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Abstract- Nano-patterning magnetic tunnel junction (MTJprepared by damascene process). This way, the MER &
cells at low dimension and very dense pitch remansthen naturally patterned while being deposited thmad

challenge for high density STT-MRAM due to the diffity of
MTJ stacks etching. To circumvent this etching éssthis
paper demonstrates a novel scalable approach fdr Mamo-
patterning at very narrow pitch (pitch=1.5F, F=Mudt
diameter) by growing the MTJ material on pre-pakber
conducting non-magnetic pillars without post-deposi
etching. Advantageously, these pillars could be tes
connecting the different metal levels in CMOS teabgy.
Structural, magnetic and transport properties oprapared

MgO-based MTJs were investigated. The comparisah wi

those obtained by conventional ion beam etching)Ighows
that this novel approach is quite promising to winwent the
issue of MTJ etching for high density MRAM.

l. INTRODUCTION

requiring any post-deposition etching. Some magmeéterial

is also deposited in the spaces between pillasaritbe left
there without causing any problem. In this papes,psesent
the fabrication as well as structural, magnetic alattrical
characterization (TMR, STT) of assemblies of such
nanopatterned pMTJs. Despite this whole work wafopaed
using upstream research clean room tools, theraataiesults
open a new path towards high density STT-MRAM.

[I. GROWTH OF MTJ ON PRE-PATTERNED POSTS
A. Fabrication of conducting non-magnetic posts

As material for the pre-patterned non-magnetic ost
chose Ta since its RIE is very well controlled ofder to avoid
the risk of electrical shorts between pillars du¢hte material
deposited in the trenches between posts, the ktggiven an

Spin-Transfer-Torque Magnetic Random Access Memogy,gercut shape (Fig.2). Thanks to this shape, gufia MTJ

(STT-MRAM) based on out-of-plane magnetized MTJ TRyl
is one of the most promising emerging non-volatilemory
technologies. Indeed, it combines a unique sessdta: quasi-
infinite write endurance, high speed, low powersanption
and scalability. Embedded STT-MRAM are about teeeim
volume production for e-FLASH replacement. For tljse of
applications not requiring very high memory densitye
preferred etching technique is still IBE [1]. Hoveevthis
technique is not appropriate for high density menaue to
shadowing effects (see Fig.1l). This effect worsassthe
memory pitch shrinks below typically 5F resultinga poor
control of the critical dimension at very denselpitBesides it
is difficult to implement on large wafer with goodiformity
[2]. Reactive ion etching (RIE) was also tried fefTJs
patterning with various gas but was found to be/ wemplex
due to the heterogeneous nature of the MTJ stack&ecause
corrosion and delamination of the magnetic mater{al.
Therefore, to be able to use STT-MRAM as a dens&ing
memory, a new method for nanopatterning MTJ elemant
small feature size (F<20nm) and narrow pitch (pi2iF) is
still required. In our approach, the MTJ stack isectly
deposited on pre-patterned conducting pillars made non-
magnetic material for which the patterning prodssalready
well mastered (e.g Ta pillars prepared by RIE 0iI0€W vias

deposition, no metal gets deposited on the piltkevgalls nor
at the foot of the metallic posts (see Fig.2b). Phecess for
fabricating the conducting non-magnetic Ta postgh wi
undercut is depicted in Fig. 3. Ta is coated byoHfbrm the
top part of the post and protect the top Ta surffroe
oxidation. Then, following the formation of cylindal Ta/Pt
posts by an anisotropic RIE process, an isotrofic gRocess
is subsequently used in order to laterally trimThaepart of the
posts. By optimizing the experimental conditionsclieng
power, etching time, pressure, gas flow...), Ta pasts
controlled dimensions with pronounced undercut were
successfully fabricated (see Fig.3, 4, 7a). Thettdep the
undercut could be accurately controlled by the rigot
etching power (see Fig.4). This control allowedaabricate
posts and patterned MTJs of diameter down to F=3itn
pitch down to 1.5F (Fig.5 and 8).. We also showweat tow
enough surface roughness can be obtained on tofneof
metallic posts by using Pt as etching mask rathesn Cr mask
(see AFM images in Fig. 6) allowing subsequent ghost the
MTJ material.

B. Growth of MTJ stack on the pre-patterned posts

Following the fabrication of the Ta/Pt posts, pewtieular
MTJ stacks with MgO barrier were then depositedtitese



pre-patterned substrates (Fig.7). As expected,kthém the
undercut shape of the posts, no material is degmbaitthe foot
of the posts providing good electrical insulatioatvibeen
neighboring MTJ cells. This novel nanopatterningrapch
therefore allows to form extremely dense arraysle€trically
insulated MTJs with pitch down to F=1.5 ( Fig. 8his would
be impossible to achieve with conventional IBE aagh.
Another advantage of this approach is that onebeaefit
from the deposition of MTJ on pre-patterned poststuce
original properties. For instance, by depositirgtgO tunnel
barrier at oblique incidence while rotating the stuftte, it is
possible to entirely coat the MTJ bottom electradit MgO
and get thicker MgO deposit on the sidewall of bugtom
electrode than on the horizontal part of the MTek(Eig.9).
This concentrates the current away from the edgkeohano-
patterned MTJ thus reducing the influence of pdssdulge
defects (see Fig.9). Similarly, lateral gradientscbemical
composition can be created in the storage or neferéayers.
This can be used to induce different propertiek@atdges and
center of each dot in order for instance to reduseleation
effects at edges and improve STT switching efficien

C. Structural characterization of MTJ stack on Ta posts

The chemical composition and particularly the thiess
uniformity of the tunnel barrier of these MTJ pillawere
characterized by cross sectional

posts are found overall to be slightly lower thhose of the
dots prepared by IBE. This can be ascribed to gmaling of
the CoFeB/MgO layers at the pillar edges (see THsges in
Fig. 10) which may ease the nucleation of revedmuains
when a reversed magnetic field is applied to the.ddote that
this does not necessarily implies reduced theriahilgy.

B. Transport characterization

Next, the MTJs were electrically contacted (Fig.l8)d
electrical characterization of these patterned MWkre
performed in terms of TMR and STT switching chagastics.
Typical magnetoresistance hysteresis loops of pelipelar
MTJ stacks deposited on pre-patterned Ta/Pt pattsut any
post-deposition etching are shown in Fig.14 versagnetic
field (Fig.14a) and voltage (Fig.14b). The fielditage
switching phase diagram at room temperature wasuned
and is shown in Fig.15. The color code represehts t
resistance state of the junction. The red coloresmonds to
stable antiparallel configuration (AP), the bluedo the stable
parallel configuration (P). The green is the bb#taregion

where both P and AP configurations can be stabiliz¢ a

constant applied field and even at zero field,jtimetions can
be switched from AP to P and from P to AP by STT.
switching voltage of 0.34 V for 100ns pulse was sueed

which is quite comparable than in similar MTJs @ated by

transmission relect IBE [4]. These electrical results demonstrate foattional

microscopy (TEM). MgO was here deposited at normphtterned perpendicular MTJs can be obtained tsyrtbivel

incidence. TEM images in Fig.10 show that the Mg@nel
barrier exhibits good continuity and thickness amifity to the
very edge of the pillar. They also show a slighttcaction of
the top electrode likely associated with the poettability of
CoFeB on MgO. This effect could be used to redbeerisks
of electrical shorts across the tunnel barriehatdillar edges.

I1l. MAGNETO-TRANSPORT CHARACTERIZATION
A. Magnetic characterization

The magnetic properties of pMTJ stacks deposited
pre-patterned substrates were evaluated by focusard
microscopy (Fig.11). Half-MTJ stacks were first dsiped to
characterize the interfacial perpendicular anigptrof the
deposits on top of the posts CoFeB/MgO (see Fig. BY
focusing the laser spot (700nm spot size) on gofiars or on
an area without pillars, the contribution of indival pillars
and of the continuous MTJ material could be distislged
(Fig.11b and c¢). As usually observed, the coerfiald of the
patterned structures was larger than that of thémeous film
of same composition. This difference in coerciatiows to
unambiguously determine the switching field of Mi€J dots.
This experiment revealed that the MTJs depositetherpre-
patterned posts are out-of-plane magnetized ascesgheFor

the same CoFeB/MgO based MTJ composition, we then

compared the coercive field distribution of an grod dots
obtained by depositing the stack on a pre-pattearesy of
Ta/Pt posts with the one obtained on an array tf patterned
y conventional IBE approach. As seen in Fig. 18 sivitching
ield distributions obtained by the two approaches guite
similar. However, the switching fields of the dotsthe Ta/Pt

patterning process consisting in depositing the Miglerial
on pre-patterned conducting posts.

IV. CONCLUSION

We have demonstrated a novel approach for nanopiaige
MTJs down to sub-30nm dimensions at very narrowehpity
depositing the MTJ material on pre-patterned mietalbsts.
Despite this study was performed using upstrearaarel
clean room tools, TMR and STT switching of functiboells
w@s demonstrated with characteristics similar tséhof IBE
etched MTJs. Remarkably, our approach allows loidate
extremely dense arrays of very small size MTJs Wwigcstill

impossible to achieve by IBE. Integrated in a CM@8cess,
the metallic vias obtained by damascene processhatave
naturally a V-shape could be used as the metatigtspon
which the MTJ stack could be deposited. This ogepgssible
route toward high density STT-MRAM application. Riss,

this approach can also be very valuable for otbenriologies
of non-volatile memories such as PCRAM or RRAM by
forcing the structural/chemical changes controllinige
resistance variation to take place at well-contbliocations.

This work was funded by the ERC Advanced Grant
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Fig. 1. (a) Conventional IBE process for the paiteg of MTJ

pillars. The material is etched at an angle to mirné redeposition

on MgO sidewalls but this leads to shadowing eff#itling tapered

sidewalls. (b) SEM image of a MTJ pillar patterigdBE process.
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Fig.2: lllustration of the importance to patterre thon-magnetic
conducting posts with undercut or V-shape. a) Adfgpositing the
MTJ material on posts without undercut, neighbongildars are

electrically interconnected due to metallic depoattthe foot of the
posts. (b) When posts with undercut are used, rtallicematerial

is deposited at the foot of the posts thus allongogd electrical
separation between all pillars.

Reducing isotropic etching power
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Fig. 3. Fabrication process of undercut Ta pillsing RIE. Typical SEM
image of the undercut Ta pillars on Si wafer aR#E etching process.

200 nm

Fig.4. lllustration of the control of the undercoy varying the
isotropic etching power.
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Fig.5. SEM images of very dense array of Ta posith wndercut:
Diameter of 50 nm (a) and 35 nm (Bjig. 5b shows dense arrays of
posts of size below 35 nm exhibiting a controllenin® undercut

Fig. 6. AFM images and surface profile of Ta p8léor different
etching masks (Cr, Pt). The RMS roughness witls Below 0.6nm.

100 nm

100 nm
Fig. 8. SEM images of F=80 nm diameter of extrentdnse MTJs
arrays (pitch=1.5F) deposited on pre-patterned tTpdBts: (a) Side
view and (b) Top view.

Fig. 7. Side view SEM images of arrays of pre-pattd Ta pillars of
various diameters, (a) Before and (b) After MTakktdeposition. One
can clearly distinguish the material depositedamdf the pillars and
in the spaces between them.



Thicker Mg deposit at edges
than in the middle of the pillar
since deposition rate varies as
cosine of incidence angle
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Fig. 9. (a-d): Deposition of the MgO barrier atigbk incidence to focus

the current in the central part of the STT-MRAM Icdh) After Fig.10. Cross sectional TEM (a, b) and chemicalyais(c,d)

deposition of the bottom magnetic electrode by teping at normal of the MTJ stack deposited on 200 nm pre-patteTiaguillars.

incidence; (b) After deposition of the MgO layercdtiique incidence;

(c) After deposition of the top electrode at norniwatidence; (d)

Representation of the current flow through the Mg@rier. The current W ' 10

flows mostly through the horizontal part of the Mb@rrier which is the 8 i

thinnest one. This can reduce the sensitivity efelectrical response to 6

edge defects ad therefore the dot to dot varigbilit 4 H ’ ¥ I
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Fig. 12. Comparison of switching field distributiofi (a) CoFeB/MgO
pillars grown on pre-patterned 500 nm Ta pillarsl &) Prepared by
conventional IBE etching.
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Fig. 13. (a) lllustration of MTJ stack on Ta posttvelectrical contacts
for transport measurements. To electrically conthet MTJs, the
trenches between the pillars were filled with anplézing resist
ACCUFLO. This step was followed by a resist etclakbprocess to
open the top contact and by the patterning of tye dontacting
electrodes. The contacted devices were then a@altyrcharacterized

Fig.11. Focused Kerr measurements for detecting rnfegnetization
switching of individual pillars. (a) Composition tife pMTJ CoFeB /MgO
stack deposited on the pre-patterned substratek(ss in A). (b)
Hysteresis loop of the continuous MTJ deposit (g3teresis loop measured
when the laser spot is focused on few pillars. Buathtributions from the
MTJs on top of the posts and from the depositétitbnches between posts

are visible. (b) SEM cross section view of a device for eleetfriest.
(a) (b) :
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o e &"3 - | Fig. 15. (a) Typical field-voltage phase diagranjusfctions deposited
= e . : ’ S on pre-patterned Ta/Pt posts, measured at roomeratype. At each
-00  -200 0 200 “he a2 00 02 Oe field point, a sequence of 100-ns writing pulsemofeasing amplitude
Flsld {Ge) Voltage(V) between Win=-0.8V and \ha=+0.8V are applied to the junction.
Between each pulse, the resistance is measured abltage. Once a
Fig.14. (a) Room temperature magnetoresistance laxip voltage scan is completed, the field is incrementededuce the effect

of stochasticity, the switching phase diagramsaszaged over 12 full
measurements to obtain the final phase diagramr(iability of field-
voltage switching window.

perpendicular MTJ stack deposited on pre-patterfi@tPt pillars
versus (a) perpendicular magnetic field and (b)ags.



