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Notice of Abandonment 

Application No. 

10/646,246 

Examiner 

Ngu en, Hoa T 

Applicant(s) 

PARKIN, STUART STEPHEN 
PAPWORTH 
Art Unit 

2652 
•· The MAILING DA TE of this communication appears on the cover sheet with the correspondence address­

This application is abandoned in view of: 

I. D Applicant's failure to timely file a proper reply to the Office letter mailed on __ . 
(a) DA 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) DA 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. D 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) D 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) D 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) D 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 threa.month period set in, the Notice of 
Allowability (PTO-37). 

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

(b) D No corrected drawings ha·ve 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. D 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. D The reason(s) below: 

Management & Program Analyst 
Art Unit:-3900 

Petitions to revive under 37 CFR 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 ative effects on atent term. 

U.S. Patent and Trademark Office 
PTOL-1432 (Rev. 04-01) Notice of Abandonment Part of Paper No. 0 

EX2081 - Page 2



lTNrrEo STATES PATENT AND ThADEMARK OFFIGE 
COMMISSIONER FOR A\TE.Nra 

UHJTEO STATES PATe:NT ANO l'RAoe:MARK OFFICE 

DATB 10/646,246 08/22/2003 
DANIEL E. JOHNSON 

FIRST NAMED APPLICANT Stuart Stephen Papworth -Parkin 
IBM CORPORATION, ALMADEN RESEARCH CENTER INTELLECTUAL PROPERTY LAW DEPT. C4TNJ2B 650 HARRY ROAD 

ARC920030057US 1 
CONFIRMATION NO. 9407 

SAN JOSE CA 95120-6099 
Date Mailed: December 2, 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 Pu 
Office of Patent Publication 

Rev. 10/01 
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1023/2004 15: 25 408-927-3375 ALMADEN IP LAW PAGE 02/02 

PTOl'SSl24A {09-o4) 
Approved for 11$e through 07/31'2006. OMS 0651-0031 

U.S. Patent anC1 Tl'ildcmark Office; U.S. oaPARTMENT OF COMMERCE 
Under the P:it"""""""' Reducdon Ad Of 1995 no """".11$ are ....mrired 1D ....,,,ond 1o a COiiection llf Information untest it dis'"'� a valid 0MB """11'01 number 

r PETITION FOR EXPRESS Appticatlon Number • 10/646,246 ' 

ABANDONMENT TO AVOID Filili!l Date August 22, 2003 
PUBLICATION UNDER37 CFR 1.138(c) 

Stuart Stephen Papworth Parkin Firal Named inventor 
Fax the petition dlreetty to the 
Pre-Grant Publication Di�ion at (703) 30fHl568 
Or lllall the petition to: 
Mall stop Express Abandonment 
CommiSsioner for Patents 

\.._ 0 ,-, Cl�v 14!in • \/A -- •- • •--

Art Unit 2652 

Examiner Name Nguyen, Hoa T, 

Alt""""" Docket Number ARC920030057US1 

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. -� The Director is hereby authOrized to charge the petition fee under 37 CFR 1.17(h) to 
Deposit Account No. 

b. D Check in the amount of$ 

09-0441 • I have enclosed 
'bff liffXh�rlciJMlNTheet. 

is enclosed. 

c. D Payment by credit card (Form PTO-2038 is enclosed). NOV 2 4 2004 

P� PUB DIVJSJON 
INIIIJII ■ "Fl. I J 

NOTE: A paper requesting e)(l)ress abandonment of an appilcatlon is not effective unless and until an uSPTO official 
recognizes al'ld acts on the paper, See the Manual of Patent Examining Procedure (MPEP). sectiOn 711.01. In addition, the paper will riot 
stop publication of ttie appllcation uriless a petition vncler 37 CFR 1.138(c ) is recognized and acted on by the Pre-Grant Publication 
Division in suffieiei,t time to avoid puOlication (e.g .. more lhan four (4) weeks prior ta lhe projected publlca1lon date). 

I am the: □applicant. 

D 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) 

�

ey
i 

agent of record. Registration Number 37,033 

s�� 
Daniel E. Johnson 

Typed or printed name 

No"ewt h.u-23� �tA>� 

Date 

408-927-3367 
Telephone Number 

Note: Signatures of all the inventor.! or assignees of record of the entire interest or their representatlve(s) are required. SUbmll multil)le forms 
if more than cne signature is required, see below, 

� Total of 1 forms are submitted. 

Tlli5 c:ollec11011 Of information is requil'ed by 37 CFR 1, 138(e ). The lrtorrnation ,s raqu1111d to obb,n or retain a benefit by the putlfie which m to file (and &y cne 
USPTO to prooes!!) an application. Confidentiality is gO\lelfted by 35 U.S.C. 122 and 37 a:"R 1.11 and 1,14, This CIJUection ia estlrn:11ed to �ke 12 minutes to 
complete. Including gathering, preparing, and &Ubmlmng Ille C0mpleled applleatiCn kmn to the USPTO, rme wit vary depending upon u,e individual case. Any 
comments on the amoimt Of time you require to complBIB 1his form ancl/or 5Uggeadona for redUcing this burden, �OUld be sent to Iha Chief lnfonnatiOn Officer, 
U.S. P� and Tradem�f1< Office. U.S. Dep:irtment of Commerce, P.O. Box 1450, Alexandria, VA 22313--1450. DO NOT SEN0 FEES OR C0MPL£"TED FORMS 
TO THIS ADDR!:SS, SEND TO: Mail Stop Express Abandonment, Commissioner for Patents. P.O. Box 1450, Aleiumdria, VA 22313-1450. 

If� ntWfl assistanc:e in crJmJJ/6fing the lbrm, �ll 1�TO 9199 and $f){oct option 2. 

11/24/2004 KKIN61 00000007 090441 10646246 

RECEIVED 
usPTO-PG PUBS 

01 FC:1464 130.00 M NOV 2 3 2004 
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.11.'/23/2004 15: 25 408-927-3375 ALMADEN IP LAW PAGE 01/02 

IJnder Iha Pa PalUdion Pa of 1995. tY> 

PTOISM7 (08-0II) 
�oved fur use thrcu4I Ta/31/ZOOZ 0MB 0651-0031 

u.s. P.mnt and Tmaemar11 Ollice; U.S. OEPARTIAENT OF COMMERCE 
Ill a mled!0n � irlamation tness l a,l'(afns 8 valid 0MB m1ld mmier. 

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 23J 2004 
on _________ _ 

Date 

Cheryl G. Ruby 

Typed or printed name of person signing Certificate 

Note: EaCh paper must have its 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: 2 

SERIAL NUMBER: 10/646,246 FILED: August 22, 2003 

INVENTOR: Stuart S. P. Parkin DOCKET NUMBER: ARC920030057US1 

Buroen Haut SIDtesnrot This rnrm IS � to lilkB o.oo now, to ClllfflPICtc. Tbna will vary lleOefUllng LIP0!.1 1M needs d the lndlvk!U8l case. 
Atty commenlS an me 3l1Qlnt of lime requlred to COITlQIGla this ram snouto ce sen1 io the Chief lnformmlon Ol'f,ce,. u.s. P8tcnt and Trademarll 
Offia; Washlncnon. DC 20231. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SENO TO: AS$ISWII commissimer fa Peter4s. 
WashitlgtOn. 0t: 20231. 
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� I APR , 9 1.004 t';
C.' -o ..,. ' PTO/SBn1 (08-00) 
� 

�� <Mali": 
Approved for use through 10/31/2002. 0MB 0651-0031 °" ,� �/ U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE I APR 1Jn9e28'K Paoe work Redu ?p,Ar• "f r>ersons are required to resPond to a collection of infonnation unless it dis0lavs a valid 0MB control number. 

-0 �, 

ti'1-� r J7 
� '1iADf.�>-��-· 

� 

TRANSMITTAL 

FORM 
(to be used for all correspondence after initial filing) 

Application Number 1 0/646,246 

Filing Date 08/22/2003 

First Named Inventor S. S.  P. Parkin 

Group Art Unit 1 762 

Examiner Name to be assigned 
Total Number of Pages in This Submission I Attorney Docket Number ARC920030057US 1 �

0 Fee Transmittal Form

D Fee Attached

□ Amendment / Reply

D After Final

D Affidavits/declaration(s)

D Extension of Time Request

□ 
0 
□ 
□ 

Express Abandonment Request 

Information Disclosure Statement 

Certified Copy of Priority 
Document(s) 
Response to Missing Parts/ 
Incomplete Application 

□ Response to Missing Parts 
under 37 CFR 1 .52 or 1 .53 

ENCLOSURES (check all that aaalvJ 

□ Assignment Papers 
(for an Application) 

D Drawing(s)

D Licensing-related Papers 

D Petition

□ Petition to Convert to a
Provisional Application 

□ Power of Attorney, Revocation 
Change of Correspondence
Address 

D Terminal Disclaimer 

D Request for Refund

D CD, Number of CD(s) ___ _ 

Remarks 

□ After Allowance Communication 
to Group □ Appeal Communication to Board 
of Appeals and Interferences □ Appeal Communication to Group
(Appeal Notice, Brief, Reply Brief} 

D Proprietary Information 

D Status Letter 

□ Other Enclosure(s) {please 
identify below): 

SIGNATURE OF APPLICANT, ATTORNEY, OR AGENT 

Firm 
or Daniel E .  Johnson 
Individual name 

Signature 

Date \1 04/1 4/2004 

CERTIFICATE OF MAILING 

I hereby certify that this correspondence is being deposited with the United States Postal Service with sufficient oostaae as first class 
m�!!� �� ���e���! addressed to: Commissioner for Patents, P.O.Box 1450, Alexandria, VA 22313- I 04/1 4/2004 I 

Typed or printed name Cheryl G. Ruby 

"'"Signature Date I 
Burden Hour Statement: This fonn is estimated to-take o.,nours to comple\l!i. /Time will vary depending upon the needs of the individual case. Any comments 
on the amount of time you are required to complete this fonn should be selilr1o the Chief lnfonnation 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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I 

u . . /::" 

"'Cl 
APR 1 9 2004 Oil 

ff PTO/SB/17 ( 10-01 )  
� 
''.'t-> {Z 

Approved for use through 1 0/31/2002. 0MB 0651-0032 
(' U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 

Unde • Mb.' aoerwnri< Reduction Ari r,f 1 995 nr, no...,nns ara r""' iPAA tn r .,,nnntl to a COl!Arlinn nf inforrnAtion unlAC,C, it tfjcnla"" " =lid 0MB -.. 1 ..... 1 n, •-ber. cf -
IC"�:uC.i'I'. / 

Complete ff Known 
l;;;EE TRANSMITTAL Application Number 1 0/646 246 

for FY 2002 
Patent fees are subject to annual revision. 

"'" TOTAL AMOUNT OF PAYMENT 1 ($) 0.00 

1 .  

2. 

METHOD OF PAYMENT 

� 
The Commissioner is hereby authorized to charge 
indicated fees and credit any overpayments to: 

Deposit 
I Account 09-0441Number 

f;:i�'t I IBM CORPORATION 
Name 

0 Charge Any Additional Fee Required 
Under 37 CFR 1 .16 and 1 .17  

□ Applicant claims small entity status. 
See 37 CFR 1 .27 

□ Payment Enclosed:

I 
I 

□ Check D Credit card □ 
Money D Other Order 

FEE CALCULATION 
1 .  BASIC FILING FEE

Large Entity Small Entity 
Fee Fee Fee Fee Fee Description 
Code ($) Code ($) Fee Paid 
1 01 740 201 370 Utility filing fee 

§ 
106 330 206 165 Design filing fee 
107 510 207 255 Plant filing fee 
108 740 208 370 Reissue filing fee 
1 14 160 214 80 Provisional filing fee 

SUBTOTAL (1 ) I !$�
2. EXTRA CLAIM FEES

Fee from 

0.00 I 

Total Claims 
Ext�s � Fee Paid

[:J -20° = x . 4o,oo I
Independent D - 3° = c::::J X I 84.00 , 40.00 IClaims 
Multiple Dependent I I �  I 

Large Entity Small Entity 
Fee Fee Fee Fee Fee Description 
Code ($) Code ($) 

103 1 8  203 9 Claims in excess of 20 
1 02 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 claims 

over original patent 
1 10 1 8  210 9 .. Reissue claims in excess of 20 

and over original patent 

SUBTOTAL (2) 1($) 0.00 I 
"or number previously paid, if greater; For Reissues, see above 

SUBMITTED BY 
Name (PrinVTypeJ 

Signature 

Filing Date 08/22/2003 

First Named Inventor S. S. P. Parkin

Examiner Name to be assianed 
Group Art Unit 1762 

Attorney Docket No. ARC920030057US 1 

FEE CALCULATION (continued) 
3. ADDITIONAL FEES

Large Small 
Entity Entity 

Fee Fee Fee Fee Fee Description 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 1 30 139 130 Non-English specification 
147 2,520 147 2,520 For filing a request for ex parte reexamination 
1 1 2  920· 1 1 2 920• Requesting publication of SIR prior to 

Examiner action 
1 13 1 ,840· 1 13  1 ,840• Requesting publication of SIR after 

Examiner action 
1 15 1 1 0  215 55 Extension for reply within first month 
1 16 400 216 200 Extension for reply within second month 
1 17 920 217 460 Extension for reply within third month 
1 18  1 ,440 218 720 Extension for reply within fourth month 
128 1 ,960 228 980 Extension for reply within fifth month 
1 1 9  320 219 1 60 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 1 38 1 ,510 Petition to institute a public use proceeding 
140 1 10 240 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 1 30 122 130 Petitions to the Commissioner 
123 50 1 23 50 Processing fee under 37 CFR 1 .1 7(q) 
126 180 126 180 Submission of Information Disclosure Stmt 

581 40 581 40 Recording each patent assignment per 
property (limes number of properties) 

146 740 246 370 Filin� a submission after final rejection 
(37 FR § 1 .1 29(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 SUBTOTAL (3) 1($) 

Com lete (if app//cable) 

37 033 
Date 

WARNING: lnfonnatlon on t s orm may become publlc. Credit card Information should not 
be Included on this form. Prov de credit card Information and authorization on PTO-2038. 

., 

� 

Fee Paid 

-

0.00 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 lime you ara 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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PATENT 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re appl ication of 

S Parkin 

Serial No. : 1 0/646,246 

Filed : August 22, 2003 

Title: MgO tunnel barriers and method of formation 

April 1 4, 2004 

Group Art Unit: 1 762 

Examiner: Unknown 

San Jose, California 

INFORMATION DISCLOSURE STATEMENT 

Commissioner for Patents 
U .S. Patent and Trademark Office 
P. 0. Box 1 450
Alexandria, VA 2231 3-1 450

Dear Sir: 

Under the provisions of 37 CFR § 1 .97 through §1 .99 and pursuant to 
Appl icant's duty of disclosure under 37 CFR §1 .56, Applicant respectfully brings 
the following document(s) listed on the attached form PTO-1 449 to the attention of 
the Examiner in charge of the above-identified application. Copies of the listed 
document(s) are provided herewith . 

This Information Disclosure Statement is being submitted before receiving a 
first Office Action on the merits for the above-identified patent application . (No fee 
is due.) 

This submission does not constitute an admission that the cited reference(s) 
are relevant or material to the claims. The reference(s) are only cited as 
constituting related art of which Applicant is aware. 

It is respectfully requested that the listed references be considered by the 
Examiner and formally made of record in this application. 

ARC920030057US1 -1- 10/646,246 

EX2081 - Page 8



The Director is hereby authorized to charge payment of any deficiency in the 
above fee(s) or to charge any additional fees required under 37 CFR § 1 . 1 6  or 1 . 1 7  
or credit any overpayment to Deposit Account No. 09-0441 . A dupl icate copy of 
this authorization is attached for the Finance Branch . 

DEJ:cgr 

Attachments 

ARC920030057US1 

Respectfully submitted , 

S. Parkin

By � � � 
Daniel E. Johnson (#37 ,0 � 
Agent for Applicant 
Phone (408) 927-3367 

-2- 10/646,246 
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��\l ' 11 r: Approved for use through 10/31/2002. 0MB 0651 •0031 n 10\\4 PTO/SB/OBA ( 10-01)  + 
,:;;; U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE 

� 
er the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB 

:,><I ... ��:;Ca1,11,11,1ol,llill,11111iW...---------------,,-------------------------. 

'.f,,-" ... � • 
TR ll.0'-" Substitute for form 1 449A/PTO Complete if Known 

+ 

I 

I 
I 
I 

1 0/646,246 
INFORMATION DISCLOSURE 
STATEMENT BY APPLICANT First Named Inventor 

August 22, 2003 
S. Parkin 

Art Unit 1762 
(use as many sheets as necessary) Examiner Name Unassi ned 

Sheet 

Examiner Cite 
Initials' No. 1 

Examiner Cite 
Initials" No. 1 

of 

"··-�--
Number- Kind Code 2 (if know, 

US• 5,390,061 
US- 5,465,1 85 
us- 5,640,343 
us- 5,650,958 
US- 5,729,41 0  
US- 5,764,567 
US- 5,841 ,692 
US- 5,936,293 
US- 6,1 53,320 
us- 6,226, 1 60 
US- 6 347 049 
US- 6,359,289 
US- 6 388 268 
US- 6,392,281 
US- 6,429,497 
US- 6,535,365 
US- 2002/0076940 A 1 
US- 2002/0097534 A 1 
US- 2002/0097535 A 1 
US- 2002/0097537 A 1 

l""'-.-... 1-- n-.•.--• -

5 Attorney Docket Number ARC920030057US1 

U.S. PATENT DOCUMENTS 

Name of Patentee or Pages, Columns, Lines, Where Publication Date 
MM-DD-YYYY Applicant of Cited Document Relevant Passages or Relevant 

Fiaures Annear 
02-14-1 995 Nakatani et al. 
1 1 -07-1995 Heim et al. 
06-1 7-1 997 Gallagher et al. 
07-22-1 997 Gallagher et al. 
03- 1 7-1 998 Fontana Jr. et al. 
06-09-1 998 Parkin 
1 1 -24-1 998 Gallagher et al. 

08-1 0-1 999 Parkin 
1 1 -28-2000 Parkin 
05-01 -2001 Gallagher et al. 
02-1 2-2002 Childress et al. 
03-1 9-2002 Parkin 
05-1 4-2002 Kim et al. 

05-21 -2002 Tsuge 
08-06-2002 Nickel 
03-1 8-2003 Lukaszew et al. 

06-20-2002 Hibino 
07-25-2002 Sun et al. 
07-25·2002 Ito et al. 
07-25-2002 Shimazawa 

FOREIGN PATENT DOCUMENTS 
Pages, Columns, Lines, 

Publication Date Name of Patentee or Where Relevant Passages 
_Country_C!J<!e3 -Number4 - Kind Code• (II known) MM-DD-YYYY Applicant of Cited Document or Relevant Figures Appear rs 

I 
I 
I 

I 
·I 
I 

( Examiner 
I . Signature . I Date 

Considered I 
•EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through citation if not In 
conformance and not considered. Include copy of this form with next communication to applicant. 
1 Applicant's unique citation designation number (optional). 2 See Kinds Codes of USPTO Patent Documents at www.uspto.gov or MPEP 
901.04. 3 Enter Office that issued the document. by the two-letter code (WIPO Standard ST.3). 4 For Japanese patent documents, the 
Indication of the year of the reign of the Emperor must precede the serial number of the patent document. 5 Kind of document by the 
appropriate symbols as indicated on the document under WIPO Standard ST. 1 6  If possible. 6 Applicant Is to place a check mark here If 
English language Translation is attached. 

Burden Hour Statement: This form is estimated to take 2.0 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 . 

EX2081 - Page 10



"t-;: 
16,

' � 1\\\\1. !? ��y_ t: PTO/SB/08A ( 10-01 ) -<> :,\ . Approved for use through 10/31/2002. 0MB 0651-0031 + 
1::">� �· U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE

'
.
1,1,-& Tfi p_'l:,t t -���.

t��,!'.'��:rwork Reduction Act of 1995, no persons are required to respond to a collection of infonnation unless it contains a valid 0MB

+ 

C 
r -.... 

Substitute for form 1449A/PTO Complete if Known 

Aoolication Number 10/646,246 
INFORMATION DISCLOSURE Fillna Date August 22, 2003 

STATEMENT BY APPLICANT First Named Inventor S. Parkin

Art Unit 1762 
(use as many sheets as necessary) Examiner Name Unassiqned 

I,. Sheet I 2 l ot ! 5 Attorney Docket Number ARC920030057US1 ""' 

U.S. PATENT DOCUMENTS 
- ••---�-- Pages, Columns, Lines, Where Examiner Cite Publication Date Name of Patentee or 

Initials" No. 1 Number- Kind Code2 (ifknowr MM-DD-YYYY Applicant of Cited Document Relevant Passages or Relevant 
Fiaures Aooear 

US- 2002/01 1 41 1 2  A1 08-22-2002 Nakashio et al. 
US- 2002/01 59203 A 1 1 0-31 -2002 Saito et al. 
US- 2002-0163764 A1 1 1 -07-2002 Nakazawa et al. 

IUS- 2002/0164828 A1 1 1 -07-2002 lshiwata et al. 
US- 2002/0191 355 A1 1 2-1 9-2002 Hiramoto et al. 
US- 2003/0035249 A 1 02-20-2003 Ho et al. 
US- 2003/0058685 A 1 03-27-2003 Tran et al. 

US-
US-
US-
US-
US-
US-
us-

US-
US-
US-

Ius-

US-
US- I 

FOREIGN PATENT DOCUMENTS 
,..-�-t-- ,.,,_ .. __ ... Pages, Columns, Lines, Examiner Cite Publication Date Name of Patentee or Where Relevant Passages 

Initials' No. 1 

_Cou,tryJ:Ode3 -Number'• Kind Code' (llknOWrl) MM-DD-YYYY Applicant of Cited Document or Relevant Figures Appear T6 

JP 2000 32271 4  24-Nov-2000 Teruaki et al. Abstract 

I 

-1I 

I 
I I 
I I 
I 
I I 
I 

[ Examiner I
�ignature 

I Date I Considered I
'EXAMINER: Initial if reference considered, whether or not citation is in confonnance with MPEP 609. Draw line through citation if not in 
confonnance and not considered. Include copy of this form with next communication to applicant. 
1 Applicant's unique citation designation number (optional). 2 See Kinds Codes of USPTO Patent Documents at www.uspta.gov or MPEP 
901.04. 3 Enter Office that issued the document, by the two-letter code (WIPO Standard ST.3). 4 For Japanese patent documents, the 
indication of the year of the reign of the Emperor must precede the serial number of the patent document. 5 Kind of document by the 
appropriate symbols as indicated on the document under WIPO Standard ST. 16 If possible. 6 Applicant is to place a check mark here if 
English language Translation is attached. 

Burden Hour Statement: This form Is estimated to take 2.0 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 fonn 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. 

EX2081 - Page 11



"<\� uJ PTO/SB/08B ( 1 0-01 ) 
\ � L\I C.> Approved for use through 10/31/2002. 0MB 0651 -0031 t._Vi �: U.S. Patent a nd Trademark Office: U.S. DEPARTMENT OF COMMERCE 

-o der the Paperwork Reduction Act of 1995, no persons are requ ired to respond to a collection of information unless it contains a valid 0MB 
?,>: �-..:..·:liii-n.,tr,.01 .. n.umiiiiiiiibe.,r ... -------------------------------------.... 

�h ... �� 
& Tfi ;,,Cc. Substitute for form 1449B/PTO Complete if Known 

INFORMATION DISCLOSURE 
STATEMENT BY APPLICANT First Named Inventor 

Grou Art Unit 

10/646,246 
August 22, 2003 
S. Parkin
1762 

use as man sheets as necessa Examiner Name Unassi ned 
She� 3 of s Attorney Docket Number AAC920030057US1 

OTHER PRIOR ART ·· NON PATENT LITERATURE DOCUMENTS 

Exam iner Cite 
Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the 

item (book, magazine, journal, serial, symposium , catalog, etc.), date, page(s), volume-issue 
Initials· No. 1 ... , ,h.1:,.,.1,,. ... _._ . _  .... ... 

M. Julliere ,  "Tunneling Between Ferromagnetic Films•. Physics Letters, Vol. 54A, Number 3,
September 8, 1 975, pp. 225-226.

R. Meservey et al., "Spin-Polarized Electron Tunneling•, Physics Reports (Review Section of
Physics Letters) Vol. 238, No. 4, 1994, pp. 173-243.

J. S. Moodera et al . ,  "Large Magnetoresistance at Room Temperature in Ferromagnetic Thin Film 
Tunnel Junctions", Physical Review Letters, Vol. 74, No. 16, April 1 7, 1995, pp. 3273-3276. 

T. Miyazaki et al. ,  "Giant magnetic tunneling effect in Fe/A1 203/Fe junction", Journal of 
Magnetism and Magnetic Materials , Vol. 1 39, 1 995, pp. L231-L234.

D. J. Keavney et al. ,  "Perpendicular conductance and magnetic coupling in epitaxial
Fe/Mg0/Fe(1 00) trilayers", J. Appl. Phys. , Vol. 81 , No. 2, January 1 5, 1 997, pp. 795-798.

P. K. Wong et al. , "High conductance magnetoresistive tunnel junctions with multiply oxidized 
barrier•, Journal of Applied Physics, Vol. 83, No. 1 1 ,  June 1 ,  1 998, pp. 6697-6699. 

E. Y. Tsymbal et al. ,  "Spin-polarized electron tunneling across a disordered insulator", 
Physical Review B, Vol. 58, No. 1 ,  July 1 ,  1 998-1 ,  pp. 432-437. 

S.S.P. Parkin et a l . ,  "Exchange-biased magnetic tunnel junctions and application to 
nonvolatile magnetic random access memory (invited)" , J.  of Applied Physics, Vol . 85, 

_No .. 8 .. A..oril_t 5._1,999 .. oo .. 5828:5833 
K. Aoshima et al . ,  "Thermal deterioration mechanism of CoFeB/PdPtMn Spin valves" ,  J. of
Applied Physics, Vol. 85, No. 8, April 1 5, 1 999, pp. 5042-5044.

Ph. Mavropoulos et al. , "Complex Band Structure and Tunneling through 
FerromagneUlnsulator/Ferromagnet Junctions", Phys. Review Letters, Vol. 85, No. 5, July 31 , 
2000, pp. 1 088-1091 . 

D. J. Monsma et al . ,  "Spin polarization of tunneling current from ferromagnet/A 1 203
Interfaces using copper-doped aluminum superconducting films", Applied Physics
Letters, Vol. 77, No. 5, July 31 , 2000, pp. 720-722.

T2 

I �;a��:;; I I ���:jgered I I
'EXAMINER: Initial if reference considered, whether or not citation Is in conformance with MPEP 609. Draw line through citation if not in conformance 
and not considered. Include copy of this form with next commun ication to applicant. 
1 Applicant's unique citation designation number (optional). 2 Applicant is to place a check mark here if English language Translation Is attached. 

+ 

Burden Hour Statement: This form is estimated to take 2.0 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 shou ld be sent to the Chief Information Officer, U.S. Patent and Trademark 
Office, Washington , DC 20231 .  00 NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assistant Comm issioner for Patents,
Washington, DC 20231.

EX2081 - Page 12



"VI: 
'&, PTO/SB/088 (10-01) 

Approved for use through 10/31/2002. 0MB 0651-0031 
(\ 15)� "! U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE 

t.J>\I. \ -:, Un� the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid 0MB 
"'' r I number. 

-c 
...,,,...., 

· -tr& nv.� 
Complete if Known 

INFORMATION DISCLOSURE 
1 0/646,246 
August 22, 2003 

STATEMENT BY APPLICANT S.  Parkin 
Grou Art Unit 

use as man sheets as necessa 
1762 

Examiner Name Unassi ned 
Sheet 4 of 5 Attorney Docket Number ARC920030057US1 

OTHER PRIOR ART - NON PATENT LITERATURE DOCUMENTS 

Examiner Cite 
Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the 

item (book, magazine, Journal, serial, symposium, catalog, etc.), date, page(s), volume-issue Initials' No. 1 -,.Lll-L-- _:.,_ '!!inrl/nr ""'tof'll♦r11 u,h.o.r.rir. 

X.-F. Han et al., "Fabrication of high-magnetoresistance tunnel junctions using Co75Fe25 
ferromagnetic electrodes", Applied Physics Letters, Vol. 77, No. 2, July 1 0, 2000, pp 283-285. 

H. Xi , "Annealing Effect on Exchange Bias in Ni81 Fe19/Cr50Mn50 Bilayers", IEEE Transactions on 
Magnetics, Vol. 36, No. 5, September 2000, pp. 2644-2646. 

S. Cardoso et al. ,  "High thermal stabil ity tunnel junctions", Journal of Applied Physics, Vol. 
87, No. 9, May 1 ,  2000, pp. 6058-6060. 

S. Cardoso et al . ,  "Spin-tunnel-junction thermal stability and interface interdiffusion above 300 c·, 
Applied Physics Letters, Vol. 76, No. 5, January 31 , 2000, pp. 610-612. 

M. Takiguchi et al., "Thermal degradation of spin valve multilayers caused by Mn Migration•, 
Journal of Applied Physics, Vol. 87, No. 5, March 1, 2000, pp. 2469-2471 . 

H.L. Meyerheim et al., "Geometrical and Compositional Structure at Metal-Oxide Interfaces: MgO on 
Fe(001 )", Physical Review Letters, Vol. 87, No. 7, August 1 3, 2001 , pp. 076102-1 through 0761 02-4. 

M. Bowen et al. ,  "Large magnetoresistance in Fe/Mg0/FeCo(001 )  epitaxial tunnel junctions 
on GaAs(001 )", Applied Physics Letters, Vol. 79, No. 1 1 ,  Sept. 1 O, 200 1 ,  pp. 1 655-1 657. 

W. Wulfhekel et al . ,  "Single-crystal magnetotunnel junctions", Applied Physics Letters, 
Vol. 78, No. 4, Jan. 22, 200 1 ,  pp. 509-51 1 .  

W. H. Butler et al., "Spin-dpendent tunneling conductance of Fe/MgO/Fe sandwiches", 
Physical Review 8, Vol. 63, Jan. 8, 2001 , pp. 05441 6-1 through 0544 1 6-12. 

Y. Kim et al. ,  "Magnetoresistance and interlayer diffusion in PtMn spin valves upon 
postdeposition annealing", J.  of Applied Physics, Vol. 89, No. 1 1 , June 1 ,  200 1 ,  pp. 6907-6909. 

S. Yuasa et al . ,  "Spin-Polarized Resonant Tunneling in Magnetic Tunnel Junctions", 
Science, Vol. 297, July 1 2, 2002, pp. 234-237. 

I Examiner I 
§jggature 

T2 

'EXAMINER: Initial if reference considered, whether or not citation Is in conformance with MPEP 609. Draw line through citation if not in conformance 
and not considered. Include copy of this form with next communication to applicant. 
1 Applicant's unique citation designation number (optional). 2 Applicant is to place a check mark here if English language Translation is attached. 

+ 

Burden Hour Statement: This form Is estimated to take 2.0 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 . 

EX2081 - Page 13



�! PTO/SB/088 ( 1 0-01 )  
e: Approved for use through 10/31/2002. 0MB 0651-0031 

-<I c,· U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE 
� �-· nder the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless ii contains a valid 0MB 

-�i,
,. 

.1.�· control number 
• & TR1'.C"-"' r

Substitute for form 1449B/PTO Complete if Known 

INFORMATION DISCLOSURE 
Annlication Number 1 0/646,246 
i=m nn n,, ... August 22, 2003 

STATEMENT BY APPLICANT First Named Inventor S. Parkin
Grouo Art Unit 1 762 

(use as manv sheets as necessarvl Examiner Name Unassianed
Ii,._ Sheet I

Examiner Cite 
Initials' No. 1 

I Examiner I 
§ieoatyre 

5 I ot I 5 Attorney Docket Number ARC920030057US i 

OTHER PRIOR ART -- NON PATENT LITERATURE DOCUMENTS 

Include name of the author (in CAPITAL LETTERS), title of the article (when appropriate), title of the 
item (book, magazine, journal, serial, symposium, catalog, etc.), date, page(s), volume-issue 

_., .. ,._ .. __ 

E. Popova et al., 'Epitaxial MgO layer for low-resistance and coupling-free magnetic tunnel 
junctions", Applied Physics Letters, Vol. 81 , No. 6, August 5, 2002, pp. 1 035-1 037. 

M. Tsunoda et al., "60% magnetoresistance at room temperature in Co-Fe/Al-0/Co-Fe tunnel
junctions oxidized with Kr-02 plasma•, Appl. Phys. Letters•, Vol. 80, No. 1 7, April 29, 2002, pp.
3 135-31 37.

X.-G. Zhang et al. ,  "Effects of the iron-oxide layer in Fe-FeO-MgO-Fe tunneling junctions', 
Physical Review B, Vol. 68, 2003, pp. 092402-1 through 092402-4. 

S. Mitani et al., "Fe/MgO/FeCo(100) epitaxial magnetic tunneljunctions prepared by using in situ
plasma oxidation•, Journal of Applied Physics, Vol. 93, No. 1 0, May 1 5, 2003, pp. 8041 -8043. 

J. Faure-Vincent et al., "High tunnel magnetoresistance in epitaxial Fe/MgO/Fe tunnel
junctions", Applied Physics Letters, Vol. 82, No. 25, June 23, 2003, pp. 4507-4509.

M. Zwierzycki et al . ,  "Spin injection through an Fe/lnAs interface", Physical Review B, Vol. 67,
2003, pp. 09240 1 - 1  through 092401 -4.

D. Smith et al . ,  "Structural characterization of thin film ferromagnetic tunnel junctions',
Journal of Applied Physics, Vol. 83, No. 1 0, May 1 5, 1998, pp. 51 54-51 58.

J . Mathon et al . ,  "Theory of tunneling magnetoresistance of an epitaxial Fe/MgO/Fe
(00 1 )  junction", Physical Review B, Vol. 63, pp. 220403-1 through 220403-4.

M. Klaua et al., "Growth, structure, electronic, and magnetic properties of Mg0/Fe(001 ) bilayers and
Fe/Mg0/Fe(001 )  trilayers•, Physical Review B, Vol. 64, pp. 1 3441 1 -1 through 1 3441 1 -8.

T2 

... 

'EXAMINER: Initial if reference considered, whether or not citation Is in conformance with MPEP 609. Draw line through citation if not in conformance 
and not considered. Include copy of this form with next communication to applicant. 
1 Applicant's unique citation designation number (optional). 2 Applicant is to place a check mark here if English language Translation Is attached.

+ 

Burden Hour Statement: This form is estimated to take 2.0 hours to complete. Time will vary depending upon the needs of the individual case. Any + comments on the amount of lime you are required to complete this form should be sent to the Chief Information Officer, U.S. Patent and Trademark 
Office, Washington, DC 20231 .  00 NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assistant Commissioner for Patents,
Washington, DC 20231 . 

EX2081 - Page 14



This · Page Is Inserted by IFW Operations 
. and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• • BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 

As rescanning documents will not correct images, 

please do not report the images to the 

Image Problem Mailbox. 

EX2081 - Page 15



esp@cenet - Document Bibliography .. . D MAGNETIC HEAD US�iliWfgi'Mffier,13/http://espacen ... 003227 l4&CURDRA W= I &DB=EPD&DRDB=EPI 

of l 

Patent Number: 
Publication date: 

JP200032271 4 
2000-1 1 -24 

Inventor( s ): 
Applicant(s): 

TAKEUCHI TERUAKI; NAKATANI RYOICHI; SHIMIZU NOBORU 
HITACHI LTD 

Requested Patent: _J JP2000322714 
Application Number: JP199901 33410  1 9990514 
Priority Number(s): 
IPC Classification: G 1 1  B5/39 
EC Classification: 
Equivalents: 

Abstract 

PROBLEM TO BE SOLVED: To obtain low electric resistance and high S/N 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 
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and selectively oxidizing the surface of the metal film: .. ln 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. 

Data supplied from the esp@cenet database - 12 

6/1 8/03 4:06 PM 

EX2081 - Page 16



09) B*IJJ4fi'fn' ( J  P) (12) � fffj � ff � ffl (A) 0 1) 4f 'ff l:lill'A BH3� 

(5l)IntCl' 
G l l B

(21) WU-JJ

(22)WMB

(57) [�f,J]

5/39 

IUJIHt 

4tlil3¥11 - 133410 

J¥1£1 1� 5 J U48 0999. 5. 14) 

C iii& 1 i!:i� ,61frut{t$ t-� I..,'?'?. �Wi
fi<fa�MWHf.lt ( S/N ) �ai �' l-- >'.:f-.Jv6tru:iL
�li!ff�l:li*-rt-�i" -l>.
Ciffik-=Fl31:1 m 1 (l)�mM 3(1)_1:J:it�ml4 t-�

Jt, .: (l)J:J:1�*,:it� ,7,1,, � .::.? A��..8'.lfflt-mlilt
t.. . -fttB{tt.. -c� s t- mwti"-li . 7,1,,2:. .::.?A(l)
fflt{�Ji-c•Jj, D�#it:&iiUi 4 -C-1' ii: f..., of (1) 1' 
<7:>5!1li!U3 t:JiliJf,:C� , • .:(l)t.:.lh, � 5 (1)�� 
# J:.�7 ,v� .::.17 A�Q'):&..8'.lfflii{jt-<t� ttt.:m,:mu��
tt-li . � t:,,:_ .: (1)�-C-J;t,  l'Jtl!(1)�li!U 3 #Bit 
� tt,:,:, � )(1) ·t\ .::y;. cV:> J¥ � (1),i! &".> t:, ttt.::& 5'.lffl t-� ,:: H
itf...-C��W(l)f:t!Wli"-li .: t�-c-� -li • .:(1)t.:&".>, � 
::,, ::t-,v�i,u:t:Ht -l> 11-=r,:n-t -l> ;r..,.::,, �-\" 1vlll!i a-iii 
< . I.I�"?�< T -li .:  t #-c-� . it� ,�m;nft$ t 1B; 
� \'iWi{.ffl;fj(tJ'GifijJi L, "C � � tt Q • 

4tlffl2000-322714 
( P2000-322714A) 

(43)�BB B J¥1£1�1 IJJ 24 B {2000. 1 1 . 24)

F I r-"?J-V(") 

G l l B 5/39 5 D 0 3 4

(7t) fHIIIA 000005108 

-lt�Bt!Jlfl:m
nfiT�W��mRM�l!!IT� 6M 

(72)§!1JJ• ttR J!Jl9J
Ufim��7S-TB280#� 

•Jt� B dfl:mi:Ji�.fiJmmR
(72)§!1JJ;ff '¥� �

�m��7S-TB� 

-"it�tf:Etdfl:JJri:Ji�R 
(7-0MA 100061893 

:IN!I± atill IJJ� CM 1 �) 

Im 1 

6 

1 ·••at.Ii 2 ···Mltftli! 2 ' ... ,eai:j ( S I O 2 )

3 .... 1 O'>�OB! 4 ... ll�MII s • ··Ml!
6 ···M 2 0'>�011 6 1 ·- ·�tl$0>iil1. ,mttRI 
7 ···'llfii 8 ···l:i�SttJI E .. . ,t'ilE£1RB 

3 

2 

EX2081 - Page 17



! ( 2 )  0 0 0 - 3 2 2 7 1 4  ( P 2 0 0 0 - 3 2■ 18 

C �� ffl3J< (7)ffiffl l 
Cffl3J<JJ1 1 1 1t1, ,,::m1t.Btfi1" im.w,::&(7)�i=--::>(7) 

�Tiltt.ii.liJii(1)fffl,::�lii#1f1£ L. -c t- ✓ .:.t-1vfi* a-m 
.!ix.T Q t- 1/ :.f,1v1i!UW11:�U1:-=r t , ntrlic=--::>(1)�1i!tt 
��mrm,::ua- ai111tt i ��ff t a-iii.t�m.w�m 
*-=r,::81, )"( , -:1;(7)�1i!tt:€i:,GlgJI t �tli!l t (?)m],::, 
A u , P t ,  P d ,  R h ,  I r &YR u (1)ff:€i:.ti:5c*I¥ 
:IJ>f:>iHtR�h-l>j,';j:-< t t 1 0(1)� t t..,<  ,;1:.:ttf:> 
(?)JE�Q)*.ii:IP f:> ;j:-o ff�iU! a-�itt.:.: t a-Ht T 
i l-- 1/  .:.t-1v�mJJHl!.Wt§lW*-=r. 
Cffl3J<Jff 2 l J:.iicit�Q(1)J¥� iJ( l . 5 n mL_::rrc·l) 

Q .:  t a-Hti" iJm3J<J:Q 1 lic.lt(7) t- >-;t,11,,�t:WJ 
Ml!.Wt§lW$-=r. 
[ffl3J<Jff3 l J:.licHJl(?)J.¥�# 3 . o n m.l;lr-c·1>i 

.: t a-�fit t 1" Q ffl5f<JJf 1 t l < ti 2 !cl!(?) t- ✓ :.t, ,vl! 
�tt�Hlil.Wt§lWm-=r. 
[ ii13J<Jff 4 l J:.licHJi(7)/¥ � ti> o . 6 -... o . 9 n m -c-

1.> i .: t a-gt To ffl3J<Jff 1 t l < tt 2 l:iclt(7) l-- 1/ ;t, 
,1,,�ttttwJff l!.Wt§lWm-=r. 
Cii13J<lff 5 l J:.gcH!lti, J:l:ic�Tiltt.iiam,::tti"ti 

it-'f-1/Y-\"lvl!iit(?)��iJfj,,,j:-< t b 1 '/1-yif-Jv J--(7).ii 
a&Ht�Ji;pt::,?j:- -l> .:  t a-�fitt T i ffl3J<Jff 1 ti L. < Ii 
2ic.lt(1) l-- 1/ ;t,1v�WIJM1il.Wt§lW*-=r. 
Ciil*JJf 6 l J:lic�Jib�, 111,, 2: ::.17 A.&7.f?.Y.:.t-:,,-

17 A(7)j;-;j:-< t t 1 ffli:'1)�.lifflHt�7J:. f:> ,j:-ti .: t a-H 
t 1" i ffl*lff 1 I'.7� 5 1,  ,-fttt.r---::>,::fclt(?) t- 1/ ;;t,1vl! 
�tt�Hlil.Wt§lWm-=r. 
C ffl*JJf 7 l 1L 1, , ,::111t.BtfiT ti m.wi::&(1)1) ti= --::>(7) 

�mtt.il.ti:1ii'1)fffl ,::�Ji#1f1£ 1.., -c t- ;,, .:t,,1,,fi* a-m 
.lix.T ti t- ✓ ;;t,,1,,m�Mmm-=r t , ntr!c=-?'7.)�f!tt 
.iiU rm,::'4t.EH: EP1Jltt Q 'Iliff t a-UiU. t..: Til.Wt§lW 
m-=r(l)R�,::81, ,-c , ntric" ,-rttti:o-:n(7)�1i!tt.ii 
u.1:,::�a-W.lix.T oiffla-, 
<Dntrlic�Tilili:am.1:,::ru t L. -C 1¥� 1 . 5 n mJ:,1 
r(?)A u ,  P t ,  P d ,  R h , I r &YR u (7)ft�.(i;jc 
mtJ¥1Jl 1:>iHm�ni1--,j:-< t i 1 u(?)�t 1.., < 1;1:.: 
n f:>(7)-Jc$�1J1 t:. ;j:-o •�•m a-m� oiffl t 
<2lliifiolft�UJ:.i::, MftT o .:  t i::J: --,-cui::U 
Ji t ;j:- ".> ,  'IJ>-?.: '1)�(7),rufc!�Stt�.ti:1iii::tt1" i 
;t-'f-1/ Y -\" 11,,QM_ '1) � � f.1'I j,' ,j:-< t t 1 11 T if-Iv l---C-1) 
oM3 n mJ,.'.:J.r(7)�Jffla-W.!ix. L,  ntr!c!ft��Jia-ntr 
all!tt:&'.M'1)9ft!JJj.lf:.lmt L-C�m L--::>--::>�c!�,eg 
Jffla-iU�t::Mft l -CMft�Jii::�-t -!>ffiti/1(7)JB� 
Ifflt -Cil�Lt..:.:  t i:HtT -l> l-- >' ;t .. ,1,,�tntJ 
Ml!.Wt§lWm-=r-(7)8�. 
[ffl*JJ{8 ] J:ic!.ii�Jffla-(?)J!J� a- 0 .  6~0 . 9 nm  
t Lt:.: t fgt1"iit:t<JJt7fc.G(1) l-- 1/.:.t-JvliaU 
�ffi@.Wt§lW*-=r-(7),00�. 
[�Jff 9 ]  J:ic.iililla- , /Iv 2: ::.17 A_&{f7,Y;.t-;.;-

17 J.,.(1)j',j:-< t t, l fi(7)·_tiiUI-C·JB� L,,  .:tta-Mftl 

-cn1t�m��1"i�m(1)JB$J.ffa-fli"i .: t t  
Ht TQffl;f<lff 7 t L. <  tJ:Bgclt(?) l-- 1/.:t-Jv�tt 
��l!.W�W*-=r-(1)��. 
r ffl3J<:i:n 1 o 1 J:gc1t1fr:.tiJi.&Y J:gc1fr:.ti.lffl(1)JB�tt, 

���?! b 1.., < ,;1:.:;V'\ "/ � !J 1/;?'$-C·JB.lit L,,  file!� 
�Jla-fflHt L. -Cfflt1t%JJii:�1" Q�Ji(7)JBnff 
l;I:, Mmrllffl�cp(?) 13 �fflH�J:!I!, �Jtf�J:!I! !J l < ti: 
7' 7 ;(79{�(1) 1,, -f".h1;>(7)9f�ffl t Lt.::.:: t 
a-Ht-ti �3J<:i:R 7 I'.7$ 9 (1)1, ,-rtt;;--?i::iicll(7) l--
1/ .::t,Jv�tltMM!ia.Wt§lWm-=r(7)!J'.l�1r$. 
[�;f<Jff l 1 ]  1[1,,t::li!ftffi:�Tolil.Wi::£'1.)t)o="? 

(7)�li!U(1)ffllt::UmtJ{:(f:(£ L. "( t- ;,,  ;f',Jv�*i:IB� 
-t� t- ✓:.t-1v�tt�mtFft , mc=--::>�mu 
rm,:u a' E!J1JDT Q 'ilffi�T a' flT Q S.Wt§l W*T t 
filcU�-r a-ii L. -c ntriic=-?(?)�f!Uffll t::JiJr5E (7)'/1 
f£a-EP1Jltt o5EU'il�t a-vlUt��J\.-y r t::,t-;1, \ 
-C ,  ffllgc-1.i(7)�1i!ttlit HJ!t(7)fflli: , A u .  P 

t , P d , R h , I r .& YR u (1)ft1fr:�5c$ff 1Jl t:, iHtR 
�tL,Q1,',j:- < t t 1 ffli:�(7)jcmt l < ,;1:.:tt t;,(1)5t*(1) 
*�:IJ>f:,,j:-,off�Qa-�,t Q t�,:: , iitrjc!ff1fr:J&JiJ: 
t::m��tt.Q ntrii�M t l "( '  iruic�Stt.iili.Jmt::tt 
-t oit-'f-1/ Y-\" 1v�:!i(1)�� 7J{1,',j:-< t t 1 11;-=r;r-,i., t-
-c•t)o�Jia-�5Htt.:: .: c: i�fitti"o 1-- ✓.:.t-,v� 
MMS�"'- •y r .  
[ ffl3J<Jff 1 2 l J:gcff 1fr:.tiJiG7)JJ � 1.1{ ! . 5 n mJ:Jr-c· 

1) l'J ,  J:gcdJl(1)J.J�ii3 n mJ:Jr-C'i>-!> .: t a-M 
t To ii13J<Jff 1 1 jcil(7) l-- 1/ .:.t-1v�MH1/!m"'-

[ffl;f<Jff 1 3 ] J:.gcft.ii,ti}i'1)j!J� :IJ{ 1 . 5 n mJ,.:J.r-c· 
1) I') , J:.gc�(1)J¥�7'i0 . 4 -... 1 .  0 n m"('l)Q .:: 
t a-�m c 1" i ffl3J<lff 1 1 ji!lt(?) t- ✓ .::t,,i.,@�W'Jm 
!fl�'\, '!I �.  
[ffl;J<J:Q 1 4 ]  J:�arli'lfi, 7 Iv $. ::.17 A.&tl?,Y;.t­

:,,-17 AQYJ,',j:-< t t 1 ffli:(1).if,i;M1t%J'IJ1t:.1j:--!» .: c a-� 
flt T •Mit3J<lff 1 1 I'.7 � 1 3 (1) 1, ,-fttiJ--? ,::�(?) l--
1/ .:t,1v�tlttntlU�"'-.; r .  
[�J:Q 1 5 ] �JJ{ 1 1 I'.,� 1 4 (7)1, \-ftlf.l>-"?,::ic! 

lt(7) l-- ✓ .::t,Jl,,OJifjj;�HliUt"'-'!I r t  mMD"'­
'!I � t a-lllfl-*b1t-Cf14� Lt�ici.111}�O"'- •y � .  
C �Jff 1 6 l ffl:J<:i:R 1 1 I'.,$ 1 5 '1)1, ,�n'IJ>--?t::� 

lt�"'- •y � a-vffi:c.t.::OiimM�lfl. 
[ �BJJ(7)i¥1J,j:-&Jtll,ij] 
[ 0 0 0 1 ]  
c �eJJ(7)i&T i ttffi?tl'f l *�IIJJ,;1:, t- ✓ .:.t-1v�tt 

�HJJl,,f::fi!.Wt§lWm-=r.&Y�(7)G1f?!t �ha­
ffl� ,t.::lUt"- •y ��-u,:.:(1)�" •y � tiii.t.::Uic! 
ii�llt::001" t .  
[ 0 0 0 2 ]  
[ �(?)ttffi] JJl�fflft � i1. "( l, 'o � 7 -r A? �fl 

,::t:sP-C , �=f ,r A ?i::f��ht�fflffla-MTot.:: 

EX2081 - Page 18



��=m�, f:>ho11J�m,v, •:1 i.: �i;:1:, �.tJtN i - F

e Im� ,::1:. t;, Q fl :nttst�JtUicVJ� ( A M R ) Im a-ffl � ,  
f..:�"-·;, � ( !:Jr, .:e7.>ffl(1).I'\. •;, � a- AM RI'\. ·;, � .!:: 

1,, , 5 ) 1JlJA< ffll,, \ f:>h'( �\¢ . 

c o o o 3 1 .: <7)�" •y f (1)%, m�1t$U 

� 2 % -c· I> i • � hi:: ,  illi!i, G� e7.>fi� i = --:>e7.>

�mtt11-c11:-mtt:uta11 a-B1EA.-t.:ffm(1) e:;k�tnJJ 
� ( G M  R )  Ima-ffii,, ,t.:liB'A"- •;, i.: ( i-.:lr, .:e7.>ffle7.>"­

•;, ��  GMR.I'\. •;, r .!:: i,, , , ) t�JJHt�htlaclbt.:. 

[ 0 0 0 4 l .: (1) GM R "-•;, r (1)��1t$tt 4 ~ 
5 %<.:• , U(1)A MR I'\. •;, � J: tJ ili�-C·I, Q .  .: e7.>t.: 

�- J: tJ ,J,� �11Sl&iPhe7.>liSjtfflffla-�WT o.:  l:: #"ilJ

tmc � tJ ,  1 lf:n 1 ;,,+1>t.: ".> 1 o ::"Jfff c •;, J--(1)WJt(1) 

i�L ilffml:: �o . liP l�#h ,  «tfJt, ici¾Wi'.�* 

!Wit: JtiiJ: � -tt o t:: ,;:1:, � h t::;k ts ��fi�1t$ � ii 

Tt>N��"- •;, t:#�!:�o . 

c o o  o s 1 .::(1)J: 3 �Mi" '��1t$�:/ii"ost 
�Dt��Jmc t., -C, =--:>(1)iM!l/!ttJl(1)fflH:�Jlt;{a1E 

iht.:ntifte7.> J-- ;,,  ::t-1vff,g-�*tr J-- ;,,:;t-,1,,�tt�� 

Jffl:b1?! § �h --C i,,  ,i . .:: e7.>Jfflt·C;t, f,IJ.t tf, ::l�-1-Jv
• ;t:1 • 7-7";:t,9- ,( ;(J..:. • 11/ � • 7-7":;r,9' 1 'i' 1 · 7

r � ,,1,,;(� 1 3 9�, L 2 3 1 "'-::J < 1 9 9 s��
ff) ,:��ht.:J:  :H:, �nf)ffle7.>1ffl,:,,1,, �=.9Aft
1tJl#BlE:'iht.:ntifte7.> 1-- ;,,::t,,v�tt��•i::t:n,--c

1 8 % (1)�Di:�1t$iJtff f:>ht..:�, :;k � ��fitt

�1t.1J1��h -c i,, \ ¢ .

C o o  o 6 l .:'1:>J: 3 i:, J-- ;,,;t,,v�fiH*lffl';t, 

:;k!s ���it$ �1:. tot.:�, ��<7)Sl.W.�W 
*-re t, --c,  �,:�" •;, �'1:>M�"- •;, � c!::: t., --c .LDffl 

Thli1i!il-C'I> l'J ,  1 If-n ..-f ;,,f-�t.! l'J 4 o ::Jf tJt" •;, J-­

� ce7.>iliWi'.i�N1:."-<7)�fflt;tWJ�� ho . 

[ o o o 7 l .:'1:> J-- ;,,*,v�M*lma-iliWi'.li�

�D"-·:1 r <J:Jr. J-- ;,,*,vDfiMH�
""' r c " ''  > �Ui"ot::,;:1:, J-- ;,,*1vm��(1)-fi! 

( ff I., <  UUJi1M�ll!U !: ffltt -l> ft )  t:' 1 .um  
2 ¥1Jtl,Q PC;:t.:hJ: ".) ,j,� < T o�ifil>o o :_ :_

-r::, 'ilt�titli, �<7)ftt:ft� ot.!clb, ffl:,J,�
m�a-�Jilt lt.:%t::l;t��*'::� < . --mi:, irui!fl'1:> 

AMR.I'\.•;, r(1) 1 ffWJ:t'1:>fitfeffia-�T. 

[ o o o 8 l .: (1)t.:clb, J--;,, ::t,1v0fi�M�"­

•;, r-C'l;;J:Jlt£JA< ffli,, ,t::,h -C i,,  'o AMR.I'\.•:,, � fflfmlb@J

l§a-m" ,i .: bot-r::tt 1", i t.: .  F.Mt-ffifi:;ktt ",f.!clf.>t::

1a�t-fffl-ffft ( S/N ) i)t,j\;1� < �i c 1,, ,-, r,!'J&ifiBJff::, 

�>,!:: �-,"'(�t..:.  
[ O O O 9 l i"�h�, Of1!�1t$liili< c t ,  ii 

�t;�< . 1a�t-ffflffft ( S/N ) tM,� i,,,f.!clf.>, 

.::<7)1 i -Cii, i9i!SJ.l:(l)Si.W,f§l/:f1$-r, :Mi:�f -1 :,..  

? � c e7.>ilitf 0�c!iit\H�(1)�l/!St\"- ·:1 r l:: L---C 
3ilffli" i .:  l:: C;t�i'iJfrn-Cl>i . 

[ 0 0 1 0 ] 

! ( 3 )  0 0 0 - 3 2 2 7 1 4  ( P 2 0 0 0 - 3 2■ :s

[ �BJJlllff� L, J: ? c!::: T Q �Jli] I., t.:,;{-, -c - *�BJf<7)

§�l;:I:, J:�cff(1)fll'.IJ!a-M?llfi" -ti .:  c!::: 1::1, t'J .  J-- ;,, ,t,

,1,,�m�mlffl(7)f.ti1,, ,�m:�1t$a-ffl� Lt.: 1

1 .  +�,=�� ,�t;tffit:/ii" Q J-- >--t-,1,,��

mmta-ffl � ,f.! �®.J'.(1)11S.W,f§l W*-r liUf � <7)�� c 
.:ha-ffli,, ,t.:�"-•;, r5!Etf,::.:C7.>0"- •;, � a-UiU.t.: 

�c§J:ilJ1:.�iilta-fflmi" -ti .::  c t::I, l>.  
[ 0 0 1 1 ]

C �&a-M�i" i f.:<V:><7)=¥-fi l J- ;,,  ,t,,t--OfiM�mt 

a-ffl� ,t.::ll!.W.�W*-r��"-•;, t.: ( i-::lr . .:ht:> a- J-­

;,,*,v�m;�m*-rc f;Fi" Q > ,;:1: _ otri!fl(1)AMR& 

ti GM R(1)*-r l:: l;ifi� I') • = ?<7)iM!Sitt&Q ( J.,.:( 

r. li!i::�mu c ll13f;FT Q > '1:>lfflt::nt.i,, ,j@,MJl7'J{��

� ht.:fflli ntifi:IJ, h � I') - .:: ht:, iifiiiMlll!M mn::u�
-rt* l-C-�(1)11.!ftITTDl1t"offl��1iT-ti b'1:>"C"I,
l> • i"� b t:> , Ua-iifiiiMlliSM e7.>fflJI.HrifiH�m1f rtiJ i:

ITTDll t,, iifi�liSMC7.>liS1tnrtiJ<1)fffl(1)jfjJt#1�$11S.W.,::

J: .., --C 1H , ,::�1t t,t.: m¥t::fi�iI1JrtiJ ,:ilh. ¢ 'QlvfL

i"�ht:> , nf� ,HJI t* t, --C-nC7.>'UtffiiJ" f::>$1J(1)'Ql

ffit::ff"'iJt,Mltvtt ( J-- ;,,  ::t-1v'Utvtt ) 1J�1ti" t> .::  t a-fgffl

To b<7)i.:•l> t.

[ 0 0 1 2 l J-- ;,,;:t,,1,,��**-r':1:>itQfittffi

l;t, ti�$-ti! (�Jl(1)ft, --:>1 tJ�Jl7'J�ll!tt
Jlt::tntt t, ft >  e7.>fl!!, miJlml:/f '1:>�ttt: L�i"

-ti .  �ti, 1't-r1J;fi�iI1JrtiJi::�ffi" i:tH-t::*

9-;,,:;�1vlf.lMc!::: t, -C(jJJ� , *r>-::,.,�1vlf.l1i(1)ii1i� t
JJ � i:: J: l'J ffl;tfe ffl:I,){� 1 t .

[ O O 1 3 l �tfe(1)MIJ>htt. -mi:: . *9- 1/1/
� Jvlf.l�(1)jii� ��< , JJ� �n,. <To .::  c :1,i1fruitit1t

<7)�c�i.  l7'J"l.  �tt�1t$t::lffl l --ci:;1: ,  *

9-;,,::,.,�1vlf.lMC7.>f.6� ,1J1A :;ki �ffit;{f,hhi . ,:(1)

t.!clb, *r ;,,:;� 1vltfB� a-�B t, -c t .  ilii,, )�

�it$!:�� ,ffi;t;tffi c!::: a,-jilij_ft� -tt t, .::  c limtl-CI>
t,.  .:: (J)f.!clb, *�eJf i::1.31,, ,--c l;t, .t-'r ;,,::,., � Jvirf:!1(1)

f.15�'-i�r�-tti". lf.l:!1'1:>JJ� t*!Wlt::�"i"i .::  c I: 

J: l'J ,  :;ktt��Dt�1t$a-ffl*l�t;tt:, ,  fititffia­

�'�-tt Q :nit;;a-ffl\ ,t.-:.. 
[ o o 1 4 l *r;,,:;� Jvlf.l:!1'1:>JJ� a-�'T i.:: c

Ii , �(1))¥� a-��'T o .:: c �t,t,£?;t,, :,..r<-:,, ?�

� c <7)0ttffi-C�t-it El t-it i iMl L!UC7.> J: t::t&:� t, t.!

tan t�JiltT o :tH-1:l;t, it:lt Ji(1)JJ � t �"'to .:  
c!::: ifi�!: ,j:- t, .  

[ 0 0 1 5 l t, :/,)l t, , � f3 f,it a-iltliSU J:l::ith 

liT t, :nit;;'t1@M(1).l!j � a- 1 . 5 n mfilt J: t'J ,N::i" 
i c .  UJ1i:t,l::t";,,;t,-11,,t;{1:_ t, J- ;,,.;t,,��a-�

1"1:�IIJT i 11l-r:1,i�1£i" l> t.!clb. �Dt�Uifiti 

elf.>"'( ,j,� < �:.,--c L, '£ ? . 

C o o  1 6 l .::(1)f.!� , �13t-ita-�11Stl:JIJ:1::U 
-�i" tn�lilil�t•lj:� < ,  =fclbi Iv� =.? A�7'7'

.;t.::,.,? A �e7.>&�mt a-iM!SittJ!l(1) J: t::�Jilt t, . .: h. t D

EX2081 - Page 19



-ft-tiW<7.>&Ji5i::J: l'J�JliWJ&-t i .:  t;fJ1--JR�-c· 
ir,Q.  
C o o  1 7 l �Slllifflt-ft-ti.:(l)�,::J: l'J�Rii 

W.l&-t i �, 7 Iv .:: =. '7 A �7 � ;:t-Y '7 AW<7.>�-g 

;fJ1f11.1t, t _ .: <7.>Jffl�#:#W6 L •nf!Bi::� it  H!U 
;fJ{f11.< �it.:.tli'.>iHlft•li�1t,. �Hi<-t l>t.:.tli'.>,: 
U, .: <7.>�Ai/i(l)�iffii!J:ffi(l)h i �*�i:&Ji5 � it i £­
�i)1i) l'J ,  -f<7.>t.:..lf>i:i;;t_ H*ti .7..fEi ffl;<-t t � c(l)

�#�t�i . 
[ 0 0 1 8 ]  l..,i)ll.., ,  C:(l)J: 'J��#--C'li, �,i� 
< �-:> -c b'  ,f (l)q:i"('(l)Wf;;fJI+*-c•,j:�I, )f..:tli'.>i: ' *
liVo<7.>�"R.*<7.> !t$� < _ if-'r::.,, 1/-\" 1v��ii11B; < 
� l'J , ��-ft$#ffl; < � Q t 1t,  -3 fil:IU#1:. t, t.:.. 
[ O O 1 9 l .:. C1:> J: -3 t: , �WI iWJ&-t Q �,: 7 Iv.:: 

=. 'l'J A �7�;:t-y '7 AW<7.>�itJffl;fJ1.IJ1t, t , &.£6<7.>� 
i,HA,, -C-tif-'rYY-\"lv��(l);g� i:kt l..,, 151�,:Ji 
� i ,M:-t i t  1t ,·-3 .:. t ii�B-C-i> i .  
C o o 2 O l -1:;_ B-ft� c <7.>&Ji5i: J: l'J � t :o:t i

7" Iv .:: =.17 A�7�;r,y17 AW<7.>�SJffli ¥t:� < l..,t.:. 
tit:U:, .:. C1:>�itJffla:iM 1'J :@.11 L -C &JoiJ�:ilh, .: ttt: 
!Wti-t Milif!U<7.>�t:£ -c·&Jo#&l::. �lifltt�ii 
t I..,'"( li, ,J:, =- •:, �1"Jv' :1 )\Jv I--W<7.>�lifltt�Sibi> 
11 ,,;1:.:. ttt.><7.>ttiJ{iimm1t, t::>tt, .:tt.t.>�mtt�ii 
b - oc.£6-t Q t M!WI t � Q • .: (l)t.:_tli')' fflt{t� C (l)oc 
J;D,:J: l'J�t �¢ 7Jv.:: =.17 A�7�,;f,y17AW(l)
�mg,m i .!iH:� < L -C t, , ��,:�i, �lifltt�-<7.> &J;D 
JI t,-@itli'.>t.:. t, <7.>iJ1�JI t � i t.:.tli'.>, t:!Wl�«t t 1.., -c 
<7.>JJ� ,;1:*� �t (l)c �i . 
[ O O 2 1 l .l,llC1:>J: -3 t:, ,1v.:: -=:17A�7�;;t,y17 

AW<7.>�-lffl i � liflttJl(l) _J:J:W.i& L, .: :h. i H{t-t i 
W<7.>oc.£6t:J: l'JM!WliWJ&-t iti, .:.<7.>�-lllC1:>Ji 
� ,:J:  t.>i\ if-'r1/Y-\"Jv��(l)i$�i*'=L , tP"?.IJ 
� i ,M:-t -l> .:. t i:i!EM-C-1> -l> .  -t�:.b t::.,, .:. <7.>1f�-C­
i;;t, ifH ,�tt�{t$t 1.!.'tlt ,�ttt ijilljIC.-t l> .:.  
t ii�B-C•i> i . 
[ O O 2 2 l *�IIJl#Wli, .:.<7.>J: -3 �[Uttd-t l> 

t.:..lf>t:fl��M Lt.:.. -f<7.>fa�, �liflttll<7.>J::,:, 
ttt:tJ1t , .. �(l)Jli t i'mJ& 1..,, -f C1:>J::i::, mt-1tw; 
<7.>&Jot:J: l'Jdlic L '"(Jfllt\Q 7lv.::-=:?A�7�;;t, 
Y17AW�S!;JffliWJ&L, �#lffl�q:i-C-<7.>§�9 
,ft, � .:J. IJ-�i:@.11.i�lt 1ielffl(l)1J�i1Jl:-C-C1:>Y{t, 
� t.>,:,J:+1tt:2ti1t \�ft:-C-' �w;tOCto�1t-C *
liU6<1.>�.GUt�C1:>�i/$;fJflt%J..:I.T <7.>�Wii'J t -ti .:. t 
t;t·iiJtm-C-i>i> .:.  t tiiliLt.: .  :Ifft L,1t,�-C-t:I:, ti 
,:�it.lltH-ftL-C 1 0 0%H{t�iJlt.>tffJ&�tl.c,d 
Ji>.:-t Q.:. t i-c-� t.:..
[ 0 0 2 3 ]  .:.<7.>�tffl1t1l> t , 7Jv ,::-=:17A�7� 

;:t, 1/ 17 A�mt,J:ttt:oc.£6 I..,, i$1t \;f-'f-1/ Y-\" Iv 
lf!�tif-tl>�JlliWJ&�ttl> . L'IPL ,  U�c(l) 
&.Jl»i , Ttff! t � Q ff"�AiJI-C-W .tl:-t Q t.:.tli'.>, H{t&J;D 

i c  4 > o o o - 3  2 2 7 1 4  < P 2 o o o - 3 2■ :s 

-t l> ffl�U, l:.ii:!7 Jv -:: =. 'l'J A �7 � .::t-Y 17 Aw;(l)�SI; 
Jffl<7.>ht:lll t;,tt, -f <7.> T <7.>�J!ltll<7.>ocl6Ulfjj.tf: � :h. 
l> .  -t�:.bt::.,, it�SJi,i-f<7.>J::i:WJ&Lt.:.�S.lltH
{t L -C�JI c -t l> IH:, T$<7.>�lif!U<7.>H-ft t lljj.tf:
-ti t.:.tli'.><7.>i¥U c t., -Cffltitt l> •
[ 0 0 2 4 ] .:C1:>t.:.tli'.>. 7�-::-=:17A·7�*�17AW

<7.>Ucoc.£61.., -C�JlliWJ&�ttQ�,ti.11<7.>JJ� a-+
H< l-Ct:5tttf', �W!JC1:>J¥� i+fu'i< -tt .:. c1J1

iiftmt�IJ . if-'rYY-\"Jvir!mt�< -ti.:. t tfi-c-t!­
Q.
[ 0 0 2 5 ] .:tti "f:(l)�--;Qlf:>!j!!Jlffi-t Q C ,  *7'

1/Y-\"lv��(l)J¥�,i 3 .  0 nm.l,j""f, :Ifft L <  ,:t o .
6~0 . 9 n mfill:, i$�1;:l:�•�< c t l 'il:=f;f{Jld-.l,j
J::, iii I.., <  Ii 2~ 3 1lt-r;f{Jv 1--flll:i -c-w: L It '  t .: -?  
-c•i> i .  311:=r;f{iv Hi�iJl�n�ft t.>ttUPiJ1 _ 2 . 2 
'!i=f;i{Jv 1--H-C-i>tl.1!7 Jv -:: =. 17 A(l)H{t�-c-��,: 
fft:>tti . 
[ 0 0 2 6 ]  .:. .:.-c-, if-'rYY-\"lvlf!�(l);g�1i, � 

11i:t:n,-cHWl::OCJ;DL-C� '�1t ,��R.*<7.>JU:llH� 
I..,, 211-1-;f-Jv 1--.l,ll(l)if-'f-'YY-\"Jv��;g�,i - *& 
Ji6(1).il�ft*<7.>!t$# 6 %.l,:I.T-C-i> t .:. t 1:�J;D-t Q • 
-'::Jin(l)JfflfflJ&t I..,, � t;,i: ,  �tf7-.l±t;g<fflt{t1Ji!i:lffl 
i*<-ti�c�aat+1ti:ocJ;D�-tt-i�#-iffl1t,Q 
.:. t t:J: l'J . .: (l)J: -3 �if-'r 1/1/-\" ,v��i:oo-t -?>�#­
imt.:.-t.:. t jJ{ii]"fm t � I') - ;g1, )��{t$};:: {il;lt ) 
�ttt i jilljI£.-t i .:  c bfiiJtffi t � i .  
[ O o 2 7 l 'it.t.:.,  J::licit�itll<7.>#ttl:J: ,U\191:i , • 
.:tta-+*,:tW< L-Ct:31tif, ��{t$<7.>�r,i 
d-C-t!- Q .  ilt�SJi<7.>:tff t Lit ,JJ� Ii, 7 Iv -:: =.17 A 
�7�_;r,y17 A�aJffliH{t L -C� a-WJ&-t l> 
�,:_ -1f-C-li�liflttli<7.>H1twi.tl:tltmi::.t!I L ,  fl!l1f 
-c·U:�itlll#tt,:9{1'.; � :h. -C iflrif <7.> !l:tff��M#fi 
f:>tl.,l,�ii,lt..:-tt, (l)-C-�lttlJ;f� t;,�lt '• 
[ o o 2 8 l *J!IIJJ=lw;<7.>�Mt:J:tti:t, ff"�Q

<7.>:tffi u,MC1:>J::1lll;i, 1 .  5 nm:ffl.lr, Tlllli O .
2 4 n m'-Vt-C-�'�< t t 1 Jl(=fJiJ;)._l:J;ii0�-C-ir, IJ ,
��i:�,::tff t U ,pjj: 0 .  4 ~ 1 . 0 n m  -C-i> 
i .  
[ o o 2 9 l �t:5, ilt�SJI t Ve&i , Au  , P t , P

d ,  R h ,  I r&ffR u (l)�fJ¥iJ�'=>iUR�:h.l>�'�<
t t 1 U<7.>ilt�a�i>t n1:t.:.tt.h<7.>�:at<7.>MiJ1l11
Jfl�tl.,E, .
C o o 3 o l *J!sJl,i _ .l,,llliJtllJI Lt.:. 1--::.,,  .::t-1v�tt

9JJm$=rl:DQ-t l>m1tama- t, C ,:��M {,(l)"f:I,
I') ,  J::lic*J!ll,ij(l)l§l�a-itJiltT Q .:_ C (l)'"(•� Q�SJl(l)�
ffl:a-J;lrt:A#:�i:i!JtsJtt Q .
C o o 3 1 l ( 1 > 1ti', *�SJIC1:> 1-- ::.,, :+JvblUiilb

um:.w� W*=r'i _ :!i 1t ,i::m:1toc�-t Q m.w,:�<7.>1'
i -"?<7.>�lifltt�Q<7.>lffll::.dJi;fJ,#tf 1.., -c 1-- 1/ :+iv
m�a-WJ&TQ r 1/;;t-,v�$=rt , ma=--:> 

EX2081 - Page 20



o:iii!mtt�ur:m:u t 1:11:11irt i flqff t t illli .t. t.: 
m.w�ili$-=rt:t::i we ,  -:no:iii!mtt�u tum t 
O:>lfflt: , A u ,  P t ,  P d ,  R h ,  I r &tfR u O:>it� 

AiJc:$11¥7'.PC:>illtR�h.ij,',j:- < c b 1 ftffiO:>�b L- <  
ii.: h. f:» 0:>�0:>tt:b'.> t, :i:t i it�liiUI i'.' � itt.:.: t a:­

�ffl t -ti . 
C o o 3 2 l J:.icit�Uo:iJJ� Ii 1 . 5 n mJ;l""ft•I> 

i .:  t n�i L- < , J:: IJ1ffi L- <  tt o .  4~ 1 .  0 n m  
t·1>i .  
[ 0 0 3 3 l t_t.::. ,  J:.ij�}IO)}J� l;t 3 .  0 n ml-.:J.""f 

t·1>i .: t il�i L- < , J: IJ 1ff£ L- < ,i 0 .  6~0 . 9 

n mt·1> i .  T:i:tt>-t, , Hlii0:>JJ� i'.'ii!l!ttJDH:ttt 
iUJilO:>nf-r 1/ �"" ,1,,��0:>jij�,:�t>T c ,  :'.Jnj:· < 
t b 1 'it-=f;f-11,, J-- tJJ:, �i L- <  ,i 2- 3 'lt-=f;f-11,, J--ffl 
Ji'.t t·� t., �,  t .: -? t·I) i .  3 'Qt-=f;f-11,, H,i7j:-;'p7j:-;l;�f 
t:>h.ft�,7'.li, 2 .  2'/tt-=f;f-1v 1'Ut·l)h.tf71t,, � .::.11 

AO'Jttit�-c-� .. JH:tt t:>ni • .:o:iJ:: , ,:,_,.um :a:-m1oc 
Tldt��:i:t t o:i c:  VC , 7lv � .::.11.A&tf7�i-�? 

AO:>j,'t;/; < t b 1 ftO:>�.tittit�:b)•ff hh. i . 

C o o  3 4 l ( 2 )  .:o:iJ:: -3 'J." 1' 1/.::f.Jvl!�UU:;t�JH 
m.w.� ili *-=rt ��-ti JeeJJo:i���,i, 1n, ,: m1t 
�JPiT til!.Wt:�o:i1, i --?0:>ii!l!tt��Jii0:>1fflt:H 

Jl:bi1f'{f. t., t " 1/  .t-,v�i'.'m1oc-t i t-- 1/ .t-,v�tlttt 
�**r c , nriic --?o:iii!mtt�l!Jiilffl t:'ittfH: 1:11:11irt 
¢ U�-=f t a:-illli .t.t.::.li&.W�ili$-=f0:>��1rll.;t:.t:H, 
t , nriiic � vfh.:b'.>-:n O:>ii!l!tt�.(il;Jii J:. t:H}I i'.' mi£ 

-t iiffl.t , <Dnriicii!l!iH:.tillJ:.t:Tut L-t ni� 
1 . 5 n ml-.:J.""FO:>A u ,  P t  , P d ,  R h ,  I r &tfR 

u (l)ft��:ic$ll¥:b>C:>illtR�h.¢j,':i:t< t b U dl0:>ft 
$ b l., < li.: h. h O:>Jt*0:>1t�1.P h :ij:-¢ ff �.tiJI a:-m1oc 

-t iifflc , 12>1iiiii!ff�UJ:.t:, Hit-t Q .:  c t: J: � 
t�jH;:HJI c :i:t IJ ,  1J'.>-?.:0:>UJii0:>imi!ii!l!tt� 
Qt:MQif.'r 1/�""'��0:>il1ii� :IJ,�'J." < t b 1 1g  
-y,r-'Jv "'{'1)¢Jm}J'3 n mJ;l""f 0:>1t.5'Jmtm1oc l.,, file 
ft�i&Jlintrii!ii!mtt�.mJiio:iHitlfJi.tl:Jmt 1.., ti¥� L­

-?--:>frijc�•.lffltilltR�t:MHt t., tttft�Jiit:�-t Q 
UJ1o:imi£Iffl t t-nt1oc L-t.: .: t i�mt-ti . 
c o o  3 s 1 J:.icit�i&Jii&tf J:.ic1t-'1.lfflo:im1oc1i. • 

��?1.;b l., < li.7..H•:, ? � 1/�?l.;t·��t:!BJocT i .:  

t i'ft• !k Q .  t t.::. ,  filc1ti&.lffltH1t L tttft�JIH:$: 

Hai"¢ HJl�Jociffll;t, H*#lffl�i:po;i El�ftm 
JI, �-i� t t., < l;i:75 �7G{t,&J!o:i� ,-ftt:IJ>o:i 
G�llfflc i" Q .:  c tJ't•� i .  
C O O 3 6 l :i:t:b'.> t· b , 75 �-;:,ttftJ&J!li, 11!!0:>M 

?!t:Jt� t., t M�lfflti'm < t t ffjH:��Jma-IHtt· 
i , � 1ff :i:t� #flt, h.1ff ;.t t., \,.  .: (1)�0:>1ff t L­
\ ,�i!t-t l., t, 9'.t.l�t/.7...8: 0 .  8--2 . 5 T o r  
r . �n 2 0 0~ 5 0 0W. M�lffl 1 0 � 3*#• 
ff f,h. l, .  

c o o 3 7 l < 3 > J:.ifr. " ;y-.:t-,v��m.w.� 

i c s )  o o o - 3 2 2 7 1 4  c P 2 o o o - 3 2■ :s 

::m,�-=r!-ltffl L-t.:*JeeJJo:i6"- •y �,i.  1l\ ,,:m1� 
�-ti l!.W. �:8§;0:>I, t =-?0:>ii!l!U0:>lffl t: t@JiJl:IJ{ff 
1£ l., "( r- 1/ ;;r,Jvti-€ii'.' WJocT Q " 1/ ;;r,Jv�tl£U::1:$ 
-=f c ,  mr.=-?O:>ii!l!Ulffli:'itt.8:a:-l:ll1Jirt i fl� 
ttt Qm.w�ili*r t .  mr.1tt:ffi�ti!i L tnr1ic=. 
-?O)ii!li!tt/llfflt:m� O:>'itt.8:a:-l:ll:1Jirt ¢ �11.8:11� c i 
illli.t.t.::.D"- •:.r � i:t:i \ ,-c , mc-:no:i�mM t � 
}I c 0:>lffli;: , A u  , P t . P d . R h  , I r &UR u 0) 

it�AiJt*ff:b>f:>iHtR�h.,t,j,':i:t < c b 1 :fifflO:>iE* b 
t., < li.:h. t,0:>T�0:>-€i�:1J�t,:i:t,t,'Jt�U a:-i!Ut ¢ c 

�,:_ mcit�u..1:.,:m1oc�ni fil�li t t., t ,  
fil�mtt�u,::t-t-t i ;te-r ;y-1/-\' Iv��o:iiii� :IJ{j,• 
:i:t< t L 1 'itt-=f;f-11,, J-- t•l, ,t,�Jl t�,tt.: .: c a:-H 
t -ti .  

r o o 3 a 1 .: o:iu" "/ � ,;1:w��" •:.r �--c1, Q 
'Ii, .:h.t Jai?3:JO'J6�U�"- •y � c iffllt-*t>it 
,t, .::  c i:J: IJ3�t:liciiN�6"-·:, �tJ'�J!t•� t .  
C o o  3 9 l C 4 )  f t.,  t ,  .: 0:>liciiN�l!�"- ·:.r � 

Ii . �W Ji'.liciiM !-1iJ� c -t {) t (1) t· 1)-t, t.::. ii:>_ �W 

�liciiP¥t-itt ffll1-*t>itt , flh.t.:�licffN�� 
tt i'.'tt -E> UicijlfJ���a:-�J!-t Q .:  c :b"t·� ,t, .  
( 0 0 4 0 ]  
r �BJJC1)�n&o:immu � Ht, *JeeJJ,: J: i 1-- 1/ ;t,11,,m 

��**r�:mm t mit�t:jf- Lt.:H�--c� 
¢ • .: .:--c, Ui1/ 1J :1 1/U ( 1 o o )  "C, 2 tt.:o:i 
J:.i:�,tt.:�GU < s i 0 2 > . 3 ,im 1 0:>ii!l!tt 
.Im, 4 liff�.(il;JI. 5 Ut@JiJI. 6 i;tm 2 O:>ii!l!U, 
2 · ,;ti¥�.lfflc,j:-,M@�t-it. 7 ii ,  ffi l O:>�l!U 3 t 
ffi 2 O:>l!tt}I 6 t O:>lffl t: � a:-l:IJ:1Jirt () t.::.il:>O:> A u U 

'{'1)¢ .  
c o o  4 1 1 J:.lic:fff�t:t:i� ,t _ *JeeJJo:i�fl!dim 1 o:i 

ii!l!tt.lffl3 0:>J:.t:1t�.tilii 4 a:-11' t., tUJii 5 a:-IHHtt.: 

�,:I) ¢1.  $fti", it�.ti.114 t l., "( ,;1, A u , P t , P 
d ,  R h ,  I r &UR u O:>fl:1t�i'Emff:b'.>t:>iHR�h.9 
j,''J."< c L 1 O0:>Je* b L < tt.:h.h0:>ft*0:>*1t:b'.> 

C,:ij:-¢ fl:�Qil�Joc � h.¢ . 
[ o o 4 2 l it:&M 4 0:>Pli, f� i J: -3 t:Hit 

Ma:-n Q HJI 5 (l)JBJociffl�t:, ""f f.1!! c 'J." ¢ ffi 1 O:> 

�mu 3 c m:tim > ,:n LHftlfJiil� t:n-t ,t,J¥ 
� "Cl>n,flinnJ\ ,.:: c �;J. t., < ,  J:.llJUi 1 . 5 n 
m, ""fllJHiHftl!1i.LUIJ�I> ,t, J\iiiO:>M"C 1 IOC-=fJiJ,,.:J. 
J:.O) 0 . 2 4 n mU"CI> IJ ,  ��,:U: 0 . 4 - 1  . 

0 n m0:>.lffl)Jti'1ffi L, \ '• 

t o o 4 3 l lit.:::, fl:1tM 4 Ii, G{tlfJi.tl:��fl-:i:t 
C, -j", lil:tftlttitilf1J\� � \O)�-y A t"  :Y'O:>fflffli'.'U l., 
t.::tlrwt· " 1/ .:t-,1,,11ffi i'.'vt-t.: t i'ft•� , �mt L tjij 

\ ,�tt�ft•t�� L:i:tti' t:,,  " ;y-:t-,v�fUIJ 
H�ili*ffl11Htt�if�U:1flf t., t � '¢ . 
[ 0 0.4 4 ]  � s ,;1:, it�mg}l4 J:.i:-=fil:>0lJ.t.liA 

J �M g�O)�,tit.JffliWJoc l., tt:i i ,  .:h.a:-�ffi;lpt;,if 

EX2081 - Page 21



m�t:n1t L 't"mJ:£ L-t.: t'1.>-c·it:, i . -t,:cv�, •�st 
Ji! 4 J:.1:-=f�mtit l,t.:A I �M g3�i&!ffli�ffijiJ>t;, 
�1t Lt.:%, .:: '1.>�5'.lffll;t;HtR�,:K1t�h., M!H 
#mtit�h.Qnt , 1t�.titli!4 t:>J:V'-f'1.>T'1.>ffi l '1.>�ll 
U 3 1;i:ftl1t�tt�� ,t;::�, �'1.>JJ�l;t, A I �M 
g 3'1.>��.lffln�1t � h.t.:ffl�t:ffi!Jll.l � tt, -HN:�� , 
Uli! 5 nt�itii 'J '1.>/f.� -c·�t:mit � ttQ. 
[ 0 0 4 5 l it.: ,  .:��!ffl'1.>D1tl:t:3P"CU-it�� 

Ji! 4 '1.>D1tlf}jil:Jl-c•+jr�fi!Htnfiiffm,:Ct.:�, it� ,;r-
9" 1/1/-\' lv��i;rf]&Jt�h.Q . 
[ o o 4 6 l .:'1.>�4'1.>J¥�1;t, �ll'liJlt:�-tQ

;r-7:, 1/-\' ,1,,�i\i'1.>it� n{j"� < t t 1 11-1-;1;,1,, l- -c·it:, 
QM 3 n mJ,.:,l.""f, "!ffi l, < l;t 0 .  6~0 . 9 n m"(·it:, 
Q .  
[ o O 4 7 l it.: ,  ffi L ffi 2'1.>�llttfl 3 ,  6 l;t , -f

tt-t"tt1n ,,: m1tocfi-t Q mw.t;,:�'1.>;, -l> mun• t, �
I') ,  ffi 1 �l!ttlfl 31;i:, ff!LUiC o - 1 7 a t %  P t  
ft�3'1.>C olA ( 90) , ffi 2 '1.>�l!U61;t, ff!J 
,tJ;fN i - 2  0 a t%F eft�3'1.>N i F e;;'A (�Si 
u > '1.>l!M a-JtDtr t 1.., < 1;1:.:,:.,, '"/ '>' •; :r ::1-c·m 
JocTQ . .::h.t,��l!O3 , 6 '1.>�00t L"C , �
ll::h&VliUOt:ntt,:l;t, ffi l '1.>l!U 3 >ffi2'1.>l!tt
Ji! 6 '1.>ml�il�* � ni .
[ o O 4 8 l 11ffi 7 tt £-i' L ti A u  -C'l>QttcJH;t�� ,

• n'< ifff:ittt �1ff��11ttta-::fr-t i t  '1.>"C'l>hlffl!!'1)�
,iig-C•ti J: �,.
[ O O 4 9 l ,:Ct:> , ffi l '1.>l!U 3 '1.>Ttt!H:, N i -o

3'1.>oc�mMa-mJ:£ L.  �mu 3 t:-:nffi1'1.>li!M
:ntt a:-.!j. ,t. Q :ffttit t L -C b J: � , .
[ 0 0 5 0 l .:: (1) l- :'/ .:f,.Jvll�'OOJiWJ!l*-1-a- l- :'/ .:f,.Jv

llmlU.it�JHll-W-�lli*-7-t L < ttl!Srt"- "1 � t -ti
t:� L-Cl;t, ffi l , ffi2'1.>�S:tU 3 ,  6 1:fl��ht.:
A u  'ii:ffi 7 a- , 'AlU$E ,:flit L "(ji)j-,i:'.'1.>Ui EP1JD

Th.I:! J: � ,. tt.lI$E t L "Cl;t, iiffiUl$7'.l��'t"
I> i di, 3tvfU, L < l;tHJv.:,:. U't" I>.., "C ti J: �,.
[ 0 0 5 1 l :_(I) l- :'/-l--lvfiHY!�*-7-li, ��!ffl

'1.>H1tMt: J: Q �'1.>WJit-:mJ;;a-Mt� , /llffl'1.> 0
� t lllffl'1.> 9 Y ?' 7 7 1 �ffil: J: i 1, 'JI- �d�lt�
t: J: Q l'm!1n1H: J: .., -c �JH:�Q :.. t ii-C•� i .
[ 0 0 5 2 ]
CttOOl PJT, l�@iH: Lt.:nt--,"(*�aJJ(l)�fflJiA

filt�t;:dJtBJJT Q 0 

(ttf§IJ 1 ) � 1 l;i: , *�BJJ'1.>�t.it�S:t-W-�lli
*-1-& �"- ·:1 � *-r(l)ffl� i ffi-tlffioo�-c· I> l> • .::
(l)��jf; Lf.!J: 3 �. S i 0 2 ��,:CIS! 4 0 0 n m
'1.>�-H1t!ffl2 a-fft" l> 1/ 9  ::1 :-,Jj!Jaif'di� C s  i < 1 o
0 )  ) 1 J:.t: . ;tf;-f, ffi 1 (l)Qltt/i! 3 t L "CM3 0 n
m'1.>C o - 1 7 a t % P t fl (UU ) , .�aJl4
t L"CM l . 0 n m'1.>A u Ji, �U s · t L"CM
0 .  6 n m(l)A I )ffl, iJllif<.X.:,:.H ,:, ? 9 :'/?''t"�Jit L

! c 6 > o o o 3 2 2 7 1 4 < P 2 o o o - 3 2■ :s

[ 0 0 5 3 ] .::'1.>��"("ft.J::.Ji!(l)A l !ffli , ✓7�"79 
1t�-c-K1t L "C � 5 a-Wilt Lt.:.  ::.. ..: 't" _ �/J.:,:. 
lB;t 1 m T o r r c L , 3 0 0 W '1.>f�A �::h (l)""f"(" 1 ?t
lfflfflt1tLk. 
[ o o 5 4 l <X�''t". ,::(!)� 5J:.t:ffi2 �SU

6 t L"C!fflJf. 1 5 n m'1.> N i - 2 0 a t % F eli! (�ll
U )  i fRJ t. < .:,:.1, •y '>' •J :r:1"-r�it Lt.:: .
[ 0 0 5 5 ] .:: ?  L"Cfft;,ht.:fflli!filtl:7 :t  J--7.:,:. :7 i  

WlltL. /llffl'1.> 9.Y?':i 7 1 Ifflt:J: --, "Cffi l '1.>llttli! 
3 nt�te L . .::h#.b-f77)t::x. '"1 1-:r::t�hQ�� t 't" 
1JDI L,  8t!t'1.>Plr'All� '>'- :'/a-WJ:itT I.  
[ 0 0 5 6 ]  (X� \"(", S i  0 2 7'.l•l':>�-b�2 . a"A

H •:, '>' lJ :'/ ::t-c•mJ:£ L , � t;, t:�&t4t 2 • t: 7 ::t l-"7.:,:. 
:? a-mt£ L, /llffl'1.> lJ Y ?' 7 7 1 Ifflt:J: --, "C�.lit 
'1.>t..:�'1.>/\l>lt1Jll.Iifi� ,, ffi 1 '1.>l!U 3 tffi 2 '1.>S:t 
0 6  t i�lli�-ttQ . 
[ O O 5 7 l ftf.&t:, U�-C• -1) i A u J! i 1Arf ti L < 

IJ:;:i:.H ,:, ? lJ :'/?'-C'Wlit L,  iHtRI. •y + :r?'i:J: tJPlr'Al 
'1.>UH'J'-:'/ 7 a-Witt" Q .::  t i:J: tJ ,  � 1 t:5f. Lt.:: 
!iUYtl;Mffli!m"-•:, r�-7-a-WlltLt.:. 
[ 0 0 5 8 l � 5 '1.>��'1.>ffi L ffi 2'1.>l!Wl3� 

J:V' 6 '1.>fflH:IJ:U 7 i1r L "CflfE;IJ{l:JJ1JD� h. "C �  'o  .

..:'1.>�"- •y r*-1-'1.>�fn:IJ:, IIt ,{,t'Ufl 5 a­
�< 1-- :r ;t,1v-t Q l!ir'1.>gtt-c•it:, Qt.::�. U!WI s '1.> l­
:-, ;t,,1,,gm1,:-,m.'1.>�gm1:J: I U�TIJ:d't"� 
i.  t,.t..:77<-,"( _ umn:Jftt.:flJB:t, m 1 ,&v-m2 
'1.>S:tU 3 a J: V' 6 '1.>fflH: l:ll1JD � h. "C � '•MI.IIE t:3 L 
�,t=lfi "(Jl�,.  
[ 0 0 5 9 l J::i28(1)$/!!ffl"(•l;t_ ffi l '1.>li!ttli 3 a-fflllt 

Tl> C o  - 1 7 a t % P t ft�Ji!'1.>ffll!:1Jliffi 2 (l)Jditt 
Iii J: IJ jg� 'k�, �ii!iiitfiftf.l:. t:>'1.>S:t.ff.f.1t1:111Jn�h. "( 
t . c o - 1 7 a t % P t ft�� (ffi 1 '1.>li!ttli! 3 ) '1.>
l!1t'1.>ffi1� l;t�1tL�� '• 
[ 0 0 6 0 l ..: ttt::t-t I..,, ffi 2 (l)@U 6 a-fflllt-t i N 
i - 2 0 a t % F e ft�Jl'1.>�ll:1Jl:iffi l '1.>.SU 3 J: 
l')ffl;� 'k�, �itfiltn>f:,(1)@.ff.#1:P1JD�h.Q t ,  
N i - 2 0 a t % F e ttM ( ffi 2 '1.>li!O 6 ) '1.>1!1t 
'1.>ffiJ � #IIDfiT Q . 
[ 0 0 6 1 ] ffi2(1)QlO 6 't"� I N i - 2 0 a t %F 
e ttJl'1.>S:t1t�11'.;t: J: IJ H� 5 t'.' l- :-, ;t-11,,-t 
l> 11ir.JJ�1t L. -f '1.> l- :r ;t-11,,11tu.r�1tt: J: IJ *A 
�1ta'.'�lli-ti :.. t n<-c·� i .
[ o o 6 2 l �t.it�11'.:$1J:, ffi 1 '1.>S:ttt� 3 t ffi 2

'1.>li!U 6 t '1.>m-ftn<.IJl-fi(1)% c oc .Ifl-fi'1.>� c (1)1{t 
Wit.it� 't"�.b � tt,  .::. '1.>$rQ){§IJ"("l;tl!$nJitf@l:1t 
$n<2 2 %'t"Jr>--,t.:. 
[ 0 0 6 3 l it.::, ffi l (l)Qltt/i! 3 tffi2'1.>li!U 6 t

'1.>fflJ(l)UgtJtl:i. A u  Ji 4 imUt�� '.lt�ff!J"C•l;t 1 0 
0 k Q µ m - 2 -C·it:,.., t.:: '1.>l::t-t L.,  �f§IJ-C·l;t 2 . 5 k

EX2081 - Page 22



! ( 7 )  0 0 0 - 3 2 2 7 1 4  ( P 2 0 0 0 - 3 2■ :8 

Q µ m- 2 >.: 1 /4 o ,:� L,t.:: .  rn�MWfilflt ( S/ 
N ) UJtffl§IJ(l) 2 fll�'t'I.>? t.:: . 
[ 0 0 6 4 l *�n&9l.l,:m L,t.::ogtn;�liUf-�W 

�-=fa-6"-.. , � c L, t ffl-t Q % , N1:: "- .. , � �Jfl 
c ,j:- l'J , !c!jJfili:t.J:fi,j:-� ,. t..,t.::iJ"? t ,  !c§fl t N1:: a-fi 
-3 t.::cY> t:tl, .ffi.l,:0(7)jcffJflffiHliHt"- .. , t.: c ffl1J.-€i-:b 
-ttt 1t.lfl-t Q�;l){I) Q .  
[ O O 6 5 l <�»&9l.12 > �2,i, l-- 1/;t,1vl1UYlUti:� 

em .w.�l:tl *-=f (l)lffiffii� a-fflA� ,:m 1.., t.:: t (7) t· 1.> 
Q • 1 0 0 n mJJ(l)fflN!;J! ( :;r-�;f-) f1 � (7) ;y •J ::1 1/� 

� l J:i:-1 ;t 1/1:::-.A:;t..H .. , '.?$t:J: I') �  2 t:m-tltJrffii 
(l)MriiJiia-11-t Q 1- ;:.,,  ;;t,,1,,og�um.w.�w* 
-=fa-ff:l\'!L,t.::. 
c o o 6 6 1 B 1 .1::,: , oc�mttm s >.:: 1.., t N i o a-
3 o n mJJt•m� L, ,  .:: (l)J:t:, ffi 1 (l)�li!M 3 c L, 
tM l 5 n m(l)C ol!a-m� lt.::. ,: (l)J:,: , tli!tt' . 
,M{!�l! 5 a-JB�(l)f.::cY)(l)fflt-ftJJ§�t::a � ,t , MHtil"ffi 
1 (7)� l!ttl! 3 t:&�.:: c a-l3Ji .u: -t Qt.:: cY>(l)i!t��l! 4 
c L,tM l . 5 n m(l)A u Jla-m� lt.::. 
c o o  6 1 1 .::(l)J:t:� s a-m�-t Qt.::cY>, i i'.Jm 

1¥0 . 6 n m(l)A l .lm 5 . ( :;r-�m) a-m� t., , .:: (7)� 
!il"Ciitf-!�ffii a-7 7 ;(?fflHt$t•fflHt L. -r �JI 5 a-:1B 
� L.t.:: . .:: .:: 't', �jj :;t..lB:l 1 T o  r r t 1..,,  3 0 0 
w (l)tt.J.-. fti:t.J (l)""f t• 1 ?trmmHt 1.., t.:: . 
C o o  6 8 l C::(l)J:,:, � t;, t:, ffi 2(7)�JIM 6 t t.., 

tM 1 5 n m'1JN i F e  Jla-m�lt.::.  ,:(l)ff, 1-· 
1/ .t-,v�*fflJI Jm(l) 2 -?(l)�li!M 3 , 6 t: t 
tt-ftt u� 1 a-n "J tt,t jilij1f (l)�li!ttJiJ(l)rm,: u 

a-1:P1Jn-tim�>.: lt , 1- ;:.,,;;t,,1,,og�um.w.� 
l:tl*-=f(l)�itffl: a-ffl!IJE'. L,t.::.  
c o o  6 9 l � 3 ,;J:,  � 2 ,:m L.t.:: 1-- ;:.,,�,,1,,og� 

Hli!.W.�lli�-=f(l)U� 7 i:ffi:?t'lltil.lE a-mflt L,, 
jilij1f (7)�mu 3 , 6 (l)rm,:m < v > t l:P1Jn t.,v1Ini 
'ilvi a-ffl!IJE'. L. t.::M � 't' I> i . 
c o o 1 o 1 .:: .:: t·, t1flllttfiilitffia-m*$D < �m 

ttJi 3 ,  6 i:M-t Mfil!iJl 5 (l)mtiififfft > t·� L.t.::ftivi 
W�t lt�L.t.:: . .::(l)�•a-MtlfL-t.::M*, .:: .::'t' 
m� � :ht.::� 5 (l)'ilt-=ft:M i ;r-f-;:.,, :Y-\' 1vlf!!f(7) 
jg�,j 2 .  1 11-=fif.Jv t-t•JJ�,j O .  8 n m't'l) Q .: t 
i){'7t1)l ? f.:: .  

C o o  7 1 l C::(l)�f.tt;:JIJH·tJJiiJL,, .::h.a-�-ft�-tt 
t.::%, oc�Ilttlli 8 c M* lI11t1frtiJiJ�1t U: < �, 
C o  JI ( ffi 1 �mu 3 ) Q)Jl1t1flfiJ'j�-ft l..,,:CP 
;I){, ��1J,f;J:tf�1'1ftt(l)1J..,� PN i - F e  JI ( ffi 
2 (l)�li!U 6 ) (7)fia1t1flfiJlin,:�-ft L. .  p:ij1f � 
JlttJ!(l)L1Ht1flfiJQ),:CTJfJ��1t"t l> . .:::h.t:J: I') ,  

��1tiJ�1:: t i .  -f(l)ta�, li!.W.�1t#'iltlI(7) 
�itt L"C�l:tl�:h., l:tl:t.J �:h.i . 
C o o  7 2 l ,:(l)�f.tt:;a� ,t .  p:ij1f(l)�l!U 3 ,  6 

(l)li!-ftiJt!Jl-fi(l):fl* >:. OC-!Jl-fi(7)% c Q)�tn;(l)m. 

"t,j:-:b-;m��1t.$1;J: 2 2 %t·l) ··d.::. ,:Ct;, wl� 
(7), Ul! 5 t::t:Ht Q *oc.'5(7).i£..8UE* ( .:: .: t•lj A 
I ) .lt.$1:l , C::(l)�i:.a�,tU, 1 %t'.1rt·l)?t.::.  
[ 0 0 7 3 l it.::, ffi l (l)l!U 3 tffi2(7)attJi 6 t  

(l)fm(l)�mtn:l;J:, A ull4 a-��Ht��,Jt�f§IJ"t:li 1 0 

0 k Qµm- 2 t•l)--,t.::(7),:ML,, �ffe!lt'li 2 . 5 k 

Q µ m- 2 t 1 /4 0 t:Mlt.::. ��Mfflit.lt ( S/ 

N )  U.lt�f?IJ(7) 2 .  2 fllt'ib?t.:: . 
[ 0 0 7 4 l J:�f?IH::a�,tl;t, 1':1&:�114 t L, t 

A u Ji a-Jfl Pt.:: ;1)1, ,f (7)$(7)-Jt:€if4 t l., "C P t , P d , 
R h , I r , R u a-ffl \, t t iaJtl(l)�*iJf J! t;, :ht.::.  
[ 0 0 7 5 ] .:::h.t::.1t1&:.Jl4(7)JJ� a-il1JD"ti t , ­

m,::��-ft.$iJ{�,-tQMrfiJiJ{J!f:>:h.t.:: • .:::h.li 
-1:f (l)�li!Uil) t;, $1:i (7)�1!1111"-fitifti-=fiJ"jlfi"t 
Q �t:, it1&:f4Ji"(ig-=f :;t.. l::" 1/iJ{fttffl_ � :h., .7-l::" ;:.,,{I§ 
���&� h.Qt.::cY>t�t t::.:h.i . .::(l)i!tl?la:Jfl(l)JmJJ 
IMfttttitl?l,fl;(l)fflJ{ ,: J: ? t Ji,j:-? t � 'Q 1)'' i!tl?l,GI 
JIJJiJ{ } . 5 n m.l;lrt·l):h.l!, � ,1':h.(l)itl?la,:::a �' 
t tJ:!c:;t.. t: ✓u,: J: Mt�Wlj�fflt•� t.::. . 
[ 0 0 7 6 ] it.::, *�:6i{?IJ(7)�*- ffi l (l)�li!U 3 

(l)Jl.ff.1:ilfiJ a--JE'.1rlfiJ ,:nmJE'.-t Q t.::cY>, r it!! t L, t M 
3 O n  m'1JN i O;l)lt;,,:Ci,OC%ili!Wi8 a-�ttt.::.iJ', .::. 
(l)ffl(l) ti(l) t I.., "Ctt, ,f(l)f&F e -M nJA*l?l, M n ­
I rlA*l?l&YM n - P  tW(l)M n titl?lat (l)tt,:C 
cil{Jfl�,t;.:h.i . Ml:l--#Ri: 5 ~ 3  0 n miJ{1ffi L. 
� ,. ,:c.a, .: Cl)oc�mus,i�:Mfiffe!l 1 (7)� u:m t..t.::. 
J: -3 t:��"t Q .::  c t  t·� Q .  
[ o o 7 7 l (�(?IJ-3 > �4U ,  �ffe!J2 (7)ffi2'1J� 

IIU 6 (7)""fif!!t:?tti.$iJ�� •l!H 6 1 a-m� lt.:: l-
1/ ;t.,1,,liU'tm�m.w.�w=-=r(l)lffiiffi� a-m:tt�,: 
m L,t.:: t (l)t·I.> i .  
C o o  7 8 l �tn:�-ft.$1;t, HJI S(l);r-r;:.,,:y'\" 

11,ff!f(l)jg�Cl)f&�ffi L ffi2 (7)�li!ttlli 3 , 6(7),t§ 
.$1: t ml� L. ,  ?tM�� ,1fil��-ft.$iJt;g 
�,. �f7!1 2 t·l;t, -1:f(l)�JlttJI (ffi2(7)�JIM 
6 ) i: N i - F e i:-Jfl � ,t.:: t (l)t· I> l> iJ{, *�ffe!ll::a 
�,t,i, J: "Jjg� ,�m�1t.$a- 13ffiL-. m2(l)�m 
U6 't'I.> -l> N i - F e  Jl(l)r,: t?tffi.$C1)jg�,c olf§ 
6 1 i:-�ltiffl�t Lt.:: . 
c o o  1 9 l -t,j:-.t,-; , �4 i:m-tJ: 3 1::, u 1 .1::1:: 

P3 0 n m(l)N i OQ)oc�IIU 8 . ffi l �li!U 
't'l.>iM 1 5 n m(l)C o �li!U 3 a-Jifflt;:fft.lf! Lt.! 
.1::,:M 1 n m (7) R u  (l)itl?l.till 4 ;a J: V.JmJJ 0 . 7 n 
m�jg�(l)A l g s · (�} a-m� l , U 
��flft•77 ;(7fflt-ftt.·fi--,t.::. 
[ 0 0 8 0 l C::(7)fflt-ft�fflt•m��:h.t.::�./i 5 C1)J:I: 

M2 nm(l)C oll 6 L 8J:tf0 2(7)�JIU't'I.> 
iJ¥ 1 5 n m(l) N i - F e lf§ 6 i:-Jiff(��� l..,t.::. 
c o o a 1 1 .::. .: 't', ?t:ffi.$�\ ,mu't' 1.> i c o .11 
6 1 (l)li!-ft t ffi 2 (l)5!I! l!U 6 t· ib Q N i - F e JI 6 Cl) 

EX2081 - Page 23



S1{t(l)1f f1iJU-fct Q (l) -c·, ��A.ff. i �{t � -\tt.:: � 
t:: , .: (l)-€rl,lt 1..,t.::�!iiltviHi , M 1 (l)�!iilUt·a1> t C 

o Ji 3 J: l'J t li!ft1ff1iJtJ�{t L.fA �,.  
[ 0 0 8 2 ]  .: (l)f.::�, l:f.J1JD!iil.ff.a-�{ti" -t>.:: t t:: J: 
I') ,  jilijJj"(l)�li!ttJI 3 ,  6 (l)!iil{t1fftilt::PJJ.!£tJ1� t-!iil 
�t/i�{t;i� t , !iil�lli*r t 1.., -c 1:JJ1Jafili.ff.(l)�{t 
t::�-::1 < llit.Jti1'11.EE�{tt t, -cit t:>h-l> . .:: .: -c•,i, 
�Ji 5 (l)/DVJU 0 .  8 9 n m  t•l) I') ,  �t;tm:{I'.:$ 
ii 2 8 %-C'a') ·:>f.:: .  it.:: ,  .:: (l)�t::t:; �,-c i ,  frjl1fi 
(l), t:f!t&Jit::t>it ¢�'.&:�J[;;f;}:t$ ( .: .:  t•liA 
I ) U, 1 %!;17'-C·;t) -:>f.:: . 
[ 0 0 8 3 l t t.:: , M l (l)!iilttJl 3 t M 2(l)!iilttJl 6 t  

(l)lffl<1.>Olitttli ,  R u  JI 4 a-!!Ut�� ,Jt$W!Jt•li 1 0 
0 k n µ, m- 2 "(•1) '? t.::(7)t::fe;t I..,'  *�1ii�-C-li8 k Q µ,  

m- 2 t 1 / 1  3 t::MLt.::. fg�xt�fflt ( S/N ) Ii 
Jt$Wlj(l) 2 . 1 ffi"(';t) -,t.:: .  
[ 0 O 8 4 l �:t:i , it:&�Jl 4 t t., -C R  u J1 Hm 1t.:: 

;;-: , -f (l)f{g(l):ft'.&: ,Ii t I., -C A u , P t , P d . R h , I 
r t ffl � ,-c ti �ffl(l)��;;-: J! t-:,ht.:: . 
c o o s 5 1 t t.:: , .: .:: -c-u�Ji s t 1.., -c A I mu: mt 

{t l.,t.::fflt{t7Jv:: .=.17A ( A I 2 03 ) Jl a-ffl� 1t,,:;l;t:, M 
g!ffla-H{t Lt.::MHl'.:71"::t,:,17 A ( M g  O )  JI, � t,t:: 
ttA I t M g (l)*'.&lm�fflt{t l,t..:UJli-C•;t) .., -C b ,  J:. 
icfflt{t 7 Iv:: =..17 AJl(7)� t l;Ili�-(l)f;j�;l;{ff t,h 

[ 0 O 8 6 l (�1iffi�4 > � 5 1i, U�t::li�nf!f,IJ 1 
(l) l-- 1/  ;;t,11,-�mJJHli!.ff.flllli*-=f t lii.J-tff�t·l) 
-l> #, M 2 (l)fi!ttJI 6 t OJI 5 t (l)lfflt::n� 3 t l'iiJ 
.(l)#fi$��� ,mut·l) -l> C o Ji 6 1 ( M 2 n 
m )  a-fl"Ni Lt.::.  �li!Ut::M-l>�Ji 5 (l)mft!l!ffiffi 
Ii 1 . 5 µ, m x 1 . 5 µ, m :(' l) ¢ . .: (l)Nllli!�n.''- •y 
J.:(l)ffffn:limi 1 .  4 k Q-C-1) l'J ,  .:ht::�--:5<�ff 
tt, li!�titm:{t.$t o:>IJUffi,!ilf:,flfJBt ,j:-h'd:� ,,: t t.J{ 

liiiX-C· ts t.: • 
[ 0 0 8 7 ] (�1iffi� 5 ) �1i&M l -4 -C-��t.::*�� 

(l)SNttl\;�SNtl\. •y J.: � ffl � '"( li!$i\ "T -< :.t ? �ii 
a-ff:I'! L,t;:. �il(l)fff�(l)�$i 6 5 ,::�i". � 6 
( a }  li.ljlffi"(•l) I') ,  � 6  ( b )  lil:1?1 6 ( a )  (l)A­

A - "1rim�-C·a1> !> • 
[ O O 8 8 l �it!liiif4dffl!lb$ 5 2 t:: J: l'J lfil�T t li! 

�gcjiitf;it 5 1 t::li, C o  - C r !A*:&f.llf:>'d:-l>Ti!ittf-f 
f-t � Jfl � 1t.::. liUt"- •y J.: 0$ 5 4 1:: J: tJ ffl� � ht.:: at 
$i\A. "1 J.: 5 3 (l) 1-- 7 •y ?il\\Hi 1 µ, m t  lt::. ,:(l)at�A. 
•y � 5 3 (l):pj�$,::Ci�!&f?IJ 1 --4 "(•� 1.,t.::*�HJJ(l)fili 

! c s >  o o o - 3 2 2 1 1 4 < P 2 o o o - 3 2■ :s 

�m�mm�A_ .. 1 rti{P.flt� h-c �,i .  
[ 0 0 8 9 l *�HJl(l)�m1Jff�I\, "/ J.: t ffl�' 

t.:: �icfi:jij��fflrt•IJ, i!:i� 1W 1.J (1)M1a-ftti{IJUl!I � 
ht.:: . .: h Ii , *�BJJt•Jfl � 1t.:: $ Jl�(l)Utl\;titm:{l::Jt 
#*� � 1t.::�t·;t) i .  i t.:: ,  / 1  Ablt��,J,�iJ\.., 
t.:: . .: hli, *�BJl(l)�m1JHA. •y r(l)S/Nf.1{ 
2 Qj,:J....l:"(•;t) tt.::�t•;t) t .  
[ 0 0 9 0 ]  

[�BJJ(l)�� l J;...Ll:.IDtHJJL,t.::J: ? t:: , *�BJJt::J: t)ji)rWJ 

(l)eJ�t�Jti" {> .:  t iJ{t·ts t.::. i"�b't:>, *�B}Jcr.> 1-­
✓ ::t,1v�i!tm1Jff!iil.W.�W*r'-i, �� ,�� 
{t$a-h l'd:ti{ f:, ,  �Wfiffl;< ' '/.Jl-?j!j� \ $/N 
�tt#� t:>hi (l)-C-, ��(l)!iil.ff.flllli*r<1.>�t� 
�t i"¢ . �t::�fn:j;{ffi;� ,t.::�, .:nt�A.•y J.: 
t::ilffl'thl!, U(l)�A. .,. � (l)U@l§tit:�-c-ts 
Qt.::��� ,::�lt!iiW JJt ,::� tD t,, t.:: �A. •y t: f.1<:�-c­
� i .  t.,t.::ti-,-c ,  �lit!iiW./Jt(l)�!ciJN�tlti{ff 
f:>h, d(l)Ut::jtiliJ:t•� t t .:�$*-C-l)i .  
[ OOiffi (l)ffll)fi'd: IDlBJI ] 
[� 1 ] *�HJl(l) l-- 1/  ;;t,Jl,-�mJJUli!.ff.�:±l*T 

(l)�� � ��,::� l,t.::Wrim�. 
c � 2 l *�BJ}(l)-�tiffi{?IJ t 'd: i 1-- ::,; .t-,1,-m�m:ii� 

mm.w-tllW*-=ftffl:it�,::� t,,t.=lffiim�. 
[ � 3 ] *�BJJ(l)-�tiffi{?IJ t 'd: i Tili.ff.tlllli*-=f':::a ,t -t> 

��WJJtt Uo:>ffi a-�T1°7 7 .  
[�4 ] *�HJJ(l)f{g(l)�{?!Jc,:C ¢ }-- ::,;;f,Jv� 

H!iil.W.� W*-=f t ffl:it�t::� L t.:Wriffi�. 
[�5 ] *�HJJ(l)-��{?!Jt �{>Mffl�A. •y r(l)Wf 

ffi. 
C006 l *��(l)�r -< :.t ?�fflro:>�$m�t�� 

t::� l.,t.::IDlHJI�. 
[ �(l)IDl BJJ ] 
1 . .  ,ff, 
2 • • -�.IHtJI , 
2 • . . .  ffit:if;it ( S i 02 ) 
3 . . .  M 1 (l)�!iilU, 
4 • • ·it'.&:iUli , 
5 . . .  dJI, 
6 · · ·M2(l)�li!U, 
6 1 • • ·#:fi.$(l)�� \fi!M, 
7 · · ·U, 
8 . .  ·&�SU, 
E • • -�uu. 

EX2081 - Page 24



[ tl!) 1 ]

Ill 1 

1 ··-&Ci 2 ·-Mlt4�JI 2 '  ... ,eliltt: ( S I 02)  
3 ···11 1 '7>!lillU 4 ···.U• 5 ···H.a 
6 .... 2 '7>!JIDU 6 1 ···9till!l'7>iii� 'llU 
1 •··llfi a ... oilU e ... ,ten• 

111 4 

6 
61 
5 
4 
3 
2 

8 
2 
1 

! ( 9 )  0 0 0 - 3 2 2 7 1 4  ( P 2 0 0 0 - 3 2■ :s

Iii 

rm s 

6 61 

[ � 2 ] 

2 

6 

4 
s 

2 

.:- 2

.... , 
g 0 

= -1 

l -2
-0.6 

[ � 3 ] 

rm 3

-0.4 -0.2 0 0.2 0.4 
l:fl:/JlllB: (V) 

0.6 

EX2081 - Page 25



( a )  

A 

(72)§!1!}1:fl' ffl7J< JI. 
UffS�rlUfC�:r�-Tl3280fl 
��tf:B :rr.fU1:JiJrcJ:i��i,q 

Ul  o > > o o - 3 2 2 7 1 4 ( P 2 o o o - 3 2■ :s 

11!16 

55 

F �-A (�) 50034 BA03 BA15 BA17 BA18 BA21 

CA04 DA07 

EX2081 - Page 26



/ 
PATENY 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE In re application of: S. Parkin Serial No. : 10/646,246 Filed: August 22, 2003 Title: MgO Tunnel Barriers and Method of Formation 

March 3 1 ,  2004 Group Art Unit: 1762 Examiner: Unknown San Jose, California 
SECOND PRELIMINARY AMENDMENT Commissioner for Patents P.O. Box 1450 Alexandria, Virginia 223 1 3- 1450 Dear Sir: Please amend the above-identified application as specified herein. 

ARC920030057US1 

( . M/01 /i?004 Jt.:ALIMAH 00000053 OCJ0441 tow,246 

,· • 
01 FC:1202 36.00 DA 

-1- 10/646,246 

EX2081 - Page 27



O 5 '1.004 �, PTO/SB/21 (08--00) 

_ ·a, 

. 

' 

Approved for use through 1 0/31/2002. 0MB 0651-0031 
U.S. Patent and Trademark Office: U.S. DEPARTMENT OF COMMERCE 

he Paoerwork Reduction Act of 1995, no persons are reQuired to respond to a collection of information unless it dlsplavs a valid 0MB control number. 

Application Number 1 0/646,246 

TRANSMITTAL FIiing Date 08/22/2003 

FORM First Named Inventor S. Parkin 

(to be used for all correspondence after initial filing) Group Art Unit 2652 

Examiner Name Unknown 

\... Total Number of Pages in This Submission I 25 Attorney Docket Number ARC920030057US 1 -' 

r 

ENCLOSURES (check all that aao/yJ 

0 Fee Transmittal Form 

0 Fee Attached 

0 Amendment / Reply 

□ 2nd Preliminary 
After Final 

D Affidavits/declaration(s) 

D Extension of Time Request 

□ Express Abandonment Request 

□ Information Disclosure Statement 

□ Certified Copy of Priority 
Document(s) 

□ Response to Missing Parts/ 
Incomplete Application 

□ Response to Missing Parts 
under 37 CFR 1 .52 or 1 .53 

□ Assignment Papers 
(for an Application) □ After Allowance Communication 

to Group 

□ Drawing(s) □ Appeal Communication to Board 
of Appeals and Interferences □ Licensing-related Papers □ Appeal Communication to Group 

□ (Appeal Notice, Brief. Reply Bri11f} 
Petition □ Proprietary Information □ Petition to Convert to a □ Provisional Application Status Letter □ Power of Attorney, Revocation 
Change of Correspondence □ Other Enclosure(s) (please 
Address identify below): □ Terminal Disclaimer 

□ Request for Refund 

□ CD, Number of CD(s) 

Remarks I 

SIGNATURE OF APPLICANT, ATTORNEY, OR AGENT 

Firm 
or Daniel E. Johnson 
I ndividual name 

Signature l-1c;'}; ._. . � t;_ '>et--� 
Date \\ 03/31/2004 

CERTIFICATE OF MAILING 

I hereby certify that this correspondence is being deposited with the United States Postal Service with with sufflcent oostaae as first class 
mail in an envelope addressed to: Commissioner for Patents, P.O.Box 1450, Alexandria, VA 22313-

1 A r;n nn thi<> rh:itA· 
I 03/31 /04 I 

Typed or printed name Cheryl G. Ruby 

"I 

-.. Signature () t,L (J� £,, 1-i11 -- I Date I 03/31/2004 -' . .  Burden Hour Statement: This form 1s estimated to take.� hours to complete. T#fllEf 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� 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. 

EX2081 - Page 28



PTO/SB/17 (10-01) 

APR 0 5 21104  
Approved for use through 10/31/2002. 0MB 0651-0032 

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 
Unde� Paoerwork Reduction Art of 1995 no oersons are reouired to resoond to a collection of information unless it di.,nl"v" " valid 0MB control number. 

�u:�EE Complete If Known TRANSMITTAL Application Number 1 0/646 246 

•. 

. 

. 

for FY 2002 
Patent fees are subject to annual revision. 

"" TOTAL AMOUNT OF PAYMENT I ($) 36.00 

1 .  

2. 

METHOD OF PAYMENT 

� 
The Commissioner is hereby authorized to charge 
indicated fees and credit any overpayments to: 

Deposit 
I Account 09-0441 Number 

Deposit I IBM CORPORATION Account 
Name 

0 Charge Any Additional Fee Required 
Under 37 CFR 1 .16 and 1.17 

□ Applicant claims small entity status. 
See 37 CFR 1 .27 

□ Payment Enclosed: 

I 
I 

□ Check □ 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 
1 14 160 214 80 Provisional filing fee 

SUBTOTAL (1 ) I ($) 0.00 

2. EXTRA CLAIM FEES 
Fee from 

I 

Total Claims 
Ext

E:::jj
l lms 

� 
Fee Paid 

[=:J -20 .. = 2 X • �36.00 I 
Independent [=:J • 3u = c:::J X I 84.00 I �0.00 I Claims 
Multiple Dependent I I �  I 

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 claims 

over original patent 
1 1 0  18  210 9 •• Reissue claims in excess of 20 

and over original patent 

SUBTOTAL (2) 1($) 36.00 I 
••or number previously paid, if greater; For Reissues, see above 

SUBMITTED BY 
Name (PrinVType) 

Signature 

Filing Date 08/22/2003 
First Named Inventor S. Parkin 

Examiner Name Unknown 
Group Art Unit 2652 
Attorney Docket No. ARC920030057US 1 

FEE CALCU LATION (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 
1 1 2  920· 1 12 920· Requesting publication of SIR prior to 

Examiner action 
1 1 3  1 ,840* 113  1 ,840* Requesting publication of SIR after 

Examiner action 
1 1 5  1 1 0  215 55 Extension for reply within first month 
1 1 6  400 216 200 Extension for reply within second month 

1 1 7  920 217 460 Extension for reply within third month 
1 1 8  1 ,440 218 720 Extension for reply within fourth month 

128 1 ,960 228 980 Extension for reply within fifth month 
1 1 9  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 
1 38 1 ,510 138 1,510 Petition to institute a public use proceeding 

140 1 10 240 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 

1 23 50 123 50 Processing fee under 37 CFR 1 . 17(q) 
1 26 180 126 180 Submission of Information Disclosure Simi 

581 40 581 40 Recording each patent assignment per 
property (limes number of properties) 

146 740 246 370 Filing a submission after final rejection 
(37 CFR § 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) 

1 69 900 169 900 Request for expedited examination 
of a design application 

Other fee (specify) 

·Reduced by Basic Filing Fee Paid SUBTOTAL (3) 1($) 0.00 

37 033 

Complete (if appllceble) 
Telephone 408-927-3367 

Date 3/31 /2004 
WARNING: Information on thl form may become public. Credit card Information should not 

Ide credit card Information and authorization on PTO-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 lime 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.  

EX2081 - Page 29



Amendments to the Specification: 

Please amend the paragraph beginning on page 10, line 20· as follows: 
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(lO0) 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 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 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 MTJ s with A}zO3 tunnel barriers. Popova et al. also suggest that the modest TMR values they find, especially 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, 076102 (2001)), who found evidence for a such a layer 
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from detailed structural investigations using surface x-ray diffraction of the growth of MgO on single crystal Fe(00l) substrates. Recently, X.-G. Zhang, W. H. Butler, and A. Bandyopadhyay (Phys. Rev. B 68. 092402 (2003)) have carried out calculations of the TMR for Fe/FeO/MgO/Fe junctions and have found that the presence of an FeO layer substantially reduces the predicted TMR values for this system. 

Please amend the paragraph beginning on page 18, line 3 as follows : 
In another preferred embodiment, the overlayer and the underlayer include respective ferromagnetic materials that together with the MgO tunnel j1::1aetiea barrier form a magnetic tunnel junction, in which i) the amount of any oxide separating the MgO tunnel barrier from the ferromagnetic materials is sufficiently low, and ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of defects, that the room temperature tunnel magnetoresistance of the magnetic tunnel junction is greater than 70% (more preferably greater than 100%, and still more preferably greater than 160%). At least one of the underlayer and the overlayer may include antiferromagnetic material that is exchange biased with the ferromagnetic material of that layer, in which the antiferromagnetic material includes at least one alloy selected from the group consisting of Ir-Mn and Pt-Mn, with the alloy being substantially (100) oriented and fee or slightly distorted fee. The underlayer may include antiferromagnetic material over (e.g., in contact with) at least one layer selected from the group consisting of Ta and TaN. 
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Amendments to the Claims: 

1 .  (Original) A method, comprising: 

depositing Mg onto a surface of an underlayer to form a Mg layer thereon, wherein the surface is 

selected to be substantially free of oxide; and 

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 and the Mg 

layer. 

2. (Original) The method of Claim 1, wherein the thickness of the Mg layer is selected to 

be large enough to prevent oxidation of the underlayer but small enough that, upon reaction of 

the oxygen with the Mg layer, substantially all the Mg in the Mg layer is converted into MgO. 

3 .  (Original) The method of Claim 1 ,  further comprising annealing the MgO tunnel barrier 

to improve its performance. 

4. (Original) The method of Claim 1, wherein the Mg layer is deposited in the absence of 

substantial amounts of reactive oxygen, the Mg layer being oxidized as the MgO tunnel barrier 

is formed. 

5 .  (Original) The method of  Claim 1 ,  further comprising providing a source of MgO that 

acts as a source of both oxygen and the additional Mg. 

6. (Original) The method of Claim 1 ,  wherein the oxygen includes ionized oxygen. 

7 .  (Original) The method of Claim 1 ,  wherein the oxygen includes atomic oxygen. 

8 .  (Original) The method of Claim 1 ,  wherein oxygen i s  provided by a rare gas-oxygen 

plasma. 
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9. (Original) The method of Claim 8, wherein the rare gas includes argon.

10. (Original) The method of Claim 1 ,  wherein the MgO tunnel barrier has a thickness of

between 3 and 50 angstroms. 

1 1 . (Original) The method of Claim 1 ,  wherein the additional Mg is provided by at least one 

of the following techniques: reactive sputtering, ion-beam sputtering, evaporation, pulsed laser 

deposition, and molecular beam epitaxy. 

1 2. (Original) The method of Claim 1 ,  wherein the Mg layer has a thickness of between 3 

and 20 angstroms. 

1 3 . (Original) The method of Claim 1 ,  wherein the Mg layer has a thickness of between 4 

and 8 angstroms. 

14. (Original) The method of Claim 1, wherein the underlayer includes a semiconductor.

15 . (Original) The method of Claim 14, wherein the semiconductor is in direct contact with

the MgO tunnel barrier. 

16. (Original) The method of Claim 14, wherein the underlayer includes GaAs.

17. (Original) The method of Claim 1, wherein the underlayer includes a ferrimagnetic

material. 

18 .  (Original) The method of Claim 17 ,  wherein the ferrimagnetic material is  in direct 

contact with the MgO tunnel barrier. 

19. (Original) The method of Claim 1 ,  further comprising forming an overlayer on the MgO

tunnel barrier, wherein the overlayer includes a ferrimagnetic material. 

20. (Original) The method of Claim 1 ,  wherein the underlayer includes a ferromagnetic

material. 
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21 .  (Original) The method of  Claim 20, wherein the ferromagnetic material is in direct 

contact with the MgO tunnel barrier. 

22. (Original) The method of Claim 20, wherein the ferromagnetic material includes Fe. 

23. (Original) The method of Claim 22, wherein the ferromagnetic material is bee and 

substantially (100) oriented. 

24. (Original) The method of Claim 20, wherein the ferromagnetic material includes an 

alloy of Fe and Co and the Fe content of the alloy is between 1 and 99 atomic %. 

25. (Original) The method of Claim 24, wherein the alloy is bee and substantially (100) 

oriented. 

26. (Original) The method of Claim 20, further comprising forming an overlayer on the 

MgO tunnel barrier to form a magnetic tunnel junction, wherein the overlayer includes a 

ferromagnetic material. 

27. (Currently amended) The method of Claim 26, wherein the oxygen eeRteRt 

concentration is selected to increase the magnetoresistance of the magnetic tunnel junction. 

28. (Original) The method of Claim 26, further comprising annealing the tunnel junction to 

increase its tunnel magnetoresistance. 

29. (Original) The method of Claim 28, wherein the tunnel junction is annealed at a 

temperature selected to yield a tunnel magnetoresistance of greater than 100% at room 

temperature. 

30. (Original) The method of Claim 28, wherein the tunnel junction is annealed at a 

temperature selected to yield a tunnel magnetoresistance of greater than 160% at room 

temperature. 
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3 1 .  (Currently amended) The method of Claim 26, wherein the overlayer and the underlayer 

include respective ferromagnetic materials selected from the group consisting of i) Fe, ii) an 

alloy of Co and Fe, iii) an alloy of Ni and Fe, and iv) an alloy of Ni and Fe and Co. 

32. (Original) The method of Claim 26, wherein the ferromagnetic materials are an alloy of 

Co and Fe, and the Fe content of the alloy is 10-20 atomic %. 

33. (Original) The method of Claim 26, wherein the ferromagnetic material of the 

underlayer is bee and is substantially ( 100) oriented. 

34. (Original) The method of Claim 26, wherein the ferromagnetic material of the 

underlayer, the ferromagnetic material of the overlayer, and the MgO tunnel barrier are 

substantially ( 100) oriented. 

35. (Original) The method of Claim 26, wherein at least one of the underlayer and the 

overlayer includes antiferromagnetic material that is exchange biased with the ferromagnetic 

material of said at least one layer, the antiferromagnetic material including at least one alloy 

selected from the group consisting of Ir-Mn and Pt-Mn, in which the alloy is substantially (100) 

oriented and is either fee or slightly distorted fee. 

36. (Original) The method of Claim 26, wherein the underlayer includes antiferromagnetic 

material over at least one layer selected from the group consisting of Ta and TaN. 

37. (Original) The method of Claim 26, wherein the MgO tunnel barrier is in direct contact 

with both the ferromagnetic material of the underlayer and the ferromagnetic material of the 

overlayer. 

38. (Original) The method of Claim 1 ,  comprising forming an overlayer on the MgO tunnel 

barrier, wherein one of the overlayer and the underlayer includes a non-ferromagnetic, non-
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ferrimagnetic metal layer, and the other of the overlayer and the underlayer includes a 

ferrimagnetic layer. 

39. (Original) The method of Claim 1, comprising forming an overlayer on the MgO tunnel 

barrier, wherein one of the overlayer and the underlayer includes a non-ferromagnetic, non­

ferrimagnetic metal layer, and the other of the overlayer and the underlayer includes a 

ferromagnetic layer. 

40. (Original) The method of Claim 39, comprising constructing a magnetic tunneling 

transistor that includes the non-ferromagnetic, non-ferrimagnetic metal layer, the MgO tunnel 

barrier, and the ferromagnetic layer. 

4 1 .  (Original) The method of Claim 39, wherein the non-ferromagnetic, non-ferrimagnetic 

metal layer includes a metal selected from the group consisting of Cu, W, Al, AlN, Nb, NbN, 

WTi, Ti, TiN, Ta, and TaN. 

42. (Original) The method of Claim 39, wherein the ferro�agnetic layer includes a 

ferromagnetic material selected from the group consisting of i) Fe, ii) an alloy of Co and Fe, iii) 

an alloy of Ni and Fe, and iv) an alloy of Ni and Fe and Co. 

43. (Original) The method of Claim 39, wherein the ferromagnetic material and the MgO 

tunnel barrier are substantially (100) oriented, and the ferromagnetic material is bee. 

44. (Original) The method of Claim 1 ,  comprising forming an overlayer on the MgO tunnel 

barrier, wherein the overlayer and the underlayer comprise respective non-ferromagnetic, non­

ferrimagnetic metals. 

45. (Original) The method of Claim 44, wherein the metals are selected from the group 

consisting of Cu, Al, AlN, W, Nb, NbN, Pt, Pd, Ir, RuO2, Ru, and IrO2. 
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46. (Original) A method, comprising:

constructing a magnetic tunnel junction that includes a MgO tunnel barrier, wherein the MgO 

tunnel barrier is formed by depositing Mg, in the presence of oxygen, onto a Mg layer 

substantially free of oxide. 

47. (Original) The method of Claim 46, wherein oxygen is provided by a rare gas-oxygen

plasma. 

48. (Original) The method of Claim 46, wherein the Mg layer has a thickness of between 3

and 20 angstroms. 

49. (Original) The method of Claim 46, further comprising annealing the magnetic tunnel

junction to increase its magnetoresistance. 

50. (Original) The method of Claim 49, wherein the tunnel junction is annealed at a

temperature selected to yield a tunnel magnetoresistance of greater than 100% at room 

temperature. 

5 1 .  (Original) The method of Claim 49, wherein the tunnel junction is annealed at a 

temperature selected to yield a tunnel magnetoresistance of greater than 160% at room 

temperature. 

52. (Original) A method, comprising:

forming a layer of Mg; 

providing an oxidizing atmosphere; 

depositing Mg, in the presence of the oxidizing atmosphere, onto the Mg layer to form a MgO 

tunnel barrier. 
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53. (Original) The method of Claim 52, wherein the Mg layer is formed on a ferrimagnetic 

layer. 

54. (Original) The method of Claim 52, wherein the Mg layer is formed on a ferromagnetic 

layer, the method further comprising forming a ferromagnetic layer on the MgO tunnel barrier to 

construct a magnetic tunnel junction. 

55. (Original) The method of Claim 52, further comprising annealing the MgO tunnel 

barrier to improve its performance. 

56. (Currently amended) A method, comprising: 

providing an underlayer having a surface that is substantially free of oxide; 

forming a metal layer on the surf ace to both protect the underlayer from oxidation and to wet the 

underlayer; and 

directing Mg and oxygen onto the metal layer to form a MgO tunnel barrier that is in contact 

with the underlayer. 

57. (Original) The method of Claim 56, wherein the underlayer includes at least one 

material selected from the group consisting of ferrimagnetic materials and ferromagnetic 

materials. 

58. (Original) The method of Claim 56, wherein the metal layer includes Mg. 

59. (Original) The method of Claim 56, further comprising annealing the MgO tunnel 

barrier to improve its performance. 

• 60. (Original) A method, comprising: 

forming a Mg layer of a preselected thickness on a surface of an underlayer to protect the 

underlayer from oxidation; and 
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directing oxygen and additional Mg towards the Mg layer so that the oxygen r�acts with the Mg 

layer and the additional Mg to form a MgO tunnel barrier on the underlayer, 

wherein the thickness of the Mg layer is selected to be small enough that substantially all the Mg 

of the Mg layer reacts with oxygen to form MgO. 

61 .  (Original) The method of Claim 60, wherein the surface is selected to  be substantially 

free of oxide. 

62. (Original) The method of Claim 60, further comprising forming an overlayer on the 

MgO tunnel barrier, wherein the overlayer and the underlayer each include ferromagnetic 

material, thereby forming a magnetic tunnel junction. 

63 . (Original) The method of Claim 60, further comprising forming an overlayer on the 

MgO tunnel barrier, wherein the overlayer and the underlayer each include at least one material 

selected from the group consisting of ferromagnetic materials and ferrimagnetic materials, 

thereby forming a magnetic tunnel junction. 

64. (Original) The method of Claim 63, further comprising annealing the magnetic tunnel 

junction to increase its tunnel magnetoresistance. 

65 . (Original) A structure, comprising: 

an underlayer having a surface that is substantially free of oxide formed from the underlayer; 

a MgO tunnel barrier in contact with the surface of the underlayer; and 

an overlayer, the MgO tunnel barrier being in contact with a surface of the overlayer, the MgO 

tunnel barrier being sandwiched between the underlayer and the overlayer. 

66. (Original) The structure of Claim 65, wherein the surface of the overlayer is 

substantially free of oxide formed from the overlayer. 
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67. (Original) The structure of Claim 65, wherein at least one of the overlayer and the underlayer includes a spacer layer that is in contact with the MgO tunnel barrier, wherein the spacer layer does not substantially interfere with the tunneling properties of the MgO tunnel barrier. 68. (Original) The structure of Claim 65, wherein the MgO tunnel barrier has a thickness of between 3 and 50 angstroms. 69. (Original) The structure of Claim 65, wherein at least one of the underlayer and the overlayer includes a ferrimagnetic material. 70. (Currently amended) The structure of Claim 65, wherein the overlayer and the underlayer include respective ferromagnetic materials that together with the MgO tunnel junction form a magnetic tunnel june�ien barrier. and wherein: i) the amount of any oxide separating the MgO tunnel barrier from the ferromagnetic materials is sufficiently low, and ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of defects, that the tunnel magnetoresistance of the magnetic tunnel junction is greater than 70% at room temperature. 71 .  (Original) The structure of Claim 70, wherein i) the amount of any oxide separating the MgO tunnel barrier from the ferromagnetic materials is sufficiently low, and ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of defects, that the tunnel magnetoresistance of the magnetic tunnel junction is greater than 100% at room temperature. 
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72. (Original) The structure of Claim 70, wherein 

i) the amount of any oxide separating the MgO tunnel barrier from the ferromagnetic materials 

is sufficiently low, and 

ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of defects, 

that the tunnel magnetoresistance of the magnetic tunnel junction is greater than 160% at room 

temperature. 

73. (Original) The structure of Claim 70, wherein at least one of the underlayer and the 

overlayer includes antiferromagnetic material that is exchange biased with the ferromagnetic 

material of said at least one layer, the antiferromagnetic material including at least one alloy 

selected from the group consisting oflr-Mn and Pt-Mn, in which the alloy is substantially (100) 

oriented and is either fee or slightly distorted fee. 

74. (Original) The structure of Claim 70, wherein the underlayer includes antiferromagnetic 

material over at least one layer selected from the group consisting of Ta and TaN. 

75. (Original) The structure of Claim 70, wherein the MgO tunnel barrier is in direct contact 

with the both the ferromagnetic material of the underlayer and the ferromagnetic material of the 

overlayer. 

76. (Original) The structure of Claim 70, wherein the MgO tunnel barrier has a thickness of 

between 3 and 50 angstroms. 

77. (Original) The structure of Claim 65, wherein the underlayer and the overlayer include 

respective non-ferromagnetic, non-ferrimagnetic metals. 
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78. (Original) The structure of Claim 65, wherein one of the underlayer and the overlayer 

includes a layer of ferromagnetic material, and the other of the underlayer and the overlayer 

includes a layer of non-ferromagnetic, non-ferrimagnetic metal. 

79. (Original) The structure of Claim 78, wherein: 

i) the amount of any oxide separating the MgO tunnel barrier from the underlayer and the 

overlayer is sufficiently low, and 

ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of defects, 

that the spin polarization of tunneling current passing through the structure is greater than 50%. 

80. (Currently amended) The structure of Claim 78, wherein 

i) the amount of any oxide separating the MgO tunnel barrier from the underlayer and the 

overlayer is sufficiently low, and 

ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of defects, 

that the spin polarization of tunneling current passing through the structure is greater than 70%. 

8 1 .  (Currently amended) The method structure of Claim 78, wherein the ferromagnetic 

material is in direct contact with the MgO tunnel barrier. 

82. (New) The structure of Claim 65, wherein the underlayer includes ferromagnetic 

material that is bee and substantially ( 100) oriented. 

83. (New) The structure of Claim 82, wherein the overlayer includes ferromagnetic 

material. 
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REMARKS 

With this amendment, Applicant wishes to make minor changes in wording in 

Claims 27, 3 1 ,  56, 70, 80 and 8 1 .  

Claims 82 and 83 have been added to better claim the subject matter Applicant 

regards as his invention. 

In addition, the specification has been amended to provide the complete citation of 

one reference and to make a minor change in wording in the summary. 

ARC920030057US l .am2.doc 

ARC920030057US1 

Respectfully submitted, 

S. Parkin 

Daniel E. Johnson eg. No. 37,033) 
Agent for Applicant 
Phone (408) 927-3367 
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PATENT IN THE UNITED STATES PATENT AND TRADEMARK OFFICE In re application of: S. Parkin Serial No.: 10/646,246 Filed: August 22, 2003 Title: MgO Tunnel Barriers and Method of Formation 

February 27, 2003 Group Art Unit: 1762 Examiner: Unknown San Jose, California 
PRELIMINARY AMENDMENT Commissioner for Patents P.O. Box 1450 Alexandria, Virginia 223 13-1450 Dear Sir: Please amend the above-identified application as specified herein. 
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Amendments to the Specification: 

On the page 1, immediately following the title of the invention, please insert the following 

sentence: 

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. 

ARC920030057US1 -2- 10/646,246 
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Please amend the paragraph beginning on page 43, line 3 as follows: 

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 Q(µm)2 to more 

than 109 Q(µm)2. Studies were carried out to determine the lowest 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 Q(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 observed with TMR values in the range of 25 to 30%. As 

described in US Patent e,3 49,289 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 barriers 120' described in this patent may be extremely useful for such applications. 

ARC920030057US1 -3- 10/646,246 
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REMARKS 
With this amendment, Applicant wishes to correct a typographical error and to provide a statement that there was government funding related to this invention, which had been inadvertently omitted in the application as filed. 

ARC920030057US 1 .runl .doc 

ARC920030057US1 -4-

Respectfully submitted, S. Parkin 
D!� (R�.a:: Agent for Applicants Phone (408) 927-3367 
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MgO Tunnel Barriers and Method of Formation 

Technical field 

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

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

recorded data, as memory cells in nonvolatile 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. 

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 

1 5  magnetic moments of the ferromagnetic (F) layers are parallel and lower when the 

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 

20 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 

ARC920030057US 1 Page 1 
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that its magnetic moment is unaffected by the presence of the magnetic fields applied to 

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 

5 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 

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 

10 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. 

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 

15 layer 24, and a top "free" ferromagnetic layer 34. The MTJ 100 has bottom and top 

electrical leads 1 2  and 36, respectively, with the bottom lead being formed on a suitable 

substrate 1 1 , 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 

20 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 
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coercivity magnetic material or by exchange coupling it to an antiferromagnetic layer 16. 

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 

5 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 

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 

10 together may be regarded as constituting the lower electrode 10. 

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

Julliere, "Tunneling between ferromagnetic films", Phys. Lett. 54A, 225 (197 5)) 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 

15 temperature in MTJs with AhO3 tunnel barriers by two different groups (J.S. Moodera et 

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, L23 1 

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

20 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 AhO3 tunnel barrier, by optimizing the interface between the A}iO3 tunnel 

barrier and the ferromagnetic electrodes, and by carefully controlling the magnetic 
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orientation of the ferromagnetic moments using concepts of magnetic engineering, in 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 5 device with antiferromagnetically coupled pinned layer" to W.J. Gallagher et al.). The magnetoresistance of MTJs using aluminum oxide tunneling barriers is 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-10 magnetoresistance tunnel junctions using Co75Fe2s ferromagnetic electrodes", Appl. Phys. Lett. 77, 283 (2000)), although there have been reports of TMR values of up to 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 15 particularly the structure and composition of the interfaces between the barrier and the ferromagnetic electrodes clearly influences the magnitude of the TMR (as well as the resistance of the junctions). Usually the A}zO3 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 20 "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 
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by using special methods of forming A}i03 tunnel barriers. For example, 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, 3 135 (2002), assert that it is 

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

5 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 Si02 gate dielectric 

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

by oxidation using inert gas-02 plasmas. 

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

10 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 

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 

1 5  current from ferromagnet/Al2O1 interfaces using copper-doped aluminum 

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 Ah03 tunnel barrier. Once the interface structure is optimized, either 

by optimizing the growth or by post-growth annealing, for sufficiently thick Al203 tunnel 

20 barriers which give rise to resistance-area (RA) products exceeding ~ 100-500 Oµm2
, 

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

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 

5 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 

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 

10 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 

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 

15 the device. As the density of memory devices increases in the future, the thickness of the 

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 

20 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 
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electrons of one spin type (spin up or spin down, depending on the orientation of the 

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 

5 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 

( 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 

10 (nt n
i
) l(n

t 
+ n

i
) ,  where n

t 
and n

i 
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 

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 

15 TMR= (RAP -Rp ) I  RP = 2Pi-Pi 1(1 - Pi-Pi) , where RAP and RP are the resistance of the MTJ 

for anti-parallel and parallel orientation of the ferromagnetic electrodes, respectively, and 

Pi 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 

20 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 
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determined by the electronic structure of the ferromagnetic interface layer essentially 

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. 

5 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 

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 

10 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 

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 

15 the lattices are rotated by 45 degrees. Butler et al. find that for the ( 100) orientation there 

is a very slow decay into the MgO barrier of majority spin electron states with �
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 

20 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 
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explore the possibility of high TMR in epitaxial (100) oriented Fe/MgO/Fe tunnel 

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. 

5 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 

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 

10 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 

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

Wultbekel, 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 

15 beam epitaxy (MBE) and pulsed laser deposition (PLO) growth techniques. This group 

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 

20 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., 
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Appl. Phys. Lett. 79, 1655 (2001)), who reported 60% TMR but at low temperatures (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 AhO3 tunnel barriers. This group studied sandwiches of CoFe/MgO/Fe 5 grown on GaAs(lOO) with MgO(lO0) 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 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 CosoFe50 layer was the top electrode and was presumably used to allow for different magnetic switching 10 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 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 15 good quality crystalline (100) oriented MgO layers for these thicknesses. Based on the 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. 20 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( lO0) substrates. This group prepared the Fe layers by evaporation from a Knudsen cell and the Co and MgO layers by electron beam 
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evaporation. The first Fe layer was deposited at room temperature and then annealed at 

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 

5 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 

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 

10 significantly higher than that which has been observed in MTJ s with A}zO3 tunnel 

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

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 

15  Meyerheim et al. (H. L .  Meyerheim, R .  Popescu, J .  Kirschner, et al. ,  Phys. Rev. Lett. 87, 

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(00l)  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 

20 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 
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growth on single crystalline MgO( 100) substrates. Mitani et al. first deposited an Fe 

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 

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

deposited a Co5oFe50 counter electrode on top of the MgO barrier to create the MTJ. 

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 

10 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 

through these defects. 

In US patent 6,392,28 1 ,  Tsuge discloses a means of forming a magnetic tunnel 

junction formed from two ferromagnetic layers separated by an oxide tunnel barrier by 

15 first depositing the lower ferromagnetic electrode with or without a 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 argues that a 

20 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 values than those 

ARC920030057US 1 Page 12  

EX2081 - Page 64



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 

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

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

15 sites in the metal oxide layer, so that oxygen will not diffuse over distances of more than 

about I 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, in contradiction to the assertions of 

Tsuge. 

20 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. 
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Summary of the Invention 

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 

5 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 

devices with one or more ferromagnetic ( or ferrimagnetic) electrodes. The 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 

10 oriented ( 100) MgO barriers are formed without using single crystalline substrates or 

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. 

15 In one aspect of the invention, there is provided 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. The method further includes directing 

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

barrier that is in contact with the underlayer, in which the oxygen reacts with the 

20 additional Mg and the Mg layer to form the MgO tunnel barrier. The thickness of the Mg 

layer is preferably selected to be large enough to prevent oxidation of the underlayer but 

small enough that, upon reaction of the oxygen with the Mg layer, substantially all the 

Mg in the Mg layer is converted into MgO. The MgO tunnel barrier may be annealed to 
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improve its performance. The Mg layer is preferably deposited in the absence of 

substantial amounts of reactive oxygen, so that the Mg layer is oxidized as the MgO 

tunnel barrier is formed. A source of MgO may be used to act as a source of both the 

oxygen and the additional Mg. Alternatively, the oxygen may include ionized oxygen, 

5 atomic oxygen, or the oxygen may be provided by a rare gas-oxygen plasma (e.g. , an 

argon-oxygen plasma). The Mg layer preferably has a thickness of between 3 and 20 

angstroms, more preferably between 4 and 8 angstroms, and still more preferably 

between 3 and 8 angstroms. The additional Mg in this method may be provided by at 

least one of the following techniques: reactive sputtering, ion-beam sputtering, 

10 evaporation, pulsed laser deposition, and molecular beam epitaxy. 

15 

In one preferred method, the underlayer includes a semiconductor, such as GaAs. 

In another preferred method, the underlayer includes a ferrimagnetic material. 

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

which the overlayer includes (for example) a ferrimagnetic material. 

In yet another preferred method, the underlayer includes a ferromagnetic material. 

The ferromagnetic material may include Fe, and may be bee and substantially (100) 

oriented. Alternatively, the ferromagnetic material may include an alloy of Fe and Co, in 

which the Fe content of the alloy is between 1 and 99 atomic %. The alloy is then 

preferably bee and substantially ( 100) oriented. The method may further include 

20 forming an overlayer on the MgO tunnel barrier to form a magnetic tunnel junction, in 

which the overlayer includes (for example) a ferromagnetic material, which may also be 

substantially ( 100) oriented. The oxygen content is preferably carefully selected to 

increase the magnetoresistance of the magnetic tunnel junction. Also, the magnetic 
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tunnel junction may be advantageously annealed to increase its tunnel magnetoresistance, 

e.g., the tunnel junction may be annealed at a temperature selected to yield a (room 

temperature) tunnel magnetoresistance of greater than 100%, or preferably greater than 

120%, or more preferably greater than 140%, or still more preferably greater than 160%. 

5 The overlayer and the underlayer may include ferromagnetic materials selected from the 

group consisting of i) Fe, ii) an alloy of Co and Fe (e.g., in which the Fe content of the 

alloy is preferably 10-20 atomic % ), iii) an alloy of Ni and Fe, and iv) an alloy of Ni and 

Fe and Co. The ferromagnetic material of the underlayer and the MgO tunnel barrier are 

preferably substantially ( 100) oriented. In one preferred method, at least one of the 

10 underlayer and the overlayer includes antiferromagnetic material that is exchange biased 

with the ferromagnetic material of that layer, in which the antiferromagnetic material 

includes at least one alloy selected from the group consisting of Ir-Mn and Pt-Mn, and in 

which this alloy is substantially ( 100) oriented and is fee or slightly distorted fee. Also, 

the underlayer may include antiferromagnetic material over (e.g., in contact with) at least 

15 one layer selected from the group consisting of Ta and TaN. 

20 

In another preferred method, an overlayer is formed on the MgO tunnel barrier, in 

which one of the overlayer and the underlayer includes a non-ferromagnetic, non­

ferrimagnetic metal layer, and the other of the overlayer and the underlayer includes a 

ferrimagnetic layer. 

In yet another preferred method, an overlayer is formed on the MgO tunnel 

barrier, in which one of the overlayer and the underlayer includes a non-ferromagnetic, 

non-ferrimagnetic metal layer, and the other of the overlayer and the underlayer includes 

a ferromagnetic layer. The method may further include constructing a magnetic 
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tunneling transistor that includes the non-ferromagnetic, non-ferrimagnetic metal layer, the MgO tunnel barrier, and the ferromagnetic layer. The non-ferromagnetic, non­ferrimagnetic metal layer may include a metal selected from the group consisting of Cu, W, Al, AlN, Nb, NbN, WTi, Ti, TiN, Ta, and TaN. The ferromagnetic layer may include 5 a ferromagnetic material selected from the group consisting of i) Fe, ii) an alloy of Co and Fe, iii) an alloy of Ni and Fe, and iv) an alloy of Ni and Fe and Co. Preferably, the ferromagnetic material and the MgO tunnel barrier are substantially ( 100) oriented, and the ferromagnetic material is bee. In still another preferred method, an overlayer is formed on the MgO tunnel 10 barrier, in which the overlayer and the underlayer comprise respective non-ferromagnetic, non-ferrimagnetic metals. The metals may be selected from the group consisting of Cu, Al, AlN, W, Nb, NbN, Pt, Pd, Ir, RuO2, Ru, and IrO2. A preferred embodiment of the invention is a structure that includes an underlayer having a surface that is substantially free of oxide formed from the underlayer ( e.g., 15 native oxide), a MgO tunnel barrier in contact with the surface of the underlayer, and an overlayer, in which the MgO tunnel barrier is in contact with a surface of the overlayer, with the MgO tunnel barrier being sandwiched between the underlayer and the overlayer. The surface of the overlayer is preferably substantially free of oxide formed from the overlayer (e.g., native oxide). At least one of the overlayer and the underlayer may 20 include a spacer layer that is in contact with the MgO tunnel barrier, in which the spacer layer is selected to not substantially interfere with the tunneling properties of the MgO tunnel barrier. 
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In one preferred embodiment, at least one of the underlayer and the overlayer 

include a ferrimagnetic material. 

In another preferred embodiment, the overlayer and the underlayer include 

respective ferromagnetic materials that together with the MgO tunnel junction form a 

5 magnetic tunnel junction, in which i) the amount of any oxide separating the MgO tunnel 

barrier from the ferromagnetic materials is sufficiently low, and ii) the MgO tunnel 

barrier, the underlayer, and the overlayer are sufficiently free of defects, that the room 

temperature tunnel magnetoresistance of the magnetic tunnel junction is greater than 70% 

(more preferably greater than 100%, and still more preferably greater than 160%). At 

10 least one of the underlayer and the overlayer may include antiferromagnetic material that 

is exchange biased with the ferromagnetic material of that layer, in which the 

antiferromagnetic material includes at least one alloy selected from the group consisting 

of Ir-Mn and Pt-Mn, with the alloy being substantially (100) oriented and fee or slightly 

distorted fee. The underlayer may include antiferromagnetic material over (e.g., in 

15 contact with) at least one layer selected from the group consisting of Ta and TaN. 

In yet another preferred embodiment, the underlayer and the overlayer include 

respective non-ferromagnetic, non-ferrimagnetic metals. 

In still another preferred embodiment, one of the underlayer and the overlayer 

includes a layer of ferromagnetic material, and the other of the underlayer and the 

20 overlayer includes a layer of non-ferromagnetic, non-ferrimagnetic metal. In this 

embodiment, it is preferred that i) the amount of any oxide separating the MgO tunnel 

barrier from the underlayer and the overlayer is sufficiently low, and ii) the MgO tunnel 

barrier, the underlayer, and the overlayer are sufficiently free of defects, that the spin 
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polarization of tunneling current passing through the structure is greater than 50%, and 

more preferably greater than 70%. 

Another preferred aspect of the invention is a method that comprises constructing 

a magnetic tunnel junction that includes a MgO tunnel barrier, in which the MgO tunnel 

5 barrier is formed by depositing Mg (in the presence of oxygen) onto a Mg layer 

substantially free of oxide. The Mg layer preferably has a thickness of between 3 and 20 

angstroms. The oxygen may be provided by a rare gas-oxygen plasma. The method 

advantageously further includes annealing the magnetic tunnel junction to increase its 

magnetoresistance at a temperature selected to yield a room temperature tunnel 

10 magnetoresistance of greater than 100%, more preferably greater than 120%, still more 

preferably greater than 140%, and most preferably greater than 160%. 

Still another preferred aspect of the invention is a method that comprises forming 

a layer of Mg, providing an oxidizing atmosphere, and depositing Mg (in the presence of 

the oxidizing atmosphere) onto the Mg layer to form a MgO tunnel barrier. The Mg layer 

15 may be formed on a ferrimagnetic layer. Alternatively, the Mg layer may be formed on a 

ferromagnetic layer, and the method may further comprise forming a ferromagnetic layer 

on the MgO tunnel barrier to construct a magnetic tunnel junction. The method 

advantageously includes annealing the MgO tunnel barrier to improve its performance. 

Yet another preferred aspect of the invention is a method that includes providing 

20 an underlayer having a surface that is substantially free of oxide, forming a metal layer on 

the surface to both protect the underlayer from oxidation and to wet the underlayer, and 

directing Mg and oxygen onto the metal layer to form a MgO tunnel barrier that is 

contact with the underlayer. The metal layer preferably includes Mg. The underlayer 
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may include at least one material selected from the group consisting of ferrimagnetic 

materials and ferromagnetic materials. The method advantageously includes annealing 

the MgO tunnel barrier to improve its performance. 

Still another preferred aspect of the invention is a method that includes forming a 

5 Mg layer of a preselected thickness on a surf ace of an underlayer to protect the 

underlayer from oxidation, and then directing oxygen and additional Mg towards the Mg 

layer, so that the oxygen reacts with the Mg layer and the additional Mg to form a MgO 

tunnel barrier on the underlayer. The thickness of the Mg layer is selected to be small 

enough that substantially all the Mg of the Mg layer reacts with oxygen to form MgO. 

10 The surface is preferably selected to be substantially free of oxide. The method may 

further comprise forming an overlayer on the MgO tunnel barrier, in which the overlayer 

and the underlayer each include ferromagnetic material, thereby forming a magnetic 

tunnel junction. Alternatively, the method may further comprise forming an overlayer on 

the MgO tunnel barrier, in which the overlayer and the underlayer each include at least 

15 one material selected from the group consisting of ferromagnetic materials and 

ferrimagnetic materials, thereby forming a magnetic tunnel junction. The method may 

advantageously include annealing the magnetic tunnel junction to increase its tunnel 

magnetoresistance. 

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

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

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, 
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5 

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 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 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, 10 in particular, its leakage current or barrier height. 

15 

20 

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

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

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. 

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 

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

1 5  the plane of the device, for final anneal treatments at 120 °C and 380 °C. 

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 

20 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. 
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5 

Figures 1 0A, 1 OB, and 1 0C are cross sectional views of alternative tunnel junction devices of the present invention that employ MgO tunnel barriers. Figure 10D 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 10 alumina (AhO3), where the ferromagnetic electrodes are typically formed from various 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 15 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 AhO3, the formation of MgO tunneling barriers was extensively 20 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 
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oxidize Al layers with thicknesses ranging from a few angstroms to several tens of 

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 

5 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 

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 

10 reliable measurements of the junction' s  electrical properties. Limited studies of thinner 

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. 

15 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 

20 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 
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from Co-Fe or Ni-Fe alloys. Moreover, the resistance of the tunneling barrier was also 

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 

5 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 

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. 

10 Figure 2A illustrates this process, in which a tunnel barrier 120 is formed by first 

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 

15  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 1 1 1 , a bottom electrical lead 1 12, an antiferromagnetic 

layer 1 16, a fixed ferromagnetic layer 1 18, a "free" ferromagnetic layer 134, and a top 

electrical lead 136, all of which are similar to their counterparts 1 1 ,  12, 16, 1 8, 34, and 

20 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 1 34 and the fixed ferromagnetic layer 1 1 8, respectively. As shown 
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in Figs. 2A and 2B, the fixed ferromagnetic layer may actually be a bilayer 1 1 5 of two 

different ferromagnetic layers 1 18 and 1 19, each having a magnetic moment oriented as 

indicated by the arrows 1 90 and 19 1 ,  respectively. The bilayer 1 15, the 

antiferromagnetic layer 1 16, and the bottom lead 1 12 of Figs. 2A and 2B constitute a 

5 lower electrode 1 10. 

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

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

formed from 75 A Ta/ 250 A lr26Mn7J 8 A Coiwfe,6" 1 8  A Fe/ t Mg/ 18 A MgO/ 200 A 

Coiwfe16" 100 A Ta, in which the thickness of the Mg layer t is indicated in angstroms. 

10 The MgO layer was formed by reactive sputtering of Mg in a 93 % Ar-7% 02 gas 

mixture. The Mg thickness was varied from O to 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 

15  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 

20 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 
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when this layer is reduced below the optimum thickness, because the lower ferromagnetic 

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 

5 lower thickness is determined by the wetting of the Mg on the ferromagnetic layer 1 19. 

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

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 

10 layers. Thus, by using a surfactant, thinner Mg layers may be formed which cover 

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 

15 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 

20 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 1 18. (By contrast, AhO3 tunnel barriers 

are usually amorphous and without any crystallographically ordered structure except 
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under very special circumstances.) The thickness of the resulting MgO layer 120' is 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 5 is preferably grown on top of Ta (layer 1 12) and IrMn (layer 1 1 6). The IrMn is an antiferromagnetic layer and is used to exchange bias the lower ferromagnetic electrode. (Alternatively, Pt-Mn may be used.) The preferred composition of the lrxMn1 -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 10 above the operating temperature range of the tunnel junction device. The layer 1 12 can be formed from Ta or TaN or from Ta layers including lesser amounts of nitrogen. The layer 1 12 can also be formed from a bilayer of TaN and Ta. Ta, TaN, and a TaNffa bilayer are advantageous since layers of lrMn (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 15 (100) oriented layers of IrMn (or PtMn). The layer 1 12 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 1 16. Growth of IrMn on Ta leads to a (100) growth texture for the face-centered cubic (fee) lrMn layer. The fee lattice may be slightly distorted due to in-plane compression or 20 expansion of the fee lattice. The lower ferromagnetic electrode may be formed from a bilayer 1 15 of Co8�e16 (layer 1 1 8) and Fe (layer 1 19). The Co8�e16 layer 1 1 8 grows (100) oriented on top of the (100) textured IrMn layer 1 16. Then the Fe layer 1 19, which is grown on top of the (100) oriented Cos4Fe 16 layer 1 19, is bee and also grows (100) 
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oriented. By preparing a ( 100) oriented bee template layer of Fe, the MgO deposited on 

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 1 12 or by changing the antiferromagnetic layer 1 16, 

5 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 1 12, the Ir Mn layer grows textured in the ( 1 1 1) 

orientation, whereas layers 1 12 of TaN/Ta, Ta or Ti lead to (100) textured IrMn. 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 

10 temperature, although the ambient temperature at the substrate position within the sputter 

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 1 16 from ( 100) to ( 1 1 1), by changing 

15 the layer 1 12 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 

20 MTJs is likely reduced because the magnetic moment of the pinned layer 1 18 is not well 

oriented because the exchange bias provided by the antiferromagnetic layer 1 16 usually 

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

( 1 1 1 ) texture, the Co8�e,6 or Fe layers grown on top of the lrMn layer grow bee but are 
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oriented in the ( 1 10) crystallographic direction. The MgO layer also grows in the ( 1 10) 

texture. The different texturing of the MgO layer and the underlying ferromagnetic 

electrode, whether ( 100) or (1 10), which is dependent on the layers onto which the IrMn 

layer is grown, clearly influences the magnitude of the TMR effect. Thus the (100) 

5 texturing of the MgO layer and underlying ferromagnetic electrode can be very important 

in forming MTJs with high TMR. 

It is important that the interface between the underlying ferromagnetic layer 1 19 

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 

10 there are thin regions within the Mg layer, then the ferromagnetic layer may become 

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 

15  ferromagnetic layer 1 19 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 1 24, 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 

20 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 1 10 formed from TaN (layer 1 12) 

100 A thick, a 250 A thick lr25Mn15 layer 1 16, an 8 A thick Cos,iF'e16 layer 1 1 8, and a 1 8  

A thick Fe layer 1 19. The tunnel barrier 120' is formed by depositing a 7 A thick Mg 
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layer 122 followed by a 16 A thick MgO layer 124. The MgO layer 124 is formed by 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 5 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 Mg sputtering 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 10 between depositing the Mg and MgO layers is very helpful in obtaining reproducible 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 15 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 20 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. 
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5 

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 

A thick Co�e 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 

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 1 15 to 

10 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 

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 

15 to ~ l x lf
f7 Torr due to out-gassing within the furnace. This procedure is repeated for a 

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 ~ 1OOx 100 (µm)2, are very 

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

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

1 10%. 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 
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°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 temperatures both the resistance and TMR are substantially lowered. Surprisingly, at higher anneal temperatures the TMR and resistance recover. The non-monotonic 5 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, 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 10 hours of accumulated anneal time at this temperature. 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 15 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' . Cross­section 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 20 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 
ARC920030057US 1 Page 33 

EX2081 - Page 85



case, using a bilayer for the lower ferromagnetic electrode (layers 1 18 and 1 19) allows 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 1 1 5 formed from a bilayer of 8 A 5 Co�e16 / 18  A Fe. The Co-Fe layer 1 1 8 gives a higher exchange bias with the lrMn antiferromagnetic layer than by having Fe directly at the IrMn interface. The Fe layer 1 19 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 Cos�e16 and Fe layers at the interface between the layer 1 15 and the MgO tunnel barrier 120'. However, the lower 10 electrode 1 15 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 Cos�et6• Typically, lower TMR values are obtained when the counter electrode 134 is formed solely from Fe or with an Fe layer at the MgO/free ferromagnetic layer interface. 15  Moreover, the thermal stability of  such structures i s  also reduced. The pinned ferromagnetic layer 1 15 can be formed from various Co-Fe alloys. In particular, the pinned ferromagnetic layer 1 1 5 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 °C versus anneal temperatures up to 400 °C for MTJs with Co�e16 pinned ferromagnetic 20 layers. These MTJs have lower electrodes 1 10 formed by first depositing layers of 100 
A thick TaN (layer 1 12) followed by exchange bias layers of 250 A thick IrMn (layer 1 1 6). The pinned ferromagnetic electrode is formed from a single layer of 26 A Cos�e16 (layer 1 1 8; there is no separate layer 1 19 in this case). The tunnel barrier 120' is formed 
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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 Cos�e16 (layer 1 34) and the capping layer 136 

is formed from 100 A Ta. 

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

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 MTJs are formed. Just as for the samples 

shown in Fig. 4, the TMR increases significantly on annealing. The TMR reaches a value 

10 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 

MTJs formed with prior art MTJs with AhO3 tunnel barriers. The thermal stability of 

these MTJs with Co84Fe16 fixed ferromagnetic layers is improved over MTJs with 

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

15 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. 

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

20 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 
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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 

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

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 

10 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 

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

15 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 1 12 are formed from 100 A TaN, in which the Ta was formed by reactive 

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

20 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 f cc layers grown on top 

of them. The antiferromagnetic layer 1 16 was formed from 250 A lr2sMn1s and the 

pinned ferromagnetic layer was formed from a bilayer of 8 A Cos�e 16 (layer 1 18) and 30 
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A Co70Fe30 (layer 1 19). 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 5 resistance-area (RA) product for the sample with the thicker MgO layer ~64 MQ(µm)2 

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. 10 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 134 was formed from 150 A Co84Fe 16  in both cases, but the capping layer 136 was 15 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 capping layer has higher thermal stability than layers with lower N2 content. 20 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 
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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) 

5 orientations of the free and pinned ferromagnetic layers (for the same sample for which 

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 300K 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 

10 largely accounts for the increase in TMR as the temperature is reduced. For similar MTJs 

with prior art A}zO3 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 

bulk magnetization. The larger fractional increase in TMR for MTJ s with MgO 

15  compared to prior art AlzO3 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 

TMR could be attributed to defects in the tunnel barrier which might lead to relaxation of 

20 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. 
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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. 

5 The magnitude of the TMR is most sensitive to the nature of the layer 1 12. It 

seems very clear that the layer or layers 1 12 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 A}zO3 tunnel barriers) are found for Co1 -x Fex 

10 alloys with more than about 8 atomic % Fe or for pure Fe underlayers. Ni-Fe alloys 

which are fee (e.g. for permalloy, Nis 1 Fe19) give TMR values no higher than those found 

for prior art A}zO3 tunnel barriers. The method for forming MgO tunnel barriers 

described herein can be used for a wide variety of ferromagnetic underlayers and capping 

layers, with TMR values typically at least as high as those found for prior art A}zO3 

15 tunnel barriers for otherwise the same structures. However, significantly enhanced TMR 

values compared to those for prior art A}zO3 tunnel barriers are found only when the 

texture of the ferromagnetic layer 1 19 and that of the MgO tunnel barrier 120' is 

predominantly (100). There are a wide variety of layers which give rise to (100) texture, 

and many of these can be used with the method of formation of the MgO tunnel barrier 

20 described herein for forming MTJs with increased TMR compared to comparable MTJs 

with prior art AhO3 barriers. 

The preferred temperature for annealing MTJs with MgO tunnel barriers formed 

as described herein depends on the required TMR. The highest TMR values are found 
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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 

5 the MTJ may be subjected may be limited by other components of the device in which 

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 

10 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 

tunnel junction device to an anneal treatment at a preferred temperature after it is formed 

15 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 1 12, the antiferromagnetic biasing layer 1 16, the 

lower ferromagnetic electrode 1 18 and 1 19 (if present), the Mg layer 122 and the MgO 

tunnel barrier 124 may be deposited at elevated temperatures for improving the 

20 crystallographic texture of the ferromagnetic layer 1 19 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 
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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 5 reactive sputter deposition. Any method which delivers both Mg and oxygen in a 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 10 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 source in the presence of atomic oxygen provided by an rf or microwave source or any 15 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. For example, Argon can be replaced by other rare gases, for example, Neon or Krypton 20 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 
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tunneling properties of the MgO tunnel barrier, which would, for example, affect the 

TMR values of the corresponding magnetic tunnel junction. 

The ferromagnetic layers herein (such as layers 1 15, 1 18, 1 19, and 1 34) can be 

formed from any ferromagnetic or ferrimagnetic metal or indeed any ferromagnetic or 

5 ferrimagnetic material which is sufficiently conducting. In particular, these layers can be 

formed from ferrimagnetic metals such as Fe3O4, or from metallic ferromagnetic oxides 

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 

10 as NiMnSb and PtMnSb, and other ferromagnetic Heusler and half-Heusler alloys. 

The structure illustrated in Fig. 2B contains an antiferromagnetic layer 1 16 but 

MTJs for memory or magnetic field sensing applications can be formed without the layer 

1 16. 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 

15  described in US Patent 5,936,293 to Parkin. It i s  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 1 19 

and 1 34 from sandwiches of two antiferromagnetically coupled ferromagnetic layers for 

20 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 1 15 and 1 34 

from sandwiches of two thin ferromagnetic layers separated by thin layers of Ru or Os or 
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an alloy of Ru and Os, in which each of these thin ferromagnetic layers can be formed 

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 

5 wide range of MgO barrier thicknesses corresponding to RA values ranging from below 

~80 Q(µm)2 to more than 109 Q(µm)2. Studies were carried out to determine the lowest 

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 Q(µm)2 were obtained for Mg layers in the range of 4 to 5 A and for MgO layers 124 

10 in the range of 1-4 A. However, for these ultra-low RA values reduced TMR was 

observed with TMR values in the range of 25 to 30%. As described in US Patent 

6,349,289 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 

15  barriers 120' described in this patent may be extremely useful for such applications. 

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 

herein can be applied to a wide variety of tunnel junction devices in which one or the 

20 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 1 34' adjacent to the MgO tunnel barrier 120' . The lower electrode is formed 
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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 

1 19. Fig. lOB illustrates a similar device in which the lower ferromagnetic electrode is 

formed without the antiferromagnetic exchange bias layer. Such a structure may be 

5 useful as part of a magnetic tunnel transistor (MTI). The MTT is a three terminal device 

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 

10 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 

formed from a non-magnetic metal according to the structure shown in Fig. 10B. 

15 Fig. lOC illustrates a tunnel junction device where the lower electrode is formed 

from a non-magnetic metal layer 1 12'. This layer may be formed from more than one 

metal layers including the possibility that the layer 1 12' may contain ferromagnetic layers 

not immediately adjacent to the MgO tunnel barrier 120' . Again this type of structure 

may be useful as part of a MTT where the emitter of the MTT is ferromagnetic but the 

20 base layer is non-magnetic. 

For the structures illustrated in Figs. l OA, 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 
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measured using the superconducting tunneling spectroscopy technique by replacing the 

non-magnetic metal electrode 134' or 1 12' 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 

5 below the superconducting order temperature of the Al layer, and in the presence of large 

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 

10 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 

Al203 tunnel barriers. Spin polarization values are typically no higher than ~40 to 50%. 

By contrast, values of spin polarization measured using the STS method for MgO 

15 junctions prepared according to the methods described herein are significantly higher and 

exceed 76%. 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. 10D shows an example of a metal-insulator-metal (MIM) tunnel junction 

20 device. As illustrated in Fig. 1 0D, the MIM structure contains no ferromagnetic metals 

on either side of the tunnel barrier. The electrodes 1 12' 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 
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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 1 12' and 134' can be formed from metals such as Cu, Al, W, W-Ti, RuO2 or 5 lrO2 or Ir, Pt or Pd, as well as TaN, Ta, TiN or Ti. The structure illustrated in Fig. 10D may also be useful for superconducting devices in which one or both of the electrodes 1 12' and 1 34' may be formed from superconducting layers. For example, one or both of these layers could be formed from Nb or NbN. While the ferromagnetic layer is preferably in direct contact with the MgO tunnel 10 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' . Fig. 1 1  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 15 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 non­magnetic metallic materials while maintaining significant tunneling magnetoresistance. The types of non-magnetic metallic materials which are preferred are those which display 20 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 oxide. As illustrated in Fig. 1 1 , the free ferromagnetic layer 1 34 and the spacer layer 225 
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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. 

5 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. 

While the method of forming an improved MgO tunnel barrier has been described 

10 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 

single crystals. 

While the present invention has been particularly shown and described with 

15  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 

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 

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 

and the Mg layer. 

2. The method of Claim 1, wherein the thickness of the Mg layer is selected to be 

10 large enough to prevent oxidation of the underlayer but small enough that, upon reaction 

of the oxygen with the Mg layer, substantially all the Mg in the Mg layer is converted 

into MgO. 

3 .  The method of Claim 1 ,  further comprising annealing the MgO tunnel barrier to 

improve its performance. 

15  4. The method of Claim 1, wherein the Mg layer is deposited in the absence of 

substantial amounts of reactive oxygen, the Mg layer being oxidized as the MgO tunnel 

barrier is formed. 

5. The method of Claim 1 ,  further comprising providing a source of MgO that acts 

as a source of both oxygen and the additional Mg. 

20 6. The method of Claim 1 ,  wherein the oxygen includes ionized oxygen. 

7. The method of Claim 1 ,  wherein the oxygen includes atomic oxygen. 

8. The method of Claim 1, wherein oxygen is provided by a rare gas-oxygen plasma. 

9. The method of Claim 8, wherein the rare gas includes argon. 
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10. The method of Claim 1 ,  wherein the MgO tunnel barrier has a thickness of 

between 3 and 50 angstroms. 

1 1 . The method of Claim 1 ,  wherein the additional Mg is provided by at least one of 

the following techniques: reactive sputtering, ion-beam sputtering, evaporation, pulsed 

5 laser deposition, and molecular beam epitaxy. 

12. The method of Claim 1 ,  wherein the Mg layer has a thickness of between 3 and 

20 angstroms. 

13. The method of Claim 1 ,  wherein the Mg layer has a thickness of between 4 and 8 

angstroms. 

10 14. The method of Claim 1, wherein the underlayer includes a semiconductor. 

15. The method of Claim 14, wherein the semiconductor is in direct contact with the 

MgO tunnel barrier. 

1 6. The method of Claim 14, wherein the underlayer includes GaAs. 

17 .  The method of Claim 1 ,  wherein the underlayer includes a ferrimagnetic material. 

15  1 8. The method of Claim 17, wherein the ferrimagnetic material is in direct contact 

with the MgO tunnel barrier. 

19. The method of Claim 1, further comprising forming an overlayer on the MgO 

tunnel barrier, wherein the overlayer includes a ferrimagnetic material. 

20. The method of Claim 1 ,  wherein the underlayer includes a ferromagnetic material. 

20 21 .  The method of Claim 20, wherein the ferromagnetic material i s  in  direct contact 

with the MgO tunnel barrier. 

22. The method of Claim 20, wherein the ferromagnetic material includes Fe. 
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23 . The method of Claim 22, wherein the ferromagnetic material is bee and 

substantially (100) oriented. 

24. The method of Claim 20, wherein the ferromagnetic material includes an alloy of 

Fe and Co and the Fe content of the alloy is between 1 and 99 atomic %. 

5 25. The method of Claim 24, wherein the alloy is bee and substantially (100) 

oriented. 

26. The method of Claim 20, further comprising forming an overlayer on the MgO 

tunnel barrier to form a magnetic tunnel junction, wherein the overlayer includes a 

ferromagnetic material. 

10 27. The method of Claim 26, wherein the oxygen content is selected to increase the 

magnetoresistance of the magnetic tunnel junction. 

28. The method of Claim 26, further comprising annealing the tunnel junction to 

increase its tunnel magnetoresistance. 

29. The method of Claim 28, wherein the tunnel junction is annealed at a temperature 

15 selected to yield a tunnel magnetoresistance of greater than 100% at room temperature. 

30. The method of Claim 28, wherein the tunnel junction is annealed at a temperature 

selected to yield a tunnel magnetoresistance of greater than 160% at room temperature. 

3 1 .  The method of Claim 26, wherein the overlayer and the underlayer include 

ferromagnetic materials selected from the group consisting of i) Fe, ii) an alloy of Co and 

20 Fe, iii) an alloy of Ni and Fe, and iv) an alloy of Ni and Fe and Co. 

32. The method of Claim 26, wherein the ferromagnetic materials are an alloy of Co 

and Fe, and the Fe content of the alloy is 10-20 atomic %. 
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33. The method of Claim 26, wherein the ferromagnetic material of the underlayer is 

bee and is substantially ( 100) oriented. 

34. The method of Claim 26, wherein the ferromagnetic material of the underlayer, 

the ferromagnetic material of the overlayer, and the MgO tunnel barrier are substantially 

5 ( 100) oriented. 

35. The method of Claim 26, wherein at least one of the underlayer and the overlayer 

includes antiferromagnetic material that is exchange biased with the ferromagnetic 

material of said at least one layer, the antiferromagnetic material including at least one 

alloy selected from the group consisting of Ir-Mn and Pt-Mn, in which the alloy is 

10 substantially (100) oriented and is either fee or slightly distorted fee. 

36. The method of Claim 26, wherein the underlayer includes antiferromagnetic 

material over at least one layer selected from the group consisting of Ta and TaN. 

37. The method of Claim 26, wherein the MgO tunnel barrier is in direct contact with 

both the ferromagnetic material of the underlayer and the ferromagnetic material of the 

1 5  overlayer. 

38. The method of Claim 1, comprising forming an overlayer on the MgO tunnel 

barrier, wherein one of the overlayer and the underlayer includes a non-ferromagnetic, 

non-ferrimagnetic metal layer, and the other of the overlayer and the underlayer includes 

a ferrimagnetic layer. 

20 39. The method of Claim 1 ,  comprising forming an overlayer on the MgO tunnel 

barrier, wherein one of the overlayer and the underlayer includes a non-ferromagnetic, 

non-ferrimagnetic metal layer, and the other of the overlayer and the underlayer includes 

a ferromagnetic layer. 
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40. The method of Claim 39, comprising constructing a magnetic tunneling transistor 

that includes the non-ferromagnetic, non-ferrimagnetic metal layer, the MgO tunnel 

barrier, and the ferromagnetic layer. 

4 1 .  The method of Claim 39, wherein the non-ferromagnetic, non-ferrimagnetic metal 

5 layer includes a metal selected from the group consisting of Cu, W, Al, AlN, Nb, NbN, 

WTi, Ti, TiN, Ta, and TaN. 

42. The method of Claim 39, wherein the ferromagnetic layer includes a 

ferromagnetic material selected from the group consisting of i) Fe, ii) an alloy of Co and 

Fe, iii) an alloy of Ni and Fe, and iv) an alloy of Ni and Fe and Co. 

10 43. The method of Claim 39, wherein the ferromagnetic material and the MgO tunnel 

barrier are substantially ( 100) oriented, and the ferromagnetic material is bee. 

44. The method of Claim 1 ,  comprising forming an overlayer on the MgO tunnel 

barrier, wherein the overlayer and the underlayer comprise respective non-ferromagnetic, 

non-ferrimagnetic metals. 

15 45. The method of Claim 44, wherein the metals are selected from the group 

consisting of Cu, Al, AIN, W, Nb, NbN, Pt, Pd, Ir, RuO2, Ru, and IrO2. 

46. A method, comprising: 

constructing a magnetic tunnel junction that includes a MgO tunnel barrier, wherein the 

MgO tunnel barrier is formed by depositing Mg, in the presence of oxygen, onto a Mg 

20 layer substantially free of oxide. 

47. The method of Claim 46, wherein oxygen is provided by a rare gas-oxygen 

plasma. 
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48. The method of Claim 46, wherein the Mg layer has a thickness of between 3 and 

20 angstroms. 

49. The method of Claim 46, further comprising annealing the magnetic tunnel 

junction to increase its magnetoresistance. 

5 50. The method of Claim 49, wherein the tunnel junction is annealed at a temperature 

selected to yield a tunnel magnetoresistance of greater than 100% at room temperature. 

5 1 .  The method of Claim 49, wherein the tunnel junction i s  annealed at a temperature 

selected to yield a tunnel magnetoresistance of greater than 160% at room temperature. 

52. A method, comprising: 

10 forming a layer of Mg; 

providing an oxidizing atmosphere; 

depositing Mg, in the presence of the oxidizing atmosphere, onto the Mg layer to form a 

MgO tunnel barrier. 

53. The method of Claim 52, wherein the Mg layer is formed on a ferrimagnetic 

15 layer. 

54. The method of Claim 52, wherein the Mg layer is formed on a ferromagnetic 

layer, the method further comprising forming a ferromagnetic layer on the MgO tunnel 

barrier to construct a magnetic tunnel junction. 

55. The method of Claim 52, further comprising annealing the MgO tunnel barrier to 

20 improve its performance. 

56. A method, comprising: 

providing an underlayer having a surface that is substantially free of oxide; 
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forming a metal layer on the surface to both protect the underlayer from oxidation and to 

wet the underlayer; and 

directing Mg and oxygen onto the metal layer to form a MgO tunnel barrier that is 

contact with the underlayer. 

5 57. The method of Claim 56, wherein the underlayer includes at least one material 

selected from the group consisting of ferrimagnetic materials and ferromagnetic 

materials. 

58. The method of Claim 56, wherein the metal layer includes Mg. 

59. The method of Claim 56, further comprising annealing the MgO tunnel barrier to 

10 improve its performance. 

60. A method, comprising: 

forming a Mg layer of a preselected thickness on a surface of an underlayer to protect the 

underlayer from oxidation; and 

directing oxygen and additional Mg towards the Mg layer so that the oxygen reacts with 

15  the Mg layer and the additional Mg to form a MgO tunnel barrier on the underlayer, 

wherein the thickness of the Mg layer is selected to be small enough that substantially all 

the Mg of the Mg layer reacts with oxygen to form MgO. 

61 .  The method of Claim 60, wherein the surface is  selected to be substantially free of 

oxide. 

20 62. The method of Claim 60, further comprising forming an overlayer on the MgO 

tunnel barrier, wherein the overlayer and the underlayer each include ferromagnetic 

material, thereby forming a magnetic tunnel junction. 
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63. The method of Claim 60, further comprising forming an overlayer on the MgO 

tunnel barrier, wherein the overlayer and the underlayer each include at least one material 

selected from the group consisting of ferromagnetic materials and ferrimagnetic 

materials, thereby forming a magnetic tunnel junction. 

5 64. The method of Claim 63, further comprising annealing the magnetic tunnel 

junction to increase its tunnel magnetoresistance. 

65 . A structure, comprising: 

an underlayer having a surface that is substantially free of oxide formed from the 

underlayer; 

10 a MgO tunnel barrier in contact with the surface of the underlayer; and 

an overlayer, the MgO tunnel barrier being in contact with a surface of the overlayer, the 

MgO tunnel barrier being sandwiched between the underlayer and the overlayer. 

66. The structure of Claim 65, wherein the surface of the overlayer is substantially 

free of oxide formed from the overlayer. 

15  67. The structure of Claim 65, wherein at least one of the overlayer and the 

underlayer includes a spacer layer that is in contact with the MgO tunnel barrier, wherein 

the spacer layer does not substantially interfere with the tunneling properties of the MgO 

tunnel barrier. 

68. The structure of Claim 65, wherein the MgO tunnel barrier has a thickness of 

20 between 3 and 50 angstroms. 

69. The structure of Claim 65, wherein at least one of the underlayer and the 

overlayer includes a ferrimagnetic material. 
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70. The structure of Claim 65, wherein the overlayer and the underlayer include 

respective ferromagnetic materials that together with the MgO tunnel junction form a 

magnetic tunnel junction, and wherein: 

i) the amount of any oxide separating the MgO tunnel barrier from the ferromagnetic 

5 materials is sufficiently low, and 

ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of 

defects, 

that the tunnel magnetoresistance of the magnetic tunnel junction is greater than 70% at 

room temperature. 

10 7 1 .  The structure of  Claim 70, wherein 

i) the amount of any oxide separating the MgO tunnel barrier from the ferromagnetic 

materials is sufficiently low, and 

ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of 

defects, 

15  that the tunnel magnetoresistance of  the magnetic tunnel junction is greater than 100% at 

room temperature. 

72. The structure of Claim 70, wherein 

i) the amount of any oxide separating the MgO tunnel barrier from the ferromagnetic 

materials is sufficiently low, and 

20 ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of 

defects, 

that the tunnel magnetoresistance of the magnetic tunnel junction is greater than 160% at 

room temperature. 
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73. The structure of Claim 70, wherein at least one of the underlayer and the 

overlayer includes antiferromagnetic material that is exchange biased with the 

ferromagnetic material of said at least one layer, the antiferromagnetic material including 

at least one alloy selected from the group consisting of Ir-Mn and Pt-Mn, in which the 

5 alloy is substantially (100) oriented and is either fee or slightly distorted fee. 

7 4. The structure of Claim 70, wherein the underlayer includes antiferromagnetic 

material over at least one layer selected from the group consisting of Ta and TaN. 

75. The structure of Claim 70, wherein the MgO tunnel barrier is in direct contact 

with the both the ferromagnetic material of the underlayer and the ferromagnetic material 

10 of the overlayer. 

76. The structure of Claim 70, wherein the MgO tunnel barrier has a thickness of 

between 3 and 50 angstroms. 

77. The structure of Claim 65, wherein the underlayer and the overlayer include 

respective non-ferromagnetic, non-ferrimagnetic metals. 

15 78. The structure of Claim 65, wherein one of the underlayer and the overlayer 

includes a layer of ferromagnetic material, and the other of the underlayer and the 

overlayer includes a layer of non-ferromagnetic, non-ferrimagnetic metal. 

79. The structure of Claim 78, wherein: 

i) the amount of any oxide separating the MgO tunnel barrier from the underlayer and 

20 the overlayer is sufficiently low, and 

ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of 

defects, 
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that the spin polarization of tunneling current passing through the structure is greater than 

50%. 

80. The structure of Claim 78, 

i) the amount of any oxide separating the MgO tunnel barrier from the underlayer and 

5 the overlayer is sufficiently low, and 

ii) the MgO tunnel barrier, the underlayer, and the overlayer are sufficiently free of 

defects, 

that the spin polarization of tunneling current passing through the structure is greater than 

70%. 

10 8 1 .  The method of  Claim 78, wherein the ferromagnetic material i s  i n  direct contact 

with the MgO tunnel barrier. 
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MgO Tunnel Barriers and Method of Formation 

Abstract 

5 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. 
dej : ARC920030057US l .app.doc 
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My residence, post office address and citizenship are as stated below next to my name. 
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