structure illustrated in Figure 7 ioftermed a “cross-point cell”

(XPC) structure. More specifically, XPC refersie case where the MTJ devices are
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located at the cross points of the bit and worddjrand are directly connected to the bit
and word lines above and below the MTJ stack. $tniscture offers extremely high
packing density for the lowest cost memory. Th#eamechanism is reasonably
straightforward as described above, so long adfh&resistance is not so low that it
shunts the write currents. More troublesome isttheread mechanism suffers from
reduced signal-to-noise ratio in this XPC structufe read the resistance state of a XPC
bit, a bias is applied between a desired bit lim& &ord line, and the resistance is
measured. However, due to the interconnected emafiuthe XPC structure, not only the
resistance of the cross-point device is measutbdre are parallel contributions of
resistance from many other devices along “snedkspdbat include traversing additional
sections of bit and word line. Due to the resgltioss of signal, the device must be read
much more slowly to allow for integration to impmeothe signal-to-noise ratio. Device
read times can be substantially longer for such X®@ctures, making this type of
memory far less desirable than one which couldelbd as fast as DRAM, for example.

The solution to the problem of sneak paths ism$eit an isolation mechanism that
ensures read currents will only traverse a single levice. For example, this can be
achieved by placing a diode in series with each MAlIhough this seems simple when
drawn as a circuit schematic on paper, it is alytunabre straightforward to put a FET in
series with each MTJ, and assign a second worddigentrol the read operation. Figure
10 illustrates the “FET cell” circuit structure,tWiseparate word lines for the write and
the read operations. The bit line is used for be#d and write operations.

gL/
Read 4"
/’fm'q.{:'_;':f"}
i LH'I%L-'@’

A & £ o

Bit Line P

Figure 10: FET cell circuit topology, showing imiual word lines for reading and for writing. AF
located in the silicon beneath the MTJ is usednitch on only the device being read, thus preventin
leakage of read currents (purple arrows) througittneMTJ devices. Additional conductor elements in
this structure (compared to Figure 7) include aacirbetween the bit line and the top of the MTldcal
metal strap connecting the base of the MTJ witfaachain that connects to the underlying FET.

Page 15 of 27



Bit Line (MT)

“Write” Word ™~
Line (M2)

M1

G o | e [ em ) mm
i S—c S— i S— e S—

“Read” Word Line (Gate Poly)

Figure 11: A cross-section of the FET cell topglogith two adjacent cells shown atop the silicdl@S
front-end of line (FEOL) structure. The red ovatses the critical components for MRAM
implementation. As cell size is determined prityanly the MTJ and via chain above the via V1, twels
can be used for each MTJ in order to achieve loesstance and some redundancy. Thus, the FE$ gate
on either side of a V1 via chain will be connecdiethe same “read” word line. Wires formed in finst

level of metallization (M1) (outlined in green)fo a grid at a reference potential. M2 denotestuond
level of metallization. The reader is referredReohret al[17] for a more details on such structures.

Figure 11 illustrates the implementation of thgufe 10 circuit structure suitable
for a densely-packed array of MTJs. Structuraltaats to standard CMOS circuitry
include:

» the via contact VJ between the bit line and theafoine MTJ stack,

* the MTJ device

* the local metal strap MA between the bottom ofltie) stack and the via to M2
* the via VA between the MA strap and the M2 wiringpich serves to isolate the

MTJ from the write word line while providing conriem to the underlying FET

structure for reading.

Slightly higher packing density may be achievecweaitmirror-cell design, where
adjacent bits mirror each other. The simple uronéd design of Figure 11 is preferable
to minimize across-array nonuniformity due to idtrel misalignment and inter-cell
magnetic interference. Megabit and larger MRAM roees are formed from multiple
subarrays with size determined largely by the taste of the bit and word lines. There
is desire to keep applied voltage low, for CMOS patibility and best array efficiency.
The required current to generate the necessarydviidhing fields then sets a maximum
length on the bit or word line depending on thestese voltage drop. Bootstrapped
write drivers can be used to allow smaller writevelrs with improved write current
control.[18] A 16Mb MRAM under development at IBMilizes 128Kb subarrays as
shown in Figure 12, with 512 word lines and 256@ibis of active memory elements.

The read operation is performed with sense amgitigat compare the desired bit
to a reference cell. The reference cell uses tjacant MTJs fixed in opposite states in
a configuration that acts like an ideal mid-pogference between the;f and the Ry
states.[18] Four bit lines are activated in a giggcle and are uniformly spaced along
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the height of the array to reduce magnetic interfee between activated bit lines during
the write operation, and to minimize distance fribve activated bit lines to the sense
amps during a read operation. Additional referdriténes are located within the array,
with one set shared by sense amplifiers 0 andd.pae set shared by sense amplifiers 2
and 3.

Figure 12: Photograph of a 128Kb subarray, showangtions of the sense amplifiers (SA), the row an
column decoders and drivers, and the concurreivagioin of four bit lines with one word line for ad
organization of the block. A single MTJ cell iglioated by a circle at the intersection of a wame (WL)
and bit line (BL).

The array driving circuitry for MRAM memories ismmononly standardized to an
asynchronous SRAM-like interface for easy intergeability in battery-backed SRAM
applications. The IBM 16Mb chip uses an x16 aetttiire that is prevalent in mobile
and handheld applications with packaging intendediimple direct replacement of
SRAM chips. Shown in Figure 13, the 16Mb chip meas’ 9mm with individual
memory cells of 1.42m? for an array efficiency of nearly 30%. Arrayieféncy can be
improved by using more metal layers and by elimngasome of the developmental test
mode structures used in this chip. Reductionaridity current for power-critical
applications is achieved through extensive usagtf threshold, long channel FET
devices and careful grounding of inactive terminalhe arrays and in the write driver
devices.[18]

Redundant elements are included in the chip tavatiorrection of defective array
elements. Such redundancy is implemented with latsbes and address comparators in
a manner consistent with industry-standard memuaooglycts. The CMOS base
technology is quite mature so the focus of the meldncy is on the MRAM features.
Single-cell failures or partial word line fails gin MRAM reference cell defects) are
considered the most likely defects. The redundanclyitecture favors replacement of
word lines to capture the partial word line failsrh MRAM reference cell defects.
Redundancy domains are implemented at a high ie\ke block hierarchy so as to span
several blocks and be able to effectively fix ramdiefects.[18]
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Figure 13: Photograph of a 16Mb MRAM chip, showiagations of 128Kb array cores (8 columns of 16
rows) and support circuitry.[18]

4.3 MRAM Processing Technology and I ntegration

The implementation of MRAM hinges on complex magngm stacks and
several critical steps in back-end-of-line (BEOL)gessing. Cell size is presently
limited by the size of the MTJ devices and drivimges, and older, mature CMOS FEOL
technology can be used without limiting performandeabrication of the FET-cell
circuit, from the CMOS FEOL through the MRAM BEOtan encompass several
hundred process steps, resulting in the fully-fiomal structure shown in Figure 14. The
MRAM-critical portion of the circuit is a relativglsmall part of the entire configuration.
After the last standard CMOS step (the M2 wire clatiqn), there remains the need to
pattern the shallow vias, the MTJs, the local tdanects, and at least one level of
wiring with contact to MTJs and the functional citicy below. Even for simple
functional circuits, five or more photomask levate required to complete the MRAM-
centric portion of the structure.

Process Steps
In conjunction with the steps outlined in Figure bhdlow is a discussion of the

important considerations for the process stepkdrfdbrication of the MRAM-specific

levels.

1,2. VA Contact Via and ILD: The VA via providagath for read current to flow from
the local (MA) metal strap down through a via chiaithe underlying read transistor.
The most critical aspect of this module is thanitst form a substrate smooth enough
for good magnetic stack growth.
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Figure 14: Cross-section of a product cell, shgvhe integration of MRAM with CMOS, and the proges
steps used for the MRAM-specific layers. “ILD” redeto interlayer dielectric.

3.

4.

Magnetic film stack deposition: Arguably tm@st essential technological advance

in enabling MTJ MRAM was the development of tooliiog large area deposition of
extremely uniform films with well-controlled thicksss. Such tooling has proven
suitable for deposition of magnetic, spacer, amshél barrier films with sub-
Angstrém uniformity across 200mm and even 300mnevedfL3] The critical
aluminum oxide tunnel barrier is generally formgddepositing a thin aluminum
layer, followed by exposure to an oxidizing plagi@l.

Tunnel junction patterning: A commonly-used atraightforward approach to

patterning the MTJs is with the use of a conductiagd mask. The conducting mask
is later utilized as a self-aligned stud bridgihg tonductive MT wiring to the active
magnetic films in the device. A thick hard mas&mever, introduces additional
difficulty in that it can shadow the etch being dise pattern the magnetic devices.
Such shadowing can add an element of variability ihe size of the devices, and can
also result in metal redeposits on the sidewalhefdevice structure. As illustrated in
Figure 15, sidewall redeposits are particularlybiesome for commonly used

MRAM stack materials because the materials do eadity form volatile RIE
byproducts that give some isotropic character ¢oetich. Directional physical
sputtering is the main mechanism for etching ofstaek materials.[20] Because the
difficulties in etching the magnetic stack mateiaften outweigh the benefits of a
simpler process integration scheme, it is ofterigored to use a thinner hard mask for
less etch shadowing, and an additional via levéli(MFigure 14) to connect the top
of the MTJ with the bit line wiring.
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Figure 15: (a) Shown is a TEM image of the edga bfTJ after etch to define the free magnetic
layers. The etch has progressed to a depth jestipaoxide tunnel barrier (the lightest contfest

in the stack). Consequences of sputter-etch resitspmn the sidewall of a MTJ device can be seen as
a short-circuited tunnel barrier and a poorly dedirrdge with thick redeposits. (b) Improvement in
the etch conditions can result in a much clearvgall and elimination of residues that would short
circuit the tunnel junction.

5. MTJ encapsulation: Silicon nitride and simdéampounds are desirable for their
adhesion to the MA and MTJ metal surfaces, andtfong interfacial bonds that
inhibit migration of metal atoms along the dielectrmetal interfaces. Such metal
migration is one well-documented cause of MTJ ttemegradation, and can limit
processing temperatures in patterned MTJ devicbsltw 300° C.[21] The use of
TEOS (tetra ethyl ortho silicate) as a precursahendeposition of silicon oxide films
is known to [22] offer the benefits of a relativeéhert depositing species which can
readily diffuse into spaces adjacent to high-aspaat structures, even at
temperatures below 250° C.

6. MA Patterning: For suitable thickness of saed reference layers, the series
resistance of layers remaining after MTJ etch ialsemough to impart negligible
dilution of the MTJ MR signal. This simplifies messing as a dedicated film need
not be created for the MA strap, and the referema®ed layers of the magnetic stack
can perform double duty. Like in the MTJ etch, ih& etch may be subject to the
problem of non-volatile etch byproducts redepogitifong the hard mask sidewalls.

7,8. ILD Deposition and Planarization and Wiringfter the MA metal strap is
patterned, an interlayer dielectric is deposited/imch to house the counterelectrode
wiring layers VJ and MT. The counterelectrode mgris formed with well-
established semiconductor-industry Damascene tgobsi

As alluded to in Figure 11, the MRAM-specific elemsgform but a small portion of the
entire integrated circuit. For rapid charactermabf these MRAM-specific elements,
one need not perform a fully CMOS-integrated waidid, but instead can make do with
a subset of the process integration steps to foelyson critical magnetics issues.[23]
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5. MRAM Réliability

One of the strong selling points of MRAM is itdiability: write endurance is
expected to be essentially infinite, the magnetresintrinsically rad-hard, and its
nonvolatile memory storage can eliminate soft ermemmany applications. As in any
new technology struggling for successful commeizadion, there are certain aspects of
the new technology that are unproven and requingodstration of reliability. Areas of
potential reliability risk include: [24]

5.1 Electromigration in the write word and bit lines, resulting fronghiwrite current
density. Current pulses of 10mA are typical fongervative wire cross-sections of 0.2
um?, corresponding to a current density of 5 MAfcriThis alone represents a serious
challenge to the reliability in the array, and patentially be worsened by local
disruptions to the quality and thickness of wiregenial. The VJ vias of Figure 14, or
direct connection between the bit line and the Mait mask in the thick hard mask
integration scheme discussed above, can impadithiee wiring electromigration
resistance.

Electromigration issues can potentially be improtredugh the use of
bidirectional switching currents, which fit neaihto toggle-mode MRAM operation, but
cost in array efficiency. One promising methodriegtucing electromigration stress is
through the use of ferromagnetic liners in a U-ghaund the bit and word lines. These
liners serve to focus the magnetic field onto thEJ®lin the desired row or column, and
can increase the effective field by as much as®@iaf 2 for a given current.[25] Figure
16 illustrates the use of ferromagnetic liners acbthe bit line. Similar, but inverted,

T T N S S T TN e
Figure 16: A cross-section image of a productyarfrem viewpoint perpendicular to that of Figuré. 1
Blue arrows around bit line wire MT1 suggest thegnetic field configuration generated by a current
through wire MT1 — it is loosely contained, withlpmoderate magnitude at the MTJ free layers.
Conversely, the wire MT2 exhibits an enhanced fralshnitude due to its localization by the ferrometgn

film (red lines) surrounding the copper MT2 wire.

structures can be formed around the write word (M2 in Figure 16) to enhance the
field from that wire. The potential reduction iaagessary current to obtain a required
switching field can dramatically reduce electroratgyn issues. Not only do
ferromagnetic liners offer potential reduction urrent density, but they also improve
electromigration performance relative to converdlaropper processes. By reducing the
interface diffusion of copper atoms, ferromagneladding on the top surface of the MT
wire enhances electromigration reliability to aneg similar to that seen in the industry
by advanced Ta/TaN or COWP capping processes.[26]

One added benefit of the ferromagnetic liner fielcusing is the reduction of
near-neighbor disturb effects. Because the fielokitter focused on devices along the
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desired word line and bit line, adjacent deviceslass likely to be switched by near-
neighbor fields, or the combination of near-neighields and thermal activation.

5.2 Tunnel Barrier Dielectrics are subject to reliability concerns because of the
extremely thin nature of the barrier and relatesteptibility to pinholes or dielectric
breakdown. Aluminum oxide tunnel barriers havdasgroven quite robust. Time
dependent dielectric breakdown (TDDB) and time delpat resistance drift (TDRD)
have been examined in 4 Mb arrays and found toeekmequirements for 10 year
lifetime.[27] The voltage stresses on the tunretibr are relatively modest, as the read
operation takes place at 100 — 300 mV because NiRjiner for lower voltage. The
write operation is performed with one side of th& Mloating, so there is no significant
voltage stress on the MTJ during the higher-powgevpulse.

5.3 BEOL Thermal Budget for MRAM devices (< 250 — 30Q) is significantly lower
than for conventional semiconductor fabricationgesses[(400°C), to prevent
degradation to the MTJs. This can affect themsia quality of dielectrics being used in
the BEOL, and can worsen seam and void formationrat topographical features being
encapsulated. Low thermal budget also preventagbeof certain post-processing
passivation anneals, and packaging materials asakpses. The move to lead-free
solder with increased solder reflow temperaturesfigther challenge for MRAM.

5.4 Film Adhesion is a serious concern with the multiple new matet&ing introduced
into the integrated process. Novel etch and passivtechniques being used also may
leave behind poorly-adherent layers which cannatuiigected to harsh wet cleans
without MTJ exposure and degradation. Delaminatisks must be mitigated through
specially-developed dry and wet cleans, the useatérials with tuned stress, and choice
of materials with compatible thermal expansion.

6. The Future of MRAM
As of July, 2006, MRAM products like the 4Mb memahown in Figure 17
have been available from Freescale Semiconduc8br.Jhe market space targeted by

Freescale includes networking, security, data gigrgaming, and printer data logging

and configuration storage. From a customer viewtptiims product means fewer part

counts, a higher level of performance, higher bdlitg, environmentally friendlier, and
lower cost solution than their current approackash as battery backed SRAM.

Progressing downwards from the available 180ninnelogy, future generations
of MRAM are expected to utilize the same magneticastructure with only evolutionary
improvements, to below the 90nm node. Constraittiegscaling are the following
concerns:

* Near-neighbor interactionsin packing the devices closer together, magritids
emanating from a given device can affect the switghehavior of devices nearby —
and can be dependent on the given device’s frex Egte. In addition, the write
wires for switching a given device will perturb gkeboring devices to a greater extent
as the neighboring devices come closer. It resnaintlear how well one can
suppress these effects with the use of flux-cldg&d layers and ferromagnetic
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cladding of write wires. Additional techniques Buas enhanced-permeability
dielectric (EPD) encapsulating films may be requ29]

* Increased switching fieldsAs devices are scaled to smaller volumes, tisoanpy
field must be increased to compensate and maiatdivation energy greater than 60
kgT.[30] Write fields will scale to be of similar rgaitude to the anisotropy field,
and will increase superlinearly with inverse dewsce. Like the MTJs, the write
wires must scale to smaller footprint, making itrendifficult to accommodate the
increasing switching fields. In addition, ferromagc cladding of the wires becomes
less effective because of the bending energy ofitlxeénside the cladding as the wire
corner radius sharpens. EPD device encapsulatidinselp in this regard.

» Device-to-Device Variability Process-induced line-edge roughness will becme
more substantial fraction of the total device wjdit that edge irregularities may
become more effective at pinning the domains sp deenot switch smoothly. Total
device area and aspect ratio will also exhibitéagpreads, both from line-edge
roughness and from variability in lithography. Reeéd aspect ratio for tighter
packing density will also decrease AQF, as anigytfeeld is more sensitive to shape
for devices with smaller aspect ratio.[30]

Each of these concerns is not a fundamental limitabut rather a practical limitation

that can likely be overcome with sufficient, buthmgos prohibitively expensive,

investment in materials development and procedsicigniques. Hard physical limits do
not appear to set in until superparamagnetism besomportant — for device sizes
below 20nm.[30] This is substantially below thmilis suggested by the aforementioned
practical issues.

Figure 17: Photograph of a MR2A16A 4Mb MRAM clitop a wafer filled with such chips, presently
available from Freescale semiconductor. (Courtdésy. Grynkewich and Freescale Semiconductor)

Even with the practical limits to scaling convemntl MRAM, one can expect to
see revolutionary modifications to standard MRAM sach that magnetic random
access memory will be available with far greatersitees, lower cost, and faster
operation. Outside the scope of this chaptermpeassive developments and exciting
new proposals in the areas of:

» thermally assisted MRAM for reduced power requiretag[31]
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* spin-momentum transfer (SMT) MRAM for scaling tovadced process nodes and
extremely small active memory devices, [32]

» domain-wall memory for very high density serialraipe, and [33]

* embedded MRAM as a replacement for embedded fiadhoav-density on-chip
SRAM, for high-performance microprocessor cache orgrand other ASIC
applications. [34]

This chapter has provided an overview of #Hmd development in MRAM
technology over the past decade. Many major hufdleSIRAM product development
have been surmounted in the face of funding lisetsby competition with the huge
silicon industry. Now that MRAM devices have foumdoe-hold in the marketplace,
new applications will be found and MRAM developmeiilt proceed at an even faster
pace over the next decade. Perhaps soon we withegnetic RAM in spacecraft again.
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