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Notice of Abandonment 

Application No. 

10/824,835 

Examiner 

Not Assi ned 

Appllcant(s) 

PARKIN, STUART STEPHEN 
PAPWORTH 
Art Unit 

None 

- The MA/UNG DATE of this communication appears on the cover sheet with the co"espondence address­

This application is abandoned in view of: 

I. 0 Applicant's failure to timely file a proper reply to the Office letter mailed on_.
(a) 0 A reply was received on __ (with a Certificate of Mailing or Transmission dated __ ), which is after the expiration of the

period for reply (including a total extension of time of __ month(s}) which expired on_. 
(b) D A proposed reply was received on __ , but it does not constitute a proper reply under 37 CFR 1.113 (a) to the final rejection.

(A proper reply under 37 CFR 1.113 to a final rejection consists only of: (1) a timely filed amendment which places the
application in condition for allowance; (2) a timely filed Notice of Appeal (with appeal fee); or (3) a timely filed Request for 
Continued Examination (RCE) in compliance with 37 CFR 1.114). 

(c) O A reply was received on __ but it does not constitute a proper reply, or a bona fide attempt at a proper reply, to the non­
final rejection. See 37 CFR 1.85(a) and 1.111. (See explanation in box 7 below). 

(d) D No reply has been received.

2. O Applicant's failure to timely pay the required issue fee and publication fee, if applicable, within the statutory period of three months
from the mailing date of the Notice of Allowance (PTOL-85). 

(a) O The issue fee and publication fee, if applicable, was received on __ (with a Certificate of Mailing or Transmission dated
__ ), which is after the expiration of the statutory period for payment of the issue fee (and publication fee) set in the Notice of
Allowance (PTOL-85). 

(b) O The submitted fee of$_ is insufficient. A balance of$_ is due.

The issue fee required by 37 CFR 1.18 is$ __ . The publication fee, if required by 37 CFR 1.18(d), is$_. 

(c) 0 The issue fee and publication fee, if applicable, has not been received.

3.0 Applicant's failure to timely file corrected drawings as required by, and within the three-month period set in, the Notice of 
Allowability (PT0-37). 

(a) D Proposed corrected drawings were received on __ (with a Certificate of Malling or Transmission dated __ }, which is
after the expiration of the period for reply. 

(b) D No corrected drawings have been received.

4. ■ The letter of express abandonment which is signed by the attorney or agent of record, the assignee of the entire interest, or all of
the applicants. 

5. 0 The letter of express abandonment which is signed by an attorney or agent (acting in a representative capacity under 37 CFR
1.34(a)) upon the filing of a continuing application.

6. D The decision by the Board of Patent Appeals and Interference rendered on __ and because the period for seeking court review
of the decision has expired and there are no allowed claims. 

7. 0 The reason(s) below:

Barbara 
Manage ent & Program Analyst 
Art Unit 3900 

Petitions to revive under 37 C FR 1 .137(a) or (b), or requests to withdraw the holding of abandonment under 37 CFR 1.181, should be promptly filed to 
minimize an ne alive effects on atent term. 

U.S. Patent and Ttademar1< Office 
PTOL-1432 (Rev. 04-01) Notice of Abandonment Part of Paper No. 0 
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UNITED STATES PATENT AND ThADEMARK OFFICE 
COMMISSIONER f'OR PATENTS 

UNITED STATES PATENT ANO TRAoi!:MARK 01"1"1CE: 

FILINORECBIPTDATE 

10/824,835 04/14/2004 

DANIELE. JOHNSON 

I FIRST NAMED APPLICANT II 

Stuart Stephen Papworth 
Parkin 

IBM CORPORATION, ALMADEN RESEARCH CENTER 
INTELLECTUAL PROPERTY LAW DEPT. C4TA/J2B 
650 HARRY ROAD 
SAN JOSE CA 95120-6099 

WASHIN01CN, O.C. 202.31 

www.u o. ov 

ATTORNEY DOCKET NUMBER 

ARC920030057US2 

CONFIRMATION NO. 

7740 

Date Mailed: November 26, 2004 

Decision Granting Petition under 37 CFR 1.138(c) 
The declaration of express abandonment is recognized 

This is in response to the petition under 37 CFR 1.138(c), for express abandonment to avoid 
publication of the above-identified application. 

The petition is granted. 

The express abandonment is recognized and the application has been withdrawn from 
publication. 

A notice of abandonment is attached/will be mailed in due course. 

Telephone inquiries should be directed to the Office of Patent Publication, the Pre-Grant 
Publication Division, at 703-605-4283. 

Pre-Grant Pub ·uon Division 
Office of Patent Publication 

Rev. 10/01 
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11/24/2004 11:54 408-927-3375 ALMADEN IP LAW PAGE 02/03 

r 

PTO/Sli/:Z4A (OS-Q4) 
Approlled for u:;c through 07/31/2006. 0MB 06�1-!1031 

et a u °" no Und ,fh.,. P •- A...t, rdi, Ad. nf 1995 oe l'SOll!ISl'l!lr I 

U.S. Patent ancl Trada....-.atk Olflca: U.S. DiPAFITMENT OF COMMERCE 
rAnt1ired to re,Mnd ID a edleCIIPn of infon'nation unlas& it diffllava a valid OMEl control number

PETITION FOR EXPRESS Anolication Nll'l'lber 
ABANDONMENT TO AVOID Filina Data PUBLICATION UNDER37 CFR 1.138(c) 

Fll'$I Named lnveritot 
Fax the petitiOn alrectty to the 
Pre-Grant Publication Division at (70l) 305-8568 ArtUl'lit 
or Mail the petition to: 
Mail Stop Express Abandonment Examiner Name 

10/824,835 
April 14, 2004 
Stuart Stephen Papworth Parkin 
2652 
Unassigned 

\. Commissioner for Pat�f\t&
0 n Cil,w 1Al!U\ a llA 2'81ll.1A.l.n Attornev nn...i,..t Number ARC920030057US2 � 

Petition for Express Abandonment to Avoid Publication under 37 CFR 1, 138(c) 
I hereby petition to expressly abandon the above-identified application to avoid publication. 

Petition Fee - must be filed with petition to avoid delays in recognizing the petition. 

a. IZ1 The Director is hereby authorized to charge the petition fee under 37 CFR1aW�i\n(E�i
Deposit Acoount No. 09-0441 . I have enclosed a duplSti ' i"hee . 

b. D Check in the amount of$ Is enclosed. 

c. D Payment by credit card (Form PTO-2038 is enclosed),
N0'1 2 $ 2004

��::����",�--· 
NOTE: A paper requesting express abandonment of an application is not effective unless and until an appropriate USPTO official 
recognizes and act.s on the papet. See the Manual of Patent Examining Procedure (MPEP), section 711.01. In addition. the paper will not 
stop /:bllcaUon of the application l.ll'lless a petition under 37 CFR 1.138(c) is reeogn@d and acted on by the Pre-Grant Publicatlon
Divis on In sufficient time to avoiO publlcatlon (e.g .• mare than four (4) weeks prior to the projected publication date). 

I am the: D applicant. 1112&12004 mmm1 00000005 090441 10824834 

□ 
01 FCg14'4 130.00 DA 

assignee of recorct Of the entire interest. See 37 CFR 3.71. 
Statement under 37 CFR 3.73(b) is enclosed. (Form PTO/SB/96) 

�., I 
�

ey or agent of
=

· Regi-on Number 37,033 

� 
Daniel E. Johnson 

Typed or printed name 

NoverMb� � lf 1 ')J)D '-f
Date 

408-927-3367
Telephone Number

Note: Signatures of all 1he inventor.I or as:Signee& of record of fhe entire intet'e$1 or their representative($) are required. Submit multiple fonns 
if more lhan one signature is required, see below. 

Total of 1 forms ere &ul)mltted. 

Thi& llOllediOn of infOrmalon It required by 37 CFR 1.138(c ), The lnformll1lon Is required 1o oblarn ot re1aln • benefit by the p,.,blic: Wlllc:h Is ID file (and DY tne 
USt>TO to process) an appteation. ContidentiatitY is goveme.d by 35 U.s.c. 122 and 37 CFR 1,11 and 1.14. Thi& QgJ!e<:&On Is estimated ID t.ak.e 12 minutes 1D 
compiete, �udillg ga111erIng, preparing, and 11ubmfflinw 1he ,;omP14:1ell appllcallon form to the USPTO, Time wUI vary depen4ing 11po111he Individual c:aso, MY 
comment& on the amgunt Of time YoU require ID completa this farm and/or suggesti0l'I$ for redudng thi& burden, $hOUld Ile sent to fig Chief ll'lfoffl1811an Offioor, 
U.S. Patent and T raclamarlt Offiee, U.S. Departmem of Cammeri:e, P.O. Box 1450, Alexan\'lrla, VA �3 tS-1450. DO NOT S&N0 Fees OR COMPLETiD FORMS 
TO THIS ADOResS. SEND TO: Mall Stop ExPfeS$ .Abandonment, Commission« for Patents, P .0. Box 1450, Alexandria, VA 22313--1450. 

H you need BSsi3tanC8 in comp(s6ng th(J fOm'I, c,J/ 1-800-PTO tl1MI and select op/toll�. 

RECEIVED 

USPTO-P8 PUBS 
NOV·24 2004 
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11/24/2004 11:54 408-927-3375 ALMADEN IP LAW PAGE 03/03 

PT0/SB/24A (09-04)
�Cl ror Ulill throufih 07f.31/2006. 0MB 0651-0031 

U,S, Patent and Trademark Offic:e; LI.$. DEPARTMENT Of' COMMERCE
Um:terlhe Pa""""""" Red•ltiinn Ac/I of 199S no""""""' are ....,uired IQ ,,...,.,,,,.,t to a coDedion cf il\fCIM1311on unle11o it disblavs, valk1 0MB confrot numller

r 
PETITION FOR EXPRESS APPiication Ni..rnber 10/824,835 

ABANDONMENT TO AVOID Filinaoate April 14, 2004 
PUBLICATION UNl>ER 37 CFR 1.138(c) 

Stuart Stephen Pa.pworth Parkin Fir5t Named ImienIor 
Fax the petition diteclly to tl1e 

2652 Pre-Grant Publication Division at (70::S) 305-8588 AttlJnlt 
Or M.ul lhe petition to: 

Unassigned Mail Stop �pres$ Abandonment Eit.amlner Name 
Commi$Sione, for Patents 

\. "'n ci,.,.., 1A'-n ,. VA �1�1A&:l'l AttomAY Doc:11:et Numbel' ARC920030057US2 

Petition for Express Abandonment to Avoid Publication under 37 CFR 1.138(c) 
I hereby petition to expressly abandon the above-identified application to avoid publication. 

Petition Fee - must be filed with petition to avoid delays in reeogn�ng the petition. 

a. @ The Director is hereby authorized to charge the petition fee under 37 CFR 1.17(h) to
Deposit Account No. 09--0441 I have enclosed a duplicate copy of this sheet 

b. D Check in the amount of$ is enclosed. 

COPY e. D Payment by credit card (Form PT0-2038 is enclosed).

NOn;: A � requesdng e,q,res.s abandOffllent of on application Is no1 effective unless and until an appropriate USPTO offidal 
reoognas and acts on the paper. See lhe Manual of Patent Examini� Pr00edure (MPEP), sedion 111.01. rn addbJon. the paper wm not 
step publication of the applicaijon unless a petition under 37 CFR 1.138(c) is recognized and acted on by the Pre-Grant Publication 
Di'lll$iOl'I lt'I suftiOient time te> avoid publication (e.g., more than four (4) wee1<s prior to the projected pubfication date). 

lam the: D applicant. 

0 assignee of record of the entire Interest. See 37 CFR 3.71. 
Statement under 37 CFR 3. 73(b) is enclosed. (Form PTO/SB/96) 

QJ., I ;;;,m•y or agent of A!COld. Regislralion Number 37,1133

� 
Daniel E. Johnson 

Typed or printed name 

NvveJMb.ec ').'t1 '")..DD'-f
Date 

40&-927--3367 

Telephone Number 

" 

,,) 

Note: Signatures of an the inventors or assignees af record of the entire in!erest or their repres.enlative(s) are required. Submit multiple forms 
If more than one signature is required, see below. 

� Tot�t of 1 forms are submitted. 

ll'ns (>;J{feetion Of 1nf¢miati0n 1$ re<1u,red by 37 CFR 1, 13<1(c: ). "rt,e 1nfom'latlon 13 required lo obtain OI' ret.:un 3 benefit by the public which 1& to file (311d by the
USPTO to proceea) an applk:ation. Confiden11allt}' is gowmed by 35 U.S.C. 122 ind i1 Cf'!'\ 1.11 enc 1.14. This collcc:tion is estimated to t3ke 12 minutes to
eom))lete, itldvdirit:i 9attierin9, i;re,:>3Mg, a11C1 suttmilting the completed appllcatlan form to the USPTO. Time wiff v:iry depending upon th0 individll� case. Any
comment; on the amount of tima you n;iquire to complete this form and/or sugg� for re<luong 1111s burden, should be sent ta the Chief I/ltarmation Officer, 
U.S. Patent and Trademarl( Office, U.S. Department af Commerce, P.O. Box 1460, AJe,xandria, VA 22313-1450. 00 NOT SEND FEES OR COMPU::Tl:.O FORMS 
TO THIS AODRess. SEl'ID TO: Mail Stop �press Abandonment. Commis.Sioner for PatGnts, P.O. Box 1450, AJel(andrla, VA 22313-1450. 

If YoU naod tl!1sistal'lf"..e in completing IJ'II} fom'I, e.,J/ 1 -Soo-PTO !! 199 aM select option 2. 
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11/24/2004 11:54 408-927-3375 ALMADEN IP LAW PAGE 01/03 

Pl'O/SBl97 (Qij-00) 
App,o\18d for use mrwoh 101i11zoo2. 0MB 0651-0031 

U.S. Pines-¢ and Trad<ltrl3rk Offloo; U.S. ClEPARTMEtff OF COMMERCE 
Undar the I'� RieduGtkJn Aa oi 1995. no tp a C0leaion cl ldamad01 l.l'llcss It catains a � 0MB G'O!WQl rumber, 

ATTN: PRE-GRANT PUBLICATION DIVISION FAX NUMBER: (703) 305-8568 

Certificate of Transmission under 37 CFR 1.8 

I hereby certify that this correspondence is being facsimile transmitted to the 
United States Patent and Trademark Office 

November 24, 2004 
00---------� 

Date 

Cheryl G. Ruby 

Typed or printed name of person signing Certificate 

Note: Each paper must ha1te � own certificate of transmission, or this certificate must identify 
each submitted paper_ 

PETITION FOR EXPRESS ABANDONMENT TO AVOID PUBL. UNDER 37 CFR 1.138{c) 

TOTAL NUMBER OF PAGES SUBMITTED INCLUDING COVER PAGE: 3 

SERIAL NUMBER: 10/824,835 

INVENTOR; Stuart S. P. Parkin 

FILED: April 14, 2004 

OOCKET NUMBER: ARC920030057US2 

Bul'Gerl Hour Slatement: Ynls tonn Is milllo'2tcd \0 \811e 0.03 hours 10 c�. 'T1mc will Vi"}_� UIJO!:I the needs 1111' 1he inClllllduaf Ccl$C. 
Any mnments m 1h11 ernour« Of time required 10 ccmplela tHs farm Should be Seti 11:> tne Chief lnfarmitiM Oll'ieer. U.S. Pillllnl and Trademark 
otllce. Wasnlngton, DC 20231. DO I\IOT SEND FEES OR COMPl.£TED FORMS lO THIS ADORESS. SEND TO; ASSiUlt Ccmml!isialar f(I( P.nents. 
W.i:shingt<,n. OC 20231. 
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PTO/SB/05 (03-01) 
Approved for use through 10131/2002. 0MB 0651-0032C) 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERce-
• Under the Paperwork Reduction Act of 1995, no persons ara required to respand to a collection of information unlesS It displays a valid 0MB control number��

Attome Docket No. ARC920030057US2 
a>
"lt UTILITY 

PATENT APPLICATION 

TRANSMITTAL 

t----------1-------------.;;:;iiC\I 

First Inventor Stuart Stephen Papworth Parkin C0 
---r----------------------

On/ 

APPLICATION ELEMENTS 
ADDRESS �o.· 

Commissioner for Patents
, ' Box Patent Application 

icatlon contents. Alexandria, VA 22313-1450 

1.�

2.D

Fee Transmittal Form (e.g., PTO/SB/17)
(Subm/1 an original and a dupllcale for fee procasing) 
Applicant claims small entity status.
See 37 CFR 1.27. 
Specification [Tota/ Pages I ss I](prefe"8d arrangement set fotth below) ._ _ __, 
- Descriptive title of the Invention 
- Cross Reference to Related Applications 
-Statement Regarding Fed sponsored R & D
- Reference to sequence listing, a table, 

or a computer program listing appendix 
- Background of the Invention 
- Brief Summary of the Invention 
- Brief Description of the Drawings (if filed)
-Detailed Description 
-Claim(s) 
-Abstract of the Disclosure

Drawing(s) (35 U.S.C. 113)

5. Oath or Declarati�n [ Total Pages 12 

a. � Newly executed (original or copy) 
�----' 

[ Total Sheets ::I 1=5==:::

□ Copy from a prior application (37 CFR 1.63 (d))
b. (for continuation/divisional with Box 18 completed) 

,.□ DELETION OF INVENTOR{S} 
Signed statement attached deleting lnventor(s)
named in the prior application, see 37 CFR 
1.63(d)(2) and 1.33(b). 

6. □ Application Data Sheet. See 37 CFR 1.76

7. D CD-ROM or CD-R in duplicate, large table or
Computer Program (Appendix) 

8. Nucleotide and/or Amino Acid Sequence Submission
(If applicable, all necessa,y) 

a. D Computer Readable Form (CRF)

b. Specification Sequence Listing on:
i. D . CD-ROM or CD-R (2 copies); or
II. 0 paper

c. D Statements verifying Identity of above copies

9. Assignment Papers (cover sheet & document(s))

10 D 37 CFR 3. 73(b) Statement 1 � I Power of 
• (when there is an assignee) Attorney 

11. D English Translation Document (if applicable) 

r.71 Information Disclosure ! � ! 
Copies of IDS

12• � Statement {IDS)/PT0-1449 Citations 
13.□
14.0 

15. □

16.□

Preliminary Amendment 
Return Receipt Postcard (MPEP 503) 
(Should be specifically itemized) 
Certified Copy of Priority Document(s) 
(if foreign priority is claimed) 

Nonpublication Request under 35 U.S.C. 122 
(b)(2)(B)(i). Applicant must attach form PTO/SB/35
or Its equivalent. 

17.o Other:

18. If a CONTINUING APPLICATION, check appropriate box, and supply the requisite lnfonnation be/Ow and in a pre/imina,y amendment,
or In an Application Data Sheet under 37 CFR 1. 76: 

D Continuation D Divisional !i2I Conttnuatlon.fn-part (CIP) of prior application No.: 10 / 646,246 

Priorapplicalionlnformal/on: Examiner: Unassigned Group AltUnlt: ___ 17 __ 6 __ 2�--
For CONTINUATION OR DIVISIONAL APPS only: The entire disclosure of the prior appllcatlon, from which an oath or declaratlon Is supplied under
Box 5b, Is considered a part of the disclosure of the accompanying continuation or dlvlslonal appllcatlon and Is hereby Incorporated by reference.
The Incorporation can only be relled upon when a portion has been Inadvertently omitted from the submitted application parts. 

0 Customer Number or Bar Code Label 

Name 

Address 

City San Jose 

Country 

Name (Print/Type) 

Signature 

State 

Telephone 

CA 

(408) 927-3367

Con&spondence add/888 below 

Zip Code 95120.-6099 

Fax (408) 927-3375

37,033 

Date 4/14/04 

0 

Burden Hour Statement: This form is estimat to take 0.2 hours to compl . Time will vary depending upon the needs of the Individual case. Any comments on
the amount of time you are required to complete this form should be sen t the Chief Information Officer, U.S. Patent and Trademark Office, Washington, DC 
20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS A RESS. SEND TO: Assistant Commissioner for Patents, Box Patent Application,
Washington, DC 20231. 
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PTO/SB/17 (10-01) 
Approved for use through 10/31/2002. 0MB 0651-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Pani:,rwork Reduction Act of 1995 no nersons are renulred to resnond to a collection of informatlnn uni"'"" it disnlavs a valid 0MB control number

, 
Complete if Known 

FEE TRANSMITTAL Application Number Unassianed 
Filing Date 04/14/2004 

for FY 2004 First Named Inventor Stuart Stephen Papworth Parkin 

Patent fees are subject to annual revision. 

-.._ TOTAL AMOUNT OF PAYMENT I($) 972.00 

METHOD OF PAYMENT 

1. i2'.] 
The Commissioner is hereby authorized to charge 
Indicated fees and credit any overpayments to: 

Deposit 
I I Account 09-0441

Number 
Deposit I IBM Corporation I Account 
Name 

0 
Charge Any Additional Fee Required 
Under37CFR 1.16and 1.17 

□ Applicant claims small entity status. 
See 37 CFR 1.27 

2. □ Payment Enclosed:

□ Check 0 Credit card □ 
Money
Order D Other 

FEE CALCULATION 

1. BASIC FILING FEE
Large Entity Small Entity 
Fee Fee Fee Fee Fee Description 
Code ($) Code($) Fee Paid 
101 740 201 370 Utility filing fee

§ 
106 330 206 165 Design filing fee 
107 510 207 255 Plant filing fee
108 740 208 370 Reissue filing fee 
114 160 214 80 Provisional filing fee 

SUBTOTAL (1) I($) 770.00 I 
2. EXTRA CLAIM FEES

Fee from 

Total Claims 
Ext�I i s • Fee Paid

� -20**= 9 X 8. �162.00 I 
Independent 
Claims □ .3••= C]] x ! 86.00! �0.00
Multiple Dependent I H 

Large Entity Small Entity 
Fee Fee Fee Fee Fee Description
Code ($) Code ($) 
103 18 203 9 Claims in excess of 20 
102 84 202 42 Independent claims in excess of 3 
104 280 204 140 Multiple dependent claim, if not paid 
109 84 209 42 ** Reissue independent daims

over original patent 
110 18 210 9 ** Reissue claims in excess of 20

and over original patent 

SUBTOTAL (2) 1<$) 162.00 

**or number previously paid, if greater; For Reissues, see above 

SUBMITTED BY 
Name /Printrrype} 

Signature 

I 
I 

I 

Examiner Name Unassigned 

Group Art Unit 1762 (original case) 

Attorney Docket No. ARC920030057US2 

FEE CALCULATION (continued) 
3. ADDITIONAL FEES

Large Small 
Entity Entity 

Fee Fee Fee Fee Fee Description Fee Paid 
Code ($) Code ($) 
105 130 205 65 Surcharge - late filing fee or oath 

127 50 227 25 Surcharge • late provisional filing fee or 
cover sheet 

139 130 139 130 Non-English specification 
147 2,520 147 2,520 For filing a request for ex parte reexamination 
112 920* 112 920* Requesting publication of SIR prior to

Examiner action 
113 1,840* 113 1,840* Requesting publication of SIR after

Examiner action 
115 110 215 55 Extension for reply within first month 
116 400 216 200 Extension for reply within second month 
117 920 217 460 Extension for reply within third month 
118 1,440 218 720 Extension for reply within fourth month 
128 1,960 228 980 Extension for reply within fifth month 
119 320 219 160 Notice of Appeal 
120 320 220 160 Filing a brief in support of an appeal 
121 280 221 140 Request for oral hearing 
138 1,510 138 1,510 Petition to institute a public use proceeding 
140 110 240 55 Petition to revive • unavoidable 
141 1,280 241 640 Petition to revive - unintentional 
142 1,280 242 640 Utility issue fee (or reissue) 
143 460 243 230 Design issue fee 
144 620 244 310 Plant issue fee 
122 130 122 130 Petitions to the Commissioner 
123 50 123 50 Processing fee under 37 CFR 1.17(q) 
126 180 126 180 Submission of Information Disclosure Stmt 
581 40 581 40 Recording each patent assignment per 40 property (times number of properties) 
146 740 246 370 Filini a submission after final rejection

(37 FR§ 1.129(a)) 
149 740 249 370 For each additional invention to be 

examined (37 CFR § 1.129(b)) 

179 740 279 370 Request for Continued Examination (RCE) 
169 900 169 900 Request for expedited examination 

of a design application 
Other fee (specify) 

*Reduced by Basic Filing Fee Paid

37,033 

SUBTOTAL (3) 1($) 40.00

Complete (if applicable) 

Telephone (408) 927-3367 

Date 4/14/04 

WARNING: Information on this 
be included on this form. Provi 

may become public. Credit card information should not 
redit card information and authorization on PT0-2038. 

� 

I 

Burden Hour Statement: This form is estimated to take 0.2 hours to complete. Time will vary depending upon the needs of the individual case. Any comments on 
the amount of time you are required to complete this form should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, Washington, DC
20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assistant Commissioner for Patents, Washington, DC 20231. 
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MgO Tunnel Barriers and Method of Formation 

This application is a continuation-in-part of, and claims priority to, Applicant's 

copending Application 10/646,246 filed August 22, 2003 and entitled "MgO Tunnel 

5 Barriers and Method of Formation", which is hereby incorporated by reference. 

10 

The U.S. Government has a paid-up license in this invention and the right in limited 

circumstances to require the patent owner to license others on reasonable terms as 

provided for by the terms of contract MDA972-99-C-0009 awarded by DARPA. 

Technical field 

The invention relates to magnetic tunnel junction (MTJ) magnetoresistive (MR) 

devices for use as magnetic field sensors such as read heads for reading magnetically 

15 recorded data, as memory cells in nc,nvolatile magnetic random access memory (MRAM) 

cells, and for magnetic logic and spintronic applications. More particularly, this 

invention relates to a method of forming a MgO tunnel barrier to allow for MTJ devices 

with significantly improved magnetoresistance. 

20 Background of the Invention 

The basic component of a magnetic tunnel junction is a sandwich of two thin 

ferromagnetic and/or ferrimagnetic layers separated by a very thin insulating layer 

through which electrons can tunnel. The tunneling current is typically higher when the 

magnetic moments of the ferromagnetic (F) layers are parallel and lower when the 
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magnetic moments of the two ferromagnetic layers are anti-parallel. The change in 

conductance for these two magnetic states can be described as a magneto-resistance. 

Here the tunneling magnetoresistance (TMR) of the MTJ is defined as (RAp-Rp)/Rp where 

Rp and RAP are the resistance of the MTJ for parallel and anti-parallel alignment of the 

5 ferromagnetic layers, respectively. MTJ devices have been proposed as memory cells 

for nonvolatile solid state memory and as external magnetic field sensors, such as TMR 

read sensors for heads for magnetic recording systems. For a memory cell application, 

one of the ferromagnetic layers in the MTJ has its magnetic moment fixed or pinned, so 

that its magnetic moment is unaffected by the presence of the magnetic fields applied to 

10 the device during its operation. The other ferromagnetic layer in the sandwich is the free 

or sensing layer, whose moment responds to magnetic fields applied during operation of 

the device. In the quiescent state, in the absence of any applied magnetic field within the 

memory cell, the sensing layer magnetic moment is designed to be either parallel (P) or 

anti-parallel (AP) to the magnetic moment of the pinned ferromagnetic layer. For a TMR 

15 field sensor for read head applications, one of the ferromagnetic layers has its magnetic 

moment fixed or pinned so as to be generally perpendicular to the magnetic moment of 

the free or sensing ferromagnetic layer in the absence of an external magnetic field. The 

use of an MTJ device as a memory cell in an MRAM array is described in US Patent 

5,640,343. The use of an MTJ device as a MR read head has been described in U.S. 

20 Patents 5,390,061; 5,650,958; 5,729,410 and 5,764,567. 

Fig. 1 illustrates a cross-section of a conventional prior-art MTJ device. The MTJ 

100 includes a bottom "fixed" ferromagnetic (F) layer 18, an insulating tunnel barrier 

layer 24, and a top "free" ferromagnetic layer 34. The MTJ 100 has bottom and top 
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electrical leads 12 and 36, respectively, with the bottom lead being formed on a suitable 

substrate 11, such as a silicon oxide layer. The ferromagnetic layer 18 is called the fixed 

layer because its magnetic moment is prevented from rotating in the presence of an 

applied magnetic field in the desired range of interest for the MTJ device, e.g., the 

5 magnetic field caused by the write current applied to the memory cell from the read/write 

circuitry of the MRAM or the magnetic field from the recorded magnetic layer in a 

magnetic recording disk. The magnetic moment of the ferromagnetic layer 18, whose 

direction is indicated by the arrow 90 in Fig. 1, can be fixed by forming it from a high 

coercivity magnetic material or by exchange coupling it to an antiferromagnetic layer 16. 

10 The magnetic moment of the free ferromagnetic layer 34 is not fixed, and is thus free to 

rotate in the presence of an applied magnetic field in the range of interest. In the absence 

of an applied magnetic field, the moments of the ferromagnetic layers 18 and 34 are 

aligned generally parallel (or anti-parallel) in an MTJ memory cell (as indicated by the 

double-headed arrow 80 in Fig. 1) and generally perpendicular in a MTJ magnetoresistive 

15 read head. The relative orientation of the magnetic moments of the ferromagnetic layers 

18, 34 affects the tunneling current and thus the electrical resistance of the MTJ device. 

The bottom lead 12, the antiferromagnetic layer 16, and the fixed ferromagnetic layer 18 

together may be regarded as constituting the lower electrode 10. 

The basic concept of a magnetic tunnel junction was first realized in 1975 (M. 

20 Julliere, "Tunneling between ferromagnetic films", Phys. Lett. 54A, 225 (1975)) although 

the TMR was very small and observed only at low temperatures and for very small bias 

voltages. In 1995 significant TMR effects of about 10% were obtained at room 

temperature in MTJs with A}iO3 tunnel barriers by two different groups (J.S. Moodera et 
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al., "Large magnetoresistance at room temperature in ferromagnetic thin film tunnel 

junctions", Phys. Rev. Lett. 74, 3273 (1995); and T. Miyazaki and N. Tezuka, "Giant 

magnetic tunneling effect in Fe/Al2O:/Fe junction", J. Magn. Magn. Mat. 139, L231 

(1995)). Subsequently, S.S.P. Parkin et al. ("Exchange-biased Magnetic Tunnel 

5 Junctions and Application to Non-Volatile Magnetic Random Access Memory", J. Appl. 

Phys. 85, 5828 (1999)) obtained effects as large as about 48-50% by optimizing the 

growth of the A}zO3 tunnel barrier, by optimizing the interface between the A}zO3 tunnel 

barrier and the ferromagnetic electrodes, and by carefully controlling the magnetic 

orientation of the ferromagnetic moments using concepts of magnetic engineering, in 

10 particular, exchange bias (see US Patent 5,650,958 titled "Magnetic tunnel junctions with 

controlled magnetic response" to W.J. Gallagher et al.) and an anti-parallel coupled 

pinned ferromagnetic layer (see US Patent 5,841,692 titled "Magnetic tunnel junction 

device with antiferromagnetically coupled pinned layer" to W.J. Gallagher et al.). 

The magnetoresistance of MTJ s using aluminum oxide tunneling barriers is 

15 limited to about 50% at room temperature (S.S.P. Parkin et al., "Exchange-biased 

Magnetic Tunnel Junctions and Application to Non-Volatile Magnetic Random Access 

Memory", J. Appl. Phys. 85, 5828 (1999); X.-F. Han et al., "Fabrication of high­

magnetoresistance tunnel junctions using Co7sF e2s ferromagnetic electrodes", Appl. 

Phys. Lett. 77, 283 (2000)), although there have been reports of TMR values of up to 

, 20 about 58% at room temperature (M. Tsunoda et al., "60% magnetoresistance at room 

temperature in Co-Fe/Al-O/Co-Fe tunnel junctions oxidized with Kr-O2 plasma", Appl. 

Phys. Lett. 80, 3135 (2002)). The detailed structure and composition of the barrier and 

particularly the structure and composition of the interfaces between the barrier and the 
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ferromagnetic electrodes clearly influences the magnitude of the TMR (as well as the 

resistance of the junctions). Usually the AhO3 tunnel barrier is formed by first depositing 

a thin aluminum layer and then oxidizing this layer either by using an oxygen plasma or 

by oxidation in oxygen or air. Incomplete or under-oxidation of the barrier may lead to 

5 "pin-holes" in the barrier which will usually result in a diminishment of the TMR. On 

the other hand, over-oxidation of the barrier or excess oxygen within the barrier or at the 

barrier surface will result in oxidation of the ferromagnetic electrodes which also usually 

results in decreased TMR. There have been a small number of reports of improved TMR 

by using special methods of forming AhO3 tunnel barriers. For example, Tsunoda et al., 

10 "60% magnetoresistance at room temperature in Co-Fe/Al-O/Co-Fe tunnel junctions 

oxidized with Kr-O2 plasma", Appl. Phys. Lett. 80, 3135 (2002), assert that it is 

preferred to oxidize the Al layer by using a plasma formed from an inert gas-oxygen 

mixture where the inert gas is Kr or He. They argue that this method results in an 

improved barrier layer, because it has previously been shown that SiO2 gate dielectric 

15 layers have improved properties (lower number of interface defect states) when formed 

by oxidation using inert gas-O2 plasmas. 

The tunnel magnetoresistance (TMR) of MTJs is also influenced by the 

ferromagnetic electrode. For electrodes formed from Ni-Fe, Co-Fe or Ni-Fe-Co alloys, it 

is now generally agreed that there is a surprisingly weak dependence of TMR on the 

20 composition of this alloy (S.S.P. Parkin et al., "Exchange-biased Magnetic Tunnel 

Junctions and Application to Non-Volatile Magnetic Random Access Memory", J. Appl. 

Phys. 85, 5828 (1999); D.J. Monsma and S.S. P. Parkin, "Spin polarization of tunneling 

current from ferromagnet/Al2O3 interfaces using copper-doped aluminum 
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superconducting films", Appl. Phys. Lett. 77, 720 (2000)), but that the magnitude of the 

TMR is strongly influenced by the quality of the interface between the ferromagnetic 

electrode and the A}iO3 tunnel barrier. Once the interface structure is optimized, either 

by optimizing the growth or by post-growth annealing, for sufficiently thick A}iO3 tunnel 

5 barriers which give rise to resistance-area (RA) products exceeding ~100-500 Oµm
2

,

TMR values between 40 and 50% can be obtained for almost all of these ferromagnetic 

alloys. As the tunnel barrier thickness and the corresponding RA value are decreased 

below this value, it is generally found that the maximum TMR which can be obtained is 

reduced (see US Patent 6,226,160 titled "Small area magnetic tunnel junction devices 

IO with low resistance and high magnetoresistance" to W.J. Gallagher and S.S.P. Parkin, 

which is hereby incorporated by reference). 

For applications of magnetic tunnel junctions for either magnetic recording heads 

or for non-volatile magnetic memory storage cells, high TMR values are needed for 

improving the performance of these devices. The speed of operation of the recording 

15 head or memory is related to the signal to noise ratio (SNR) provided by the MTJ--higher 

TMR values will lead to higher SNR values for otherwise the same resistance. Moreover, 

for memory applications, the larger the TMR, the greater is the variation in resistance of 

the MTJs from device to device which can be tolerated. Since the resistance of an MTJ 

depends exponentially on the thickness of the tunneling barrier, small variations in 

20 thickness can give rise to large changes in the resistance of the MTJ. Thus high TMR. 

values can be used to mitigate inevitable variations in tunnel barrier thickness from 

device to device. The resistance of an MTJ device increases inversely with the area of 

the device. As the density of memory devices increases in the future, the thickness of the 
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tunnel barrier will have to be reduced (for otherwise the same tunnel barrier material) to 

maintain an optimal resistance of the MTJ memory cell for matching to electronic 

circuits. Thus a given variation in thickness of the tunnel barrier (introduced by whatever 

process is used to fabricate the MTJ) will become an increasingly larger proportion of the 

5 reduced tunnel barrier thickness and so will likely give rise to larger variations in the 

resistance of the MTJ device. 

The tunneling current in an MTJ is spin polarized, which means that the electrical 

current passing from one of the ferromagnetic layers is predominantly composed of 

electrons of one spin type (spin up or spin down, depending on the orientation of the 

10 magnetization of the ferromagnetic layer). The spin polarization P of the current can be 

inferred from a variety of different measurements. The measurement most relevant to 

magnetic tunneling is to measure the conductance as a function of bias voltage for 

junctions formed from a sandwich of the ferromagnetic material of interest and a 

superconducting counter electrode (R. Meservey and P. M. Tedrow, Phys. Rep. 238, 173 

15 (1994)). These studies show that the spin polarization of the tunnel current measured in 

this way can be simply related to the TMR close to zero bias voltage as first proposed by 

Juliere (M. Julliere, Phys. Lett. 54A, 225 (1975)). In such a model P is defined as 

(nt -n�)l(n
t 

+ n
,1,
) ,  where nt and n

,1, 
are the density of spin up and spin down states at the 

ferromagnet/ insulator interface. By assuming that the tunnel current is comprised of two 

20 independent majority and minority spin currents and that these currents·are related to the 

respective density of states of the majority and minority carriers in the opposing 

ferromagnetic electrodes, the TMR can be formulated by the relation 

TMR=(RAP R
p
)IRP = 2Pi.Pzl(l PiP2

) ,  where RAP 
and R

p
are the resistance of the MTJ 
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for anti-parallel and parallel orientation of the ferromagnetic electrodes, respectively, and 

Fi and Pz are the spin polarization values of the two ferromagnetic electrodes. 

Experimentally, it is clear that the magnitude of the TMR is extremely sensitive to the 

nature of the interface between the tunneling barrier and the ferromagnetic electrode. By 

5 changing the properties of the interface layer, for example, by inserting very thin layers 

of non-magnetic metals between the ferromagnet and the insulator layers, the TMR can 

be dramatically altered. Based on such observations, most experimental data on 

magnetic tunneling have usually been interpreted by assuming that P is largely 

determined by the electronic structure of the ferromagnetic interface layer essentially 

10 independent of the tunnel barrier electronic structure. 

Recently, it has been speculated that the electronic structure of the tunnel barrier 

may play a more important role than previously realized (W. H. Butler, X.-G. Zhang, T. 

C. Schulthess et al., Phys. Rev. B 63, 054416 (2001); and P. Mavropoulos, N.

Papanikolaou, and P.H. Dederichs, Phys. Rev. Lett. 85, 1088 (2000)). In particular, the 

15 primary role of the tunnel barrier was previously assumed to be to determine the 

evanescent decay length of the electronic wave functions into the tunnel barrier region. 

Butler et al. and Mavropoulos et al. have argued that the evanescent decay length depends 

on both the momentum of the electrons transverse to the ferromagnet/ insulator interface 

as well as ,the Bloch symmetry of these wave functions. Butler et al. have especially 

20 considered the case of Fe/MgO/Fe, since it has long been recognized that there is an 

almost perfect lattice match between the simple cubic structure of the MgO insulator and 

the body-centered cubic (bee) structure of Fe for the (100) crystallographic orientation if 

the lattices are rotated by 45 degrees. Butler et al. find that for the (100) orientation there 
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is a very slow decay into the MgO barrier of majority spin electron states with 6
1

symmetry for small transverse momentum. Thus, for parallel orientation of the 

ferromagnetic electrodes in an MTJ, these electronic states lead to a very high 

conductance across the tunnel barrier. Butler et al. calculate that the Fe/MgO/Fe system 

5 should exhibit TMR values of hundreds or even thousands of percent. Moreover, Butler 

et al. calculate that the TMR should have a very strong dependence on MgO tunnel 

barrier thickness, increasing by orders of magnitude as the MgO thickness is changed by 

a few atomic layers. Such speculations have led to numerous experimental studies to 

explore the possibility of high TMR in epitaxial (100) oriented Fe/MgO/Fe tunnel 

10 junctions. Note that early work by several groups on MTJs containing polycrystalline 

MgO tunnel barriers found no evidence for large TMR values. 

Some of the first studies of Fe/MgO/Fe MTJs were those by Keavney et al. (D. J. 

Keavney, E. E. Fullerton, and S. D. Bader, J. Appl. Phys. 81, 795 (1997)) who prepared 

high quality epitaxial MgO tunnel barriers on Fe single crystal whiskers using molecular 

15 beam epitaxy (MBE) growth techniques in which the Fe and MgO layers were deposited 

by electron beam evaporation. Keavney et al. argued that the MgO incompletely wets the 

Fe underlayer leading to pin-holes in the MgO layer and, thus, to ferromagnetic coupling 

of the Fe layers through the MgO layer. The pin-holes through the tunnel barrier 

electrically shorted the MTJ so that no TMR was observed. These authors concluded that 

20 MgO was a very poor choice for a tunneling barrier in MTJs. Later Wulfhekel et al. (W. 

Wulfhekel, M. Klaua, D. Ullmann, et al., Appl. Phys. Lett. 78, 509 (2001)) prepared high 

quality epitaxial MgO tunnel barriers on Fe single-crystal whiskers using both molecular 

beam epitaxy (MBE) and pulsed laser deposition (PLD) growth techniques. This group 
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concluded, by looking at tunneling through the MgO layer using scanning probe 

microscopy, that a significant portion of the electrical current tunneled through the MgO 

layer, although there were some local hot spots. The hot spots correspond to some sort of 

defect or pin-hole. However, although the crystalline quality of these films was very 

5 good, this group found no evidence for significant tunneling magnetoresistance in their 

samples. 

The first report of significant tunneling magnetoresistance through epitaxially 

grown MgO tunnel barriers was by Bowen et al. (M. Bowen, V. Cros, F. Petroff, et al., 

Appl. Phys. Lett. 79, 1655 (2001)), who reported 60% TMR but at low temperatures 

10 (30K). However, at room temperature this group reported TMR values of only 27%, 

which is much lower than TMR values that have been obtained with conventional 

amorphous A}iO3 tunnel barriers. This group studied sandwiches of CoFe/MgO/Fe 

grown on GaAs(lO0) with MgO(l00) buffer layers by a combination of sputtering (CoFe 

and Fe) and laser ablation (MgO). The MgO barrier was grown at 400 °C, and the Fe and 

15 CoFe layers were deposited at room temperature, but the Fe layer was annealed at 400 °C 

after deposition and prior to deposition of the MgO layer on top of it. The Co5oFeso layer 

was the top electrode and was presumably used to allow for different magnetic switching 

fields for the two ferromagnetic electrodes. This group studied TMR in junctions with 

very thick Fe and CoFe layers ( ~200 A and 250 A, respectively)--much too thick for 

20 useful applications because of the very large demagnetizing fields that would be 

produced by these thick layers. This group explored MgO layers in a range of thickness 

from 20 to 80 A, and from cross-section transmission electron microscopy studies found 

good quality crystalline ( 100) oriented MgO layers for these thicknesses. Based on the 
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predictions by Butler et al. that the TMR for epitaxial MgO tunnel barriers should 

increase strongly with MgO thickness, Bowen et al. argued that the small TMR values 

they observed might be increased for thicker MgO tunnel barriers, although they only 

included tunneling transport data for one MgO layer thickness. 

Popova et al. (E. Popova, J. Faure-Vincent, C. Tiusan, et al., Appl. Phys. Lett. 81, 

1035 (2002)) have published results on epitaxial 100 oriented Fe/MgO/Fe/Co MTJs 

deposited by MBE on MgO(l 00) substrates. This group prepared the Fe layers by 

evaporation from a Knudsen cell and the Co and MgO layers by electron beam 

evaporation. The first Fe layer was deposited at room temperature and then annealed at 

10 450 °C after deposition and prior to deposition of the MgO barrier. This group reported 

modest values of TMR at room temperature of only ~ 15% for junctions with 10 A thick 

MgO barriers, although the crystalline quality of the structures was very good with 

smooth and epitaxial Fe and MgO layers. This same group has recently published data 

on similar structures with thicker tunnel barriers (25 A thick) in which TMR values of up 

15 to 67% were found at room temperature (J. Faure-Vincent, C. Tiusan, E. Jouguelet, et al., 

Appl. Phys. Lett. 82, 4507 (2003)). They argue that thick MgO tunnel barriers are 

needed to obtain these higher TMR values, even 'though the TMR they find is not 

significantly higher than that which has been observed in MTJs with AhO3 tunnel 

barriers. Popova et al. also suggest that the modest TMR values they find, especially 

20 when. compared to the theoretical predictions of..Butler et al., may result from the 

formation of an FeO layer at the Fe/MgO interface during the deposition of MgO on the 

lower Fe electrode. The formation of an FeO layer was previously postulated by 

Meyerheim et al. (H. L. Meyerheim, R. Popescu, J. Kirschner, et al., Phys. Rev. Lett. 87, 
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076102 (2001)), who found evidence for a such a layer from detailed structural 

investigations using surface x-ray diffraction of the growth of MgO on single crystal 

Fe(00 l) substrates. Recently, X.-G. Zhang, W. H. Butler, and A. Bandyopadhyay (Phys. 

Rev. B (2003)) have carried out calculations of the TMR for Fe/FeO/MgO/Fe junctions 

5 and have found that the presence of an FeO layer substantially reduces the predicted 

TMR values for this system. 

Recently Mitani et al. (S. Mitani, T. Moriyama, and K. Takanashi, J. Appl. Phys. 

93, 8041 (2003)) have also attempted to prepare epitaxial Fe/MgO/Fe tunnel junctions by 

growth on single crystalline MgO(lO0) substrates. Mitani et al. first deposited an Fe 

10 layer (200 A thick) by electron beam deposition at room temperature with a subsequent 

post-deposition anneal at 200 °C. They then deposited a MgO tunnel barrier by 

depositing a thin layer of Mg, plasma oxidizing this layer in an Ar-O2 mixture, and then 

repeating this process several times to create the tunnel barrier. Subsequently they 

deposited a CosoFeso counter electrode on top of the MgO barrier to create the MTJ. 

15 Although this group was able to prepare high quality epitaxial tunnel junctions, these 

junctions showed poor TMR, with TMR values at low temperatures ( 4.2 K) of only 

22.9%. The resistance of the tunnel junctions was found to decrease substantially with 

temperature, which Mitani et al. argued was due to poor quality MgO tunnel barriers with 

defects in the barrier, which resulted in hopping conductivity of the tunneling electrons 

20 through these defects. 

In US patent 6,392,281, Tsuge discloses a means of forming a magnetic tunnel 

junction formed from two ferromagnetic layers separated by an oxide tunnel barrier (e.g., 

AhO3 or MgO) by first depositing the lower ferromagnetic electrode with or without a 
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metal overlayer and then forming an oxide of the metal layer, if present, and the upper 

portion of the ferromagnetic layer by exposing these layers to ultra-pure oxygen. When 

the metal layer is not initially present, a metal layer is subsequently formed on top of the 

ferromagnetic oxide layer and is then subjected to oxidation by pure oxygen gas. Tsuge 

5 argues that a subsequent heat treatment will cause oxygen to diffuse from the 

ferromagnetic oxide layer into the metal oxide, which forms the tunnel barrier, if the heat 

of formation of the metal oxide is significantly greater than that of the ferromagnetic 

oxide. 

However, the devices of Tsuge have considerably lower tunnel magnetoresistance 

10 values than those fabricated using other prior art methods of forming the tunnel barrier 

and magnetic tunnel junction. Evidently, Tsuge does not demonstrate any improvement 

over the prior art because the heat of formation of the metal oxide versus the formation of 

the ferromagnetic oxide is not the critical parameter in determining whether oxygen from 

the ferromagnetic oxide will diffuse away from this layer into the metal oxide layer. 

15 Even though the oxygen may be in a lower energy state in the oxide barrier, the metal 

oxide barrier will be fully oxidized by the process described by Tsuge because of the high 

heat of formation of the metal layers disclosed therein. Thus, all the oxygen sites in the 

metal oxide layer will be occupied, which does not allow for the diffusion of oxygen 

from the ferromagnetic oxide layer. Moreover, the diffusion of oxygen through a 

20 ferromagnetic oxide layer is likely to be small, so that the diffusion of oxygen from the 

ferromagnetic oxide into the metal oxide layer will require extreme conditions of high 

temperature. In other words, there will be considerable energy barriers to the flow of 

oxygen from the ferromagnetic oxide layer into the metal oxide layer, even if there are 
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unoccupied oxygen sites in the metal oxide layer, so that oxygen will not diffuse over 

distances of more than about 1 atomic layer into the metal oxide layer. Thus it is not 

surprising that the devices formed by Tsuge have very low tunneling magnetoresistance 

values, because the surface of the ferromagnetic layer will not be free of oxide. 

Hibino has employed a sequential deposition process to form AhO3 tunnel 

barriers, but finds that the MR ratio decreases with time as the barriers are subjected to a· 

temperature of 280 °C (see US 2002/0076940Al, published June 20, 2002). Also, Hibino 

does not discuss or teach the use of preferred crystallographic orientations of his tunnel 

barriers. 

10 There is a need for high quality, defect free MgO tunnel junctions, as well as MTJ 

devices having significantly higher magnetoresistance values than those in the prior art. 

Summary of the Invention 

15 Methods are disclosed in which a MgO tunnel barrier is prepared with improved 

performance. In particular, the MgO barrier can be formed without oxidizing the lower 

ferromagnetic (or ferrimagnetic) electrode in magnetic tunnel junction devices, so as to 

give much higher tunnel magnetoresistance values than in the prior art. Similarly, much 

higher spin polarization values of tunneling current are obtained in tunnel junction 

20 ,,., devices . with one. or more ferroma�etic ( or -.ferrimagnetic) electrodes. Th� _MgO tunnel •. 

barrier so formed does not have a significant number of defects that would otherwise lead 

to hopping conductivity through the tunnel barrier. In preferred methods, highly 

oriented (100) MgO barriers are formed without using single crystalline substrates or 
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high deposition temperatures, thereby facilitating the manufacture of devices using 

standard deposition techniques on polycrystalline or amorphous films. Post anneal 

treatments are preferred to improve the tunneling magnetoresistance, which can exceed 

160% at room temperature. 

One aspect of the invention is a method that includes depositing Mg onto a 

surface of an underlayer to form a Mg layer thereon, in which the surface is selected to be 

substantially free of oxide (i.e., for its lack of oxide content). The underlayer includes at 

least one layer of magnetic material selected from the group consisting of ferromagnetic 

materials and ferrimagnetic materials. The method further includes directing additional 

10 Mg, in the presence of oxygen, towards the Mg layer to form a MgO tunnel barrier in 

contact with the underlayer, with the oxygen reacting with the additional Mg and the Mg 

layer. The MgO tunnel barrier is annealed to improve its performance. In one preferred 

implementation, the magnetic material is body centered cubic (bee) and is selected to be 

at least partially (100) oriented to improve the performance of the tunnel barrier. This 

15 magnetic material may advantageously be an alloy of Fe and Co, in which the Fe content 

of the alloy is between 1 and 90 (or even 1 and 99) atomic %, or Fe without Co may be 

used. The magnetic material may be in direct contact with the MgO tunnel barrier, or the 

underlayer may include a spacer layer that separates the magnetic material from the MgO 

tunnel barrier. The Mg layer deposited onto the surface of the underlayer preferably has 

20 a thickness of between 3 and 20 angstroms. 

The method may further include forming an overlayer on the MgO tunnel barrier 

to form a magnetic tunnel junction, in which the overlayer includes a magnetic material 

selected from the group of materials consisting of ferromagnetic materials (e.g., such as 
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alloy of Fe and Co) and ferrimagnetic materials, and wherein the tunnel junction is 

annealed to increase its tunnel magnetoresistance. In a preferred implementation, at least 

one of the underlayer and the overlayer includes antiferromagnetic material (such as 

PtMn or IrMn) that is exchange biased with ferromagnetic material of said at least one 

5 layer. The tunnel junction is preferably annealed at a temperature selected to yield a 

tunnel magnetoresistance that is greater than 100% at room temperature, more preferably 

greater than 140% at room temperature, and still more preferably greater than 160% at 

room temperature. The annealing temperature is preferably in the range of 200 °C to 400 

°C, and more preferably in the range of 350 °C to 400 °C. Also, the tunnel junction is 

10 advantageously annealed at a temperature selected to be greater than an annealing 

temperature at which the tunnel magnetoresistance of the tunnel junction actually is 

reduced by the annealing process. In preferred implementations, the magnetic material of 

the overlayer and the magnetic material of the underlayer are both bee and at least 

substantially (100) oriented. Also, the magnetic material of the overlayer and the 

15 magnetic material of the underlayer are preferably both in direct contact with the MgO 

tunnel barrier, and the MgO tunnel barrier is preferably at least substantially (100) 

oriented. 

Another aspect of the invention is a method that includes providing a 

ferromagnetic underlayer having a surface that is substantially free of oxide and forming 

20 a Mg layer on the surface to both protect the underlayer from oxidation and to wet the 

underlayer. Oxygen and additional Mg are then directed onto the metal layer to form a 

MgO tunnel barrier that is in contact with the underlayer, in which the ferromagnetic 

underlayer is selected to be bee and at least partially (100) oriented to improve the 
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performance of the tunnel barrier. In a preferred implementation, a ferromagnetic 

overlayer is formed on the MgO tunnel barrier to form a magnetic tunnel junction, and 

the MgO tunnel junction is annealed to improve its performance. The tunnel junction is 

preferably annealed at a temperature selected to yield a tunnel magnetoresistance that is 

5 greater than 100% at room temperature, more preferably greater than 140% at room 

temperature, and still more preferably greater than 160% at room temperature. The 

tunnel junction is preferably annealed at a temperature in the range of 200 °C to 400 °C, 

and more preferably at a temperature in the range of 350 °C to 400 °C. Preferably, the 

ferromagnetic material of the overlayer and the ferromagnetic material of the underlayer, 

10 as well as the MgO tunnel barrier, are substantially (100) oriented. The Mg layer 

deposited onto the surface of the underlayer preferably has a thickness of between 3 and 

20 angstroms. 

For several aspects and embodiments of the invention disclosed herein, a MgO 

tunnel barrier is sandwiched between an underlayer and an overlayer, either one or both 

15 of which may include one or more layers of a ferromagnetic material, a ferrimagnetic 

material, and/or a semiconductor. While the MgO tunnel barrier is preferably in direct 

contact with the ferromagnetic material, ferrimagnetic material and/or semiconductor, 

each of the underlayer and overlayer may optionally include one or more spacer layers 

which are adjacent to the MgO tunnel barrier but which do not significantly affect the 

20 tunneling properties of the MgO layer,. e.g., by not significantly diminishing the spin . 

polarization of electrons tunneling through the MgO tunnel barrier. 

Performance of the MgO tunnel barriers disclosed herein may be improved 

through annealing, wherein performance refers to various attributes of the MgO tunnel 
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barrier or associated device. For example, annealing a magnetic tunnel junction 

improves, in particular, its magneto-tunneling resistance; annealing a tunnel barrier 

improves, in particular, its spin polarization; annealing a MIM or a capacitor improves, 

in particular, its leakage current or barrier height. 

The preferred embodiments and implementations herein are directed to structures 

in which the magnetic material has a body-centered cubic (bee) lattice, since this lattice 

type leads to the best performance of the MgO tunnel barrier (e.g., the highest TMR for a 

MgO tunnel junction). It should be noted, however, that in thin films, because of strain 

induced by overlayers and/or underlayers, the in-plane and out-of-plane lattice constants 

10 may be slightly different, and the lattice may be slightly distorted from the pure bee case, 

e.g., as a result of a tetragonal distortion. As used herein, the term "body centered cubic"

(bee) should be construed broadly enough to encompass such deviations from the pure 

bee case. 

The preferred embodiments and implementations of the invention are directed to 

15 magnetic layers and MgO tunnel barrier layers which are substantially (100) oriented or 

textured. The magnetic and tunnel barrier layers are polycrystalline and are comprised of 

grains or crystallites which range in lateral extent from approximately one hundred to 

several hundred angstroms. Thus, these layers and the overall film structure are what is 

commonly referred to as textured. Texturing implies that there is a predominant 

20 crystallographic orientation of individual layers and/or the overall film structure, but that 

the grains are not perfectly aligned along one particular direction. Individual grains may 

not be precisely oriented with their (100) direction along the normal to the film layer, but 

the (100) direction within individual grains may be oriented away from the normal to the 
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plane of the film by an angle that can vary from a small fraction of one degree to several 

degrees or even tens of degrees for poorly textured films. The angular range of these 

( 100) directions can be used to quantify the degree of ( 100) crystalline texture of the film

structure and can be measured using various structural characterization techniques, 

5 including cross-section transmission electron microscopy and various x-ray diffraction 

techniques. There may also be present grains which are oriented in a completely 

different direction, but the proportion of these grains is small for the method of formation 

of the magnetic tunnel junction structures described herein. Note that the crystalline 

grains are randomly oriented with respect to a direction within the plane of the substrate 

10 on which the film structures are grown. It is the orientation or texturing of the film 

which is important with regard to the preferred embodiments herein. Whereas the 

maximum TMR is obtained for film structures which are highly textured, the TMR will 

be increased to the extent that the film structure is textured. It is preferred that the 

angular range of a ( 100) direction within the grains be within + or - 20 degrees of the film 

15 normal, or more preferably within+ or - 10 degrees, and even more preferably within+ 

or 5 degrees. As used herein, the term "(100) oriented" should be understood to include 

the aforementioned deviations from the ideal case, in which all the grains are precisely 

oriented with their (100) direction along the normal to the film layer. 

Notwithstanding the polycrystalline nature of the film structures described herein, 

20 which are in any case preferable for ease of manufacturing, the method of forming the 

MgO tunnel barrier described her!!in can also be applied to the growth of epitaxial single 

crystalline film structures wherein the structures are prepared on a face of a single 

crystalline substrate chosen so that the crystalline spacing and crystalline cell is 
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compatible with the growth of a bee ferromagnetic metal layer oriented in the (100) 

growth direction and the subsequent growth of a MgO tunnel barrier according one of the 

preferred embodiments described herein. 

For a fuller understanding of the nature and advantages of the present invention, 

5 reference should be made to the following detailed description taken together with the 

accompanying figures. 

Brief Description of the Drawings 

Figure 1 is a schematic of a magnetic tunnel junction formed in accordance with 

10 the prior art. 

15 

Figure 2A illustrates the sequence of layers that are deposited to form a magnetic 

tunnel junction of the present invention. 

Figure 2B is a cross sectional view of the magnetic tunnel junction that is formed 

according to the methodology of Figure 2A. 

Figure 3 shows the dependence of tunneling magnetoresistance and resistance on 

the thickness of a Mg layer used in forming a MgO tunnel barrier of a magnetic tunnel 

junction of the present invention. 

Figure 4 illustrates how the tunneling magnetoresistance and resistance (measured 

at 25 ° C) vary as a function of annealing temperature for two magnetic tunnel junction 

20 devices formed in accordance with the present invention. 

Figure 5 illustrates how the tunneling magnetoresistance and resistance (measured 

at 25 ° C) vary as a function of annealing temperature for three magnetic tunnel junction 

devices formed in accordance with the present invention. 
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Figure 6 illustrates how the tunneling magnetoresistance (measured at 25 °C) of a 

magnetic tunnel junction of the present invention varies as a function of magnetic field in 

the plane of the device, for final anneal treatments at 220 °C and 360 °C. 

Figure 7 illustrates how tunneling magnetoresistance (measured at 25 °C) of a 

5 magnetic tunnel junction of the present invention varies as a function of magnetic field in 

the plane of the device, for final anneal treatments at 120 °C and 380 °C. 

10 

Figure 8 illustrates how tunneling magnetoresistance and resistance-area product 

(measured at 25 °C) for three magnetic tunnel junction devices of the present invention 

vary as a function of annealing temperature. 

Figure 9 illustrates how tunneling magnetoresistance and resistance-area product 

of a magnetic tunnel junction device of the present invention vary as a function of 

measurement temperature, for both the parallel (P) and anti-parallel (AP) orientation of 

the ferromagnetic layers. 

Figures lOA, lOB, and lOC are cross sectional views of alternative tunnel junction 

15 devices of the present invention that employ MgO tunnel barriers. 

20 

Figure 1 OD is a cross sectional view of a metal/insulator/metal device of the 

present invention that employs a MgO tunnel barrier. 

Figure 11 is a cross sectional view of a magnetic tunnel junction device of the 

present invention that employs spacer layers. 

Description of the Preferred Embodiments 

To date the tunneling barrier that has been most extensively studied for MTJs is 

alumina (A}z03), where the ferromagnetic electrodes are typically formed from various 
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Ni-Fe or Co-Fe or Ni-Co-Fe alloys. While a wide variety of methods have been used to 

deposit the alumina tunneling barrier, perhaps the most widely used method is one in 

which a thin layer of metallic Al is first deposited. Subsequently this layer is oxidized, 

either by "natural oxidation", in which the Al layer is exposed to oxygen or air, or by 

5 plasma oxidation, in which the Al layer is placed in an oxygen plasma and the Al layer is 

often electrically biased by a few volts to enhance the plasma oxidation. The Al layer 

can also be oxidized by a beam of energetic oxygen ions. For thinner Al layers, it is 

usually preferred to oxidize the Al layer by natural oxidation. In view of this prior art 

method of forming AlzO3, the formation of MgO tunneling barriers was extensively 

10 studied by first depositing thin Mg layers and then oxidizing the Mg layer either by 

natural oxidation or by plasma oxidation. Neither of these methods is .successful in 

realizing high quality tunnel barriers. In particular, natural oxidation is ineffective at 

room temperature. Similarly, under the same conditions in which it is possible to plasma 

oxidize Al layers with thicknesses ranging from a few angstroms to several tens of 

15 angstroms, Mg layers are only poorly oxidized. More aggressive oxidation conditions 

(e.g., longer oxidation times, higher bias voltages or more intense oxygen plasmas) do 

not appear to help oxidize the Mg layer. The barriers were usually electrically shorted, as 

if either an incomplete magnesium oxide layer (if any) was formed, or the MgO layer 

formed was too thin or not continuous. For example, it is possible that the surface of the 

20 Mg layer formed an oxide, which then prevented the Mg layers underneath from 

oxidizing. Most of these experiments were carried out using shadow masked junctions 

which requires relatively thick barriers to develop enough resistance across the barrier for 

reliable measurements of the junction's electrical properties. Limited studies of thinner 
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barriers were carried out using lithographic processing of micron sized junctions to 

explore much thinner Mg layers. These studies also gave rise to electrically shorted 

junctions. Thus, it appears that using conventional means to form MgO tunnel barriers 

do not lead to useful structures. 

Following these experiments, studies were carried out in which the MgO tunnel 

barrier was formed by reactive sputtering of Mg using oxygen or argon-oxygen plasmas 

onto various ferromagnetic electrodes, including those made of Fe and Co-Fe alloys. 

These experiments showed that a tunnel barrier could be formed, but that the TMR of the 

MTJs was always very small or, depending on the ferromagnetic electrode, was negative 

10 in sign (i.e., the resistance was higher for the parallel configuration compared to the anti-

parallel configuration of the ferromagnetic electrodes). During the process of forming 

the MgO tunnel barrier, it seemed very likely that the surface of the lower ferromagnetic 

electrode became oxidized, thereby reducing the TMR when the electrode was formed 

from Co-Fe or Ni-Fe alloys. Moreover, the resistance of the tunneling barrier was also 

15 increased, consistent with the formation of an insulating oxide at the surface of the lower 

ferromagnetic electrode which increased the effective tunnel barrier thickness. 

To prevent the oxidation of a lower electrode formed from Fe, a method of 

forming the MgO barrier was developed in which a thin layer of metallic Mg was first 

deposited on top of the Fe layer and then a layer of MgO was deposited on top of this Mg 

20 layer through the reactive sputtering of Mg in an Ar-02 plasma. Using this method of 

preparing the MgO barrier, very high tunneling magnetoresistance values were obtained, 

much higher than any previously reported values for any MTJ at room temperature. 

Figure 2A illustrates this process, in which a tunnel barrier 120 is formed by first 
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depositing a thin Mg layer 122 followed by deposition by reactive sputtering of an MgO 

layer 124. As shown in Fig. 2B and discussed in more detail below, it is more 

appropriate to view the MgO tunnel barrier as a single layer 120', since the layer 122 is 

oxidized to form MgO, with the layers 122 and 124 becoming largely indistinguishable as 

5 a result. For example, the layers 122 and 124 are not distinguishable in a cross-sectioned 

slice of the device examined in a transmission electron microscope. Figure 2A shows a 

device that includes a substrate 111, a bottom electrical lead 112, an antiferromagnetic 

layer 116, a fixed ferromagnetic layer 118, a "free" ferromagnetic layer 134, and a top 

electrical lead 136, all of which are similar to their counterparts 11, 12, 16, 18, 34, and 

10 36, respectively; these layers, as well as other layers and components referred to herein, 

may be constructed using techniques known to those skilled in the art. The arrows 180 

and 190 illustrate possible orientations of the magnetic moments of the free 

ferromagnetic layer 134 and the fixed ferromagnetic layer 118, respectively. As shown 

in Figs. 2A and 2B, the fixed ferromagnetic layer may actually be a bilayer 115 of two 

15 different ferromagnetic layers 118 and 119, each having a magnetic moment oriented as 

indicated by the arrows 190 and 191, respectively. The bilayer 115, the 

antiferromagnetic layer 116, and the bottom lead 112 of Figs. 2A and 2B constitute a 

lower electrode 110. 

Figure 3 shows the detailed dependence of resistance and TMR on the thickness 

20 of the Mg layer 122 for a series of otherwise nominally identical MTJs with a structure 

formed from 75 A Ta/ 250 A Ir26Mn7J 8 A Co8�e 16" 18 A Fe/ t Mg/ 18 A MgO/ 200 A

Co84Fe16" 100 A Ta, in which the thickness of the Mg layer t is indicated in angstroms. 

The MgO layer was formed by reactive sputtering of Mg in a 93 % Ar-7% 02 gas 
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mixture. The Mg thickness was varied from Oto approximately 20 A (data only shown 

in Fig. 3 for thicknesses up to 12 A). As shown in Fig. 3, TMR values of more than 

90% are obtained at room temperature for Mg layer thicknesses of ~6 to 7 A. For Mg 

layers thicker than this optimal thickness, the TMR decreases slowly for increasing Mg 

5 layer thickness, and the resistance of the junction is only weakly dependent on Mg 

thickness. Below this optimal thickness, the TMR is suppressed and the resistance is 

much increased by more than an order of magnitude. In the absence of the Mg layer 122, 

the TMR is small due to oxidation of the Fe underlayer. In order to prevent the oxidation 

of the Fe surface, it was found that a layer of Mg at least 5 to 6 angstrom thick should be 

10 deposited. Presumably, thinner Mg layers do not completely cover or wet the Fe surface, 

thereby allowing some oxidation of this surface. The dependence of the resistance of the 

tunnel junction on the Mg metal layer thickness is a very useful criterion for determining 

the optimum thickness of this layer. The resistance of the junction rapidly increases 

when this layer is reduced below the optimum thickness, because the lower ferromagnetic 

15 electrode becomes oxidized. 

The preferred range of thickness of the Mg layer 122 is from about 3 to 20 A, 

more preferably from about 3 to 10 A, and still more preferably from about 4 to 8 A. The 

lower thickness is determined by the wetting of the Mg on the ferromagnetic layer 119. 

If a thinner Mg layer can be formed on this lower ferromagnetic electrode so that it 

20 completely covers the ferromagnetic layer with an approximately uniform thickness, then 

thinner Mg layers can be used. For example, the use of surfactants, such as oxygen, Ag, 

Pb, Bi, Sb and so on, are known to aid in the formation of ultra thin and smooth metallic 

layers. Thus, by using a surfactant, thinner Mg layers may be formed which cover 
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completely the lower ferromagnetic layer and, therefore, the minimum thickness of Mg 

required to prevent oxidation of the lower ferromagnetic electrode is reduced. 

As first shown by Parkin (see US Patent 5,764,567) the introduction of thin non­

magnetic metallic layers between the ferromagnetic electrodes and the tunneling barrier 

5 in MTJs leads to a rapid decrease of the TMR. By contrast, for the case of Mg layers 

(which are metallic), very high TMR values are observed. The reason is that the Mg 

layer 122 is oxidized during the subsequent deposition of the MgO layer 124. This is 

confirmed by cross-section transmission electron microscopy (XTEM) studies, which 

show no obvious distinction between the Mg layer 122 and the MgO layer 124, so that 

10 effectively a single layer of MgO 120' is formed. Moreover, these XTEM studies reveal 

that the MgO layer 120' that is formed is not only crystalline, but is crystallographically 

oriented with respect to the lower Fe electrode 118. (By contrast, AhO3 tunnel barriers 

are usually amorphous and without any crystallographically ordered structure except 

under very special circumstances.) The thickness of the resulting MgO layer 120' is 

15 preferably in the range of 3-50 angstroms, more preferably 3-30 angstroms, still more 

preferably 3-20 angstroms, and most preferably 4-15 angstroms. 

The lower ferromagnetic electrode for the samples whose data is shown in Fig. 3 

is preferably grown on top of Ta (layer 112) and IrMn (layer 116). The lrMn is an 

antiferromagnetic layer and is used to exchange bias the lower ferromagnetic electrode. 

20 (Alternatively, Pt-Mn may be used.) The preferred composition of the lrxMn 1 _x is when 

the Ir content is between 10 and 30 atomic percent. This composition range is chosen so 

that thin films of the Ir-Mn alloy are antiferromagnetic with blocking temperatures well 

above the operating temperature range of the tunnel junction device. The layer 112 can 
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be formed from Ta or TaN or from Ta layers including lesser amounts of nitrogen. The 

layer 112 can also be formed from a bilayer of TaN and Ta. Ta, TaN, and a TaN/Ta 

bilayer are advantageous since layers of IrMn (or PtMn) deposited on top of them are 

(100) oriented. Similarly, Ti and TiN layers or TiN/Ti bilayers, can also be used to give

5 (100) oriented layers of IrMn (or PtMn). The layer 112 may also incorporate a layer of

MgO which typically grows textured in the (100) orientation and so can help improve the 

(100) texture of the IrMn layer 116.

Growth of IrMn on Ta leads to a (100) growth texture for the face-centered cubic

(fee) IrMn layer. The fee lattice may be slightly distorted due to in-plane compression or 

10 expansion of the fee lattice. The lower ferromagnetic electrode may be formed from a 

bilayer 115 of Cos4Fe16 (layer 118) and Fe (layer 119). The Cos4Fe16 layer 118 grows 

(100) oriented on top of the (100) textured IrMn layer 116. Then the Fe layer 119, which

is grown on top of the (100) oriented Cos4Fe16 layer 119, is bee and also grows (100) 

oriented. By preparing a (100) oriented bee template layer of Fe, the MgO deposited on 

15 top of this layer also grows (100) oriented. Thus, for this combination of layers, the MgO 

barrier 120' that is formed also grows textured in the (100) direction, thereby leading to 

high TMR. By changing the layer 112 or by changing the antiferromagnetic layer 116, 

the texture of the lower ferromagnetic electrode can be varied. For example, by using 

Ta/Pt or Ta/Al or Ta/Pd or Ti/Pd as layers 112, the IrMn layer grows textured in the (111) 

20 -orientation, whereas layers 112 of TaN/Ta, Ta or Ti lead to ( 100) textured Ir Mn. The

texturing of these layers can be varied by varying their thicknesses or growth

temperature. For the samples of Fig. 3, all the layers were deposited at nominally room

temperature, although the ambient temperature at the substrate position within the sputter
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deposition system is typically a little higher than room temperature because of the 

considerable energy injected into the magnetron plasma sources. Thus, the temperature 

at the substrates is likely in the range of 40 to 50 °C. 

By changing the texturing of the IrMn layer 116 from (100) to (111), by changing 

5 the layer 112 from, for example, Ti to, for example, a bilayer formed from Ti and Pd 

layers, the TMR of the resulting MTJ is considerably reduced from values of between 

~40 and ~ 70% to much lower values of between 25 and 35%. These TMR values 

correspond to the as deposited MTJs. As discussed below, these TMR values can be 

considerably increased by thermal treatments. Moreover, the TMR of the as-deposited 

10 MTJs is likely reduced because the magnetic moment of the pinned layer 118 is not well 

oriented because the exchange bias provided by the antiferromagnetic layer 116 usually 

requires a thermal treatment to make it most effective. When the IrMn layer grows in the 

(111) texture, the Co84Fe 16 or Fe layers grown on top of the lrMn layer grow bee but are

oriented in the (110) crystallographic direction. The MgO layer grows in the (111) 

15 texture. The different texturing of the MgO layer, whether (100) or (111), and the 

underlying ferromagnetic electrode, whether (100) or (110), which is dependent on the 

layers onto which the IrMn layer is grown, clearly influences the magnitude of the TMR 

effect. Thus the (100) texturing of the MgO layer and underlying ferromagnetic electrode 

can be very important in forming MTJs with high TMR. 

20 It is important that the interface between the underlying ferromagnetic layer 119 

and the MgO tunnel barrier 120 is free of ferromagnetic oxide. If the Mg layer 122 is not 

thick enough or is rough (for example, if the deposition temperature is too high) so that 

there are thin regions within the Mg layer, then the ferromagnetic layer may become 
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oxidized during the formation of the layer 124. The oxidation of the lower ferromagnetic 

layer will result in a diminished tunneling magnetoresistance ( compared to the case in 

which the ferromagnetic layer is free of oxide), which cannot be significantly improved 

by subsequent thermal treatments. Studies were carried out in which, after the 

5 ferromagnetic layer 119 is deposited, oxygen is introduced into the deposition chamber. 

The introduction of oxygen, even at much lower gas pressures than used for the reactive 

deposition of the MgO layer 124, results in reduced values of tunneling 

magnetoresistance for Co-Fe and Ni-Fe and Co-Ni-Fe alloys. 

A second advantageous step in obtaining MTJs with high TMR values is to 

10 thermally anneal the MTJ after forming the structure shown in Fig. 2B. Typical results 

are shown in Fig. 4 for an MTJ with a lower electrode 110 formed from TaN (layer 112) 

100 A thick, a 250 A thick Ir25Mn75 layer 116, an 8 A thick Co84Fe 16 layer 118, and a 18 

A thick Fe layer 119. The tunnel barrier 120' is formed by depositing a 7 A thick Mg 

layer 122 followed by a 16 A thick MgO layer 124. The MgO layer 124 is formed by 

15 reactive sputtering from a metallic Mg target in an argon-oxygen gas mixture. The 

sputtering gas is predominantly formed from argon, with oxygen being in the range of 1.5 

to 9% by volumetric flow of gas at standard temperature and pressure. Thus this 

corresponds to the relative molecular percentage of the components in the gas mixture. 

The oxygen partial pressure is kept sufficiently low to prevent "poisoning" of the metallic 

20 Mg sputter:ing target but is sufficient to form a fully oxidized MgO layer. Poisoning of 

the target can lead to irreproducible deposition rates especially when the same target is 

used to form both the Mg layer 122 and the MgO layer 124. Conditioning of the target 

between depositing the Mg and MgO layers is very helpful in obtaining reproducible 
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results. Conditioning may be carried out by pre-sputtering the target either in argon prior 

to deposition of the Mg layer 122 or in argon-oxygen prior to deposition of the MgO 

layer 124. The optimum concentration of oxygen in the sputtering gas depends on the 

detailed geometry and size of the deposition chamber, the pumping speed of the vacuum 

5 pumps attached to the system, as well as the power applied to the Mg sputtering source. 

The deposition rate of the MgO will be influenced by the power applied to the Mg sputter 

gun as well as the oxygen concentration in the sputter gas, and the sputtering gas 

pressure, as well as geometric factors such as the distance from the sputter source to the 

substrate. Typically, it is preferred to use the smallest possible amount of oxygen not 

10 only to prevent contamination of the deposition chamber and other sputtering targets in 

the chamber but also because the thermal stability of the MgO tunnel barrier is influenced 

by small amounts of excess oxygen in or on top of this layer. 

Finally, the ferromagnetic layer 134, which acts as the counter electrode of the 

MTJ for the samples used in collecting the data shown in Fig. 4, was formed from a 100 

15 A thick Co84Fe 16. The capping layer 136 (which acts as the top electrical lead) is formed 

from a 100 A thick Ta layer. 

Fig. 4 shows TMR data measured on two different shadow masked MTJs at 25 °C 

after the MTJ has been annealed at a sequence of increasing anneal temperatures. The 

magneto-transport properties of ten different shadow masked magnetic tunnel junctions 

20 on one wafer are first measured at 25 °C. The wafer is then heated in the presence of a 

magnetic field large enough to fully saturate the magnetization of the pinned layer 115 to 

an anneal temperature TA and then annealed at this temperature for 15 minutes in the 

presence of this magnetic field. The sample is subsequently cooled back down to 25 °C 
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in the presence of the same magnetic field. For the data in Fig. 4, a field of 4,000 Oe was 

used and the sample was annealed in a high-vacuum anneal furnace that has a base 

pressure of 5x10-8 Torr. During annealing the pressure is increased in the anneal furnace 

to ~ lxl0-
7 

Torr due to out-gassing within the furnace. This procedure is repeated for a 

5 series of anneal temperatures. Fig. 4 summarizes the magnitude of the tunneling 

magnetoresistance and the resistance of two different shadow masked tunnel junctions at 

25 °C after anneal treatments for anneal temperatures up to 400 °C. As shown Fig. 4, the 

resistances of the two junctions, which have a nominal area of ~ 1OOx100 (µm)2
, are very 

similar and decrease slowly with increasing anneal temperatures up to ~320 °C. Over 

10 the same anneal temperature range their TMR values increase steadily up to about 100-

110%. As the anneal temperature is increased further, the resistance of one junction 

continues to decrease slowly and the TMR continues to increase slowly for TA up to ~370 

°C, where the TMR attains a value of nearly 125%. The second junction also displays a 

TMR of a similar magnitude after being annealed at 390 °C, but at intermediate anneal 

15 temperatures both the resistance and TMR are substantially lowered. Surprisingly, at 

higher anneal temperatures the TMR and resistance recover. The non-monotonic 

dependence of TMR and resistance on anneal temperature for this second junction 

suggest that the junction partially breaks down but then remarkably repairs itself with 

additional annealing at higher temperatures. At anneal temperatures higher than 390 °C, 

20 the resistance and TMR of both junctions decreases. A sequence of successive anneals 

was carried out at 400 °C and high TMRs of more than 50% were maintained even after 6 

hours of accumulated anneal time at this temperature. 
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During the deposition of the layer 124, the Mg layer 122 is exposed to oxygen and 

will become partially or completely oxidized, depending on the oxidation conditions and 

the thickness of the Mg layer 122. During the thermal anneal treatments the Mg layer 

may become further oxidized or the texture of this layer or the crystallographic order of 

5 this layer may improve. In any case, the layer 122 will essentially be oxidized to form 

MgO so that the layers 122 and 124 will become largely indistinguishable. This is 

illustrated in Fig. 2B where layers 122 and 124 are shown as a single layer 120'. Cross­

section transmission electron microscopy of a completed MTJ structure confirms that the 

Mg layer 122 has been substantially converted to MgO, and that this layer is not distinct 

10 from the layer 124 either in composition or texture. 

Both the free ferromagnetic layer 134 and the pinned lower ferromagnetic layer 

115 can be formed from a single layer of homogeneous ferromagnetic material or, 

alternatively, from two or more layers of different ferromagnetic metals. In the latter 

case, using a bilayer for the lower ferromagnetic electrode (layers 118 and 119) allows 

15 for the independent optimization of the exchange bias field and the magnitude of the 

tunneling magnetoresistance effect. The MTJ devices used in the collection of the data 

shown in Fig. 4 have a lower ferromagnetic electrode 115 formed from a bilayer of 8 A 

Co84Fe 16 / 18 A Fe. The Co-Fe layer 118 gives a higher exchange bias with the lrMn

antiferromagnetic layer than by having Fe directly at the lrMn interface. The Fe layer 

20 119 is used to give higher TMR values in the as..,deposited sample although after anneal 

treatments the magnitude of the TMR is similar for both Co84Fe 16 and Fe layers at the 

interface between the layer 115 and the MgO tunnel barrier 120'. However, the lower 
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electrode 115 can also be formed solely from Fe, and high TMR values similar to those 

shown in Fig. 4 are also obtained (although typically with lower exchange bias fields). 

The MTJs in Fig. 4 have a free ferromagnetic layer 134 formed from Cos4Fe16-

Typically, lower TMR values are obtained when the counter electrode 134 is formed 

5 solely from Fe or with an Fe layer at the MgO/free ferromagnetic layer interface. 

Moreover, the thermal stability of such structures is also reduced. 

The pinned ferromagnetic layer 115 can be formed from various Co-Fe alloys. In 

particular, the pinned ferromagnetic layer 115 can be formed from a single layer of Co-Fe 

without any Fe layers being present. Fig. 5 shows typical TMR and resistance data at 25 

10 °C versus anneal temperatures up to 400 °C for MTJs with Cos4Fe16 pinned ferromagnetic 

layers. These MTJs have lower electrodes 110 formed by first depositing layers of 100 

A thick TaN (layer 112) followed by exchange bias layers of 250 A thick IrMn (layer 

116). • The pinned ferromagnetic electrode is formed from a single layer of 26 A Cos4Fe16 

(layer 118; there is no separate layer 119 in this case). The tunnel barrier 120' is formed 

15 by first depositing a layer of Mg metal 8 A thick (layer 122) and an MgO layer by 

reactive sputtering of Mg in an Ar-5 % 02 gas mixture (layer 124). The free 

ferromagnetic layer is formed from 200 A Cos4Fe16 (layer 134) and the capping layer 136 

is formed from 100 A Ta. 

Data for three nominally identical shadow masked junctions are shown in Fig. 5. 

20 The resistances of the three junctions vary by about a factor of two partly because of 

variations in the junction areas and partly because of small variations in Mg and MgO 

thicknesses across the substrates on which the MTJ s are formed. Just as for the samples 

shown in Fig. 4, the TMR increases significantly on annealing. The TMR reaches a value 
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of~ 125% at 25 °C following a sequence of anneals at temperatures up to 400 °C. Thus, 

these MTJs display remarkable thermal stability and are much more thermally stable than 

MTJ s formed with prior art MTJ s with A}zO3 tunnel barriers. The thermal stability of 

these MTJs with Co84Fe 16 fixed ferromagnetic layers is improved over MTJs with 

5 CoFe/Fe fixed ferromagnetic layers. However, just as for the MTJs with CoFe/Fe fixed 

layers, occasionally the resistances of some of these MTJ devices show non-monotonic 

variations in resistance and TMR with increasing anneal temperature. This behavior is 

most likely associated with some sort of defect or defects in the barriers which self-heal 

in subsequent anneals. 

10 The maximum TMR values obtained after annealing for the data shown in Figs. 4 

and 5 are nearly 125%. By optimizing the structure, growth and annealing conditions 

TMR values of more than 160% are found at room temperature. In particular, by 

reducing the thickness of the Mg layer 122, slightly higher TMR values are observed. 

Resistance versus field curves for typical samples displaying TMR values of more than 

15 140% and 160% are shown in Figs. 6 and 7, respectively. These TMR values were 

obtained after annealing these samples to 360 and 380 °C, respectively. The higher TMR 

value for the sample whose data is shown in Fig. 7 is most likely a result of the higher 

annealing temperature to which it could be subjected, whereas the sample of Fig. 6 

degraded significantly when it was annealed above 360 °C. Thus, there is some variation 

20 from sample to sample in thermal stability. This is most likely because these data are 

taken on MTJ samples prepared using shadow masks which means that the edges of the 

samples are exposed to air when removed from the sputter deposition system and during 

the annealing studies. Since the time between the deposition of these samples and the 
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time when the annealing studies were carried out differs from sample to sample, there is 

the possibility of different exposures of the edges of the layers in the various MTJ s to air 

and, in particular, to water in the air. MgO is hygroscopic and easily degrades in the 

presence of water to form a hydroxide which is much less thermally stable. In actual 

5 devices the MTJ and the MgO are likely encapsulated by an oxide or other protective 

material. 

The two samples corresponding to the data in Figs. 6 and 7 have very similar 

structures with the exception of slightly different MgO barrier thicknesses. In particular, 

the layers 112 are formed from 100 A TaN, in which the Ta was formed by reactive 

10 sputtering of Ta in an Ar-2% N2 sputter gas mixture. The nitrogen content was 

deliberately chosen to be less than the N2 content required to obtain stoichiometric TaN, 

because N deficient TaN layers can improve the ( 100) texture of fee layers grown on top 

of them. The antiferromagnetic layer 116 was formed from 250 A Ir25Mn75 and the 

pinned ferromagnetic layer was formed from a bilayer of 8 A Cos4Fe16 (layer 118) and 30 

15 A Co70Fe30 (layer 119). The barrier was formed by first depositing a layer of Mg ~5 A

thick (layer 122), followed by a MgO layer (layer 124) formed by reactive sputtering of 

Mg in an Argon-3% 02 gas mixture. In Fig. 6 the barrier was formed from an MgO layer 

(124) ~24 A thick, whereas in Fig. 7 the MgO layer (124) was ~20 A thick. The 

resistance-area (RA) product for the sample with the thicker MgO layer ~64 MQ(µm)2 

20· was correspondingly significantly higher;-whereas the RA product for the sample with .. 

the thinner MgO layer ~200 kQ(µm)
2 was much lower. Extensive studies were carried 

out to measure the RA versus Mg layer and MgO thickness. The RA product increases 

approximately exponentially with the thickness of the MgO tunnel barrier. 
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Notwithstanding the considerable difference in RA values of the two samples of Fig. 6 

and 7, the TMR values and the variation of TMR on annealing is very similar. The 

detailed dependence of TMR on anneal temperature (for the sample whose resistance 

versus field curves are shown in Fig. 7) is shown in Fig. 8. The free ferromagnetic layer 

5 134 was formed from 150 A Cos4Fe16 in both cases, but the capping layer 136 was 

formed from 125 A TaN for the sample with the thicker MgO barrier (Fig. 6) and from 

100 A Mg for the sample with the thinner MgO barrier (Fig. 7). The TaN layer for the 

capping layer was formed by reactive sputtering of Ta in an Argon-10% N2 mixture, 

which gives rise to a nearly stoichiometric TaN compound. Studies suggest that such a 

10 capping layer has higher thermal stability than layers with lower N2 content. 

As shown in Fig. 8, whereas the TMR significantly increases with anneal 

temperature, the resistance of the MTJ measured when the magnetic moments of the free 

and pinned ferromagnetic layers are parallel (Rp) is comparatively insensitive to anneal 

temperature, varying by no more than ~30%. The detailed dependence of Rp on anneal 

15 temperature is sensitive to the Mg layer thickness, in particular, but is also sensitive to 

details of the MTJ structure and composition. 

Fig. 9 shows the variation of TMR and resistance-area product with temperature, 

for temperatures between 325K and 4K, for both the parallel (Rp) and anti-parallel (RAP) 

orientations of the free and pinned ferromagnetic layers (for the same sample for which 

20 data is shown in Figs. 7 and 8). As shown in Fig. 9, the TMR increases significantly as 

the temperature is lowered and almost doubles on cooling from 3Q0K to 4K. Over the 

same temperature range, the resistance for the parallel state hardly changes at all, but the 

resistance in the anti-parallel state increases substantially. It is the increase in RAP that 
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largely accounts for the increase in TMR as the temperature is reduced. For similar MTJs 

with prior art AhO3 tunnel barriers, the TMR increases by a factor of about 1.5 over the 

same temperature range. The increase in TMR is usually attributed to the temperature 

dependence of the interface magnetization, which is likely to be stronger than that of the 

5 bulk magnetization. The larger fractional increase in TMR for MTJs with MgO 

compared to prior art AhO3 tunnel barriers may suggest that the interface magnetization 

has a stronger temperature dependence for MgO barriers. If this is the case, this would 

suggest that improved ferromagnetic/ MgO interfaces would lead to even higher TMR 

values at room temperature. It is also possible that the strong temperature dependence of 

10 TMR could be attributed to defects in the tunnel barrier which might lead to relaxation of 

the spin of the tunneling electrons and so to diminished TMR. At lower temperatures, 

these defect mediated tunneling channels are likely to become less probable which could 

account for the increased TMR. Finally, the degree of AP alignment of the pinned and 

free ferromagnetic layer moments also will strongly influence the magnitude of the TMR. 

15 The resistance versus field curves do show, as expected, that the exchange bias field does 

increase significantly as the temperature is reduced from 300 to 4K. Thus a greater 

degree of AP coupling could also account for the increased TMR values at lower 

temperatures. 

The magnitude of the TMR is most sensitive to the nature of the layer 112. It 

20 seems very clear that the layer or layers 112 are preferably chosen so that the IrMn layer 

and the ferromagnetic pinned layers grow textured in the (100) orientation and that the 

ferromagnetic layer is preferably formed in the bee crystal structure. High TMR values 

(compared to those possible with prior art AhO3 tunnel barriers) are found for Co 1 .x Fex 
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alloys with more than about 8 atomic % Fe or for pure Fe underlayers. Ni-Fe alloys 

which are fee (e.g. for permalloy, Ni81Fe19) give TMR values no higher than those found 

for prior art AbO3 tunnel barriers. The method for forming MgO tunnel barriers 

described herein can be used for a wide variety of ferromagnetic underlayers and capping 

5 layers, with TMR values typically at least as high as those found for prior art AhO3

tunnel barriers for otherwise the same structures. However, significantly enhanced TMR 

values compared to those for prior art AbO3 tunnel barriers are found only when the 

texture of the ferromagnetic layer 119 and that of the MgO tunnel barrier 120' is 

predominantly (100). There are a wide variety of layers which give rise to (100) texture, 

10 and many of these can be used with the method of formation of the MgO tunnel barrier 

described herein for forming MTJs with increased TMR compared to comparable MTJs 

with prior art AhO3 barriers. 

The preferred temperature for annealing MTJ s with MgO tunnel barriers formed 

as described herein depends on the required TMR. The highest TMR values are found 

15 for annealing temperatures in the range from 180 to 400 °C, with generally higher TMR 

values, the higher the anneal temperature. For temperatures significantly higher than 400 

°C, the resistance of the MTJs and the TMR typically decreases. Depending on the 

application and the environment of the MTJ, the maximum anneal temperature to which 

the MTJ may be subjected may be limited by other components of the device in which 

20 the MTJ forms a part. For applications in magnetic tunnel junction memory elements for 

use as magnetic random access memories (see, for example, US Patent 6,226,160), the 

back end of line processing environment may need to withstand temperatures of between 

250 and 400 °C. The high thermal stability of MTJs described herein makes MTJs with 
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MgO barriers formed as described herein very attractive. For applications as the reading 

element in magnetic recording heads, the maximum temperature to which the recording 

head can be subjected during processing may be limited by components of the head other 

than the MgO tunnel junction read sensor. Thus, it may be preferable to subject the MgO 

5 tunnel junction device to an anneal treatment at a preferred temperature after it is formed 

prior to fabricating other components of the recording head at lower temperatures. 

The method of deposition described herein is for deposition at nominally room 

temperature. However, any of the layer 112, the antiferromagnetic biasing layer 116, the 

lower ferromagnetic electrode 118 and 119 (if present), the Mg layer 122 and the MgO 

10 tunnel barrier 124 may be deposited at elevated temperatures for improving the 

crystallographic texture of the ferromagnetic layer 119 and the MgO tunnel barrier 120', 

for the purpose of increasing the TMR magnitude. Preferred deposition temperatures 

will depend on the detailed structure and composition of these layers. Thermal annealing 

may also improve the crystallographic texture of the MgO layer 120' and the surrounding 

15 layers, so that the structure prior to annealing may not be substantially (100) oriented but 

after thermal anneal treatments in the temperature range described above the 

crystallographic texture becomes substantially (100) oriented. 

The MgO layer 124 may be formed by various deposition methods in addition to 

reactive sputter deposition. Any method which delivers both Mg and oxygen in a 

20 sufficiently reactive state to form MgO during the deposition of the Mg and oxygen is 

suitable. For example, the Mg can be deposited by ion beam sputtering from a Mg target 

in the presence of oxygen generated from a source of atomic oxygen such as an rf or 

microwave source. Similarly, the MgO can be deposited by ion beam sputtering from a 
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Mg target in the presence of reactive oxygen delivered from an ion-assist source. The 

MgO layer 124 can also be evaporated from a source of MgO, for example, by electron 

beam evaporation using a beam neutralizer, or by evaporation from a crucible or from a 

Knudsen source. The MgO layer 124 can also be formed by deposition from a MgO 

5 source in the presence of atomic oxygen provided by an rf or microwave source or any 

other source of sufficiently reactive oxygen. The MgO layer can also formed by pulsed 

laser deposition either by using a MgO target or a Mg target in the presence of 

sufficiently reactive oxygen. The MgO layer may also be formed by reactive sputtering 

from a Mg target using various sputtering gas mixtures, provided that oxygen is present. 

10 For example, Argon can be replaced by other rare gases, for example, Neon or Krypton 

or Xenon. The Mg in the underlayer 122 and the MgO layer 124 is ideally free of 

impurities; the Mg preferably contains less than 5 atomic % of impurities, and more 

preferably less than 1 atomic % of impurities, so as to not substantially affect the 

tunneling properties of the MgO tunnel barrier, which would, for example, affect the 

15 TMR values of the corresponding magnetic tunnel junction. 

The ferromagnetic layers herein (such as layers 115, 118, 119, and 134) can be 

formed from any ferromagnetic or ferrimagnetic metal or indeed any ferromagnetic or 

ferrimagnetic material which is sufficiently conducting. In particular, these layers can be 

formed from ferrimagnetic metals such as Fe3O4, or from metallic ferromagnetic oxides 

20 .. such as oxides from the perovskite family,� including the family of ferromagnetic , • 

manganites such as La1 _xSrxMnO3. Likewise, these layers can also be formed from 

various half-metallic ferromagnetic metals including CrO2, the half-Heusler alloys such 

as NiMnSb and PtMnSb, and other ferromagnetic Heusler and half-Heusler alloys. 
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The structure illustrated in Fig. 2B contains an antiferromagnetic layer 116 but 

MTJs for memory or magnetic field sensing applications can be formed without the layer 

116. The moment of the lower ferromagnetic electrode can be fixed by a variety of

methods including the use of magnetically hard ferromagnetic materials such as 

5 described in US Patent 5,936,293 to Parkin. It is also clear that the exchange biased 

ferromagnetic electrode can be formed on top of the MgO barrier 120' with the free 

ferromagnetic layer below the MgO barrier. 

It may also be preferred to form one or both of the ferromagnetic electrodes 119 

and 134 from sandwiches of two antiferromagnetically coupled ferromagnetic layers for 

10 the purposes of reducing the stray magnetostatic fields from the edges of the 

ferromagnetic electrodes. As described in US Patents 5,465,185 to Parkin et al. and 

6,153,320 to Parkin, this can be accomplished by forming the electrodes 115 and 134 

from sandwiches of two thin ferromagnetic layers separated by thin layers of Ru or Os or 

an alloy of Ru and Os, in which each of these thin ferromagnetic layers can be formed 

15 from a multiplicity of ferromagnetic layers. 

Extensive studies were carried out to explore the dependence of TMR on the 

thickness of the MgO tunnel barrier 120'. High TMR well above 100% was found for a 

wide range of MgO barrier thicknesses corresponding to RA values ranging from below 

~80 O(µm)
2 

to more than 109 O(µm)
2. Studies were carried out to determine the lowest

20 possible RA values. The smallest RA values were obtained by depositing the thinnest 

possible Mg layers 122 and the thinnest possible MgO layers 124. RA values as low as 

~ 1 O(µm)
2 

were obtained for Mg layers in the range of 4 to 5 A and for MgO layers 124

in the range of 1-4 A. However, for these ultra-low RA values, reduced TMR was 
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observed with TMR values in the range of 25 to 30%. As described in US Patent 

6,359,289 to Parkin, magnetic tunnel junction based recording read heads for future 

generation ultra high density magnetic recording disk drives require extremely low RA 

tunnel barriers with reasonable TMR values. The method of preparing MgO tunnel 

5 barriers 120' described in this patent may be extremely useful for such applications. 

The TMR values of the MTJ devices incorporating Mg oxide tunnel barriers have 

been found to depend on the Mg oxide tunnel barrier thickness, thermal treatments of the 

devices, which can be used to enhance the TMR values, as well as details of the 

deposition process, especially the amount of reactive oxygen used to form the Mg oxide 

10 layers. The TMR values also are dependent on the structure of the Mg oxide barrier. The 

theoretical arguments that suggested improved TMR values in MTJ devices incorporating 

MgO barriers and Fe electrodes for (100) oriented epitaxially grown devices assume 

perfectly formed barriers and interfaces with the ferromagnetic electrodes. Other 

theoretical work has strongly suggested that even small amounts of disorder would render 

15 these theoretical predictions moot and, indeed, have been used to explain why other 

groups have not been able to find TMR values for MgO barriers which are higher than 

those obtained for more conventional tunnel barriers such as A}zO3 . For example, E.Y. 

Tsymbal and D.G. Pettifer (Phys. Rev. B 58, 432 (1998)) theorize that disorder in a 

tunnel barrier leads to a considerable reduction in TMR of MTJs. Similarly, Zwierzycki 

20 et al. (Phys. Rev. B 67 092401 (2003)) find that symmetry breaking resulting from 

disorder at an Fe/InAs interface leads to significantly lower values of the spin 

polarization of injected current than would otherwise be the case without disorder. The 

same symmetry arguments should apply to MTJs with MgO tunnel barriers. Thus, it is 
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quite surprising that the TMR values reported herein for MTJs using MgO tunnel barriers 

are so high even with the disclosed method of forming these barriers. In the present 

work, it has been found that crystallographic orientations of MgO other than (100) give 

much lower TMR values comparable to that of amorphous A}iO3 tunnel barriers. If the 

5 MgO barrier includes a mixture of (100) grains and grains of other orientations, then the 

TMR will be, to a first approximation, locally enhanced to the extent that (100) grains are 

present, provided that the grains extend across the entire thickness of the MgO barrier 

and the neighboring magnetic layers. 

It is also surprising, based on the prior art, that the thermal anneal treatments 

10 disclosed herein, which are used to obtain high TMR in MgO based MTJs, do not result 

in significant degradation of the TMR of the MTJs. In the prior art there are numerous 

studies which suggest that Mn diffusion from antiferromagnetic exchange bias layers 

formed from Mn alloys, especially IrMn alloys, results in degradation of TMR at 

temperatures above 300 °C, as discussed, for example, by Cardoso et al. ("Spin-tunnel-

15 junction thermal stability and interface interdiffusion above 300 °C", Appl. Phys. Lett. 76, 

610 (2000)). Similarly, there are extensive reports of Mn diffusion induced by thermal 

anneal treatments at temperatures as low as 250 to 300 °C from Mn-containing exchange 
0 

bias layers in spin-valve structures, as discussed, for example, for PtMn based spin valves 

by Takiguchi et al. ("A. Thermal degradation of spin valve multilayers caused by Mn 

. 20 migration", J. Appl. Phys. 87, 2469 (2000)) and Kim et al. ("Magnetoresistance and 

interlayer diffusion in PtMn spin valves upon postdeposition annealing", J. Appl. Phys. 

89, 6907 (2001)), and in CrMn exchange biased spin valves by Xi et al. ("Annealing 

effect on exchange bias in Ni81Fe19/Cr50Mn50 bilayers", IEEE Trans. Magn. 36, 2644 
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(2000)). Degradation of giant magnetoresistance in spin-valve exchange biased 

structures due to thermal treatments at temperatures of 330 °C are discussed by Aoshima 

et al. ("Thermal deterioration mechanism of CoFeB/PdPtMn spin valves", J. Appl. Phys. 

85, 5042 (1999)) for PdPtMn exchange bias layers. Cardoso et al. ("High thermal 

5 stability tunnel junctions", J. Appl. Phys. 87, 6058 (2000)) describe IrMn exchange 

biased magnetic tunnel junctions with alumina tunnel barriers which exhibit 40% TMR 

values after annealing at 300 °C, but only 15% TMR after annealing at 380 °C. These 

authors describe these MTJs as being highly thermally stable, even through they 

demonstrate a loss of nearly 70% of their TMR after annealing at 380 °C. Similarly, the 

10 same group observes degradation of TMR at temperatures as low as 250 °C for tunnel 

junctions formed using AlN tunnel barriers. Likewise, Hibino observes a reduction in the 

TMR when his AhO3 tunnel barriers are subjected to a temperature of 280 °C (see US 

2002/0076940Al, published June 20, 2002). 

The aforementioned prior art (in the preceding two paragraphs) on exchange 

15 biased spin valves devices and exchange biased MTJs with alumina and AlN tunnel 

barriers suggests that anneal treatments at temperatures above 250 to 300 °C causes 

severe loss of giant or tunneling magnetoresistance. Thus it is quite unanticipated that 

the method of formation of the MgO tunnel barriers described herein using anneal 

treatments at temperatures ranging from 250 to 400 °C should give rise to improved TMR 

20 values without any significant degradation of the tunnel junction resistance. Note that it 

is not unexpected that the tunnel resistance values would be reduced by a factor of two or 

more on annealing, even if the barrier structure and morphology is not significantly 

changed by the anneal treatments, since the resistance of the tunnel junction is 
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exponentially dependent on the barrier thickness. Thus, even slight changes in the 

thickness or effective thickness of the barrier, such as could be caused by small changes 

in the density of the barrier or slight motions or restructuring of the atoms within or at the 

interfaces of the tunnel barrier on annealing, might result in changes in the resistance of 

5 the barrier, even though the TMR might be unchanged or change proportionally less. 

In order to establish exchange bias of the pinned ferromagnetic layer with the 

antiferromagnetic material, which is here preferably IrMn, the antiferromagnetic/pinned 

ferromagnetic layer sandwich must be heated above the blocking temperature of the 

antiferromagnet. The sandwich must only be heated above the blocking temperature for a 

10 very brief amount of time long enough for the antiferromagnetic domains in the 

antiferromagnetic material to reorient themselves with the magnetic moment of the 

pinned ferromagnetic layer. The moment of the pinned ferromagnetic layer is maintained 

in the preferred direction of exchange bias by orienting the ferromagnetic layer magnetic 

moment with an external magnetic field. The magnitude of this magnetic field is chosen 

15 to align, as fully as possible, the ferromagnetic layer moment along this field. The 

moment may not be fully aligned, for example, if the orienting field does not have a large 

enough strength. When the sandwich is cooled below the blocking temperature of the 

antiferromagnet, then there is a preferred direction of alignment of the domains in the 

antiferromagnet, which establishes the exchange bias field. Thus, an MTJ, in which the 

20 reference ferromagnetic layer direction is set ,by an exchange bias field from an 

antiferromagnetic layer, is usually heated in a magnetic field to a temperature above the 

blocking temperature of the antiferromagnetic exchange bias layer for a short period of 

time. This period of time is usually chosen to be as short as possible since the 
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antiferromagnetic domains will align themselves within a very short period of time (much 

less than the shortest possible time which can be achieved with typical heating furnaces), 

and since the properties of prior-art MTJ s usually decay when heated above even 

moderate temperatures. The annealing procedures described herein thus involve much 

5 longer times and/or higher temperatures than would be used in the prior art for the 

purposes of setting an exchange bias field. 

The method of producing high quality MgO tunnel barriers without oxidizing the 

underlayer has been described particularly with reference to the use of such barriers in 

magnetic tunnel junctions. The method of preparing MgO tunnel barriers described 

10 herein can be applied to a wide variety of tunnel junction devices in which one or the 

other or both of the metal layers on either side of the MgO tunnel barrier do not need to 

be ferromagnetic. Illustrations of such structures are shown in Fig. 10. Fig. lOA shows 

a tunnel junction device in which the upper electrode is formed from a non-magnetic 

metal layer 134' adjacent to the MgO tunnel barrier 120'. The lower electrode is formed 

15 from an exchange biased ferromagnetic layer. The tunneling current is passed through 

the device as shown by the arrow 202 and is spin polarized by the ferromagnetic layer 

119. Fig. 10B illustrates a similar device in which the lower ferromagnetic electrode is

formed without the antiferromagnetic exchange bias layer. Such a structure may be 

useful as part of a magnetic tunnel transistor (MTT). The MTT is a three terminal device 

20 typically formed from a magnetic tunnel junction married to a semiconductor collector 

where the semiconductor can be formed from, for example, GaAs or Si. The MgO tunnel 

barriers described herein may be grown directly on GaAs or on underlayers that include 

GaAs. One ferromagnetic electrode in the MTJ forms the emitter, and the other 
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ferromagnetic layer forms the base of the three terminal device between the tunnel barrier 

of the MTJ and the semiconducting collector. The MTJ component of the MTT could be 

formed as described herein with a MgO tunnel barrier. However, it may also be 

advantageous for certain applications that the emitter of the magnetic tunnel transistor be 

5 formed from a non-magnetic metal according to the structure shown in Fig. 10B. 

Fig. IOC illustrates a tunnel junction device where the lower electrode is formed 

from a non-magnetic metal layer 112'. This layer may be formed from more than one 

metal layers including the possibility that the layer 112' may contain ferromagnetic layers 

not immediately adjacent to the MgO tunnel barrier 120'. Again this type of structure 

10 may be useful as part of a MTT where the emitter of the MTT is ferromagnetic but the 

base layer is non-magnetic. 

For the structures illustrated in Figs. IOA, B and C, in which there is only one 

ferromagnetic electrode, the current from the ferromagnetic electrode will nevertheless be 

spin-polarized. The magnitude of the spin polarization of the tunneling current can be 

15 measured using the superconducting tunneling spectroscopy technique by replacing the 

non-magnetic metal electrode 134' or 112' with a superconducting electrode such as Al 

or Si or Cu doped Al. The polarization of the tunneling current can be inferred from 

conductance versus bias voltage curves measured at very low temperatures (0.25K), well 

below the superconducting order temperature of the Al layer, and in the presence of large 

20 magnetic fields (in the range of 2 Tesla) applied in the plane of the superconducting 

electrode. The magnetic field Zeeman splits the quasi-particle density of states in the 

superconductor providing for spin polarized states into which the electrons tunnel. By 

fitting the conductance versus bias voltage curves the spin polarization of the tunneling 
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electrons can be inferred with high precision. This method was originally developed by 

Merservey and Tedrow (Physics Reports 238, 173 (1994)) and has been extensively used 

to study the spin polarization of tunneling electrons in magnetic tunneling junctions with 

A}zO3 tunnel barriers. Spin polarization values are typically no higher than ~40 to 50%.

5 By contrast, values of spin polarization measured using the STS method for MgO 

junctions prepared according to the methods described herein are significantly higher and 

exceed 76% (e.g., up to 85%). Thus the structures illustrated in Fig. lOA, B and C can 

be prepared with very high quality MgO tunnel barriers and extremely high values of spin 

polarized electrical current. 

Fig. lOD shows an example of a metal-insulator-metal (MIM) tunnel junction 

device. As illustrated in Fig. lOD, the MIM structure contains no ferromagnetic metals 

on either side of the tunnel barrier. The electrodes 112' and 134' may be formed from 

one or more metal layers. MIM structures have many applications, for example, 

capacitors for storing charge or as non-linear elements in electrical circuits. MIM 

15 devices may be used as voltage controlled switches if they are sufficiently non-linear. 

For example, at low voltage the resistance is high but at higher voltages the resistance is 

substantially reduced because of the non-linear characteristics of the tunnel barrier. The 

metal layers 112' and 134' can be formed from metals such as Cu, Al, W, W-Ti, RuO2 or 

lrO2 or Ir, Pt or Pd, as well as TaN, Ta, TiN or Ti. The structure illustrated in Fig. lOD 

20, '" may also be useful for superconducting devices in which one or both of the electrodes 

112' and 134' may be formed from superconducting layers. For example, one or both of 

these layers could be formed from Nb or NbN. 
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While the ferromagnetic layer is preferably in direct contact with the MgO tunnel 

barrier 120', it is also possible to separate the ferromagnetic electrode and the tunnel 

barrier by a thin spacer layer, providing that the spacer layer does not significantly 

diminish the spin polarization of the electrons tunneling through the tunnel barrier 120'. 

5 Fig. 11 illustrates a thin spacer layer 225 between the tunnel barrier 120' and the free 

ferromagnetic layer 134 in the magnetic tunnel junction device of Fig. 2B. As described 

in US Patent 5,764,567 to Parkin with reference to magnetic tunnel junction devices 

formed with alumina tunnel barriers, the ferromagnetic electrodes in such MTJs can be 

separated from the tunnel barrier by thin spacer layers formed from Cu and other non-

10 magnetic metallic materials while maintaining significant tunneling magnetoresistance. 

The types of non-magnetic metallic materials which are preferred are those which display 

large values of giant magnetoresistance in metallic spin-valve structures or in metallic 

magnetic multilayers. These include Ag and Au as well as Cu. The non-magnetic 

spacer layer could also be formed from a metallic oxide layer such as RuO2 or a Sr-Ru 

15 oxide. As illustrated in Fig. 11, the free ferromagnetic layer 134 and the spacer layer 225 

comprise an overlayer. Generally, the magnetic tunnel junction will include an overlayer 

formed on top of the MgO tunnel barrier 120' which may be comprised of one or more 

ferromagnetic layers with or without a non-magnetic spacer layer, or, more generally, 

from a multiplicity of ferromagnetic and non-ferromagnetic, non-ferrimagnetic layers. 

20 Similarly, the magnetic tunnel junction will include an underlayer beneath the MgO 

tunnel barrier 120' which may be comprised of one or more ferromagnetic layers with or 

without a non-magnetic spacer layer (e.g., spacer layer 226), or, more generally, from a 

multiplicity of ferromagnetic and non-ferromagnetic, non-ferrimagnetic layers. 
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While the method of forming an improved MgO tunnel barrier has been described 

with respect to the formation of MgO barriers on polycrystalline underlayers, the method 

can also be used for the formation of improved MgO tunnel barriers on crystalline 

underlayers prepared on crystalline substrates such as various facets of MgO or sapphire 

5 single crystals. 

While the present invention has been particularly shown and described with 

reference to the preferred embodiments, it will be understood by those skilled in the art 

that various changes in form and detail may be made without departing from the spirit 

and scope of the invention. Accordingly, the disclosed invention is to be considered 

10 merely as illustrative and limited in scope only as specified in the appended claims. 
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What is claimed is: 

1. A method, comprising:

depositing Mg onto a surface of an underlayer to form a Mg layer thereon, wherein the 

5 surface is selected to be substantially free of oxide, and the underlayer includes at least 

one layer of magnetic material selected from the group consisting of ferromagnetic 

materials and ferrimagnetic materials; 

directing additional Mg, in the presence of oxygen, towards the Mg layer to form a MgO 

tunnel barrier in contact with the underlayer, the oxygen reacting with the additional Mg 

10 and the Mg layer; and 

annealing the MgO tunnel barrier to improve its performance. 

2. The method of Claim 1, wherein the magnetic material is bee and is selected to be

at least partially (100) oriented to improve the performance of the tunnel barrier. 

3. The method of Claim 2, wherein the magnetic material includes an alloy of Fe

15 and Co, and the Fe content of the alloy is between 1 and 99 atomic %. 

4. The method of Claim 3, wherein the magnetic material is in direct contact with

the MgO tunnel barrier. 

5. The method of Claim 3, wherein the underlayer includes a spacer layer that

separates the magnetic material from the MgO tunnel barrier. 

20 6. The method of Claim 1, wherein the Mg layer has a thickness of between 3 and

20 angstroms. 

7. The method of Claim 1, comprising forming an overlayer on the MgO tunnel

barrier to form a magnetic tunnel junction, wherein the overlayer includes a magnetic 
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material selected from the group of materials consisting of ferromagnetic materials and 

ferrimagnetic materials, and wherein the tunnel junction is annealed to increase its tunnel 

magnetoresistance. 

8. The method of Claim 7, wherein at least one of the underlayer and the overlayer

5 includes antiferromagnetic material that is exchange biased with ferromagnetic material 

of said at least one layer, the antiferromagnetic material including IrMn. 

9. The method of Claim 7, wherein the magnetic material includes an alloy of Fe

and Co. 

10. The method of Claim 7, wherein at least one of the underlayer and the overlayer

10 includes antiferromagnetic material that is exchange biased with ferromagnetic material 

of said at least one layer, the antiferromagnetic material including PtMn. 

11. The method of Claim 7, wherein the tunnel junction is annealed at a temperature

selected to yield a tunnel magnetoresistance of greater than 100% at room temperature. 

12. The method of Claim 7, wherein the tunnel junction is annealed at a temperature

15 selected to yield a tunnel magnetoresistance of greater than 140% at room temperature. 

13. The method of Claim 7, wherein the tunnel junction is annealed at a temperature

selected to yield a tunnel magnetoresistance of greater than 160% at room temperature. 

14. The method of Claim 7, wherein the tunnel junction is annealed at a temperature

in the range of 200 °C to 400 °C. 

20 15. The method of Claim 7, wherein the tunnel junction is annealed at a temperature

in the range of 350 °C to 400 °C. 
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16. The method of Claim 7, wherein the tunnel junction is annealed at a temperature

selected to be greater than an annealing temperature at which the tunnel 

magnetoresistance of the tunnel junction is reduced. 

17. The method of Claim 7, wherein the magnetic material of the overlayer and the

5 magnetic material of the underlayer are both bee and (100) oriented. 

18. The method of Claim 17, wherein the magnetic material of the overlayer and the

magnetic material of the underlayer are both in direct contact with the MgO tunnel 

barrier. 

19. The method of Claim 18, wherein the MgO tunnel barrier is (100) oriented.

10 20. A method, comprising:

providing a ferromagnetic underlayer having a surface that is substantially free of oxide; 

forming a Mg layer on the surface to both protect the underlayer from oxidation and to 

wet the underlayer; and 

directing oxygen and additional Mg onto the Mg layer to form a MgO tunnel barrier that 

15 is in contact with the underlayer, wherein the ferromagnetic underlayer is selected to be 

bee and at least partially (100) oriented to improve the performance of the tunnel barrier. 

21. The method of Claim 20, comprising:

forming a ferromagnetic overlayer on the MgO tunnel barrier to form a magnetic tunnel 

junction; and 

20 annealing the MgO tunnel junction to improve its performance. 

22. The method of Claim 21, wherein the tunnel junction is annealed at a temperature

selected to yield a tunnel magnetoresistance of greater than 100% at room temperature. 
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23. The method of Claim 21, wherein the tunnel junction is annealed at a temperature

selected to yield a tunnel magnetoresistance of greater than 140% at room temperature. 

24. The method of Claim 21, wherein the tunnel junction is annealed at a temperature

selected to yield a tunnel magnetoresistance of greater than 160% at room temperature. 

5 25. The method of Claim 21, wherein the tunnel junction is annealed at a temperature

in the range of 200 °C to 400 °C. 

26. The method of Claim 21, wherein the tunnel junction is annealed at a temperature

in the range of 350 °C to 400 °C. 

27. The method of Claim 21, wherein the ferromagnetic material of the overlayer and

10 the ferromagnetic material of the underlayer are both bee and ( 100) oriented. 

28. The method of Claim 27, wherein the MgO tunnel barrier is ( 100) oriented.

29. The method of Claim 20, wherein the Mg layer has a thickness of between 3 and

20 angstroms. 
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5 

MgO Tunnel Barriers and Method of Formation 

Abstract 

MgO tunnel barriers are formed by depositing a thin layer of Mg on a suitable 

underlayer, and then directing oxygen and additional Mg towards the Mg layer. The 

oxygen reacts with the additional Mg and the Mg in the Mg layer to form a MgO tunnel 

barrier that enjoys excellent tunneling characteristics. The MgO tunnel barriers so 

formed may be used in magnetic tunnel junctions having tunneling magnetoresistance 

10 (TMR) values of greater than 100%. The highest TMR values are observed for junctions 

that have been annealed and that have a (100) crystallographic orientation. 

dej: ARC920030057US2.app.doc 
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INFORMATION DISCLOSURE STATEMENT 

Commissioner for Patents 
U.S. Patent and Trademark Office 
Alexandria, VA 22313-1450 

Dear Sir: 

Under the provisions of 37 CFR § 1.97 through §1.99 and pursuant to 
Applicant's duty of disclosure under 37 CFR §1.56, Applicant respectfully brings 
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the Examiner in charge of the above-identified application. Copies of the listed 
document(s) are provided herewith. 
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Patent Number: JP2000322714 

2000-11-24 Publication date: 
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Requested Patent: ..J JP2000322714 

Application Number: JP19990133410 19990514 

Priority Number(s): 
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Abstract 

PROBLEM TO BE SOLVED: To obtain low electric resistance and high SIN characteristics by forming a layer 
consisting of elements selected from a group of specified noble metals or alloys of these between an 
insulating layer and one of ferromagnetic metal layers which form a tunnel junction. . • 
SOLUTION: A thermally oxidized layer 2, first ferromagnetic layer 3, noble metal layer 4, insulating layer 5, 
and second ferromagnetic layer 6 are laminated in this order on a silicon substrate 1 to form a tunnel . · 
junction, and further, an insulating material 2' as a protective film and an electrode 7 are formed to obtain a· 
tunnel magnetoresistance effect element. The noble metal layer 4 consists of elements selected from a 
group of noble metal elements of Au, Pt, Pd, Rh, Ir and Ru or allots of these, and is formed to 0.4 to 1.0 nm 
thickness. The insulating layer 5 is formed by first forming an Al or Mg metal film on the noble metal layer 4 
and selectively oxidizing the surface of the metal film; In this process, since the noble metal layer 4 and the 
first ferromagnetic layer 3 under the layer 4 are not oxidized, the thickness of the insulating layer 5 is limited 
to within the thickness of the Al or Mg metal film, and thus, a desired thin film can be obtd. 
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Cffl3-J<J:Jt 11 :a:�,,:m1I1i�]!i-tim.w,:.mO)�o=---::>O) 

s!ili!tt:&-ti/lO)Jffl t:.UlliJttffi l -c 1--Y .::f'Jl,,ff-g-t,JB 
Jilti"" o l--Y::-t,,1,,fdt�tM1Jm*-1-t, iitrtc=.--::>O)s!!Ii!tt 
:&Xim rm ,:u a-1:JJ:1J1tt i ittffi� t a:-m1 .t t..: m.w�m 
*-1-t:i3� ,-c, -:nO)�Stt:&Xill tM!�JiH: O)lfflt:, 
Au, Pt, Pd, Rh, I r &tfR u O)ff:&Xi5t*M 
IJ�t:.i�UR�ho:1,',j:-< t t 1 fflfflO)J[;* bl< u.:ttt:> 
O)Jcm0)1!i:&·/p t-:, ,j:-o ff:&Xill !-�ltt.::.: t a:-�l't t T 
o l--Y ;t,Jv�tn/JHI!.W�W*-1-.
[ffl;-J<J:Jf 2 l J:.!cff:&,ti:JIO)JJ� il• 1 . 5 n mPJ.Tt·�

o.:: t a-Ht-t offl3-J<J:Jt 1 ianO) 1--Y.:t-,v�tiWl
HS.W�lli*-1-.
[ITTlf;-J<J:Jf 3 l J:.�c9JIO)J¥�:l/>3. on ml-:lTt·�o 

.: t a:-!r,ffiitt -to ffl3-J<J:Jt 1 t 1.., < ,± 2 tcnO) t-Y-t-,1,,m 
�ttwiem.w�mm-1-. 
[ffl3-J<J:Jf4 l J:.icUJIO)/.J�iJ{O. 6~0. 9 n mt· 

�Q.: ta-Ht T iffl*J:Jf 1 t l < l.i 2tcn0) J-. Y;;t.. 
1Uitt�U.1£tlCWJHSW-�mm-1-. 
[ffl;l<J:Jf 5] J:.icUJltL J:.fcs!ifdttt:&.41./it:M-t o 

ntrYS/�1vlf:fJiO)fc/i�iJf1',,j:-< t t 1 ttt=f;f-11,, r-0):& 
.41MHt�JliJ�f:>,j:--l>.: t a-!r,ffiiet Ti ffl;l<J:Jf 1 t l < !;t 
2 llcttO) t-Y -t-,1,,�tM1Jem.w�mm=r. 
[ffl;-J<J:Jf 6 l J::.tcUJliJ{, 711,, � =..r'J A&iP�-Y;;t..S/ 

r'JA0):1,'i;J:< t t l fflO):&.\itmtft.�iJ>f-;,,j:-o.: t a-!r,ff! 
t -t -l> ffl*J:Jf 1 P.J� 5 � ,'ftl.1;---::>,:licnO) r-Y -t-,1,,11 
�fJCWJHfdt.W�W*=f. 
Cii!U<J:Jf 7 l :a:� ,,:mftoc!lli-t om.w,:m0�0=.--::>0) 

�li!tt:&,1i;J10rm,:e111;{ffi'f l -c 1--Y-t-1v�1tia-W 
Jilt-ti 1--Y .t,,1,,m�tn11m*-1-t , 1ru!c=.--::>0s!imtt 
:&�M rm,:t1EEa-1:JJ:1J1tt i tttti� t a-m1 .t t..: m.w�tl:I 
*-1-0�i!rj;�t:i:H ,"(, iitrfc� 1--rtl:b-:n05!!Sti 
,!igJIJ::.t::�a-W.Jvt-t oiff a-, 
<l>iii.rec�Stt:&XiJIJ::.t:Tt&ll t l -C JJ� 1 . 5 nm� 
"fO)Au, Pt, Pd, Rh, I r&URu0ff:&Xi5t 

*MIJ�f:>iHtR�ho1''i;J:< t t 1005t*t l< 1.i.:
hf:>05t*�iJ,f:>,j:-tff:&XiJla-WnltToifft,
®wfllcff:&UJ::.t::, MHti" o.: t ,:J: --,"(�J.jH:�
JI t 'i- tJ, n�--::>.: 0e110ntrtas!imtt:&RJ1t:x-t o
ntrYS/�Jl,,jr:fjiO)fclj�i){:1,'i;J:< t b 1 �=f;f-Jv }-"(·�
off 3 nmJ,::J.T0:&.\itJffl:a-WJiltl, fr.rfeff:&RJla-W
gc�fdttt:&RJl0�ftlJJiffl t l -C 1¥• L --::>--::>nrac:&R
Jita-iHtR�t::fflHt l -C�ft�Jlt:�-t-M:f!fiJiO)JBJllt
Ifflt -Ci'lfnltlt..:.: t a-�f!t-tt l-Y:;f,Jv�WIJ
Hfdt.W.�lli*-1-0�1ii!.
[ffl;l<J:Jf 8 l J::.gc:&RJffl:a-0.1¥� a- o. 6-0. 9 nm 

t Lt..:.: t a-Ht T t mf>J<-'i 7 gct20) l-- Y .::t,,vfdt�lt 
��Hitt.W�lli*=f-0��. 
[ �J:Jf 9 l J::.�e:&R!la-, 7 Iv�::.. r'J A&U--:t ,Y ;f, S,/

r'J.b.01,'i;J:< t t l fflO).if:RJlt·JBJ;JtL,, .:tta-•ft.l 

-C�ft�JI t:�-t o �JIO)JBJ:iUffl a-ffi"" o.: t a­
Ht i" o ffl3-J<J:Jf 7 t l<l.i8icn0) l--Y.::t--Jv�fJC 
wium.w�mm=r0!Wl��. 
[ffl;l<J:Jf 1 o l J:iieff:&RJl&tf J::.!c:&.\it.JIO)JBJilttt, 

-�3tf�t L< l;t;z.1�--1'1 1) Y:-Y�t•JBJ;Jt L,, wflli!:&

a:imt•ft t,, -CMft�Jl,:�-t oHJl0WJ:iUffl
J;t, U�lffl�iflO)EJ�Mf�J!. �ffltf�J!ti L<l.i
77 ;(7•f�J10� ,'ftliJ�fflHt.!l&.lllfflt t,,t..:.: t
tHt-t -t>IDt*JJf 7 P.J:?i!90)�1-ftliJ---::>t:ictt0 r­
y ;t,1v8ttU,t!QJHfdt.W�tl:l*=fO)r!�1.f�.
Cffl3-J<J:Jt 1 1 J 1[1, ,,:m1toc£-t im.w,:£0)�Q=--::>

05!SU01fflt:UJ!iJ{ffi'f L "( l--Y ;;t,1vm1titmnlt
T◊ l--Yi,Jv�ttwi:mm-1-t' iitr!c=.--::>�fdtU
rm,:tlEEt 1:JJ:1J1tt i �:ffi�tff-t im.w�m=-1-t,
fili!U�-1-a-ii L -c wJ11c=.--::>0%iSUlffl t:JlJi)� 011
.EE!-EIJ:1JDT o 5:E'iilf�vJt a-ml.l t.:8""- ·Y � t:t.3�,
-C, ntrli:!-:n0�fdtttJitUJlt0Jfflt::, Au, P

t, Pd, Rh, I r &UR u 0ff.ii:R5t*fti;>t,,i!tR
�ho1'''i-< t t lffllt0)5t*t l<U.:ttt:>05tm0
-g-�1;) t, 'i-o ff:&U a-�it Q t :1ti: _ mcff:&RMJ::.
t:.Wnlt�ho wfll�Jlt L, "(' fflllic�fdttt:&RM,::ff
--t tntr Y S/� ,tr�ifO)fc/it IJ"1--'i;J: < t t 1 �=f;f-Jv t-
-c·�◊UJla-�itt..:.:: t tnt -to 1--Y-t,,vfdtx�
�li!�""-•Y�. 

[ iiff;l<J:Jf 1 2 l J::.gcff:&.\itJIO)JJ � -JJ{ 1 . 5 n mi:lT-C' 
� t'J, J::.IcHJl0J¥�:lf3 n mtlTt·�t.: t a:H 
t To j'ff;l<J:Jf 1 1 ianO) l--Y ;t,Jv�fJCWJH�""­
•y �. 

C ffl;l<J:Jf 1 3 l J::.icit:&RM0J¥ � iJ<i . 5 n mJ,::J.Tt"
� l'J, J::.j[!�Cl)}J�IJ{O. 4-1. On m"'C�o.:
t a-�ffl t To j'ff;l<J:Jf 1 1 fct20 l--Y :;f,Jvfdt�tn!J*
m�""-•Y }'.
[�JJf 1 4 l J::.�H#, 7Jv.::::..r'JA&U-:t:-Y.::t-­

S/r'JAC1):1,'i;J:< t b 180:&RMft�iJ,f:>'i'o.:: ca-�
fitcT◊ffl;l<J:Jf 1 1 JlJ� 1 30)�)-ftliJ---::>t:�Cl) }-­
/' .t,JvWif.ffftn!JH�""- •y �. 

c � 1 5 l �JJf 1 1 P.J� 1 4 0 � ,--rtt-JJ---::>t::ia
80 l--Y.::t,Jv�fJCWJHO""- •y � t fflHO""­
•y � t a-ffl�-fi-v-tt-Ctlnlt Lt..:l!i!jjM�b""- •y �.

ni1;J<.1Jf 1 6 l � 1 1 P.J:?i! 1 5 0) 1, ,-fttiJ----::>t:.�
-0)�" •y � a-ffl!i. t..:�l!r!ji:jij��i.l.
[ �B)}Cl)��i;J;iJtBJJ]
[0001]
c�eJJ0J]g-totxffi1tJf l *�e.JHj_ t- y;;t..11,,�fJC

WJUtm1,,t..:Ji!-W-fHlim-=r&U-fC1)G1.f�t-fttt
m�,t-:�""-·:1 �.ilEUt:.::0)0""-•:1 �tml.tt..:Dlic
JlM�i.l,:IJU-t -l>.
(0002]
[ U0�ffi l JJl(f�fflft � h -C �' i 6 =f -< ;z.? �i.l 

t:.t3�,-c, �-r-< ;z.?t:icji�nt..:UtM�Tot.: 
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d.>t:Jfl�1 f:ift{>:pj��"-•;, rt:l.i, '911.:UiN i F 
e Jffl�t:1:. t t�:ntt�fUJ* (AMR) Jffla-Jfl� 1 

t.:.Ji!'A"-•;, � (.L-:lr, .::(l)fllQ)J\.•;, �a-AMRJ\.•;, �t

� 1?) iJ{J.l;< ffl� 1 f:ih. "( � )t, • 

Co O o 3 l .::(l)Ji!'A"-"' �(l)�, li!�lUJ@l':1t.$U 
�2%"(•1)t. � t:>i:, {l:,a, Ji!'A�(l)��t=-::>(l) 
�mtt.li'tiFiitttt�ll.li a-�,tt!ffl�(l) e:k�M 
* (GMR) ita-Jfl�1t.:.�J\.•;, r (.L-:lr, .:::_(l).(l)J\,.

•;, �a-GMRJ\.•;, �c\'?) t�JfHt�h.Mrd.>t.:..
[ 0 0 0 4 ] .:: (l) GM R "-•;, � (l)��ft.$1.i 4--.... 
5 %"(•, �(l)A M RJ\. •;, r J: ".)��J.f£"(•1) o . .:: (l)t.:. 

d.>, J: IJ1J,��li!l&iJlf:>(l)li!�fffflft:�lliT-t>.:: C iJTTiT 
tmt 'i' IJ, 1 Sfl:n 1 ';/,f-1)t.:. tJ 1 0 :Jftft: •;, }--(l)ffit].t(l) 

�CJ.it "iiftmt�o. L-iJlL-,j:-iftt:>, .!}fl, �ci.iWJ.ta-:k 
mt:rtiJJ: � -\t .!> t:l.i, � t::, i::;k� �Wii.ffi;�ft.$ a-11 

TQM�Wii."-•;, riftfft�l>. 
[ oo o 5 l .::(7)J:-3��\1Wii.fl£�1t.$a-11T.!>li!
�ntWl*lfflt L-"C, =-:>(l)�li!U(l)l'!flt:�Jin{�
:th.t.:.ffl�Q) t- ':/ .::t,,1,,ft-g,,a-*tr t- ':/.::t,,1,,�t;tWl*

JmiJ1il:§Jth.t�,Q. ,:(l))m"(•l.;t, '91Jll!, Y-\"--rlv
·*7·7�*71�A·7':/r·7�*717?·7
fl)jJl,,��13 9�, L2 31�-Y ( 19 9 5if:�

fi) t:jf-�h.t.:.J: '3 i:, ��JDt(1)mJ,:,1v.:: .::::.17 AM
it.JiiJ,�:th.t.:.ffl�(l) J-. ':/;;t..1v�t;tW1*lmt::1::a 1--C

1 8%(7)�t;tJNt.$iJ,t,t.>h.t.:.�, :k�,j:-�ffl;t;t
�ft;.$:l)f� � h. "( � 1 Q •
[ oo o 6 l .:(l)J: -3 t:, J-. ':/;:t,11,,�ffl;M*lffll;;:,

:;k�,j:-��ft.$a-1:.tt:it.:.d.>, ��J.tQ)li!.ff.�lli
�-=rt vc �t:Ji!'A"-•;, r (l):pj:1:.ffi"-•;, � t 1.., --c Ji6ffl
m1:ru-c·1> 1J _ 1.!fL:n 1 >--f-�t.:. l'J 4 o :If tit:•;, 1-­

,j:-c (l) �WJ.tici.iM1=. J\.(l),ilffln"Wl� � h. o

[ o o o 7 l .:(7) J-. ':/*1vli!�fU1*1Dta-�WJ.tici.i
��" •;, r < i.:t.r _ t- >-.::t-,vWii.ffl;fUJH�

"-.. , � t \, -3 > t:UT t ,:1.;t, 1-- ✓ ::t,,1,,m*:m(7)�
( � L < 1;;:d.JiiJ�li!U t tfltt Q iffif:I) a-1 µ. m

2M1>i �,1.;t.:h.J: I) ,J,� < ToffiJ'>l>o • .:: .::
't', 'l�fitl;;:, m*$(l)iffifit:1t'91JT o t.:.d.>, ffl/J,�
m*$a-mmtL-t.:.�,:1;;:��m,:�< _ -.,:_ niJ3zft(7)

AM R J\. "I � (7) 1 ff fil t (l)ffl;t;t fl a-jf-T.

[ o o o 8 l .:: Q)t.:.d.>, J-. ':/ ::t-1vlib�MH1i!�"­

.. , �"(·1;;:Jl:(£$< Jfl� ,t::,n -C � ),ti AM RJ\. •;, r JfllmltJIID

mfa-ffl\10.:: tnt-C!ii", it.:, Hffnt:;k�\ 1t.:d.>t:
Fa%MWtff.lt ( S/N) i)i1J,� < �o t \,? �llliJ"BJf f::,
:/pt ,j:.., "( � t.::.
[ o o O 9 l T�h�, �ffl;�ft.$1.;t�< t t, 1ft
�t;tiJ�<, Fa%MWtfflt ( S/N) i){1J,�\,t,:bb,

.::(l)i t-C'l.i, ili!;M(l)li!.Jf.�lli*-r, �t:Wii.f 1 ;;t.
? � c (7)�Wb�i�it�(l)N1:.fflli!�"-•;, � t l -C
,IDfiT o.:: t l;i::;p"iiffm-CI> l> .
[0010] 

!(3) 000-322714 (P2000-32■ :s

[�B)J;l.)11;¥� LJ::? c T Qlill{lll] L,t.:.iJt'? "( � :;f;;�BjJQ) 

§�Ii, J::�i:!1JI*(l)�J!a-Mil1fT -t>.:: t t:1> 1'J, J-. ':/ .Jf,

Jv�tiiWl*Jffl(l)� \ ,�t;t�ft.$ a-�� l t.:: £

1, +stt:ffl;\ ,�t;tfia-11T o t-- ✓ ::t-,v�d
*lma-ffl\ 1t.::�M(l)li!.Jf.�lli*-=f l!l..7.f �(l)�� t

.::na-ffl\1t.:b"-·;, ��7.ft:.::(l)b"'-•;, �a-fililt.::

b��M1:.�ffl:a-��T i.:: t t:1> i.

[0011]

[lill{llla-M�T-t>f.:at.>(7)-=J=.fstl J-. ':/.t,1vb�*.lll

a-Jfl\,ts:li!W�lli*-r�Wii."-•;, � (PJ.r, ..:ttt.>a-J-.
>-::t,1v6ffl;fitW1**-rtM-l>) Ii, niJ3zft(7)AMRl!l..

7.fGMR(l)*-rtl;t��I'.), =-?Q)�i!tt�ll.li (J,j

r _ .!iit:�mu t �Mt > (l)mJ,:�\ 1f.f!WiiJ{M

�h.t.:.fflliffl�iph,j:- IJ, .:nt::,jilij�i!UmJ,:UflMi
-=fa-ftL--C-�(l)ift.l±a-�1JUT-t>ffl�a-flTit(l)-C�
Q • T'i' h � - ift.l± a' �mu (l)fj}i JltiiH!illr:nrtiJ ,:

f:111Jn L-, iifi�li!t.Vi(7)li!1t:nrfil(l)l'!fl(7)JfJ.fl'.:b{r�A-W-1:
J:: '? -C1H ,,:�11: Lt.:.�t:Jiiii�ii:nrfil,;:iiff:h.-t> iltm\:,
T�:b1:), �\ 1H.li a-ft l,_, "(-jj"(l)ift:f'ji)l t::,flg1,(7)ift

:fil:ffini iftml: < t- >-.::t,,1,,iftmi:> :b�ftT i.:: t a-llJJfl

Tit(!)"(· 1> i.
[ oo 1 2 l J-.':/;:t,;1,,�M**-rl:t:Ht-t>ffl;fitfi

1.i, m*$� (H.JiQ)iffif:I, -::>t IJH.liiJ�li!tt
m,:m1ttimmu (l)fi!!, �fifil1f(l)�ttt:t�T

l>. H.litL 11-=f:b{Jmiffl�llr:nrfilt;:ififiT o�t:;ff
r':/:'.,--\"Jv�:!it L-t{jjj�, *f >':'.,--\"Jv�:!i(7)�� t

JJ� t:J:: tJ ffffitffl:b'tm£ i.

[ 0 0 1 3] �t;t(l)�iPhtt. ----m:,:, ;fff'':/:'.,­
-\" ,v�:!i(l) � � a-1lt < , JJ � a-�< Ti .:: t :b�t;t ft
(l)Mt�i. L-iJ)L-, �tit�ft.$t:lfflL--Cli, :-r­

r ':/:'.,--\" 1v�:!i(l)�\ ,1,;,rt, :::k!i ,j:-{i;l;fq�t:>h.-t>. ,:(l)

t.:.bb, ;fff'':/:'.,--\"Jvlff:!i��a-�IUH.,-Ct, �\'�

�ft.$).: ffi;\ 1tru.ii:fi t a-jilij.li�-\t o.: t limit-Cl>
i. :::.,(l)t.:.bb, :;t;;�aJJt:::t:n ,-c,;1:, it-'f y::,,-\" 1vlft:!i(l)
��,;1:�r�tt- �if(l)JJ� a-:km,:�'T-t>.: t ,:

J: I)' *� ��t;t�ft.$a-�� L,�i){ t.>' ff!t;t{ia­
�-�it i �a-Jfl\ it.::.
[ o o 14 l ;fff ':/:'.,--\"Jvlft:!i(7)/J� a:-�'T-t>.:: t

Ii, Y.Ji(l)JJ� a-�:1-'T i.:: t t:MJiD L,, AH•;, :,?:E

,j:-c (l)ffltJmttffit•H� 13 � a-�li!UCI> J: t:i!ttt l t.::

d.lia-m�T t�,:,;t, ff.Ji(l)JJ� a-�"t Q.::
):;i)fff):;�Q.

Coo 1 5 l 1..,;1;�1..,, �13�a-�ii!UJ:t:m:o

WT QJJ?:E"C'�(l)}J� a-1. 5 n mffll.tJ: l'.),J,t:T

Qt, Y.lii:f:it:t:'':/;t--1viJ{1=. t, l-- ':/:f.lvWl*a-*-f

i"t:�IIJT Q �-rii:tftt Q t.:bl':>, �t;t�ft.$:b{§
at.,"( ,j,� < �'? -c L,i?.
coo 1 6 l .::(l)t.:.at.>, �13�a-�m:ttMJ:t:m:m

�tlT i:n?:El.i31�-C·t;t,j:-< , =fbl':>7 Iv'::. =-17 A�"'?:Y

:;t,::,-17 .MJ(l)�a.lffla-�li!UQ)J:t:�� L,, .::tt t�
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1t-t o ,W0>ro5,: J: l'J �JI a::-m.roc-t o.:: t 1i-m:(f{)--c· 

1)Q. 

[ oo 1 7 l :Bi:.\7'1Bta-fflHt-t Q .::0>�,:J:: l'J�Jia­

m.roc-t 0%, i ,v 2: =.17 A�7:Y-t,1/17 A,W0>:Bi:.lltJil

iiffl-\., t , .:. 0>1Il��iJ1WD l -r�,:� o t ffiH

iiffl-< ,j:-Qt.:.�31�--C•lj:,j:-\, '• �Jla-ti<-t ot.::clb,::

,;1;, .: 0>:si»1'J10>�iiii!!fi0>,7j. a: $?t(f{J ,::oc.li5 � tt i £­

JYi 1> l'J, .fO>t.:.�t::t:L lt$tf?-J±a-ffl;<i"i>,j:-c'0>

�df iJ<ff t ,j:-o

[ O O 18] l,;l;1 l,, .:.0>J: -3,j:-�#,--C·l;;t, �liti

< ,j:---, --Ct, ,f O)tp"('O)!iU5i}t+1t-r·1;t,j:-\, ,t.;:ll)t:, *

&Ji50>:Bi:�JC$0> .lt$b% < , *r::,, 1/ ""1vlllitb'£fili <
,j:- l'J _ �n1t$;1;<m; < ,j:-o t \, , , r.rl1Jib{1:. 1.:, t.:..

[ 0 0 1 9] .::O>J:? ,::, ffiUa-m.roc-tQIIH::i,v.:::
=. 17 .b. �7 ;Y-t, 1/ 17 A ,W0:>:si,li;Jili}t}f..\,, t , OC.liDO:>�#­

a-;H,<., -r·t*r::,, 1/-\' 1vlllit0>iti� a-*t L iaJffi'f t::ffl­

� t ,M::-t o t \,,,.:: cb�ft-r•1>0.
[ 0 O 2 O] -1 L H{t,j:-c'O:>.ruDi::J:: l'J�JI c ,j:-o

i Jv 2: =.. 17 A �7 :Y-t, 1/ 17 .b. ,WO):si,i;JBt a-Ji! t::� < l, t.:.

% t: I ;l: , .: O>:si a:mt a-ii l'J b,1 t., --C liUD i}'£':tft,7j. , .:: :hJ::

llmli" o�Sl'tili0:>➔,:i -r·&Ji5bi&J;. �1!11�'1'.
c l"Cl;i, �- =-•:,7Jk :11'{1t.,J-,W0>�1!1i:Bi:a:1>0

\. ,,;t.:: tt t,0)-€1;:Bi:iiiili�ffl\,, t:,tt, .:tt f::,0)�1!11�fl
t, OC.li5-t o t ffi�JI t ,j:-i> . .: 0:>t.:.11), �{t,j:-c 0:>0C
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