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1. Abstract

High performance yoke wiring technology is developed for
low-power and high speed 16Mb magnetoresistive random access
memory . The writing wiring is covered with conformal
multi-layers of Ta/NiFe/Ta using a high ionization sputtering tech-
nique. This yoke wiring reduces the writing current by 60%, which
is qthe most efficient ever reported. The 16Mb MRAM with 0.13 ;1
m CMOS circuits is successfully demonstrated, showing low
pp\ix(lfr consumption, high writing margin, high reliability and high
yield.

2. Introduction

Recently, several studies have been reported for magnetoresis-
tive access memory (MRAM), which features high density, low
operation voltage, high speed, and long writing endur-
ance[1|[21B]415]. . -

However, a large writing current is one of the most critical issues
to realize hlgi density MRAM. As the feature size decreases, the
volume of free layer in the magnetic tunnel junction (MTJ) de-
creases, resulting in thermal instability as a non-volatile memory to

tee ten year retention. To keep the thermal stability, the

ckness of the free layer should be increased, which requires

mllljc_h hll )er magnetic field as the feature size decreases as s%own
in Fig. 1(a).

In this fpaper, high-performance yoke wiring technology is de-

veloped for 16Mb MRAM. The yoke wiring is fabricated b
igh ionization sputtering[6] and by a sophisticated process to efh)-/

ciently concentrate a magnetic field on the MTJ and to drastically

reduce the writing current. It demonstrates that highly stable opera-

tion of 0.13 pt m 16Mb MRAM can be realized.

3. Issues and Actions

The key issues of yoke wiring technology in developing high
density MRAM s are complicated processing, magnetic stray field
and magnetic field variation caused by poor step coverage and
poor sidewall grain growth control. The actions taken for these
1ssues are also summarized in Fig. 2.

Simple Process

The process flow of our yoke wiring is shown in Fig. 3. To sim-
plify the process, Cu damascene is used for the word line (WL),
which is Jocated under the MT1J. As sputtering step and a CMP step
for the NiFe film are added to the conventional Cu damascene
process. On the other hand, for the BL, which is located on the
MT]J, Al wiring is used. It is difficult to cover the top and sidewall
of the Cu damascene wiring with NiFe film by simple processing.
Therefore, the process of sidewall spacer formation is utilized for
Al BL wiring. The TEM photographs of the WL and the BL yoke
wirings are shown in Fig. 4 (a) and (b), respectively.

Figure 5 shows the multi-layer structure of the yoke film. To
prevent NiFe from out-diffusion to Cu, a Ta barrier 1s inserted be-
tween NiFe and Cu. To keep adhesion to the interlayer dielectric, a
Ta adhesion layer is used. Consequently, a Ta/NiFe/Ta multi-layer
is used for the yoke film.

The result of the stress induced void (SIV) test is shown in Fig. 6.

It is found that no degradation due to the yoke wiring is observed
after 400 hours stress at 200 °C, which meets the specifications of
wiring reliability as well as the conventional BEOL wiring.
Magnetic Stray Field Suppression

The yoke wiring acts as a parasitic bar mai%net in the peripheral
circuit. A line of magnetic force comes out from the magnetic N
pole to S pole of the yoke wiring. As illustrated in Fig. 7, failing
cells are observed at the array edge, because the magnetic stray
field from the yoke wiring located at the peripheral circuit changes
the switching geld ) of the array edge cells.

However, these failures disappear by using a thinner NiFe of 10
nm, because the remaining magnetic field is proportional to the
thickness of NiFe.

Magnetic Field Variation Reduction

The step coverage of the yoke film drastically affects the
switching characteristics of the MTJ with thin yoke wiring. When
the sidewall of Al wiring has a side-etched shape, the yoke film is
partially open as shown in Fig. 8. In this poor process, the WL and
BL current in map at the function test shows no writing win-
dow as shown 1n Fig. 8(b). On the other hand, an optimized proc-
ess to suppress the Al side-etched shape leads to a large writing
fWﬁldOW as shown in Fig, 8(c), where the hatched area stands for no
ailure.

Figure 9 shows the relationship between the crystallinity and the
switching field measured by a vibration sample magnetometer
g:iM) or different sputtering angles of the conventional NiFe

. When the angle is large, some columnar grains are observed.
The switching characteristics are degraded due to the remaining
magnetic field caused by the columnar grains. To reduce the co-
lumnar grains, high ionization sputtering is utilized for NiFe depo-
sition. The deposition model of the conventional sputtering and the
high ionization sputtering are illustrated in Fig, 18 (a) and (b), re-
spectively. The high ionization sputtering suppresses columnar
grain %’owth and realizes excellent step coverage. It is verified that
the yoke film deposited with high ionization sputtering shows no
remaining magnetic field in the VSM (Fig.11) and shows much
larger reduction of writing current compared with conventional
sputtering (Fig. 12).
4.16Mb MRAM

Asteroid curves with and without yoke wiring are shown in Fig.
13. The writing current is reduced by 60% using the yoke wiring
designed in the previous sections.

e effect otp the yoke wiring on the writing margin is investi-
ﬁited by comparing the following two samples. One has a 4 nm

ick free layer without yoke wiring (sample (a)). The other has a
5.5 nm thick free layer with yoke wmnﬁ (sample (b)). Each writing
margin is shown in Fig. 14. The latter shows a large writing margin
to operate the 16Mb MRAM because of reduction in writing cur-
rent and distribution. The standard deviation of writing current
(ol,,) is generally independent of the thickness of the free layer. In
addition, ol is reduced by the yoke wiring. Therefore, o, of the
sample (b) 1s smaller than that o‘ry the sample (a).

To guarantee data retention for ten years, the thickness of the free
layer is determined to be 5.5 nm. By using the yoke wiring, the
writing current is reduced, meeting the specifications of the [6Mb
MRAM function.

A photograph of 16Mb MRAM and failure bit map are shown
in Fig. 15. The 16Mb MRAM with the yoke wiring shows much
less bit failures.

5. Conclusion

The yoke wiring has been developed using a simple process,
stable multi-layer structure, and high ionization sputtering. The
writing current is reduced by 60%. Finally, the functionality of
16Mb MRAM has been successfully demonstrated, showing a
hlgﬁ1 writing margin, thermal stability and high reliability, and high
yield.

Acknowledgement

A portion of this work was supported by NEDO-F21. The authors would
like to thank Mr. T. Usui and Ms. K. Kikuta for useful discussion.
Reference

[1] M. Motoyoshi, et al., Simp. on VLSI tech. Dig., (2004) 22

[2] Y.Asao, et al, IEDM Tech. Dig, (2004) .571

(3] T.Kai,etal, [EDM Tech. Dig., (2004) 583

(4] T. Suzuki, et al., Symp. on VLSI Tech. Dig., (2005) 188

[5] J. M. Slaughter, et al,, IEDM Tech. Dig., (2005) 893

(6] T.Kawagoe, et al,, Jpn. J. Appl. Phys., 43(2004) 3315

-992-



200

Current reduction =) Realization of Yoke

150

1. Simple Process
=AI/RIE wiring w/ side wall yoke spacer, Cu CMP w/ NiFe film
/é 2. Magnetic Stray Field Suppression
= y'> =Thin film of NiFe is used
wwi, 8- 3. Magnetic Field Variation Reduction

(a) (b) ) =Improvement of yoke coverage and Side wall grain growth
Fig.1 (a) Switching field as a function of the
feature size. (b) Schematic illustrations of the

100

BL

Operation field (Oe)

14
50 00 150 200 250 300

F (nm)

=
Fig.2 The key issues and actions of yoke wiring technology for high density MRAMs

b
o

magnetic field concentration effect of yoke ™ %
- . 2
Al/RIE £
T h RIE 3 EAR
W WTop (b 3e
=102 I0 . A Yok‘e | %1.4
. 3
Cu & Yoke depo. / === Spacer £
I=-l‘ = 1 | Yoke ¢!
G C 4 6 8 0 12 14
v | Depo. ‘::—'b" ( ) Side wall film thickness Gm)
‘ { Fig.12 The ratio of current compares with the
1 . .
) (a) ) ) - case of w/o yoke as a function of the sidewall
CMP [ | 1 —— . Spacer  F'ig.8 (a) The cross-sectional TEM image of film thickness in the case of high ionization
Yoke a Bit line with a Slde—.etched shape . The WL sputtering and conventional sputtering
RIE and BL current margin map are shown in (b) respectively. The ratio of current increases by
with the side-etched shape and in (¢) after using high 1omzat10n sputtermg
ga b) improving the side-etched shape. A hatched z R Nmm, — ]
F ig 3 Process flow of our yoke area of the map stands for no failures. :‘) o Yoke wire
wiring for a (a) word line and (b) bit line €L ]
* AR Columnar grain growth g
£
=t 4
60deg 90deg §
A Y
% S . . Bit ling current éarb .1nits)
\ F ig. 13 Asteroid curves with an w1th0ut yoke
\ wiring. 60% of the current can be reduccd by
| \ the yoke. 5 < 7
v g
® o000 ® 58
s
Fig4 The cross—sec_tio_nal TEM images of a (a) ° ZOAnglioe (dseog) ® (a) g é Z ' o
word line and (b) bit line with yoke. Fig. 9 Grain growth and the switching field (Hc) = , ° A AR
Fig.5 The enlargement of a measured by a vibration sample magnetometer 0 s s
word line yoke. Ta/NiFe/Ta (VSM) for different sputtering angles of the Bit Line Current (mA)
multi-layer structure was conventional NiFe film. ¢ o ] LB <
formed for interface i | 8.8.8 .8 £44 WARAN
reaction prevention. L) g, 8 8 (b) =%, s o
= - / [S]
F O] S3 " @ Free lyer NiFe: s..m\o\
A’O —_—— @Y% ) 8 & W Yoke O
S w/o Yoke %40 w/ Yoke | el " 5 10 15
& 30 E 30 ) Bi.l I:inc Current (mA) .
= @ Fig.14 The effect of the yoke wiring on the writing
@ 20 20 . .
2, 2, _ gag o (b) margin. Sample (a) has a 4 nm thick free layer
2 o £ N —- Fig.10 Schematic illustrations of the without yoke wiring. Sample (b) has a 5.5 nm thick
E = 0T (.:on'ven.tlonaI process (a) and high  free layer with yoke wiring. A closed circle stands
0 . W s &-10 ionization sputtering (b). High for the selected state, that is, both WL and BL are
Tlme 2 ﬁoms" “) 0 Tii:ne"‘sloﬁoull;ss"‘s)zo ionization sputtering suppresses selected. An open circle stands for a half-selected
a columnar grain growth and realizes state, that is, only BL is selected. Sample (b) shows a
Fig.6 The stress induced void examination result of excellent séep Ccoverasge. large enough writing margin (more ttan 60).
yoke wiring (a) and Cu wiring (b) respectively at 200 £ oos EkE |
degree C. In yoke wiring, no resistance shift and good = 11 &
reliability results were obtained like Cu wiring. ( ) ; ’ 11
- N H )% s L L
] D
b ) . ! -1000 -500 0 500 1000
i i _—ff (b)¥ _ .. Magnetic Field (0 e
CYR — | B [t
—— g ]
<— A
....................... i 0 (b)£ o (a) (b) (c)
Flg 7 A fallure blt map WhICh S 0002 -2000 -1000 : 0 1000 2000
shows failing bits (b) at the array - Msgpeti Fild 00 Fig.15 Photogrgph of.the chip image of .1 6Mb
edge by the magnetic field from Fig.11 Magnetic hysteresis curves in the  MRAM (a). Failure bit maps of a 16Mbit
the yoke wiring of the peripheral (¢) case of conventional sputtering (a) and  without (b) and with the yoke wiring (c). By
circuit illustrated in (a). These high ionization sputtering (b). High using the yoke wiring, the number of failing
failing bits disappear by using a lonization sputtering induces no bits decreases drastically because of reduction
thinner yoke film (c). remaining magnetic field . in writing current.

-993-





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	typ_page1: -993-


