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I. Introduction 

1. I have prepared this Declaration in connection with the Petition for 

Inter Partes Review of U.S. Patent No. 10,312,335, which I understand will be 

filed concurrently with this Declaration. 

2. I am currently a Senior Manager with the Research & Information 

Services team at Finnegan, Henderson, Farabow, Garrett & Dunner, LLP, located 

at 901 New York Avenue, NW, Washington, DC 20001-4413. 

3. I am over eighteen years of age, and I am competent to make this 

Declaration. I make this Declaration based on my own personal knowledge, and 

my knowledge of library science practices.  

4. I earned a Master of Science in Library Science from the Catholic 

University of America in 1995, and a Bachelor of Arts in Political Science from 

Duquesne University in 1989. I have work as a librarian for over twenty-five years.  

I have been employed at Finnegan, Henderson, Farabow, Garrett & Dunner, LLP 

since 2019. Before that, from 1995– 2015, I was employed in the Library 

Department of Sterne, Kessler, Goldstein & Fox, PLLC. And from 2015 -2019, I 

was employed in the Knowledge and Research Service Group (formerly, 

Information Research Service) at Northrop Grumman Corporation.  

5. I am a member of the American Association of Law Libraries.  
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II. Standard Library Practices for Receiving, Cataloging, and 
Making Materials, Including Serial Publications, Publicly Available (EX1003 
and EX1005) 

6. I have knowledge of and experience with standard library practices 

regarding the receipt, cataloging, shelving, and making materials, including serial 

publications, available to the public. I have knowledge of and experience with the 

Machine-Readable Cataloging (MARC) system, an industry-wide standard that 

libraries use to catalog materials.  

7. The MARC system was developed during the 1960s to standardize 

bibliographic records so they could be read by computers and shared among 

libraries. By the mid-1970s, MARC had become the international standards for 

bibliographic data and cataloguing. It still used today. Many libraries provide 

public access to their MARC records via the Internet and/or their electronic 

cataloging systems at the library.  

III. Serial Publications 

8. A serial publication, often known as a “journal,” is a resource that is 

issued in successive parts and has no predetermined conclusion. These successive 

parts are commonly referred to as “issues,” and each issue is usually 

chronologically numbered and dated. The presence of enumeration, years of 

coverage, and/or other chronological information also indicates a serial 

publication. 
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9. There are significant differences between cataloging finite resources 

(books/monographs) and continuing resources (serials). For serials, the catalog 

record provides information about the serial as a whole, including the first or 

earliest available issue. It also provides information as to holdings – the volumes 

and issues, with dates, received by the library and made available to the public. In 

serials cataloging, there are identifying characteristics unique to serials that are 

slightly different from monographs (books). The issue date for a print serial 

publication, for example, generally appears on the cover (front or back), the 

masthead page, the title page (if any), the table of contents page(s), or on the pages 

of the individual articles contained in the issue. More information regarding the 

unique aspects of cataloguing serials can be found at this link: 

https://www.loc.gov/aba/pcc/conser/scctppt/Basic-2014/Basic-Trainee-

Mannual.pdf 

IV. MARC Records 

10. The MARC record system uses a specific three-digit numeric code 

(from 001-999) to identify each field in a catalog record. For example, field tag 

008 provides the six-digit date the item was catalogued (Date entered on file). The 

first six characters of field tag 008 are always in the “YYMMDD” format. Field 

tag 245 identifies the full title statement for the work; field tag 260 identifies the 

place of publication, name of publisher, and copyright date of the publication; and 
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field tag 310 denotes the current frequency of the publication. Finally, field tag 362 

identifies the numbering to be used for chronological cataloguing of individual 

issues of continuing resources (serials). The designations within field 362 

determine at what point in time the serial began, which guides how issues are 

checked in, processed, and added to the library’s main collection in an ongoing, 

consistent manner. 

11. Based on standard library practice, when a library receives an item, 

including a serial, it stamps the item with the library name and often with a date 

that is within a few days or weeks of receipt. Next, the library will catalog the item 

within a matter of a few days or weeks of receiving it. 

12. Generally, after an item is cataloged, the public may access the item 

by searching a catalog and either requesting or electronically accessing the item 

from the library. Standard library practice is to make the item available to the 

public within a few days or weeks of cataloging it.  

V. Copyright Office Record 

13. The United States Copyright Office, a part of the Library of Congress, 

is the official U.S. government body that maintains records of copyright 

registrations in the United State, including providing public access to an online 

Copyright Catalog. The records contained in this catalog are publicly accessible 
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and are routinely used by copyright title researchers who are attempting to clear a 

chain of title for copyrighted works.  

VI. IEEE Xplore 

14. The IEEE Xplore digital library is a powerful resource for discovery 

of scientific and technical content published by the Institute of Electrical and 

Electronics Engineers (IEEE) and its publishing partners. IEEE Xplore provides 

web access to more than 6 million full-text documents from some of the world’s 

most highly cited publications in electrical engineering, computer science and 

electronics. Approximately 25,000 new documents are added to IEEE Xplore each 

month. Access to full-text documents in IEEE Xplore can be obtained from: 

institutional subscriptions, exclusive subscription available to IEEE member and 

IEEE society members, and online purchase of individual documents.  

15. The date of publication for journals and standards on IEEE Xplore 

represents the very first instance of dissemination. IEEE Xplore previously made 

distinctions between the online publication date, print publication date, etc. This 

was simplified to reflect a single publication date of record as defined above. 

VII. Shenoy 1996 (Exhibit 1009) 

16. As detailed below, I reviewed the University of Wisconsin – Madison 

Libraries MARC record for its print copies of the Journal of the Electrochemical 

Society, containing R.V. Shenoy and M. Datta, “Effect of Mask Wall Angles on 
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Shape Evolution during Through-Mask Electrochemical Micromachining.” The 

Journal of the Electrochemical Society, Volume 143, Issue 2, pp. 544 -549 

(February 1996) (“Shenoy”). I understand that Shenoy has been submitted as 

Exhibit 1009 in this proceeding. Appendix A to this declaration is a true and 

correct copy of the Shenoy reference, including the “Web Extra” which was 

published February 1996. 

17. Appendix B to this declaration is a true and correct copy of the 

University of Wisconsin – Madison Libraries public catalog and MARC for its 

copy of the serial publication Journal of the Electrochemical Society, containing 

Shenoy, which was downloaded from: 

https://search.library.wisc.edu/catalog/999478076502121. 

18. The University of Wisconsin – Madison Libraries MARC record for 

Shenoy identifies the fixed data elements of MARC field tag 008 as 

741003c19489999nhumr1p 0 a0eng d. This indicates that the serial the Journal of 

the Electrochemical Society was initially catalogued by the University of 

Wisconsin – Madison Libraries on October 3, 1974. The publication status code 

“c” appearing in MARC field tag 008 refers to “continuing resource currently 

published” indicating that this item began publication in 1948 and is a continuing 

publication received by the library. Based on this MARC record, and the 

continuous receipt and processing of Journal of Electrochemical Society by the 
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University of Wisconsin – Madison Libraries, Shenoy would have been catalogued 

and made available in print to the public a few days or weeks after February 28, 

1996.  

19. The University of Wisconsin – Madison Libraries MARC record for 

Journal of the Electrochemical Society containing Shenoy includes field tag 245, 

which denotes the title and statement of responsibility for the work as “Journal of 

the Electrochemical Society.” 

20. In the University of Wisconsin – Madison Libraries MARC catalog 

record, field tag 260 denotes information relating to the place of publication, name 

of publisher, and date of publication of Journal of the Electrochemical Society as 

“aNew York, N.Y. :bElectrochemical Society,c1948-. Subfield code “a” refers to 

the place of publication. Subfield code “b” refers to the name of the publisher. 

Subfield code “c” refers to date of publication, which for this record is 1948-.  

21. In the University of Wisconsin – Madison Libraries MARC catalog 

record, field tag 362 provides a chronological designation to identify individual 

issues of a continuing (serial) resource. In this record for Shenoy, the sequential 

designation begins with Vol. 93, no. 1 (Jan. 1948)- with no end date noted.  

22. The University of Wisconsin – Madison Libraries public catalog 

record for Journal of the Electrochemical Society sets forth the holdings and onsite 

location information for members of the public seeking the print issue containing 
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Shenoy. The public catalog record indicates that the Shenoy issue is available “by 

request only S EL278 J82 (51-I-6)” with the holdings noted as v.93:no. 

1(1948:Jan) -v. 150:No 12(20023: Dec); v. 151:no. 1 (2204)-v. 152:no. 12(2005) ; 

Format Journal, Magazine, Newspaper. 

23. Appendix A to this declaration is a true and accurate copy of the 

print journal cover, table of contents, and library date stamp for the issue of 

Journal of the Electrochemical Society containing Shenoy, which is held by the 

University of Wisconsin - Madison Libraries. Appendix A also includes pages 

544 to 549 of this issue, containing the article entitled “Effect of Mask Wall Angle 

on Shape Evolution during Through-Mask Electrochemical Micromachining.” The 

date stamp inside this issue indicates that Shenoy was received by the University of 

Wisconsin – Madison Libraries February 1996. The print journal cover provides 

directional information so that members of the interested public can access the 

print issue containing Shenoy in the “Kurt Wendt Library College of Engineering, 

UW – Madison.”  

24.  Based on the information in Appendices A and B, it is clear that the 

issue of Electrochemical Society containing Shenoy was received by University of 

Wisconsin – Madison Libraries in February 1996. Further, based on standard 

library practices, Shenoy, would have been processed and catalogued within a 

matter of a few days or weeks of receipt in February 1996.  
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25. Appendix C to this declaration is a true and accurate copy of the U.S 

Copyright Office record for it copy of the Journal of the Electrochemical Society, 

volume 143, number 2 containing Shenoy which was retrieved from 

https://cocatalog.loc.gov/cgi-

bin/Pwebrecon.cgi?v1=31&ti=26,31&Search%5FArg=journal%20of%20the%20el

ectrochemical%20society&Search%5FCode=TALL&CNT=25&PID=aXK-

tN4M_61UDN4XRWLECWY&SEQ=20230818155217&SID=2.  This record 

indicates a title of Journal of the Electrochemical Society, volume 143, number 2 

which is the same title and volume, number as found in Shenoy. The record 

denotes the publication date for volume 143, number 2 as February 22, 1996. 

26. Based on the information in this Appendix C the issue of the Journal 

of the Electrochemical Society, containing Shenoy would have been publicly 

available within a few days or weeks of February 22, 1996. 

VIII. Xu 2007 (Exhibit 1014) 

27. As detailed below, I reviewed the British Library MARC record for its 

print copies of the IEEE Electron Device Letters, containing Chuan Xu, Jinyan 

Wang, Hongwei Chen, Fujun Xu, Zhihua Dong, Yilong Hao, amd Cheng P. Wen, 

“The Leakage Current of the Schottky Contact on the Mesa Edge of AIGaN/GaN 

Heterostructure.” IEEE Electron Device Letters, Volume 28, Issue 11, pp. 942 -

944 (November 2007) (“Xu”). I understand that Xu has been submitted as Exhibit 
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1014 in this proceeding. Appendix D to this declaration is a true and correct copy 

of the Hu reference. 

28. Appendices E to this declaration is a true and correct copy of the 

British Library MARC for its copy of the serial publication IEEE Electron 

Device Letter, containing Xu, which was downloaded from: 

http://explore.bl.uk/BLVU1:LSCOP-ALL:BLL01009844648 and 

http://primocat.bl.uk/F/?func=direct&local_base=PRIMO&doc_number=009844

648&format=001&con_lng=eng. 

29. The British Library MARC record for Xu identifies the fixed data 

elements of MARC field tag 008 as 800820c19809999xxumr p       0   a0eng  . 

This indicates that the serial the IEEE Electron Device Letters was initially 

catalogued by the British Library on August 20, 1980. The publication status 

code “c” appearing in MARC field tag 008 refers to “continuing resource 

currently published” indicating that this item began publication in 1980 and is a 

continuing publication received by the library. Based on this MARC record, and 

the continuous receipt and processing of IEEE Electron Device Letters by the 

British Library, Xu would have been catalogued and made available in print to 

the public a few days or weeks after receipt.  
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30. The British Library MARC record for IEEE Electron Device Letters 

containing Xu includes field tag 245, which denotes the title and statement of 

responsibility for the work as “IEEE Electron Device Letters.” 

31. In the British Library MARC catalog record, field tag 260 denotes 

information relating to the place of publication, name of publisher, and date of 

publication of IEEE Electron Device Letters as “a New York : |b IEEE , |c 1980-”. 

Subfield code “a” refers to the place of publication. Subfield code “b” refers to the 

name of the publisher. Subfield code “c” refers to the copyright date. 

32. In the British Library MARC catalog record, field tag 3620 provides a 

chronological designation to identify individual issues of a continuing (serial) 

resource. In this record for Xu, the sequential designation begins with Vol. EDL -1, 

no. 1 (Jan. 1980)- with no end date noted.  

33. Appendix F to this declaration is a true and correct copy British 

Library public catalog record for IEEE Electron Device Letters sets forth the 

holdings and onsite location information for members of the public seeking the 

print issue containing Xu. The public catalog record indicates that the Xu issue is 

available in Document Supply 4362.922800 Vol. 1, no 1 (1980)-v. 34, no. 1 

(2013)*** UKRR Retained Title*** Stock incomplete; Science Technology and 

Business (P) RK 00-E(87) Vol. EDL-1 (180)-v/ 21; (2000)***UKRR Retained 

Title***Deficient: vol.EDL-3, no. 11, 1982: vo. EDL-9, no. 12, 1989.  

Page 12 of 71



 

13 
 

34. Appendix D to this declaration is a true and accurate copy of the print 

journal cover, table of contents, and library date stamp for the issue of IEEE 

Electron Device Letters containing Xu, which is held by the British Library. 

Appendix D also includes pages 942 to 944 of this issue, containing the article 

entitled “The Leakage Current of the Schottky Contact on Mesa Edge of 

AIGaN/GaN Heterostructure.” The date stamp on the cover this issue indicates 

that Xu was received by the British Library in November 2007.  

35.  Based on the information in Appendices D, E and F, it is clear that 

the issue of IEEE Electron Device Letters containing Xu was received by British 

Library in November 2007. Further, based on standard library practices, Xu, 

would have been processed and catalogued within a matter of a few days or weeks 

of receipt in November 2007.  

36. Appendix G to this declaration is a true and accurate copy of the 

IEEE Xplore record for Xu. This record indicates the article entitled “The Leakage 

Current of the Schottky Contact on Mesa Edge of AIGaN/GaN Heterostructure” 

was published in IEEE Electron Device Letters (Volume: 28, Issue: 11, November 

2007), Page(s): 942 – 944. Further, this record indicates a publication date of 

October 29, 2007.  

37.  Based on the information in Appendix G, it is clear that the issue of 

IEEE Electron Device Letters containing Xu was published by IEEE Xplore on 
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October 29, 2007. Xu would have been disseminated within a matter of a few days 

or weeks of receipt of October 29, 2007.  

IX. Hu 2008 (Exhibit 1018) 

38. As detailed below, I reviewed the University of Missouri – Kansas 

City, Linda Hall Library MARC record for its print copies of the Electronics 

Letters, containing X. Hu, G. Simin, J. Yang, M. Asif Khan, R. Gaska and M.S. 

Shur, “Enhancement mode AIGaN/GaN HFET with Selectively Grown PN 

Junction Gate.” Electronics Letters, Volume 36, Issue 8, pp. 753 -754 (April 2000) 

(“Hu”). I understand that Hu has been submitted as Exhibit 1018 in this 

proceeding. Appendix H to this declaration is a true and correct copy of the Hu 

reference. 

39. Appendix I to this declaration is a true and correct copy of the Linda 

Hall Library public catalog and MARC for its copy of the serial publication 

Electronics Letters, containing Hu, which was downloaded from: 

https://catalog.lindahall.org/permalink/01LINDAHALL_INST/19lda7s/alma99513

7993405961. 

40. The Linda Hall Library MARC record for Hu identifies the fixed data 

elements of MARC field tag 008 as 750824c19659999enken p 0 a0eng d. This 

indicates that the serial the Electronics Letters was initially catalogued by the 

Linda Hall Library on August 24, 1975. The publication status code “c” appearing 
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in MARC field tag 008 refers to “continuing resource currently published” 

indicating that this item began publication in 1965 and is a continuing publication 

received by the library. Based on this MARC record, and the continuous receipt 

and processing of Electronics Letters by the Linda Hall Library, Hu would have 

been catalogued and made available in print to the public a few days or weeks after 

receipt.  

41. The Linda Hall Library MARC record for Electronics Letters 

containing Hu includes field tag 245, which denotes the title and statement of 

responsibility for the work as “Electronics Letters.” 

42. In the Linda Hall Library MARC catalog record, field tag 260 denotes 

information relating to the place of publication, name of publisher, and date of 

publication of Electronics Letters as “aStevenage, UK :bInstitution of Electrical 

Engineers. Subfield code “a” refers to the place of publication. Subfield code “b” 

refers to the name of the publisher.  

43. In the Linda Hall Library MARC catalog record, field tag 362 

provides a chronological designation to identify individual issues of a continuing 

(serial) resource. In this record for Hu, the sequential designation begins with Vol. 

1 (Mar. 1965)- with no end date noted.  

44. Appendix J to this declaration is a true and correct copy The Linda 

Hall Library public catalog record for Electronics Letters sets forth the holdings 
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and onsite location information for members of the public seeking the print issue 

containing Hu. The public catalog record indicates that the Hu issue is “available” 

in the “closed stacks” with the holdings noted as v.1 (1965) – v.34 (1998); v.35: 

np.1-3, 6-25 (1999); v.36 (2000)-v.46 (2010); v.47:no.1(2011: Jan.6)-

v.47:no.10(2011:May 12). v.47:no.13(2011:Jun.23)-v.49:no.25 (2013:Dec.5)-. 

45. Appendix H to this declaration is a true and accurate copy of the 

print journal cover, table of contents, and library date stamp for the issue of 

Electronics Letters containing Hu, which is held by the Linda Hall Library. 

Appendix H also includes pages 753 to 754 of this issue, containing the article 

entitled “Enhancement Mode AIGaN/GaN HFET with Selectively Grown PN 

Junction Gate.” The date stamp inside this issue indicates that Hu was received by 

the Linda Hall Library on May 2, 2000. The print journal cover provides 

directional information so that members of the interested public can access the 

print issue containing Hu in the “Linda Hall Library.”  

46.  Based on the information in Appendices H, I and J, it is clear that 

the issue of Electronics Letters containing Hu was received by Linda Hall Library 

on May 2, 2000. Further, based on standard library practices, Hu, would have been 

processed and catalogued within a matter of a few days or weeks of receipt of May 

2, 2000.  

 

Page 16 of 71



17 

X. Conclusion

47. In signing this Declaration, I understand it will be filed as evidence in

a contested case before the Patent Trial and Appeal Board of the United States 

Patent and Trademark Office. I understand I may be subject to cross-examination 

in this case and that cross-examination will take place within the United States. If 

cross-examination is required of me, I will appear for cross-examination within the 

United States during the time allotted for cross-examination. 

48. I declare that all statements made herein of my knowledge are true,

that all statements made on information and belief are believed to be true, and that 

these statements were made with the knowledge that willful false statements and 

the like so made are punishable by fine or imprisonment, or both, under Section 

1001 of Title 18 of the United States Code. 

Executed on September 6, 2023,           in Washington, DC. 

Kelley Hayes Greenhill 
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Page 31 of 71



����������	
���� 
���������������������������������������������� ���!"���#�$���%�&�����$

���'$	��$�����(��&����()�$�(�#�������� �***+,�
,�-
���� ��,

�./012345267�895421:

�;659:
<=>?@ABCDE9F2:5GH�II�J9G26K2341:LM9K2341�N/0O935�P94K27QR1935G6723:�II�J9G26K2341:LM9K2341�N/0O935�P94K27QR1935G63E9F2:5GH�II�.9G26K2341:L

SLTTUVWXYVTZ[UVT\V]SLVWTUVVXYVT\[UVT̂V]
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Page 35 of 71



����������	
���� 
���������������������������������������������� ���!"���#�$���%�&�����$

���'$	��$�����(��&����()�$�(�#�������� �***+,�
,�-
���� ��,
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The Leakage Current of the Schottky Contact on the
Mesa Edge of AlGaN/GaN Heterostructure

Chuan Xu, Jinyan Wang, Member, IEEE, Hongwei Chen, Fujun Xu, Zhihua Dong,
Yilong Hao, and Cheng P. Wen, Life Fellow, IEEE

Abstract—A test structure, which is called the ridge-furrow
structure, is used to evaluate the leakage current of the Schottky
contact on the mesa edge of an AlGaN/GaN heterostructure. The
mesa edge leakage currents were measured at different tempera-
tures from 300 to 500 K and analyzed. The conduction-band-edge
energy distribution at the mesa edge is simulated by the Integrated
Systems Engineering Technology Computer-Aided Design. Based
on the simulation results, the electric field strength can be obtained
as a function of reverse bias voltage. The mesa edge leakage cur-
rent is found to agree with the predicted characteristics, which is
based on the Frenkel–Poole emission model. Therefore, we believe
that the Frenkel–Poole emission dominates the mesa edge leakage
at temperatures between 300 and 500 K.

Index Terms—AlGaN/GaN, characteristic electric field
strength, Frenkel–Poole, leakage current, mesa edge, ridge-furrow
structure.

I. INTRODUCTION

AN AlGaN/GaN heterostructure field-effect transistor
(HFET) is attracting much attention as a promising can-

didate for high-power, high-temperature, high-breakdown, and
high-frequency electronic devices, and remarkable achieve-
ments were made in the recent years [1]–[4]. However, an
excessive leakage current of the reverse-biased Schottky gate
contact is identified as a key indicator of poor device re-
liability. The basic mechanisms of a gate leakage current
[5], [6] and a leakage current reduction [5], [7], [8] have been
the subjects of several investigations. Tan et al. [5] reported
that the gate leakage current of a conventional HFET should
consist of surface, bulk, and mesa edge leakage components.
With the help of a guarded surface leakage test structure, the
surface and bulk leakage currents are separated, and the mesa
edge leakage can be avoided. Zhang et al. [6] analyzed the
leakage current mechanisms in the Schottky contacts to both
n-GaN and AlGaN/GaN at different temperatures and con-
cluded that tunneling current dominates at temperature below
150 K, whereas the Frenkel–Poole emission dominates at tem-
perature higher than 250 K. Xiao et al. [7] and Shiu et al. [8] re-
ported that the AlGaN/GaN HFETs with implantation isolation
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show much reduced gate leakage current than those with mesa
etching isolation. However, to date, no attempt has been made
to analyze the mesa edge leakage current of an AlGaN/GaN
heterostructure and its mechanism, although similar analysis
has been reported in InAlAs/InGaAs heterostructure [9]. In this
letter, a test structure called ridge-furrow structure (similar to
that in [9]) is used to evaluate the mesa edge leakage current.
The results show that the mesa edge leakage current can play an
important role in an AlGaN/GaN HFET. In addition, for the first
time, we observe that the mesa edge leakage current obeys the
Frenkel–Poole emission law from room temperature to 500 K,
similar to the bulk leakage current reported in [6].

II. EXPERIMENTAL DETAILS

The test structures were fabricated on an unintentionally
doped Al0.15Ga0.85N/GaN (25 nm/2.5 µm) heterostructure
grown by metal–organic chemical vapor deposition on a sap-
phire substrate (the GaN layer consisted of high-resistivity
lower layer 2.3 µm and high-quality upper layer 200 nm).
Mesas were formed by using chlorine and inductively cou-
pled plasma (ICP) etching. Sputtered Ti/Al/Ni/Au (20/130/50/
150 nm) ohmic contacts were annealed at 900 ◦C for 30 s.
The contact resistance of the ohmic contacts was extracted as
2.1 Ω mm, and the 2-D electron gas (2DEG) sheet resistance
was 453 Ω/sq. The Ni/Au (50/100 nm) Schottky contacts were
formed by an e-beam evaporation and were annealed at 400 ◦C
for 1 min.

The Schottky metals usually cover the mesa edge sidewalls in
order to connect the gate on the surface of an AlGaN to a pad on
the etched surface of a GaN in an HFET device. The objective
of the ridge-furrow structure, shown in Fig. 1, is to evaluate
the mesa edge leakage current. The 2DEG is grounded by the
ohmic contact metals. The measured leakage current contains
four components, namely, the bulk AlGaN leakage current, the
bulk GaN leakage current, the mesa edge leakage current, and
the surface leakage current. The surface leakage component can
be ignored because it is usually several orders lower than the
other components if the bias voltage is not too high [5]. Both
the bulk AlGaN leakage current (IAlGaN) and the bulk GaN
leakage current (IGaN) can be estimated from the normal circle
dot Schottky contact structure (radius = 40 µm, without mesa
edge sidewalls), and we assume that IAlGaN and IGaN are area
(not perimeter) related. The linear current density of the mesa
edge leakage current (JΓmesa) per unit length (in amperes per
micrometer) can be expressed as

JΓmesa = (Itotal − IAlGaN − IGaN)/lmesa (1)

0741-3106/$25.00 © 2007 IEEE
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Fig. 1. (a) Cross section and (b) top schematic views of ridge-furrow structure
(the inset shows the photograph of the structure).

where lmesa is the total edge length of the following structure:

lmesa = 16 × 50 µm. (2)

III. RESULTS AND DISCUSSION

Fig. 2 shows both the forward and reverse I–V characteris-
tics of the three components of a ridge-furrow structure shown
in Fig. 1. Both IAlGaN and IGaN were assumed area dominant
and extracted from the circle Schottky pads (radius = 40 µm),
whereas JΓmesa was extracted by using (1) from the test struc-
ture. The leakage current of the Schottky contact on etched
surface of a GaN (IGaN) is much smaller than that on an AlGaN
(IAlGaN) because the electric field in an AlGaN layer under the
Schottky metals is much stronger than that in the high-resistant
GaN layer. The mesa edge leakage current (JΓmesalmesa) is the
major part of the leakage current in the ridge-furrow structure.
In comparison with IAlGaN, JΓmesalmesa does not increase very
rapidly as the reverse bias voltage increases due to a smaller
increase of the electric field strength at the mesa edge with
respect to the absolute value of higher reverse bias voltage.

To analyze the physical mechanism of JΓmesa, we first
simulated the electrostatic potential distribution, or the con-
duction band energy distribution at the mesa edge, using the
Integrated Systems Engineering Technology Computer-Aided
Design (Fig. 3, -1 V reverse bias). The height and the angle
of the etching ramp are measured from the scanning electron
microscope (SEM) photograph after the ICP etching (before
evaporating the Schottky metals), whereas the parameters such
as the relative dielectric permittivity, band gap, electron affinity,

Fig. 2. I–V characteristics of the three components of a ridge-furrow struc-
ture: bulk AlGaN leakage current (IAlGaN, dotted line), bulk GaN leakage
current (IGaN, dashed line), and the mesa edge leakage current (JΓmesalmesa,
solid line).

Fig. 3. Electrostatic potential distribution at the mesa edge (reverse bias is
-1 V) and the SEM photograph of the etching step (not including the Schottky
metals).

and polarization-induced charge could be calculated from the
equations in [10] or [11]. The work function of the Schottky
metals is defined as 5.0 eV according to [12].

The surface electric field strength is a critical parameter in
many compact models of the Schottky leakage current such as
the Fowler–Nordheim tunneling and the Frenkel–Poole trap-
assisted emission model [5], [6], [13]. However, the electric
field strength is a function of position in the area of the mesa
edge and reaches the maximum value at the cross line of the
mesa edge sidewall and the AlGaN/GaN interface. A character-
istic field strength (Fc) should be defined for proper application
of the leakage current model. The leakage current from the
metals to the GaN should dominate because the AlGaN barrier
is higher than the GaN barrier. Only the electric field in the GaN
is considered in our analysis. We choose the Frenkel–Poole
model because the temperature dependency on leakage current
is found in our experiment, and also because there are many
traps before and after ICP etching [14]. The traps, which are
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Fig. 4. (a) Characteristic electric field strength Fc as a function of the reverse
bias voltage V in the case of the Schottky contact on AlGaN/GaN mesa edge
[from simulation results and (3)]. (b) Plot of JΓmesa/Fc as a function of F 0.5

c
at different temperatures, where JΓmesa is the extracted leakage current density
at mesa edge [from experimental data and (1)]; the inset shows intercepts b(T )
as a function of 1000/T to obtain ϕt.

very near to the cross line between the mesa edge sidewall and
the AlGaN/GaN interface, should have the greatest effect on
the Frenkel–Poole emission. The barrier peak of the electron
emitting from such a trap locates at point P (Fig. 3), where
both the external electric field strength (Fext) in the GaN side
and the trap (positive ion) induced electric field strength (Fion)
should be

Fext(P) = Fion(P) = Fc = q/4πε0εsr
2
0 (3)

and they should have approximately opposite direction. (Ac-
cording to the simulation, Fext in the GaN side at point P has a
direction approximately along the AlGaN/GaN interface.) εs is
the relative dielectric permittivity of the GaN at high frequency
(εs = 5.35 [6]), and r0 is the distance along the AlGaN/GaN
interface from the metal–semiconductor interface. As shown in
Fig. 4, Fc does not increase very fast as the reverse bias voltage
increases.

If the leakage current at the mesa edge (JΓmesa) obeys the
Frenkel–Poole emission model [6], it can be expressed as

JΓmesa =CFc exp
[
−q(ϕt −

√
qFc/πε0εs)/kT

]

≡Fc exp
(
m(T )

√
Fc + b(T )

)
(4)

where ϕt is the barrier height for electron emitting from the trap
state (usually the energy difference between conduction-band-
edge and trap state), C is a constant, and m(T ) and b(T ), as
shown in the following equations, are the slope and intercept of
ln(JΓmesa/Fc) ∼

√
Fc line, respectively:

m(T ) ≡
√

q/πε0εs · q/kT

b(T ) ≡ − qϕt/kT + lnC. (5)

As shown in Fig. 4(b), a linear dependence of ln(JΓmesa/Fc)
on F 0.5

c and b(T ) on 1/T are found, which means that the
Frenkel–Poole model matches the AlGaN/GaN mesa edge
leakage current. By b(T ) ∼ 1000/T plot, qϕt is extracted as
0.517 eV. Our results show that the mesa edge leakage cur-
rent at room temperature or higher temperatures has the same
mechanism, i.e., the Frenkel–Poole trap-assisted emission, in
comparison with the cases of both the Schottky contact on
AlGaN/GaN or bulk GaN [6] and surface leakage current of
the Schottky contact on AlGaN/GaN [5].
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