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1. Introduction

1. I have prepared this Declaration in connection with the Petition for
Inter Partes Review of U.S. Patent No. 9,748,347, 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. [ 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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0. 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 1ssues, 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. 1EEE 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
741003¢c19489999nhumrlp 0 aOeng 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 (51-1-6)” with the holdings noted as v.93:no.
1(1948:Jan) -v. 150:No 12(20023: Dec); v. 151:n0. 1 (2204)-v. 152:n0. 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%2001%20the%?20el
ectrochemical%?20society&Search%S5FCode=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.

VIIIL. Xu 2007 (Exhibit 1014)

27.  As detailed below, I reviewed the British Library MARC record for its
print copies of the I[EEE 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

10
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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 /EEE Electron
Device Letter, containing Xu, which was downloaded from:

http://explore.bl.uk/BLVUI1:LSCOP-ALL:BLL01009844648 and

http://primocat.bl.uk/F/?func=direct&local base=PRIMO&doc number=009844
648&format=001&con_Ing=eng.

29.  The British Library MARC record for Xu identifies the fixed data
elements of MARC field tag 008 as 800820c19809999xxumrp 0 aleng .
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.

11
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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 /EEE 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 /EEE 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.

12
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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 /EEE
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 IEEFE 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 “7he 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

13
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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/O1LINDAHALL INST/191da7s/alma99513
7993405961.

40. The Linda Hall Library MARC record for Hu identifies the fixed data
elements of MARC field tag 008 as 750824¢c19659999enken p 0 aOeng 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

14
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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. Inthe 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:n0.1(2011: Jan.6)-
v.47:10.10(2011:May 12). v.47:n0.13(2011:Jun.23)-v.49:n0.25 (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.
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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 1s 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 ttayes Greennill
Kelley Hayes Greenbhill

17
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Effect of Mask Wall Angle on Shape Evolution during
Through-Mask Electrochemical Micromachining

R. V. Shenoy* and M. Datta*
IBM T.J. Watson Research Centey, Yorktown Heights, New York 10598, USA

ABSTRACT

A mathematical model to predict shape evolution during through-mask electrochemical micromachining (EMM) has
been developed. Boundary element method has been used to solve the Laplace equation for electric potential with appro-

priate boundary conditions that describe the metal dissolution process under ohmic control. The influence of mask wall
angle on shape of the evolving cavity, current distribution within the cavity and etch factor have been determined. For
mask wall angles less than 90°, the etch factor increased due to the shadowing effect of the mask, whereas the etch fac-
tor decreased for mask wall angles greater than 90°, The influence of mask wall angle has been found. to diminish with

increasing metal film thickness.

Electrochemical micromachining (EMM) is receiving
increasing attention in microfabrication for patterning,
shaping, and finishing.! In through-mask EMM, a pho-
toresist patterned metal workpiece is made an anode in an
electrochemical cell such that the exposed metal surface
is removed by high rate anodic metal dissolution. The
through-mask EMM can involve etching of the metal
workpiece either from a single side or from both sides
simultaneously. EMM of metal films supported by insu-
lating substrates involve single-sided through-mask
metal removal. The isotropic nature of the metal removal
process leads to undercutting of the mask. A priori
knowledge of the metal removal rates and the undercut-
ting of the photoresist is, therefore, essential in designing
the photoresist mask.

In through-mask EMM, the metal dissolution takes
place at the electrode surface that lies at the bottom of a
cavity created by the photoresist mask. The current distri-
bution at the electrode is thus dictated by the photoresist
artwork parameters. Any variations in these parameters
affects the current distribution at the metal surface and
the spatial distribution of the metal removal rate. This has
led to several investigations on the effect of photoresist
thickness and spacing on shape evolution during through-
mask EMM.** However, none of these investigations con-
sidered the variation in the mask wall angle and its influ-
ence on the shape evolution. On the other hand, small
changes in exposure and development conditions during
photoresist processing may lead to variations in the pho-
toresist wall angle. These variations may lead to different
current distribution at the dissolving metal surface.

Diem, et al” investigated the influence of small varia-
tions in the wall angle on current distribution and esti-
mated machining accuracy essential for making a recessed
disk electrode. The results showed that an accuracy of 0.5°
in the right angle between the insulator and the disk elec-
trode was required to avoid any significant error in the
measured current. The geometry used by Diem et al. is
similar to that of through-mask EMM. However, in
through-mask EMM, it is essential to consider the current
distribution both at the initial electrode surface and with-
in the evolving cavity.

In recent studies, the application of through-mask EMM
has been demonstrated in the fabrication of several elec-
tronic components requiring different metal wall profiles.
Examples include: ink jet nozzle plates containing high
precision V-shaped nozzles, metal masks, cone connectors,
and patterns of metal films on insulators.™ The metal
wall profile required for these components varied from
tapered metal walls to siraight metal walls. In all these
studies, EMM has been demonstrated as an effective
method for fabricating microelectronic components with
significant cost and environmental advantages over com-
peting fabrication technologies. For a wider application of

* Electrochemical Society Active Member,

EMM, the predictability and control of metal wall profile
evolution and undercut are of particular interest. In this
paper, the influence of the mask wall angle on the current
distribution, the shape of the evolving cavity, and the etch
factor have been investigated. The principal objective is to
determine how deviations (+10°) in the mask wall angle
affect the directionality of through-mask EMM.

Model Development

Figure 1 shows a scheme of the patterned elecirode that
has been considered for this investigation. The patterned
electrode consists of a metal film of a finite thickness, b,
which is partially covered with an inert photoresist mask
of thickness, h. The pattern involves equally spaced
straight lines of width, 2L, that are separated by a spacing
of 2a. The angle between the photoresist sidewall and the
metal electrode surface is B.

The parameters that characterize the shape evolution
during through-mask EMM are (Fig. 1): (i) aspect ratio,
h/L, (&) spacing to opening ratio, a/L, (iii) metal film thick-
ness ratio, b/L, and (iv) mask wall angle, B. The aspect
ratio, spacing to opening ratio, and the mask wall angle
influence the current distribution at the electrode. On the
other hand, the metal film thickness ratio determines the
extent to which EMM must proceed before the underlying
insulator is exposed. The influence of these parameters on
the undercut, U, and the etch factor are of interest. The etch
factor is defined as the ratio of the maximum etched depth
to the undercut, (d/U). Once the insulator is exposed, metal
dissolution continues in the lateral direction leading to a
change in metal wall angle, y. Fine line through-mask
EMM of metal films on insulator requires minimized
undercut (hence increased etch factor), and straight walls.
In this investigation, the influence of the mask wall angle,
B, on the etch factor has been evaluated.

Assumptions.—The following assumptions have been
made in the development of the model for shape evolution
during through-mask EMM: (i) The shape evolution has
been investigated at a patterned electrode consisting of
equally spaced patterns (lines). This facilitated the use of
the lines of symmetry to limit the computations to a
domain defined by the electrode, the photoresist walls, the

-Photoresist

A Metal film
TR,

s Insulator

QR . nsujator <

Fig. 1. Schematic diagram of a potterned metal film supported
on an insulator.
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lines of symmetry and a virtual cathode; (i) The current
distribution at the metal surface has been determined
solely by the ohmic effects and the electrodes were defined
as equipotential surfaces. Thus, a primary current distri-
bution has been assumed. This assumption is justified as
the EMM is at relatively high current densities involving
low Wagner numbers; (i) Faraday’s law has been used to
determine the rate at which the anode surface recedes. A
constant current efficiency during the EMM process has
been assumed; and (iz) The progress of metal dissolution
has been followed in terms of the ratio of the maximum
etched depth and the feature half-width (d/L).

Model equatiops.—The current distribution has been
obtained by solving the distribution of the electric poten-
tial in the electrolyte as governed by Laplace’s equation

Vip =0 1]

Since the kinetic resistances at the electrodes have been
neglected, the boundary condition at the anode is

b=V, (2]
and at the cathode is

db=0 (3]

The potential gradients across the various lines of symme-
try and insulators have been set to zero

b
— =0 4
on i
The current distribution at the anode has been combined
with Faraday’s law to determine the evolution of the metal
surface. The rate, r, at which the anodic surface recedes is
MO

e v [5]

where M is the molecular weight of the metal, » is the
metal dissolution valence, p is the density of the metal
. film, F is Faraday’s constant, and 0 is the current effi-
ciency of metal dissolution which is assumed to be con-
stant at 100%.

Method of solution.—Solution of the shape evolution
problem requires the use of numerical techniques. The
various numerical techniques available to solve the cur-
rent distribution problems can be broadly divided into the
domain based techniques such as finite difference and
finite elements methods and the boundary based tech-
niques such as the boundary element method. Although,
finite difference method is easy to implement in regular
geometries, the irregular shapes encountered in solving
the shape evolution problems cannot be easily handled.
The finite element method is more suitable for such prob-
lems. However, the domain based techniques require that
the potential distribution over the entire domain be
solved. Further, this has to be repeated at each time step to
determine the shape of the evolving cavity.

The boundary element method," on the other hand, has
a significant advantage over the domain based techniques
in solving Laplace’s equation. The boundary element
method can be used to determine the current distribution
at the electrodes without solving the potential distribution
over the entire domain. This presents a significant savings
in computations in the shape evolution problems where
the current distribution has to be repeatedly determined.
Hence, boundary element method' has been used in this
investigation. The current density at the anode has been
determined by solving Laplace’s equation, Eq. 1, and using
boundary conditions, Eq. 2-4. The anode surface has then
been displaced proportionally to the current density, 7,
using Faraday’s Law (Eq. 5) to predict the shape of the
evolving cavity. The details on implementation of the
numerical procedure have been discussed in the Appendix.

Results and Discussion

In order to minimize the effect of the geometry other
than the mask wall angle, a case of recessed electrode has
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been considered. For straight vertical mask walls (8 = 90°)
uniform current distribution is obtained for aspect ratio
(h/L) of 1.0 or greater.’ Hence, an aspect ratio of 2.5 has
been chosen along with a spacing to opening ratio of 4.

Current distribution.—TFigure 2 shows the normalized
current distribution at the initial patterned electrode sur-
face for various mask wall angles. For straight vertical
mask walls, (f = 90°), the current distribution at the initial
electrode is very uniform. However, deviation in the mask
wall angle, B, from the straight vertical walls significanily
alters the current distribution at the initial metal surface.
For B < 90°, the normalized current density at the center of
the feature is greater than 1 and it decreases as the inter-
section of the insulating mask and the metal electrode is
approached. The current density at the intersection, for
B < 90°, is equal to zero. Conversely, for B > 90%, the nor-
malized current density at the center of the feature is less
than 1 and it increases as the intersection of the insulating
mask and the metal electrode is approached. The current
density at the intersection, for 8 > 907 is infinite. This is
consistent with current distribution along an electrode
near the intersection of an electrode and an insulator.

The current distribution at the initial electrode surface
shown in Fig. 2 is extremely sensitive to the mask wall
angle. Even small changes in the mask wall angle lead to
significantly different current distributions along the elec-
trode surface. In the following, the current distribution at
various stages of the evolving cavity has been investigated.

Figure 3 shows the normalized current distribution
along the evolving metal surface for a mask wall angle of
80°. The parameter, S/S, is a normalized distance meas-
ured from the center of the feature. The variable, S, is the
the distance along the evolving metal surface measured
from the center of the feature and S, is the half-length of
the evolving metal surface. The normalized arc length,
S/S,, of 1.0 corresponds to the point of intersection
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Fig. 2. Normalized current distribution at the initial metal surface
for various mask wall angles, B.
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between the metal electrode and the photoresist mask. The
current distribution at the initial metal surface (d/L = 0)
shows a maximum at the center of the feature and it
decreases as the mask/anode edge is approached. This
leads to a higher metal removal rate at the center of the
feature as compared to the edge, thus providing a certain
degree of anisotropy during through-mask EMM. Under
strictly primary current distribution, the current density
at the edge of the feature is initially zero. This would lead
to no undercut as the initial metal surface is etched.
However, as the metal surface recedes, the angle between
mask wall and the metal surface increases. The current
density at the edge becomes finite and the undercutting of
the photoresist takes place.® The redistribution of the cur-
rent density as the cavity evolves has also been shown. As
the metal removal progresses, the current density at the
edge becomes finite and the current distribution across the
electrode becomes more uniform.

Figure 4 shows the normalized current distribution
along the evolving metal surface for a mask wall angle of
100°. The maximum in the current density at the initial
metal surface (d/L = 0) is at the edge of the feature. The
higher current density at the edge of the feature is not
desirable because it leads to higher lateral etching than
that in the vertical direction. However, as the metal
removal proceeds, the undercutting results in a redistribu-
tion of the current. The maximum in the current distribu-
tion begins to shift from the edge and moves toward the
center of the feature. The current density at the edge
becomes finite.

Shaepe of the evolving cavity.—Figure 5a shows the
shape of the metal surface evolving for initial mask wall
angles of 80°, 90° (straight vertical walls), and 100° for dif-
ferent amounts of etched depths. For § = 90°, the maxi-
mum etched depth is always at the center of the feature.

* In practice, the finite resistance of the electrode kinetics would
tend to smooth the initial current distribution and the undercut-
ting would initiate even at the initial metal surface.
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For B > 90° the initial maximum etched depth is away
from the center of the feature, as shown in Fig. 5b. The
maximum etched depth moves toward the center of the
feature as the shape evolves during EMM. An analysis of
the evolving cavity shape indicates that for the same
etched depth, d, the undercut depends on the mask wall
angle. The undercut for mask wall angle, B = 80° is less
than that for 8 = 90°, which in turn is less than that for
B = 100°. The reduction in undercut in acute angled
masks leads to higher etch factors, thus providing a cer-
tain amount of directionality in the metal removal process.
In the following, the effectiveness of through-mask EMM
has been further investigated in terms of the etch factor.

Etch factor—Figure 6 shows the etch factor during
through-mask EMM for an aspect ratio, (h/L), of 2.5. For
masks with straight vertical walls (8 = 90°), the etch factor
for a recessed feature starts around 2.0 and then decreases
as EMM proceeds. For mask wall angles less than 90°, the
etch factor is higher than cases with straight vertical mask
walls. The shadowing effect of the mask reduces the cur-
rent densily at the edge of the feature. Hence, the spatial
distribution of the etchrate, near the edge of the feature is
lower than that at the center of the feature. This reduces
the undercut resulting in the increased etch factor.
However, as the metal removal proceeds the difference in
the etch factor between 90° and acute angled masks
decreases. This is a result of the redistribution of the cur-
rent within the evolving cavity that leads to the diminish-
ing influence of the mask wall angle.

For mask wall angles greater than 90°, the etch factor is
less than that for straight vertical mask walls. The current
concentration near the intersection of the mask and the
metal line leads to higher undercuts and lower etch fac-
tors. However, as the EMM proceeds, the difference in the
etch factor for mask wall angles greater than 90° and
straight vertical walls decreases. Again, the redistribution
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of the current within the evolving cavity plays a role in
diminishing the influence of the mask wall angle.

The discussion so far has been limited to cases where the
maximum etched depth is less than the metal film thick-
ness. In such cases, the metal removal takes place both in
the vertical and the lateral directions. The degree of
anisotropy is determined by the ratio of the metal removal
in the two directions, i.e. by the etch factor. In single-sided
through-mask EMM, the metal removal exposes the insu-
lator under the metal film once the maximum etched
depth exceeds the metal film thickness. In a double-sided
through-mask EMM, this results in a through hole in the
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Fig. 6. Etch factor as a function of the etched depth for various
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1.6

workpiece. In both cases, further metal removal leads to
the movement of the metal surface in the lateral direction
under the photoresist mask. The extent to which the metal
removal is carried out then depends on the desired metal
wall profile.

Metal wall profile evolution.—Figure 7 shows the evolu-
tion of the metal wall profile for a mask angle of 90°. The
shape of the evolving cavity has been shown starting from
the point just prior to the exposure of the insulator under
the metal film. At the point where the normalized maxi-
mum etched depth (d/L) is equal to the metal film thick-
ness ratio (b/L), the metal surface fits an elliptical curve.
As the metal removal progresses, the insulator under the
metal film is exposed. The metal film closer to the insula-
tor is removed faster than that under the photoresist and
the metal film profile evolves toward a straight wall. The
evolution of the metal wall profile for various mask wall
angles can be compared in terms of the metal wall angle,
X; Which is defined as

N ./ SR (7]
(L +U-x)

tanx =

Photoresist 7

0.0 2111V 1IVII7.
0.2
- |
S~
-
04
0.6
Insulator

0.0 025 05 075 1.0 125 1.5 175 2.0
x/L
Fig. 7. Evolution of the metal wall profile after the underlying insu-

lator is ex
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where L is the feature half-length, U is the undercut, and
z, is the half-length of the exposed insulator. The extent of
the metal removal necessary to obtain a certain metal wall
angle can be expressed in terms of the ratio of undercut to
metal film thickness. In the following, the influence of the
mask wall angle on the metal wall angle, x, for different
metal film thickness ratios has been investigated.

Lateral metal removal in thin films (b/L = 1 )— The
evolution of the metal wall angle has been investigated.
for metal film thickness ratio of 0.2 and 0.7. Figure 8
shows the metal wall angle as EMM progresses for a metal
film thickness ratio of 0.2 and mask wall angles for 80°,
90°, and 100°. The general trend of the metal wall angle
evolution for all three mask wall angles is the same, The
metal wall angle is shown from the point when the bottom
insulator is exposed to the point where the metal wall
angle is greater than 80° Initially, the metal wall angle, x,
increases rapidly but the rate of change of the metal wall
angle decreases as the metal removal progresses. The
undercut essential to obtain a desired wall profile is lower
in acute angled masks than in right angled or obtuse
angled masks. This indicates that the directionality of the
EMM process can be improved by the use of acute angled
masks when the film thickness ratio is low.

Figure 9 shows the metal wall angle as EMM progresses
for a metal film thickness ratio of 0.7 and mask wall
angles for 80° 90° and 100°. The metal wall angle evolu-
tion is similar to that observed for the metal film thickness
of 0.2. Initially, the metal wall angle increases rapidly and
the rate of increase slows down as the metal wall angle
approaches 90° asymptotically. Figure 8 also shows that
the differences in the metal wall angle for various mask
wall angles are significantly less for metal film thickness
ratio of 0.7, than those observed for 0.2. The influence of
the mask wall angle has been shown to decrease with
increasing metal film thickness.

Lateral metal removal in thick films (b/L = 1).—The
influence of the mask wall angle on the etch factor is min-

imal as shown in Fig. 6. It is also an insignificant factorin .
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the evolution of the metal wall profile. Thus, there are no
gains to be achieved in directionality by varying the mask
wall angle in through-mask EMM of thick metal films.

The above results can also be used to understand the
influence of complex resist profiles such as a resist foot
and rounded profile. The investigation of the resist foot
would involve two additonal dimensionless parameters
used to characterize the foot. The effect of the rounded
resist profile would be important in machining of thin
metal films (b/L = 1). Whereas, for thick metal films, the
effect of the rounded profile would diminish with increas-
ing metal film thickness.

The results of the present study indicate that the mask
wall angle can substantially impact undercutting during
through-mask EMM in early stages of metal removal. This
behavior can be particularly useful in patterning of fea-
tures in thin films. The photoresist mask angle of less than
90° can be used to reduce the undercut and improve the
directionality of the EMM process. However, the influence
of the mask wall angle diminishes with an increase in the
metal film thickness ratio. This impacts the etching of
deep cavities. In cases with high metal film thickness
ratio, (b/L = 1), the influence of the mask wall angle is
minimal.

Conclusions

The primary current distribution at the initial electrode
surface is very sensitive to the mask wall angle. Even small
deviations in the mask wall angle from straight vertical
walls result in drastic changes in the current distribution.

During through-mask EMM, the shape of the evolving
cavity causes significant redistribution of the current
along the electrode surface. As the shape evolves, the cur-
rent distribution becomes more uniform.

For mask wall angle of B > 90°, the current distribution
at the initial surface has a maximum at the edge of the fea-
ture. The maximum in the current distribution moves
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toward the center of the feature as the metal removal pro-
gresses. i

For mask wall angle of B < 90°, the current distribution
has a maximum at the center of the feature. As the EMM
proceeds, the maximum in the current distribution
remains at the center of the feature.

The mask wall angle has been shown to influence the
etch factor. The influence is greatest in the initial stages of
the metal removal and diminishes as the metal removal
proceeds. With increasing etch depth, the etch factor for
different mask wall angles approaches the etch factor for
straight vertical mask walls.

Acute angled masks have been shown to improve the
directionality of through-mask EMM by reducing the
undercut for thin metal films. The undercut to obtain a
desired metal wall profile is lower for the acute angled
masks than for right angled or obtuse angled masks.
However, the influence of the mask wall angle on the evo-
lution of the metal wall profile has been shown to dimin-
ish with increasing metal film thickness ratio.

Manuscript submitted Mar. 9, 1995; revised manuscript
received Oct. 1, 1995.

IBM assisted in meeting the publication costs of this
article.

APPENDIX

The current distribution at the anode has been deter-
mined by solving the model equations using boundary ele-
ment method.” The boundaries have been divided into
quadratic elements by equally spaced nodes. The number
of nodes have been increased till the resulting changes in
the current density are negligible. This approach has been
found to be sufficient to determine the current distribution
for B = 90°. However, the current distribution near the
anode/mask intersection has been found to change signif-
icantly as B deviates from 90°. This nonuniform current
distribution problem has been solved by placing mare
nodes near the anode/mask intersection. The distribution
of the nodes along the anode has been varied till the cur-
rent density distribution near the mask/anode intersection
for various values of B satisfy the the following asymptot-
ic expression"

i(R) o« Rm/28-1) [A-1]

where R is the distance from the mask/anode intersection.

At each time step, the anode surface has been displaced
proportionally to the current density, i. The electrode sur-
face at the center of the feature has been displaced verti-
cally by a distance of 0.005-0.001 times the electrode half
length, L. The time steps have been increased as the shape
evolution progressed. The nodes on the newly generated
surface have been repositioned. Nodes are added to main-
tain the initial internodal spacing. The step size used for
shape evolution has been varied till the evolving profiles
are independent of the step sizes.

In addition, the model has also been solved by formulat-
ing the model equations in terms of stream functions.” The
advantage of using stream functions is that the current
distributions does not show numerical instabilities near
the anode/insulator edge. In the present study, the current
distribution at the initial electrode surface has been deter-
mined by using stream functions whereas the current dis-
tribution on evolving surfaces have been determined by
using the potential. The shape evolution and etch factors
predicted by using either of the two methods (stream func-
tions or potential) are identical.
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LIST OF SYMBOLS

a distance between photoresist edge and line of
symmetry, cm
b thickness of metallic film, cm
b/L. metal film thickness ratio
d maximum etched depth, cm
d/L. normalized etched depth
EF etch factor (d/U)
F faraday constant, 96,500 C/eq
h photoresist mask height, em
h/I. aspect ratio
i current density, A/em®
L half-length of the feature, cm
M molecular weight of the metal, g/mol
n valence of metal dissolution
r material removal rate, cm/s
R distance from the mask/anode intersection, cm
S distance along the evolving cavity measured from
the center of the feature, cm
half-length of metal electrode in an evolving
cavity, cm
undercut, cm
Eotential of the anode; V
alf-length of exposed insulator, cm

B<Q

2
=

mask wall angle, degrees

metal wall angle, degrees

potential, V

density of material, g/cm?’

current efficiency of metal dissolution

DT X [
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The Leakage Current of the Schottky Contact on the
Mesa Edge of Al1GaN/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

N 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]1, [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 AlIGaN/GaN HFETs with implantation isolation

Manuscript received June 20, 2007; revised August 14, 2007. This work was
supported by the Engineering Research Institute and National Key Laboratory
of Micro/Nano Fabrication Technology, Peking University. The review of this
letter was arranged by Editor J. del Alamo.

C. Xu, J. Wang, H. Chen, Z. Dong, Y. Hao, and C. P. Wen are with
the Institute of Microelectronics, Peking University, Beijing 100871, China
(e-mail: XuChuan@ime.pku.edu.cn).

F. Xu is with the Research Center for Wide Gap Semiconductor, School of
Physics, Peking University, Beijing 100871, China.
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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 AlIGaN/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 Al 15Gag gsN/GaN (25 nm/2.5 pm) heterostructure
grown by metal-organic chemical vapor deposition on a sap-
phire substrate (the GaN layer consisted of high-resistivity
lower layer 2.3 pm and high-quality upper layer 200 nm).
Mesas were formed by using chlorine and inductively cou-
pled plasma (ICP) etching. Sputtered Ti/AI/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 2 mm, and the 2-D electron gas (2DEG) sheet resistance
was 453 Q/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 (I5jgan) and the bulk GaN
leakage current (Igan) can be estimated from the normal circle
dot Schottky contact structure (radius = 40 pm, without mesa
edge sidewalls), and we assume that I51can and IgaN are area
(not perimeter) related. The linear current density of the mesa
edge leakage current (Jpmesa) per unit length (in amperes per
micrometer) can be expressed as

JFmesa = (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 [, 15 the total edge length of the following structure:

Imesa = 16 X 50 pum. 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 Iz 1gan and Ig.N were assumed area dominant
and extracted from the circle Schottky pads (radius = 40 um),
whereas Jrmesa 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
(Ia1can) 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 (Jprmesalmesa) iS the
major part of the leakage current in the ridge-furrow structure.
In comparison with /51GaN, Jrmesalmesa dO€s 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 Jppesa, 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,
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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 A1GaN/GaN interface. A character-
istic field strength ( F,.) 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 F as a function of the reverse
bias voltage V' in the case of the Schottky contact on AlIGaN/GaN mesa edge
[from simulation results and (3)]. (b) Plot of Jrmesa/Fe as a function of F9-°
at different temperatures, where Jprpesa is the extracted leakage current density
at mesa edge [from experimental data and (1)]; the inset shows intercepts b(T")
as a function of 1000/7" to obtain ;.

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 (Fiy;) in the GaN side
and the trap (positive ion) induced electric field strength (Fjo,)
should be

Fext(P) = Fion(P) = Fc = ¢1/47r€0€s”'(2) (3)

and they should have approximately opposite direction. (Ac-
cording to the simulation, F,.¢ in the GaN side at point P has a
direction approximately along the A1GaN/GaN interface.) £ is
the relative dielectric permittivity of the GaN at high frequency
(es = 5.35 [6]), and r( is the distance along the AlGaN/GaN
interface from the metal-semiconductor interface. As shown in
Fig. 4, F.. does not increase very fast as the reverse bias voltage
increases.

If the leakage current at the mesa edge (Jrmesa) Obeys the
Frenkel-Poole emission model [6], it can be expressed as

Jrmesa = CF. exp [—q((,ot — \/ch/reoes)/kT]
=F.exp (m(T) VF. + b(T)) 4)
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where (; 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
In(Jrmesa/Fe) ~ V/F% line, respectively:

m(T) =+/q/meoes - q/kT

b(T)= — qpt/kT +InC. ®)

As shown in Fig. 4(b), a linear dependence of In(Jrmesa/Fe)
on F%5 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, gy, 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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1.2
TLR = 2Pthresh (1)
Dlocal
The value of TLR must be chosen such that it minimises the BER.

Shmulation results: In the simulation, the spreading gain N was set
to 128. The spreading code was chosen to be a Walsh-Hadamad

code with length 128. All the users were assumed to suffer from

independent Rayleigh fading. It was also assumed that the fadings
were independent among the different subcarriers. The signal to
noise ratio (SNR) was defined throughout the simulation as SNR
= Poealc,’, where ¢,2 is the additive white Gaussian noise
(AWGN) noise power. )

Fig. 3 shows the optimal value of TLR required to minirise
the BER performance of a 10-user system at a particular SNR
value. As expected, the optimal TLR value decreases while the
SNR increases. If we consider the situation where the signal power
Plocar 15 constant, the TLR should be higher, when the SNR is
small, to effectively eliminate deep fading or noise contaminated
subcarriers. On the other hand, when the SNR is large, the opti-
mal value of TLR will be small since the noise or fading level is
not high. It is observed that the optimal TLR changes from ~0.3
to —0.5dB as the SNR varies from 1 to 15dB.

A BER performance comparison is shown in Fig. 4. It is obvi-
ous that the suggested controlled MRC algorithm with power con-
trol outperforms the MRC algorithm. Here the optimal threshold
was used in the simulation for the controlled MRC with power
control algorithm. The improvement is about five users for BER =
10-3. However, for larger SNR values, the improvement is not as
high. This can be explained as follows. When the noise level is low
or no deep fading signal is present, then few or no subcarriers will
be cut off, therefore the difference between controlled MRC and
MRC will be insignificant.

Conclusion: A controlled MRC algorithm has been proposed for
an MC-CDMA uplink system under Rayleigh fading channel and
AWGN conditions. The optimal threshold value for such an algo-
rithm has been obtained by simulation for various SNR values. It
has been shown that the controlled MRC algorithm can improve
the MC-CDMA uplink performance, especially in low SNR envi-
ronments. However, when the SNR is high, the proposed method
does not lead to noticeable improvements,
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Enhancement mode AlGaN/GaN HFET with
selectively grown pn junction gate

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

A report is presented into the fabrication and characterisation of
an enhancement mode AlGaN/GaN heterojunction field-effect
transistor (HFET) with selectively grown pn junction gate. At
zero gate bias the device channel is depleted due to the high built-
in potential of the gate-channel junction. The selective area
growth approach enables both depletion and enhancement mode
HFETs to be fabricated on the same wafer thus opening up the
possibility of designing high speed, low consumption GaN-based
logical integrated circuits.
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Since the first demonstration of a depletion mode AlGaN/GaN
high electron mobility transistor (HEMT) [1], there has been rapid
progress towards the realisation of high power microwave devices
[2, 3]. However to date few reports have been made of AlGaN/
GaN based enhancement mode transistors. Khan et al. reported
such a device using AlGaN/GaN heterojunctions where a
Schottky barrier gate was used [4]. For high temperature digital
IC applications it is ideal to fabricate both enhancement and
depletion mode (AlGaN/GaN) devices in selective areas on the
same wafer. In this Letter we describe a novel approach to realis-
ing an enhancement mode AlGaN/GaN heterostructure field effect
transistor (HFET) with a selective area grown pn junction gate.
The p-GaN layers for the gate were. grown in selective areas
defined by openings in an SiO, mask. Our novel approach there-
fore opens up the possibility of monolithically integrating AlGaN/
GaN based normally-on and normally-off logic devices on a single
wafer.

S G D AlGaN

/],/ substrate T

Fig. 1 Schematic diagram of structure of pn junction regrown gate
HFET AR

The epilayer structure for our devices is schematically shown in
Fig. 1. It was deposited over a basal plane sapphire substrate
using low pressure metal organic chemical vapour deposition
(MOCVD) epitaxy. The 300 AIN buffer layer of our structure
was deposited at 400°C and 76 torr. All the other layers were
deposited at 1000°C and 76torr. The Aly2GaggN barrier layer was
300A thick and was silicon-doped to N barrier layer was 300A
thick and was silicon-doped to n = 3 x 10'8cm. All layers of the
structure were grown with a low-level flux of trimethylindium
(TMI). This incorporates trace amount of In in all the layers and
helps with the layer and interface smoothness. For the structure,
the room temperature sheet carrier density and mobility were
measured to be #, = 8 x 102cm2 and p = 1000em?v.s.

Mg-doped 1000A thick p-GaN (p = 107cm™) was then selec-
tively grown using 10 pm x 150pum openings in a 1000A thick SiO,
masking layer. The SiO, mask layer was deposited using a plasma
enhanced chemical vapour deposition (PECVD) system. Transis-
tors were then fabricated with TIAVTVAu (100A/200A/100A/
500A) source-drain contacts. The contacts were then RTA
annealed at 850°C for 1min in a nitrogen ambient. Ni/Au contacts
were then deposited over the selective area grown p-GaN regions.
These were annealed at 450°C in oxygen ambient. Our transistor
structure thus had a gate length of 10pm and a gate width of
150pum. The source drain opening was 10pum. Note that this geom-
etry was selected only for a proof of principle. For higher per-
formance devices much shorter gate lengths and source drain
distances will be required.

In Fig. 2« we include the source drain current-voltage charac-
teristics. As seen at zcro gate bias the device does not conduct
because the channel is depleted due to the high built-in voltage of
the pn junction gate. With positive gate voltage the device reaches
a saturation current of 40mA/mm at +4V gate bias. Fig. 2b
shows the external transconductance g,, as a function of gate bias
measured at 25V drain to source voltage. The peak g, value of
10mS/mm is reached at +3V gate bias. These I, and g,, values are
limited by the low channel conductance from the very large gate
and channel length (10um). Assuming an inverse linear depend-
ence of both saturation current and transconductance on the gate
length, we estimate these values to be 400mA/mm and 150mS/
mm, respectively, for a 1pm-gate device. These estimated values of
I, and g, arc quite close to those typically reported for depletion
mode devices.

The maximum current for heterostructure field-effect transistors
depends on the maximum charge induced in the device channel.
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This charge increases with the increase in positive gate bias (for an
n-channel device). Thus the maximum saturation current is limited
by the gate leakage at positive bias. For our enhancement mode
transistor with a pn junction gate, the range of positive gate bias
which maintains a low gate leakage current is significantly larger
than that for a regular Schottky-gate device. This is illustrated by
Fig. 3 showing gate channel I-V curves for a pn junction gate
enhancement mode HFET and a regular Schottky gate HFET on
the same wafer. As seen, for a pn junction gate device the maxi-
mum operating gate voltage can be as high as 3V as compared to
~1V maximum operating voltage for a Schottky gate HFET. This
proves that in principle, pn junction gate enhancement mode
HFETs can provide much higher induced channel charge, and
hence, saturation current and transconductance as compared to a
Schottky gate depletion mode HFET.
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Fig. 2 Current-voltage characteristics of enhancement mode pn junction
gate HFET

a Channel current dependence on drain to source voltage
b Transconductance dependence on gate bias
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Fig. 3 Current voltage characteristics of pn junction and Schottky gate
devices

pn junction device
— — — — Schottky gate device

Our estimates of the threshold voltage as a function of the dis-
tance between the channel and the gate showed that the effective
channel-to-gate separation is close to the thickness of the AlGaN
layer. This means that the p-type AlGaN layer operates as a p-
type gate. As a result, the threshold voltage is shifted by ~2.5V
towards positive values (i.e. by the difference between the GaN
energy gap and the Schottky barrier height).
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In Fig. 3 it can be seen that the differential resistance of the pn
Jjunction gate is ~1k€Q. This resistance is largely due to the rela-
tively low doping level in regrown p-material as well as to the low
hole mobility in p-GaN. The pn junction gate capacitance was
measured to be < 1pF. Using these values of gate series resistance
and capacitance, we estimate the characteristic time constant RC
of our enhancement mode HFET to be < 1ns. By making use of a
higher doping level in the p-GaN gate material and with shorter
gate length this time constant can be considerably decreased to
achieve switching rates in the gigabit per second range.

In conclusion we have fabricated a new enhancement mode
GaN/AlIGaN HEMT with a selective area depgsited pn junction
gate. We have also established the feasibility of our approach to
produce enhancement and depletion mode GaN/AlGaN HEMTs
on the same wafer. This is an important step towards the goal of
realising monolithically integrated logic circuits based on AlGaN/
GaN heterojunctions.
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Laser processing for enhanced performance
thin film electroluminescent devices

W.M. Cranton, E.A. Mastio, C.B. Thomas,
C. Tsakonas and R. Stevens

A technique for enhancing the performance of thin film
electroluminescent devices is presented. Thin {ilm phosphors have
been processed with 20ns pulses of 880mJfcm? laser irradiation
from a 249nm KrF excimer laser. Electroluminescent
characterisation demonstrates a four-fold improvement in emitted
luminous intensity, as compared to thermally annealed structures.

Introduction: Thin film electroluminescent (TFEL) devices utilising
ZnS:Mn phosphor films are important in the field of large area
flat panel displays. These displays have benefits such as rugged-
ness, low power, high contrast, full colour capability, high temper-
ature operating range, and large viewing angle [l]. They are
suitable for both text and graphics based systems and, as demon-
strated by the Displays Group at Nottingham Trent University
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