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I, James L. Mullins, declare as follows:

My name is James L. Mullins.

1. | have been retained by Godo Kaisha IP Bridge 1 (“Patent Owner”) in
the above-captioned inter partes review to provide opinions on various documents.

l. INTRODUCTION

2. | am presently Dean Emeritus of Libraries and Esther Ellis Norton
Professor Emeritus at Purdue University. My career as a professional and
academic/research spanned more than 44 years including library positions at Indiana
University, Villanova University, Massachusetts Institute of Technology, and
Purdue University. Appendix A is a true and correct copy of my curriculum vitae
describing my background and experience.

3. In January, 2018, | founded the firm Prior Art Documentation Librarian
Services, LLC, located at 205 St. Cuthbert, Williamsburg, VA 23188 after
purchasing the intellectual property of and successor to Prior Art Documentation,
LLC located at 711 South Race Street, Urbana, IL 61801. Further information about
my firm, Prior Art Documentation Librarian Services, LLC (PADLYS), is available

at https://www.priorartdoclib.com.

4. | have been retained by Patent Owner to offer my opinion on the
authenticity and dates of public accessibility of various documents. For this service,

| am being paid my usual hourly fee of $275.00/hour. | have no stake in the outcome
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of this proceeding or any related litigation or administrative proceedings, and my
compensation in no way depends on the substance of my testimony or the outcome
of this proceeding.

II.  QUALIFICATIONS

5. | received a Bachelor of Arts degree in History, Religion and Political
Science in 1972 as well as a Master of Arts degree in Library Science in 1973 from
the University of lowa. | received my Ph.D. in Academic Library Management in
1984 from Indiana University. Over the past fifty-years, | have held various
positions in the field of library and information sciences.

6. | am presently Dean Emeritus of Libraries and Esther Ellis Norton
Professor Emeritus at Purdue University, and have been since January 1, 2018. |
have been previously employed as follows:

Dean of Libraries and Professor and Esther Ellis Norton Professor,
Purdue University, West Lafayette, IN (2004-December 31, 2017)

Assistant/Associate  Director for Administration, Massachusetts
Institute of Technology (MIT) Libraries, Cambridge, MA
(2000-2004)

University Librarian and Director, Falvey Memorial Library, Villanova

University, Villanova, PA (1996-2000)
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Director of Library Services, Indiana University South Bend, South
Bend, IN (1978-1996)

Part-time Instructor, School of Library and Information Science,
Indiana University, Bloomington, IN (1979-1996)

Associate Law Librarian, and associated titles, Indiana University
School of Law, Bloomington, IN (1974-1978)

Catalog Librarian, Assistant Professor, Georgia Southern College (now
University), Statesboro, GA (1973-1974)

7. | have been a member of the American Library Association (“ALA”)
since 1974. | served as the chair of the Research Committee of the Association of
College and Research Libraries (“ACRL”). My service included the editorial board
of the most prominent library journal, College and Research Libraries. | also served
on the Standards Committee, College Section of the Association of College and
Research Libraries, where | was instrumental in developing a re-issue of the
Standards for College Libraries in 2000.

8. Over 20 years | was actively engaged in academic library professional
associations on the international level including invited papers and lectures in
Germany, Norway, Israel, Argentina, Australia, South Africa, New Zealand, Hong

Kong, Israel, Turkey, Greece, Canada, France, Belgium, China, Japan, South Korea,
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Finland, Sweden, Poland, Portugal, Spain, Switzerland, Singapore, and the United
Kingdom.

Q. | am an author of numerous publications in the field of library science,
and have given presentations in library sciences at national and international
conferences. During more than 44 years as an academic librarian and library science
scholar, | have gained extensive experience with catalog records and online library
management systems (LMS) built using Machine-Readable Cataloging (“MARC”)
standards. As a part-time instructor at the School of Library and Information
Science, Indiana University, | taught, as well as other courses, the cataloging course,
“Organization of Library Materials.”

10. As an academic library administrator, | have had responsibility to
ensure that students were educated to identify, locate, assess, and integrate
information garnered from research library resources. | have also facilitated the
research of faculty colleagues either directly or through the provision of and access
to the requisite print and/or digital materials and services at the universities where |
worked.

11. Based on my experience identified above and detailed in my curriculum
vitae, which is attached hereto as Appendix A, | consider myself to be an expert in

the field of library science and academic library administration. | have previously
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offered my opinions on the public availability and authenticity of documents in over
147 cases. | have been deposed in three cases.

I11. BACKGROUND ON PUBLIC ACCESSIBILITY
A.  Scope of This Declaration

12. | am not a lawyer, and | am not rendering an opinion on the legal
question of whether a particular document is, or is not, a “printed publication” under
the law. | am, however, rendering my expert opinion on the authenticity of the
document referenced herein and when and how this document was disseminated or
otherwise made available to the extent that people interested and ordinarily skilled
in the subject matter or art, exercising reasonable diligence, could have located the
document.

13. I am informed by counsel that an item is considered authentic if there
Is sufficient evidence to support a finding that the item is what it is claimed to be. |
am also informed that authenticity can be established based on the contents of the
document itself, such as the appearance, content, substance, internal patterns, or
other distinctive characteristics of the item.

14. I am informed by counsel that a given reference qualifies as “publicly
accessible” if it were disseminated or otherwise made available such that a person
interested in and ordinarily skilled in the relevant subject matter could locate it

through the exercise of ordinary diligence.
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15.  While I understand that the determination of public accessibility under
the foregoing standard rests on a case-by-case analysis of the facts particular to an
individual publication, | also understand that a printed publication is rendered
“publicly accessible” if it is cataloged and indexed by a library such that a person
interested in the relevant subject matter could locate it (i.e., | understand that
cataloging and indexing by a library is sufficient, though there are other ways that a
printed publication may qualify as “publicly accessible”). One manner of sufficient
indexing is indexing according to subject matter. | understand that it is not necessary
to prove someone actually looked at the printed publication in order to show it was
publicly accessible by virtue of a library’s cataloging and indexing thereof. I
understand that cataloging and indexing by a single library of a single instance of a
particular printed publication is sufficient. | understand that, even if access to a
library is restricted, a printed publication that has been cataloged and indexed therein
is publicly accessible so long as a presumption is raised that the portion of the public
concerned with the relevant subject matter would know of the printed publication. |
also understand that the cataloging and indexing of information that would guide a
person interested in the relevant subject matter to the printed publication, such as the
cataloging and indexing of an abstract for the printed publication, is sufficient to

render the printed publication publicly accessible.
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16. | understand that evidence showing the specific date when a printed
publication became publicly accessible is not necessary. Rather, routine business
practices, such as general library cataloging and indexing practices, can be used to
establish an approximate date on which a printed publication became publicly
accessible.

B.  Person of Ordinary Skill in the Art

17. In forming the opinions expressed in this declaration, | have reviewed
the documents and appendices referenced herein. These materials are records
created in the ordinary course of business by publishers, libraries, indexing services,
and others. From my years of experience, | have been familiar with the process for
creating many of these records, and | know that these records are created by people
with knowledge of the information contained within the record. Further, these
records are created with the expectation that researchers and other members of the
public will use them. All materials cited in this declaration and its appendices are
of a type that experts in my field would reasonably rely upon and refer to in forming
their opinions.

18. Counsel has informed me that the subject matter of this proceeding
relates to an advance to a special kind of solid-state electronics device known as a

“magnetic tunnel junction” (“MTJ”) device
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19. I have been informed by counsel that a “person of ordinary skill in the
art at the time of the inventions” (POSITA) is a hypothetical person who is presumed
to be familiar with the relevant field and its literature at the time of the inventions.
This hypothetical person is also a person of ordinary creativity, capable of
understanding the scientific and/or engineering principles applicable to the pertinent
field.

20.  Counsel has informed me that for the purpose of the Preliminary Patent
Owner Response, Patent Owner does not challenge Petitioner’s person of ordinary
skill in the art definition, and that Petitioner has asserted that people of ordinary skill
In this subject matter or art would have included someone with:

« a Ph.D. in electrical engineering, physics, materials science, or a related
field, and at least one year of experience in the research, design, and/or
development of magnetic/spintronic devices, or the equivalent, or

* a Master’s degree in electrical engineering, physics, materials science, or
a related field, and four years of experience in the research, design, and/or
development of magnetic/spintronic devices, or the equivalent.

« And that less work experience may be compensated by a higher level of
relevant education, and vice versa.

21. Itis my opinion that such a person would have been actively engaged

In academic research and learning through study and practice in the field, and
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possibly through formal instruction through the bibliographic resources relevant to
his or her research. By the 2000s, such a person with the educational background
and research expectation would have had access to a vast array of print resources,
including at least the documents referenced below, as well as to a fast-changing set

of online resources.

C. Library Catalog Records and Other Resources
22. Some background on MARC (Machine-Readable Cataloging)

formatted records, OCLC, and WorldCat is helpful to understand the library catalog
records discussed in this declaration. | am fully familiar with the library cataloging
standard known as the MARC standard, which is an industry-wide standard method
of storing and organizing library catalog information.! MARC practices have been
consistent since the MARC format was developed by the Library of Congress in the
1960s, and by the early 1970s became the U.S. national standard for disseminating
bibliographic data. By the mid-1970s, MARC format became the international
standard, and persists through the present. A MARC-compatible library is one that
has a catalog consisting of individual MARC records for each of its items. The
underlying MARC format (computer program) underpins the online public access

catalog (OPAC) that is available to library users to locate a particular holding of a

I The full text of the standard is available from the Library of Congress at http://www.loc.gov/marc/bibliographic/.
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library. Today, MARC is the primary communications protocol for the transfer and
storage of bibliographic metadata in libraries.? The MARC practices discussed
below were in place during the late 1990s time frame relevant to the documents
referenced herein.

23.  Online Computer Library Center (OCLC) is a not-for-profit worldwide
consortium of libraries. Similar to MARC standards, OCLC’s practices have been
consistent since the 1970s through the present. Accordingly, the OCLC practices
discussed below were in place during the time frame discussed in my opinions
section. OCLC was created “to establish, maintain and operate a computerized
library network and to promote the evolution of library use, of libraries themselves,
and of librarianship, and to provide processes and products for the benefit of library
users and libraries, including such objectives as increasing availability of library
resources to individual library patrons and reducing the rate of rise of library per-
unit costs, all for the fundamental public purpose of furthering ease of access to and
use of the ever-expanding body of worldwide scientific, literary and educational

knowledge and information.”® Among other services, OCLC and its members are

2 Almost every major library in the world uses a catalog that is MARC-compatible. See, e.g., Library of Congress,
MARC Frequently Asked Questions (FAQ), https://www.loc.gov/marc/faq.html (last visited Jan. 24, 2018) (“MARC is
the acronym for MAchine-Readable Cataloging. It defines a data format that emerged from a Library of Congress-
led initiative that began nearly forty years ago. It provides the mechanism by which computers exchange, use, and
interpret bibliographic information, and its data elements make up the foundation of most library catalogs used
today.”). MARC is the ANSI/NISO 739.2-1994 (reaffirmed 2009) standard for Information Interchange Format.

3 OCLC Online Computer Library Center, Inc., Amended Articles of Incorporation of OCLC Online Computer Library
Center, Inc., Third Article (OCLC, Dublin, Ohio) Revised November 30, 2016,
https://www.oclc.org/content/dam/oclc/membership/articles-oA-incorporation.pdf.
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responsible for maintaining the WorldCat database (http://www.worldcat.org/), used

by libraries throughout the world.

24. Libraries worldwide use the machine-readable MARC format for
catalog records. MARC-formatted records include a variety of subject access points
based on the content of the document being cataloged. A MARC record for a
particular work comprises several fields, each of which contains specific data about
the work. Each field is identified by a standardized, unique, three-digit code
corresponding to the type of data that follows. For example, a work’s title is
recorded in field 245, the primary author of the work is recorded in field 100, a
work’s International Standard Book Number (“ISBN™) is recorded in field 020, and
the work’s Library of Congress call number (assigned by Library of Congress) is
recorded in field 050. Some fields can contain subfields, which are indicated by
letters. For example, a work’s publication date is recorded in field 260 under the
subfield “c.”

25. The MARC Field 040, subfield “a,” identifies the library or other entity
that created the catalog record in the MARC format. MARC Field 008 identifies the
date when this first MARC record was created.

26.  MARC records also include several fields that include subject matter
classification information. An overview of MARC record fields is available through

the Library of Congress at http://www.loc.gov/marc/bibliographic/. For example,
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6XX fields are termed “Subject Access Fields.”* Among these, for example, is the
650 field; this is the “Subject Added Entry — Topical Term” field. See

http://www.loc.gov/marc/bibliographic/bd650.html. The 650 field is a “[s]ubject

added entry in which the entry element is a topical term.” Id. The 650 field entries
“are assigned to a bibliographic record to provide access according to generally
accepted thesaurus-building rules (e.g., Library of Congress Subject Headings
(LCSH), Medical Subject Headings (MeSH)).” 1d. Thus, a researcher can easily
discover material relevant to a topic of interest with a search using the terms
employed in MARC Fields 6XX.

27. WorldCat is the world’s largest public online catalog, maintained by
the OCLC, a not-for-profit international library consortium, built with the records
created by the thousands of libraries that are members of OCLC. OCLC provides
bibliographic and abstract information to the public based on MARC-compliant
records through its OCLC WorldCat database. WorldCat requires no knowledge of
MARC tags and code and does not require login or password. WorldCat is easily
accessible through the World Wide Web to all who wish to search for it; there are
no restrictions to being a member of a particular community, etc. The date a given
catalog record was created (corresponding to the MARC Field 008) appears in some

detailed WorldCat records as the Date of Entry but not necessarily all. WorldCat

4 See http://www.loc.gov/marc/bibliographic/bd6xx.html.
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does not provide a view of the underlying MARC format for a specific WorldCat
record. In order to see the underlying MARC format the researcher must locate the
book in a holding library listed among those shown in WorldCat, and search the
online public catalog (OPAC) of a holding library. Whereas WorldCat records are
widely available, the availability of library specific MARC formatted records varies
from library to library. When a specific library wishes to make the underlying
MARC format available there will be a link from the library’s OPAC display, often
identified as a MARC record or librarian/staff view.

28.  When a MARC record is created by the Library of Congress or an
OCLC member institution, the date of creation for that record is automatically
populated in the fixed field (008), with characters 00 through 05 in year, month, day
format (YYMMDD).®> Therefore, the MARC record creation date reflects the date
on which the publication associated with the record was first cataloged. Thereafter,
the local library’s computer system may automatically update the date in field 005
every time the library updates the MARC record (e.g., to reflect that an item has
been moved to a different shelving location within the library, or a reload of the
bibliographic data with the introduction of a new library management system that
creates and manages the OPAC.

D.  Monograph Publications

5 Some of the newer library catalog systems also include hour, minute, second (HHMMSS).
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29. Monograph publications are written on a single topic, presented at
length, and distinguished from an article and include books, dissertations, and
technical reports. A library typically creates a catalog record when the monograph
Is acquired by the library. First, it will search OCLC to determine if a record has
already been created by the Library of Congress or a contributing member library.
If the record is found in OCLC, the record is downloaded into the library’s LMS
(Library Management System) that includes typically the acquisitions, cataloging,
and circulation integrated functions. Once the item is downloaded into the library’s
LMS, the library adds its identifier to the OCLC database so when a search is
completed on WorldCat, the library will be indicated as an owner of the title. With
the creation of the record in the LMS it is searchable and viewable through the library
Online Public Access Catalog (OPAC), by author, title, and subject heading, at the
library and from anywhere in the world through the internet. The OPAC also
connects with the circulation function of the library which typically indicates
whether the book, dissertation, tech report is available, in circulation, etc., with its
call number and location in a specific departmental/disciplinary library. The OPAC
not only provides immediate bibliographic access on site, it also facilitates
interlibrary loan of items, that is, the loan of an item from one library to another to

meet a research need.
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E.  Dissertation/Thesis publications

30. Dissertation (doctoral level) and theses (masters and bachelors level)
often exist in only one paper copy, held at the institution where it was written and
cataloged, and shelved in the institution’s archives or special collections. Often,
there is only one library record and one holding library, the one in which the degree
was granted. An additional copy may be added by another library when a copy is
purchased and added to that library collection.

31. Dissertation/thesis in the past were made available in print and on
microform, however, requested copies are now more often provided as a digital
copy. During the past ten years many institutions no longer require the submission
of a hard-copy of the dissertation/theses, and solely rely on the digital format. The
originating cataloging would typically still be done by the degree granting
institution’s library.

F.  Database consulted

32.  ProQuest - ProQuest’s collections span six centuries, all disciplines
and the diverse content types needed by researchers, providing the world’s largest
collection of dissertations and theses; three centuries of newspapers; more than
450,000 academic eBooks; collections of important scholarly journals and other

content researchers need such as data; and unique digital vaults of primary source
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materials ProQuest’s renowned abstracting and indexing enables researchers to find

sources in their area of study. https://about.proquest.com/libraries/academic/

33. HathiTrust Digital Library - Founded in 2008, HathiTrust is a not-for-
profit collaborative of academic and research libraries preserving 18+ million
digitized items. HathiTrust offers reading access to the fullest extent allowable by
U.S. copyright law, computational access to the entire corpus for scholarly research,
and other emerging services based on the combined collection. HathiTrust members
steward the collection — the largest set of digitized books managed by academic
and research libraries — under the aims of scholarly, not corporate, interests.

https://www.hathitrust.org/

OPINION REGARDING AUTHENTICITY AND PUBLIC
ACCESSIBILITY:

Document A. EX2007 Rodney Joseph Soukup. Hot Electron Transport in
Vacuum Deposited Thin Film Emission Diodes. A thesis submitted to the
Graduate Faculty in Partial Fulfillment of the Requirements for the Degree
of Doctor of Philosophy, June, 1969. University of Minnesota, 19609.
(“Soukup”)

A. Authentication

34. | have been asked to opine on a thesis/dissertation authored by Rodney
Joseph Soukup titled Hot Electron Transport in Vacuum Deposited Thin Film
Emission Diodes, A Thesis submitted to the Graduate Faculty of the University of
Minnesota in Partial Fulfillment of the Requirements for the Degree of Doctor of

Philosophy, June, 1969, The University of Minnesota, 1969. (“Soukup”)
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35. EX2007 is an entire copy of Soukup provided to me by counsel. I will
be comparing the results of my research to EX2007 to determine authenticity and
public accessibility.

36. Attachment A-1 is the Purdue University Libraries OPAC record for
Soukup providing access (“Online Access Available”) to the digital version of
Soukup through ProQuest.

37. Attachment A-2 is the Soukup dissertation accessible to, and
downloaded by me, on November 10, 2024 through my emeritus faculty status at
Purdue University from the ProQuest database URL.:

https://www.proquest.com/docview/302428580?accountid=13360&parentSession|

d=SRFsh%2BfeCHVpkaFs8fMjx1GOKbY S2qj0IQFOXhgYz1E%3D&pQg-

origsite=primo&sourcetype=Dissertations%20&%20Theses

It 1s available for a fee at URL:

https://dissexpress.proquest.com/?author=Rodney%20j0seph%?20soukup

38.  Attachment A-3 includes scans of the print copy of Soukup held by the
University of Minnesota Libraries provided to me by the Purdue University Libraries
Interlibrary Loan Department on November 13, 2024. Attachment A-3 includes
transmittal page of PUL Libraries ILL, University of Minnesota Libraries MNU
Lending, Soukup’s title page, acknowledgements, Table of Contents, and List of

Figures. Due to fair use restrictions it was not possible to request scans of the entire
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print dissertation, however, included in the scans provided by the University of
Minnesota from the print copy held by the library it is enough to ensure that the copy
held in print is the same as held by ProQuest in digital format and transmitted to me
as Attachment A-2.

39. After a careful review of EX2007 with Attachment A-2 and the
comparable pages in Attachment A-3, it is my opinion, therefore, Soukup is an
authentic document created as a dissertation and submitted for partial fulfillment for
the degree of doctor of philosophy at the University of Minnesota in 19609.

40. This is documented by inclusion of Soukup in the ProQuest database,
an authoritative digital repository for thesis/dissertations. In addition, the retrieval
| made through the Purdue University Libraries, a major research university library,
to access Soukup from ProQuest is further evidence that Soukup is authentic.
Evidence that the University of Minnesota Libraries confirms its authenticity was
my request through the Interlibrary Loan Department of Purdue University Libraries
scans from the print copy held by the University of Minnesota Libraries. A scan of
the entire print copy of Soukup held by the University of Minnesota Libraries was
not possible due to limitations of ‘fair use’ under copyright law.

41. Therefore, | opine that Soukup is an authentic document. The
authenticity of Soukup will be further examined in the Public Accessibility section

below.
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Public Accessibility
42. Attachment A-4 is the OCLC WorldCat entry for Soukup that I

completed a search and created a screen capture on December 6, 2024 at URL.:

https://search.worldcat.org/title/763139404

43. The WorldCat holding record, Attachment A-4, shows Soukup is held
by the University of Minnesota, as well as Hathi Trust Digital Library. Typically
theses are only held by the degree granting institution.  The HathiTrust Digital
Library holding provides only access to the catalog record and not to the entire text
due to copyright, a description of HathiTrust Digital Library is provided above.

44. Soukup could have been located in WorldCat/FirstSearch during the
timeframe mid 1980s through 2005 by completing a search by author: Rodney
Joseph Soukup; by title: Hot Electron Transport in Vacuum Deposited Thin Film
Emission Diodes and/or by subject descriptors: Electronic Emission and/or
Metallic films, among others.

45.  Attachment A-5 is a download from the University of Minnesota
Libraries OPAC that | completed on December 6, 2024. Upon review of the OPAC
record it is possible to determine that Soukup is available in print as shown below in

the OPAC record as shown below:
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LOCATION ITEMS

TC MN Library Access Center (Storage)
Available , U of M Twin Cities ; MnU-D 69-109
(1 copy, 1 available, 0 requests)

Iltern in place  219510019252833
Loanable

46.  Attachment A-5 indicates that Soukup is available, in print, at “TC MN
Library Access Center (Storage). Available, U of M Twin Cities ; MnU-D 69-109
(1 copy, 1 available, 0 requests). Item in Place 319510019252833 Loanable.”
Verification that this OPAC record reflects Soukup is indicated by author: Rodney
Joseph Soukup; and by title: Hot Electron Transport in Vacuum Deposited Thin Film
Emission Diodes.

47. Attachment A-6 is a download from the University of Minnesota
Libraries OPAC that | completed on December 10, 2024. Upon review of the OPAC
record it is possible to determine that Soukup is available digitally as shown below
in the OPAC record as shown below:

48. The University of Minnesota Libraries OPAC record, as shown in
Attachment A-5 and Attachment A-6, confirms that Soukup would have been
publicly accessible through The University of Minnesota Libraries catalog by
author: Rodney Joseph Soukup; by title: Hot Electron Transport in Vacuum
Deposited Thin Film Emission Diodes.
and/or by Library of Congress subject descriptors: Electrons — Emissions; and/or

Metallic Films.
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49.  Attachment A-7 is the MARC record for Soukup that | downloaded
from the University of Minnesota Libraries OPAC on December 6, 2024. The
MARC record provides information that populates the OPAC record and includes
dates about the item that is not typically useful to a library researcher. Such is the
case with 005 and 008 MARC Fields, a further description is above in the
introductory paragraphs.

50. In most instances, the original cataloging (008 MARC field) of a
published book is completed by the Library of Congress shortly after its publication
and receipt by the Library of Congress, while the 005 MARC field indicates the date
cataloged by the local library. The 005 and 008 MARC Fields for Soukup are shown
below from Attachment A-7.

B85 20248223061650.80
Bea 8/1189s1969 mnua b 0ee 8 eng d

51. Original cataloging for a thesis/dissertation is completed by the library
cataloging department of the university granting the degree. Therefore, the dates in
the 008 MARC field is the date when Soukup was cataloged by the University of
Minnesota Libraries, 87110951969 (87=1987; 11=November; 09 = ninth day of
November; s = single publication (not a serial); and 1969 = date of publication.
Therefore, original cataloging by the University of Minnesota Libraries was

completed on November 9, 1987.
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52.  The MARC 005 Field reads: 20240123061650.0, by this record appears
that the record was “touched” by the University of Minnesota Libraries, that is, some
additional information was added/changed in 2024, this could be a note about change
in location or possibly the transfer of all catalog data from one library management
system to another. However, “’touches’ to the MARC record do not change access
points as described above for author, title and subject headings.

53.  Therefore, it is my opinion, that at least by November 9, 1987, Soukup,
was searchable in the Library catalog of the University of Minnesota Library by
author, title and the subject headings as delineated above.

54. Dissertations (doctoral level) and theses (masters and bachelors level)
often exist in only one paper copy, held at the institution where it was written and
cataloged, and shelved in the institution’s archives or special collections. In addition,
in order to document the research undertaken in the dissertation, in the past, at most
universities, it was required that the dissertation be submitted to ProQuest so that it
can be ‘published’ and made available to scholars and researchers.

55. Dissertation/theses in the past were made available for purchase in print
and in microform by ProQuest (formerly known as University Microfilms).
ProQuest is a database that can be searched online, both viewable and downloadable

through a library or institution that has a subscription with ProQuest. If access is
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not possible through a subscribing institution, it is possible to purchase a copy of a
dissertation as shown above for Soukup.

56. Inorder to determine when and how public accessibility to Soukup was
possible, | contacted customer service at ProQuest on November 25, 2024.
Attachment A-8 is an email that is a follow-up to a chat that took place between
Vicki Turner (ProQuest) and me on November 25, 2024 in which | described my
need to document the deposit and accessibility of Soukup through ProQuest (in 1969
— University Microfilms). Ms. Turner informed me that it would be possible to
obtain an affidavit from ProQuest detailing the questions | had about deposit and
access of Soukup. This required payment which | made to cover this service.

57. On Tuesday, November 26, 2024, | received an affidavit, Attachment
A-9, in which Heather Stewart, Manager, Content Curation, ProQuest, details the
role of ProQuest/University Microfilms. In the affidavit Ms. Stewart describes the
process of accepting and making dissertations available to the research community.

58. Paragraphs 1-2 of the affidavit describe her qualifications and
experience at ProQuest as well as ProQuest’s role within the research community by
the acceptance and provision of access to dissertations and thesis

59. Paragraphs 3-7 describe the role of ProQuest (University Microfilms)
from the 1980s through the 2010s, during which the transition took place from a

print only publishing environment to a digital environment.
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60. Paragraph 8, she states, “I have reviewed ProQuest’s records regarding

the dissertation cited as:

Dissertation No. 7001819

Title: HOT ELECTRON TRANSPORT IN VACUUM DEPOSITED THIN FILM EMISSION DIODES
At SOUKUP, RODNEY JOSEPH

Degree Date: 1 969

University: University of Minnesota

First Received by
UMI/ProQuest: n/ a

First Made Available for Sale
(print or electronic) 01 / 1969

DAI volume issue: DAI-B 30/08, Dissertation Abstracts International
DAI publication month and

DAI 01/1969

Date full text is loaded into

PQDT; 01/1969

Information available on

o no restrictions ever placed on document
restrictions:

61. Paragraphs 9-10 read as follows:

9. At the time of the Dissertation’s publication, the Record of the Dissertation was
made available directly from ProQuest in electronic format and online via third
party vendors, including Dialog, as part of the Abstract Database which was made

available via such vendors in the ordinary course of business.

10.  The attached print copy of the Dissertation is a true and complete copy of the
Record and the full Dissertation as originally published and kept by ProQuest in the

ordinary course of its business.
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62. Attachment A-10 is the copy referred to by Ms. Stewart in paragraph
10.

Conclusion

63. Based on the evidence presented here — thesis completed in 1969 at the
University of Minnesota, and held in the University of Minnesota Libraries, it is my
opinion EX2007, Soukup, is an authentic document that would have been available
to the public, such that any person interested in Soukup could locate it through the
University of Minnesota Libraries catalog by author, title and subject access at least
by November 9, 1987. In addition, Soukup could be located and accessible through
ProQuest, and its predecessor companies, from 1969 through 2005 by consulting
Dissertation Abstracts International.

RIGHT TO SUPPLEMENT

| reserve the right to supplement my opinions in the future to respond to any
arguments that the Patent Owner raises and to take into account new information as
it becomes available to me.

JURAT

| declare that all statements made herein of my own knowledge are true and
that all statements made on information and belief are believed to be true; and further

that these statements were made with the full knowledge that willful false statements
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and the like so made are punishable by fine or imprisonment, or both, under Section

1001 of Title 18 of the U.S. Code.

Dated: December 12, 2024

one L <

DY. James L. Mullins
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I.  INTRODUCTION

Thin £ilm metal-insulator-metal diode devices have
been investigated quite extensively in recent years.
The interest in these devices has arisen, in part, from
the possible application of such devices as active circuit
elements or electron sources, as suggested by Meadl'2
and Geppert.3 Additional motivation has been provided
by interest in the transport of "hot electrons" in the
insulator and in the metal overlayer with subseguent
emission into vacuum. The term "hot electrons" is used
to describe a nonequi;ibrium situation in solids where
a group of electronic energy levels above the Fermi
energy is characterized by a greater electron population
than that wnich coincides with the lattice temperature.
Well-known examples of this phenomenon include photo-
emission and secondary emission, in which the internal

secondary electrons and photoexcited electrons can be
characterized as hot electrons.

when an insulator and a metai are placed in contact
the insulator presents a barrier to electron motion,
which is part of its forbidden energy gap. However,
when an electric field on the order of 106 v/cm. is

[ ]
applied to a thin insulating film on the order of 100 A

thick, sandwiched between twqmgetal films, a current is



observed. This current could be ionic current,4 but,

if the metal and insulator are stable during the applica-
tion of this field, ionic current can be ignored. The
current must then be an electron current. The electrons
must either surmount the barrier, Richardson-~Schottky
current,s'6 or penetrate through it. This penetration
of electrons through a barrier is known as tunnelling
and was first described by Fowler and Nordheim7 in 1928.
It has specifically been applied to thin film devices

2,8~
by other authors. 8~11 A combination of the two

processes is also possible.lz'13 Another mechanism

that has been proposed to explain the current observed

is the Pool-Frenkel effect.14 In this effect the

current is limited by the field enhanced thermal emission
of electrons from a discreet trap level into the con-
duction band of the oxide. Other possible processes

for the conduction mechanism in thin oxide €£films have
been summarized by J‘onscher.15 These processes could

all be modified by space charge.l.ﬁ"18 Thus, the electron
process of importance in these devices is in some doubt.
Under appropriate conditions a fraction of these elec-
trons, accelerated by the electric field and injected

into the overlayer metal film as hot electrons, can

Penetrate the overlayer film and arrive at the vacuum



interface with sufficient energy to escape, thus con-

stituting an emission current.

Hot electron emission from such devices was first
repofted by Mead2 in 1961 using A1—A1203-A1 thin film
devices. The fraction, o, of the total sample current
which was emitted into vacuum depended on the sample
voltage and current, as well as the sample construction
details, and was as high as 0.01. Similar experiments
with AlﬁA1203-(A1 or Pt) samples were.reported by Cohen.
These early experiments demonstrated that emission
currents could be drawn from such thin film devices,

‘ but. the fraction of the total samplé current that was
emitted was small. Instabilities and breakdown effects

were observed which severely limited the total current

obtainable.

Mead20 repbrted more extensive studies in 1962
using Be-~BeO-Au devices, in which the emitted fraction,
a, of the samplé current was measured as a function of
Au overlayer film thickness. The results indicated

strong attenuation of the hot electrons in the metal

19

overlayer films, and gave evidence of elastic interactions

of the injected electrons in the inéulating film. Kanter

and }.'~‘ei'beil.man21 studied Al1-A1_.0_.-Au devices with results

2°3

that were in general agreement with the previous results.



Using Mead's results for attenuation in the au films,
an estimacte of the importance of inelastic interactions
in the A1203 film was obtained. Collins and Daviesz2
and Savéye and Anderson12 also concluded that strong
attenuation of the hot electrons occurred in both the

insulating film and metal overlayer.

The simple energy-band picture, originally proposed
by Mead,l allows one to distinguish three stages in the
hot electron emission process: injection of electrons
into the insulator; transport of the electrons through
the insulating film; and transfer through the metal
overlayer region into vacuum.

The electron injection process has been analyzed
theoretically by several observers.>’®,8-16,23-25
The conclusion arrived at is that both thermal and field
effect currenté can occur with the barrier height
determining which mechanism is dominant. The simple

11,23

band picture was used by Simmons to analyze the

electron injection process in terms of tunnelling,

where the insulator presents a potential barrier to

the electrons. An approximate multiple-image correction
to the potential profile was includéd in the analysis.

The experiments of Nelson and Anderson26 with



Al—A1203—(Al and Au) devices were found to be in good
agreement with Simmon's potential profile model.

A major difficulty in the studies of thin film
emission diodes is that the mechanisms of importance at
the various stages of the hot electron transport process
are not readily separable on an experimental basis.
Although the work of Savoye and Anderson12 allowed a
partial decpupling of the hot electron interactions at
the various stages of the electron transport process
a number of uncertainties still exist. A large number
of impurities are inevitable in the oxide film and at
the oxide-metal overlayer interface when the films
are moved from the vacuum system into an aqueous
anodizing solution and back into another vacuum system.
There is the possibility of an oxide gradient in the
insulating £ilm resulting in rectification effects, as
seen by Nelson.27 the insulator must be the 6xide of the
underlayer metal, and the metal and insulator films are
amorphous. |

The.number of impurities in the devices can be
greatly reduced if the device is never removed from the
vacuum system during fabrication and study. This could

28,29

be accomplished by plasma anodization of a vacuum

deposited underlayer metal and subsequent deposition of



an overlayer. The possibility of an oxide gradient and
the condition that the insulator must be the ogide of
the metal underlayer can be removed by vacuum deposition
of the insulating layer. This can be accomplished by

rf sputtering of the insulator30'31 or reactive sputtering32
of a metal or semicondﬁctor in an active gas by dc
methods. Another method of deposition is to evaporate
the insulator at a controlled deposition rate by use

of a high enerxrgy electron beam as first proposed by

O'Bryan.33 General design principles of this method

are discussed by Holland.32

A major problem with amorphous devices is that the
mean free path of hot electrons may be dominated by
scattering from imperfections, while in an ordered
device the electron scattering may be reduced to that
characteristic of the ordered crystal. Another problem
is that the simple band picture may not give a true
description of the barrier profile,aé a conseguence of
the spatial variations. The influence of structural
effects in the thin insulating film was conéidered by
Harris,34 who presented strong evidence of preferential
conduction associated with localized defects in the
insulator. The existence of preferential electron

emission through holes in the overlayer metal £film was



discussed by Savoye and Anderson.l2 Thus, structural
effects of both insulator and metal overlayer films

play an important part in the emission of hot electrons
into vaéuum. McCcoll and Mead,35 in their studies of
electron current through single crystal mica f£ilms, found
that tunnelling theory provides a self-consistent
quantiative description for smallér voltages, but was
completely inadequate for use with voltages larger than
the barrier height. This is another indication that
ordered devices may difrfer. Ordered devices can be
fabricated by epitaxial growth36 of each layer on a

single crystal substrate.

In the present work it was found to be essential
for a detailed interpretation of the emission results
that certain other experiments be conducted on a given
sample in order to gain information not directly obtain-
able from the I-V characteristics and simple emission
results. The I-V characteristics must be measured to
determine if the injection mechanism is field or ther-~
mally dominated emission. The simple emission measure-

ments yield information on the attenuation of the hot

electrons.

The experiments were designed to permit complete

fabrication and study of the devices in situ, and hence



the information provided by these éxperiments was made
for a given sample known to be free from impurities. A
number of samples were prepared during one evacuation
of the system and so measurements were made over a range
of insulator thicknesses.

Evaporation of the MgO dielectric layer was done
at a pressure of 10_8 Torr with no O, gas admitted

2

during fabrication as well as with various background
pressures oé oxygen admitted in an attempt to produce
stoichiometric MgO and thus vary the barrier presented
to the flow of electrons by the dielectric layer. All
measurements of device I~V charactefistics were done at
a number of different temperatures in order to determine

the effect of temperature on the device characteristics.
The results were then combined into a comprehensive

model for the hot electron emission process for wvacuum

deposited Au-MgO~-Au sandwich devices.
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II. THIN FI SAMPLE FABRICATION AND MEASUREMENT TECHNIQUES

A. General Considerations

In any experiment involving thin film devices the
utmost care is required at all stages of sample fabrica-
tion and measurement to avoid contamination by trace amounts
of impurities. These considerations are of particular
importance in the present work, where films on the order
of 100 g thickness are required to be uniform in composi-

tion and thickness and free from localized defects.,

It is necessary to carry out all stages of sample
preparation and measurement without breaking vacuum. This
. requires means for producing the various films and making
the various measurements withlthe sample in situ. In addi-
ﬁion to measurement of sample transport properties, elec-
tron diffractiop studies37 must be made to determine film

order.

The original choice of materials to be used was a
device made of Au-MgO-~Au thin films deposited on a cleaved
single crystal substrate. The reason for this choice is
that Au and MgO are quite similar in crystal structure
and size, and the fact that Savoye and Anderson12 had
discovered preferential emission of electrons through
holes in a gold overlayer. MgoO wa§ a good insulator

because a considerable amount of information has beaén
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38
obtained on MgO, particularly in these labs, and the
properties of MgO are thus gQuite well known.

B. Preliminary Studies

The major problem of concern is whether vacuum
deposited MgO films are free from pinholes and breakdown.
This problem was thought to be solved by a few preliminary
investigations of MgO films rf sputter deposited on two
types of substrates. The first attempt was a series of
MgO films sputtered onto an unpolished nickel substrate.
The resistance of the film was measured using a Triplett
multimeter with a fine wire attached to one lead. The
fine wire was moved around on the film to check uniformity
and to discover any pinholes which might be present.

These films were found to have many pinholes but had a
high resistance in places free from pinholes. The next
series of tests were run on MgoO films sputtered onto a
thin film of gold which was deposited on a clean micro-
scope glass slide. These films were relatively free from
pinholes and also had a high resistance as determined with
an ohmmeter. It was assumed from the results of these
studies that sputter deposited Mgo would make a good

insulator for metal-insulator-metal diode devices,
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l. Initial Vacuum System

In order to fabricate and study the ordered metal~
insulator-metal diode devices without breaking vacuum
a number of items must be incorporated into the wvacuuum
system. These include an electron diffraction system, a
means to electrically measure the devices, and means of
depositing the underlayer, insulator, and overlayer into
a given pattern. The first attempt at a vacuum system
which would incorporate all these systems is shown in
Fig. 1. The LEED apparatus had been incorporated into
the top half of the bell jar. The LEED apparatus was
shielded from the sputtering chamber by a stainless steel
disk 5" in diameter with a 2" hole in the center. In this
hole was a rotating substrate holder which was turned by
means of a chain drive. On each side of the substrate
holder was a cleaved single crystal MgO substrate. Wwhen
the substrate was facing down the Au and MgO layers could
be deposited; when it was facing up it could be studied
with the LEED apparatus. The substrate had leads attached
to it for the purpose of heating, temperature monitoring,
and measurement of the diode characteristics. The in-
sulating substrate holder carried these leads which had
to be easily detachable. A pressure contact system was

built for this purpose. It consisted of 13 stainless
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steel washers which rotated on tungsten ribbons imbedded

in another insulator.

The sputtering half of the bell jar included Kovar
feedthroughs for use as rf sputtering electrodes. oﬁe
electrode was shielded by a ceramic MgO disk. The other
electrode had a Kovar disk attached to it which held a
high purity MgO ceramic disk, used as the sputtering
target. The metal layers for these devices were to be
formed by dc sputtering of a high purity gold disk. The
gold disk was mounted on an insulating disk which could
be rotated so that the sputtering of gold was to be done
directly above the MgO disk, as can be seen in Fig. 1.
When MgO was to be sputtered the gold was rotated out of
the plasma area. Initially the gold was to be sputtered
using a triode configuration with a nickelate cathode39
as the electron source. However, difficulty was encoun-
tered in providing sufficient filament power for conver-
sion of the cathode. Thus, a tungsten filament was used.

The resulting diode was to have the geometrical con-
figuration shown in Fig. 2b. This design could be accom-
plished by means of a single mask which consisted of two
stainless steel plates as shown in Fig. 2a. These plates

were attached to a threaded stainless steel rod by means

of square nuts. One half of the rod had left-hand threads,
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while the other half had right hand threads, so that both
plates moved in and out from the substrate center at the
same timg and speed. This threaded rod was to be rotated
by means of a chain drive. The method to be used in pro-
ducing a diode configuration shown in Fig. 2b was as fol-
lows. When sputtering was to be initiated the edges A of
the sheets would just overlap so that no deposit could

be made while the target was sputter cleaned. The sheets
were then to be separated so that edges A were 0.l" apart
and a gold film deposited. The sheets were then to be
moved in so that they overlapped wnile the Mg0O target was

. sputter cleaned. Then the sheets were to be moved out

so that edges A were 0.2" apart and MgO deposited so that

it completely covered the Au underlayer. The sheets. were
then moved so that edges B would just overlap and the
Au overlayer deposited crosswise over the MgO layer pro-
ducing the desired Au-MgO-Au diode device.

A bell-jar collar was used between the baseplate
and the bell jar in order to allow an adequate number of
electrical feedthroughs into the vacuum. The completed
system had three moving parts; the substrate holder, the
mask, and the gold target. 'Many components were mounted
partially on the baseplate and partially on the collar.

The -result of this configuration was that any changes
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that were necessary were extremely difficult to make as
@ consequence of the many moving parts and the close
spacing involved in a 5" I.D. bell jar.

Thé initial pumpdown of this system was made and a
number of baseplate feedthroughs were found to leak in
the 10_1 Torr range. Rather than remount the components
on a new baseplate, a new wvacuum system configuration
was used, still employing a 5" I.D. bell jar.

The vacuum system also included a Ti getter40 to aid
in pumpdown and to obtain a lower ultimate pressure; two
sputter.ion pumps,41 one was a diode pump and the other a
triode pump;42 two gas admission systems, one to admit
Ar gas for sputtering, this system included a cataphoresis
tube43 for cleaning the Ar gas, and one to admit O, gas
for reactive sputtering in case the Mgo films contained

excess magnesium.

2. Second Vacuum System

The second vacuum system developed for tﬁese studies
is shown in Fig. 3. fThe upper half of this system also
contained the LEED apparatus. The electrical leads for
the LEED apparatus, which are not shown, were run through
an insulator attached to the stainless steel shield and
attached to electrical feedthroughs in the bell-jar base-

plate and collar which is described below. Removal of the
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LEED apparatus was necessary in order to replace the sub-
strates, which were otherwise inaccessible. Therefore,
the LEED system was also mounted on this shield which

in turn was easily demountable.

The bell-jar collar consisted of a stainless steel
cylinder 0.1" thick with large flanges on top and bottom
for attachement to bell jar and bell-jar baseplate respec-
tively. Six smaller flanges were welded to the side of
the cylinder. The collar was necessary in order to mount
a magnetic feedthrough to rotate the substrate holder in

a vertical plane. Additional electrical feedthroughs

" were needed so a five lead press and a six lead press

mounted on flanges were attached to the collar. There
was also a Pyrex glass window to enable visual indexing

of the substrates behind the substrate masks.

The substrates were single crystals of MgO and were
held on the rotating substrate holder by small tabs.
The substrate holder had room for -three substrates and a
blank which was to face the target during sputter cleaning
of the target. 1Inside the cylindrical substrate holder
four small stationary heater filaments were mounted. The
substrates were to be heated during deposition of Au and
MgO in order to increase the probability of : .itaxial

growth of the film. The substrate could als . be heated
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during LEED investigations in order to minimize the charg-
ing of the dielectric substrate. A stationary insulator
containing electrical contacts to electrical feedthroughs
on the collar were also mounted inside the rotating sub-
strate holder. The electrical contacts to the diodes were
thus able to make pressure contact to the stationary leads
when the substrate was in position in the LEED chamber.
Mounted on each side of the substrate holder were dc
sputtering assemblies with Au targets directly in line

with the substrates and 1.3" away. The MgO target was
mounted on a Kovar rf feedthrough directly below the sub-
- strate and 1" away. A substrate mask was mounted between
the substrate and each target resulting in a Au-MgO-Au
diode as in Fig. 2.

Although this system had only one moving part, the
substrate holdef. the close spacing in the 5" I.D. bell
jJar resulted in some unsolvable problems. The main prob-
lem was the heat radiated by the filament used for dc sup-
port of the plasma. The heat cauéed cracking of the
quartz crystal.44'45 used to determine deposition rates,
before any rates could be determincd. In addition the
heat opened up leaks in the baseplate feedthroughs when

the filament was on, the leaks sealed when the filament

was cooled but would open again when the filament was
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again heated. The filament was then placed inside a heat
shield with five metal layers separated by approximately
0.1". This did not help. It was decided that the close
spacing involved in a 5" I.D. bell jar could not be
tolerated. Rather than build é larger vacuum system a
new approach was attempted.

The vacuum system included the same pumping and gas
admission systems as included in the initial vacuum system.

3. Six Port Vacuum System

The six port vacuum system consisted of the standard
bell~jar baseplate and collar with a special top shown
in Fig. 4. The six holes on the 2.674 DIA.B.C. had bel-
lows welded into them to move six different‘substfates,
mounted_on-rods; from poré.to-port-;ndﬂiﬁto.each port for
that particular part of the experiment. The system with
push rods is shown schematically in Fig. 5. 1In this sys-
ﬁeﬁ-six separate, related experiments could be carried
out in the six different ports labeled A-F in Fig. S,
with the intention of fabricating and tésting in situ
ordered layer metal-oxide-metal diode devices. The six
ports will be described in detail below. Port A was used
to deposit the metal overlayer and port B to deposit the

metal underlayer. Port C was used to rf sputter deposit

the insulating layer. Port D contained the LEED system
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used to determine the order of the film growth. Port E
was the measurements port and port F was used to sputter
clean the substrate. This vacuum system included the
same pumping and éas admission system as the two previous
systems with the exception that it contained two diode
pumps as well as one triode pump.

The part of the system within the bell-jar collar
contained the six substfates mounted on six different push
rods labeled I-VI in Fig. 5. These push rods had holes
drilled through them every 1/4 in. so that they could be
pushed out into a particular port with a pick attached to

a bellows and subsequently removed from this port. Each
| push rod ran through a guide rigidly attached to a rotating
ring. Rotational motion could be achieved by pushing on
the side of two of the push rods with the same picks used
for linear motibn. In this manner any given substrate
attached to a push rod could be rotated and aligned with
any given port,

The geometry that allowed six push rods and thus six
substrates was that which had two push rods I and II in
Fig. 5, that could move into ports 180° apart, above the
others and aligned in a horizontal Plane. Push rods IIX
and IV were just beneath I and I, and Vv and VI were

beneath these. Figure 5 also shows push rod VI pushed
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out into port D, the LEED system. The size of the collar

limited the system to six substrates.

A complete experiment on a single substrate was to
be accomplished by the following succession of events.
The substrate was to be inserted into port F and sputter
cleaned, it was then to be moved to port D and the surface
was to be examined with LEED. The substrate would then
be moved to port B and a metal underlayer sputter deposited
and the film order then studied with LEED. The substrate
was then to be moved to port C and an insulating layer rf
sputter deposited and the film order again studied with
LEED. The substrate would then be moved to port A and a
metal overlayer sputter deposited onto it with a study of
film order again made. Finally the substrate was to be
moved to port E and measurements made on the completed
device. The foilowing is a short description of each tube.

a. Metal Overlayer Tube

The purpose of this tube was to dgposit the metal
overlayer, which was always gold. The inside of the tube
contained a filament, two anode rings, and a virtual
cathode to produce a dc supported plasma. The plasma was
confined to a beam with this geometry and the aid of an
external magnet producing a field parallel to the filament-

anode~virtual cathode center line. The gold target was
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mounted in such a position that it was just on the edge
of the plasma and in the same plane as the center of the
substrate mask. The mask was mounted outside the plasma
area and directly opposite the Au target, 3" from it.

The mask allowed deposition of a 0.1" wide vertical strip

of metal as the overlayer.

A filament enclosed in a Ta heat shield was mounted
on the mask for the purpose of heating the substrate
while depoéition was taking place, in order to increase
the probability of epitaxial growth. The filament was
a 0.020" diameter advance wire wound into a spiral which
then encircled the substrate mask. The heating of the
substrate was found to be quite uniform with this geometry.
Using this filament the substrate could be heated to a
temperature of 500°C with a filament power of 50 watts.

The sputtér deposition rates for this tube were
very uniform from run to run at a given target current
and voltage regardless of the other parameters. The
deposition rate vs. target current curve was very close
to the straight line predicted by Bell and Anderson46
assuming a hemispherical distribution of sputtered atoms.

b. Metal Underlayver Tube

This tube was designed exactly the same as the

metal overlayer tube with the exception of the mask.
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This mask allowed deposition of a 0.1" wide horizontal
strip of metal for the underlayef £film.

The sputter deposition rates for this tube were
nearly e#actly the same as for the overlayer tube.

c. MgO Insulator Tube

This tube employed rf sputtering to deposit the
insulating layer of the devices. The major difficulties
encountered in the six port vacuum system occuéred in
this tube. These difficulties and changes in tube
design will be explained in section II-B-3-g.

d. LEED Tube

The LEED tube was used to determine whether the
films grown were single crystal, polycrystalline, or
amorphous. The unit consisted of a 2 1/2" djameter

display chamber and a three element electron gun as

shown in Fig. 6. Except for the gun, the main metal
parts were #304 stainless steel.

The screen of the display chamber was a Pyrex
hemisphere coated on the inner surface with conducting
tin oxide over which was a thin layer of phosphor.
Electrical connection was made between the conductive
coating and the mounting plate via spring-loaded

tungsten point contacts.
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Inside the display screen and concentric to it were
two hemispherical grids (2 3/32" and 1 7/8" in diameter)
which were fabricated by chrome plating a tungsten mesh.47
The flat end of the smaller grid was closed to prevent
penetration of external fields into the display chamber.

The only LEED pattern ever observed in this tube
was of the substrate, single crystal MgO, after sputter
cleaning. This pattern was observed at a pressure of
10"~ Torr of Ar gas. No problems were encountered while
the pressure was so high. The fact that the surface
could be studied at so high a pressure made the experiment
- possible since the background pressure of the system
was never below 10“'8 Torr and the pumpdown time from

10 3 Torxr to this level was about 6 hours.
e. Measurements Tube
This tube contained a Supramica 500* disk with four
spring contacts attached to it for electrical contact to
the underlayer and overlayer films. The I-V characteris-
tics of the device could then be.ﬁeasured without

removing it from the vacuum.

*Supramica 500 is the trade name of the Myéalex Corporation

of America for their synthetic mica.
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The end of the tube was made of a quartz window for
which the light transmission versus photon energy had
been measured. The center of the Supramica had a hole
in it so that the light would be incident on the diode
itself., The purpose of this arrangement was to measure
the potential barrier presented to the electrons by the
insulator.zs'27 The arrangement also allowed for photo-
emission measurements to be made, since a grid was present
for collection of photoemitted electrons.

A swinging phosphor screen was also present so that

the emission density patterns from the device as well

- as the total emission could be measured. This screen

could be swung into a position in front of the diode
while these measurements were to be made and then swung
out of the line of sight to the diode when the photo~

measurements were made.

f. Sputter Cleaning Tube

The purpose of this tube was to clean the substrate
surface by ar’ ion bombardment. The design of the tube
was identical to the overlayer and underlayer tubes except
that no target was cresent. The Plasma was a dc supported
Plasma with an rf potential applied between the substrate
and the filament. RF sputter cleariing of the substrate

was believed to be necessary in order to obtain an
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atomically clean substrate surface, since Au will not

grow epitaxially on a dirty MgoO substrate.48

g. Methods Used in the Fabrication of

Sputtered Metal-MgO-Au Devices

The six port vacuum system had many problems. The
size of the system prevented pressures below 5 x 10 °
Torr with the small ion pumps. This pressure could
be attained only after a substantial bake at 250°C°
Movement of.the bellows after a bake always led to a leak
in one or more of the bellows. Without a bake the
ultimate pressure was 5 x 10-8 Torr. The bellows would
~last for two or three pumpdowns be fore a leak would
open up in one, if the system was not baked. Each time
a bellows was replaced the shutdown time of the vacuum
system was one week.

The first #ttempts to produce a sandwich device
were done with Ag on an MgO substrate. Silver was used
in the hope that silver might grow epitaxially on MgO
somewhat easier than gold does. 1In every attempt at
device fabrication the underlayer and overlayer presented
no difficulty and the deposition of an MgO insulating
layer was never achieved.

The first tube to be used to rf sputter deposit

MJO consisted of two Kovar rf feedthroughs at right
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angles to each other with no line of sight between

the two MgO targets. One MgO target directly faced

the substrate. This tube geometry was discarded after
attempting to determine sputter deposition rates as a
function of the rf potential between the two rf
feedthroughs. The rates were extremely low and the

films were very non-stoichiometric with an excess of

Mg. This was determined by the brown~dusty film deposited

on the glass walls of the tube.

The next tube used to deposit MgO was designed the
same as the metal overlayer and underlayer tubes. The
- pPlasma was a dc supported plasma with the rf potential
placed between the MgO target and the filament., The
metal parts of the tube sputtered quite rapidly so the
tube was redesigned to keep all metal parts of the tube
out of the 1ine.of sight to the substrate. The first
conclusive evidence of MgO dissociating into Mg and O
was found with this tube. When the filament was on for
a dc supported plasma the filament would burn out qguite
rapidly. If the plasma was an rf supported plasma
with no hot filament in the tube all the metal parts in
the tube became oxidized.

Deposition rates were determined using a quartz

crystal monitor in this tube. Rates as high as
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45 8/min. were determined. The films again appeared
to be non-stoichiometric, but not as bad as with the
previous tube, so device fabrication was attempted using
this tube. The first three devices were all shorts
between underlayer and overlayer. After the substrates
were removed from the vacuum system it was discovered
that the metal mask had Sputtered onto the substrate.
When a positive potential was applied to the mask with
respect to the filament, which was rf ground, no
improvement was noted.

The same tube was used for the next six devices.
The changes that were made were to replace the metal
mask by an MgO mask and the Plasma was an rf plasma
with the rf applied between two MgO targets. TIn each
case the underlayer was sputtered from the substrate
in a circle corresponding to the hole in the MgO mask.
The part of the silver underlayer that remained was
definitely oxidized. It was thus. decided to return to
2 gold underlayer since it does not have a stable oxide.

The next three devices attempted using this tube

were also unsuccessful. No mask was used and in each

case the underlayer was completely removed from the

substrate.



27

A new rf sputter deposition tube was designed pat-
terned after the varian Plasma Peak49 sputtering unit.
Sputter deposition rates as high as 10 i/hin. were
determihed using this tube. The quarté crystal was
removed and the MgO film studied using a microprobe.so
The microprobe used* did not have the capability of
detecting oxygen but the films were non-conducting
and contained Mg. No other metals could be detected.
The films, however, did appear to be Mg rich.

When the quartz cyrstal was removed and the next
series of device fabrication attempts were made the
metal underlayer was again removed from the substrate.
Evidently the field configuration inside the tube was
greatly changed when the insulating substrate replaced
the metal quartz crystal holder and sputtering of the
surface again 6ccurred.

A final attempt was made to use this tube with a
metal mask. The approach was to attempt to have the same
electrode geometry present as when the quartz crystal
was in the tube. This mgant that the substrate had to

be in contact with the mask. As a consequence of the

*The microprobe used was operated by Dr. Paul Weiblen,

Geology Department, University of Minnesota.
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many alignment problems present in this vacuum

system the close spacing of substrate to mask could not
be achieved and the mask again sputtered onto the sub-
strate.

The next approach to the problem was to attempt a
dc glow discharge in an oxygen atﬁosPhere to reactively
sputter Mg. A glow discharge could not be maintained
at a pressure below 3 x 10“2 Torr. At this pressure
the Mg sputtered quite rapidly producing Mg0O films but
the deposition rate was so low that it could not be
measured. This was a consequence of the short mean free
path at a pressure of 3 x 10-2 Torr. The target to
substrate spacing was approximately 10 cm. and the mean
free path at this pressure is approximately 0.15 cm,
resulting in many collisions occurring before the
molecules could reach the substrate. A thick deposit
of Mgo was noted on the glass tube to a distance of
about 1 cm from the target but no deposit could be
detected beyond this point.

It was decided that a large bell jar type vacuum
system would be necessary to fabricate and study
ordered metal-insulator-metal tunnel devices in situ.

A Varian ultra high vacuum system was obtained. This

system is described below.
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C. Experimental Vacuum Svstem and Technigues Used

in Final Approach

l. Description of vVacuum System

The vacuum system used in the final approach was
constructed by Varian Vacuum Divisioﬁ and was custom
built for the University of Minnesota.

The base chamber is the standard varian base chamber
for vacuum system V1-221 and includes a 110 liter/sec.
noble ion pump, Varian number 912-7006. The base
chamber also contains 10 feedthrough ports and titanium
sublimation cartridge number 916-0017 to aid in pumpdown
and also to attain a lower base preésure. The outside

diameter of the base chamber is 12",

The work area of the vacuum system is a stainless
steel bell jar, 12" O0.D. and 12" high. The system has
8 flanges mounted on it with centers 4 1/2" from the
top and one flange on the top of the system concentric
with the system. A schematic diagram_of the bell jar
work areé is shown in Fig. 7. TwO ports are 6" I.D.
One of these ports admits the LEED system and the
other port is a window, Varian number 954-5129, to view
the LEED pattern and for visual alignment of the sub-
strates with the various ports. Two of the ports are

4" I.D. and 90° from each 6" port. One of the ports
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admits the manipulator, Varian number 954-5031, on
which five substrates are mounted. The manipulator

has rotational motion, lateral motion in two axes and
linear ﬁotion in one, and it tilts in any direction.
Thus, each substrate can be placed in a variety of
positions within the work chamber. The other 4" 1.D.
port holds the sputter cleaning apparatus. The four

1l 1/2" 1.p. flanges are located 45° from a 6" I.D.
flange and a 4" I.D. flange. Two of these ports contain
filaments, one to heat the substrate during deposition

and one to heat the completed device during measurements.

- One of these ports holds a Pt-FtlO%Rh thermocouple to

monitor substrate temperature during deposition., The
final 1 1/2" 1.D. port contains a UHV gauge, Varian
number 971-5008. This gauge is a Bayard—Alperts1 type
ion gauge which.will measure pressures from 10-4 Torr
down to 2 x 10-11 Torr. The flange port on the top of
the system contains the measurements apparatus.

A Vvarian number 971-5009 MilliTorr gauge is mounted
On one of the ten ports on the base chamber. This gauge
measures pressures from 1 Torr to 10-S Torr and is thus

an.’ effective gauge to use for pumpdown of the system as

well as for measuring the'pressure of gas admitted for
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sputtering. Connected to another one of these ports is
an Ar and/or o, admission system as on the previous
vacuum systems,

A sﬁainless steel plate 1/4" thick x 10.8" in
diameter separates the base chamber from the bell jar.
This plate is used as a shield to prevent sputtered and
evaporated material from depoéiting on the measuring
apparatus in the bell jar. A mask, shown in Fig. 8a is
moﬁnted on the center of this shield. Deposition of
materials through this mask onto a substrate will result
in a metal-oxide-metal device shown in Fig. 8b. As can
be seen from this figure each substrate contains three

devices. Since there are five substrates present, 15

devices can be fabricated in one pumpdown.

A shutter is mounted on a linear motion feedthrough,
Varian number 954-5049, which in turn is mounted on one
of the 10 ports on the base chamber. The shutter prevents
deposition of material onto the substrate until the
source is clean and is releasing material at the chosen

rate,

2. Description of Experimental Apparatus and
Preliminary Results

The first attempts to deposit films were by

Sputtering. fThe sputtering apparatus was similar to
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that previously described except that the discharge
support system consisted of a filament and an anode

at opposite sides of the base chamber. The targets,
gold, aluminum, and MgO, were near the center of the
base chamber and shielded from each other. Although
high discharge currents were drawn, 4 amps, the target
currents were always small. This was a consequence of
the diffuse plasma which seemed to fill the entire

base chamber. As a consequence of the large gap, 1l2*%
O.D., permanent magnets did not afford much assistance
in increasing the sputtering rate. The sputter
deposition rates were all very low. The rf sputtering
was attempted with a dc supported plasma and with a
straight rf plasma. In either case the deposition rates
were extremely low and all metal parts, including the
base chamber, wére also sputtered. Sputtering was
therefore determined to be an unsatisfactory deposition
method.

Since some success had been éttained in producing
metal-oxide-metal devices by evaporation of the oxide,52
an elecctron beam evaporator was mounted on the base
chamber and the sputtering apparatus was removed. The

electron beam evaporator is a 2 kw e~gun evaporation

source with three crucibles, Varian number 920-0003.
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The underlayer, insulator, and overlayer can be deposited
using this source and the underlayer and overlayer can
be of different materials.

The LEED apparatus is similar to that used in the
6 port vacuum system with the exception that it is
larger, the hemispherical collector is 4" in diameter
and there are four grids. The electron gun is the
same type as used in the 6 port system except that it
is made from stainless steel.

The sputter cleaning apparatus is a tantalum
can with a hole on one end, 0.6" x 0.9, and a filament
and anode within the can. This apparatus is similar
to that used by W'ebers3 eXcept that it is somewhat
larxger. The principle of this system is that a plasma
is supported within the can angd ions drawn through the
focusing hble to a target which is at a negaﬁive
potential with respect to the anode. This type of
apparatus is necessary to Sputter clean the substrate
since rf sputtering of the substfate cannot be done.
The apparatus was placed in another wvacuum system and
tested on a Tazo5 film grown on Ta by aqueous anodization
of a Ta sheet to determine the uniformity of the
sputtered area. The cleaned area was uniform to within

o o
about 5 A after about 200 A of Ta205 had been remqved.
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Since the substrates are insulators and will charge up
when bombarded by ions, sputter cleaning of an insulator
was tried next. In order to prevent charging of the
insulator a filament was placed between the sputtering
can and a substrate with a 1000 i thick silver f£ilm

and a 200 g thick gold film on it. Wwithin 30 minutes

the 200 i thick Au film was completely removed and within
2 hours most of the 1000 £ thick silver film was removed.
From these results it was decided that this method

for sputter cleaning of the substrate surface would be
satisfactory.

The measurements system consists of a supramica
disk on which are mounted 8 pressure contacts to make
electrical contact to the underlayer film and the three
overlayer films. A planar grid is mounted on the supra-
mica on the sidé opposite the pressure contacts. The
supramica is 1/8" thick and so the sample to grid spacing
is about 0.2". Immediately beyonq the grid is an anode,
which has a hole 0.055" in diameter and beyond this is
a Faraday cage54 with a hole 0.055" in diameter. The
two holes are aligned with the center of the center
device of the three devices. This device can thus be
studjied with edge effects being avoided, while the other

two devices on a substrate must include the edge effects.
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The deposition rates for the electron beam evaporator
were determined. The deposition rate for gold varied
from 23 A/min. at 1.4 kw to 800 ;\’/min° at 2 kw of beam
power while for MgO it varied from 4 g/min. at 40 watts

(-
to 90 A/min. at 120 watts.

3. Sample Preparation

For these studies, diode samples consisting o7 a
common Au underlayer film and a common oxide film were

formed, and three Au overlayer films were deposited to

produce three active units,

@a. Glass Substrates

The substrates were cut from microscope slide glass,
1" x 0.6". They were then mounted in the substrate
holder and the entire assembly was cleaned thoroughly
by ultrasonic agitation in Freon TWD, a detergent
solution, and rinsed thoroughly with tap water and
finally, methanol. After drying, the assembly was placed
in another ultrasonic agitator and first boiled in Freon
and then ultrasonically agitated in Freon. The assembly
was then immediately placed in the UHV system. The
vacuum system was then evacuated and baked to 150°cC
which brought the pressure to a typical value of
6 x 10-11 Torr. The substrates were then heated to a

temperature of 400°C by means of a W filament to further
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clean the surface. With the shutter in position to
prevent deposition on the substrates, each source was
thoroughly outgassed. The vacuum was again allowed to
reach its base pressure, 6 x 10'"ll Torr, before sample
fabrication was begun. Duting deposition of the metal
layers the pressure rose to 10-9 Torr and to 10-8 Torx
during deposition of the oxide layer. The entire

fabrication process took less than 30 minutes.

b. MO Substrates

As stated in section II-B-3-f, gold will not grow

epitaxially on a dirty MgO substrate. Since the MgO

- single crystal could not be cleaved in vacuum, other

methods to obtain a clean surface were attempted. The
MgO substrates were cleaned in the same manner as the
glass substrates and then cleaved immediately prior to
insertion into Ehe vacuum system. The cleaving was
done on a laminar flow bench to minimize the collection
of dust on the surface. Some substrates were sputter
cleaned in vacuum, some were heatéd to 500°C before
deposition began, and some were immediately deposited

onto after baking of the system.
C. can Substrates

The single crystal CaF2 substrates were cleaned

in the same manner as the MgO substrates with the
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exception that they were not cleaved. A proper cleavage
plane could not be achieved with the caF, substrates.

Some CaF2 substrates were not cleaned before insertion

into the vacuum system.

4. Millisecond-Pulse Measurement of I-V

Characteristi.cs

The IS-Vs characteristics of the thin film samples
were measured using a millisecond pulse technique
developed by Savoye55 to minimize sample breakdown
effects during measurement and to enable extension to
the high current densities necessary to measure the
emission into vacuum. The circuit permitted pulse
measurements using a four-~terminal method, and is shown
schematically in Fig. 9. A voltage ramp of the desired
time duration was generated by the time-base plug-in
unit of oscilloécope I. (Both oscilloscopes employed
in these measurements were Tektronix 536 X-Y, with

appropriate plug-in units on X and Y channels.) This sig-
nal, amplitude modulated by the operational amplifier,

Philbrick P45AL inserted in a model MP solid state
manifold, used with a gain of 2, was applied to the
sample under test. A signal proportional to the
instantaneous current (Is) through the sample was

obtained across the resiscor R and applied to one channel
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of a dual-channel plug-in unit on the vertical amplifier
of oscilloécope IT. The instantaneous voltage (Vs)
across the sample, given by the difference in'voltage
between ﬁoints A and B, was determined by a differential
amplifiér on the vertical input of oscilloscope I.
The resulting difference voltage was applied to the
horizontal amplifier of oscilloscope II. This arrangement
allowed the display of vV, versus time on oscilloscope
I while the measurement was in progress, and hence pro-
vided a valuable check on the measurement.

A signal proportional to the emission current (Ie)
was obtained across the resistor Re and applied through
a low-level pre-—amp to the second channel of the dual-
channel amplifier on the vertical side of oscilloscope II.
The resulting display on oscilloscope II thus consisted

of a simultaneous plot of Is VS.: Vs and Ie vs. Vs,

on a single-pulse basis. Scope unblanking was accom-
plished by modulation of the gate signal generated by

the time-base unit.

A direct tracing of a photbgraph of some typical
I-V characteristics obtained from a thin-film emission
diode using this pulse technique is shown in Fig. 10,
where the various curves are labeled-on the figure.

During each pulse, the two signals, Ie and Is' were
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displayed alternately by means of a multivibrator
chopper, internal to the dual-channel plug-in unit
of scope II, which switched the CRT beam from Is to

Ie at the rate of 100 kHz.

The results of a measurement are shown in the
photograph. In the measurement two pulses were applied
to the sample, the first pulse was used to display the
entire I, and Is Vs, VS characteristics and the second
pulse to present the expanded-scale characteristics.

As is seen from the photograph, the I-V characteristics
obtained are nonlinear. The region of more rapid current
change was displayed on an expanded voltage scale with

a suppressed zero by means of the Tektronix type Z
pPlug—in unit on the horizontal channel of oscilloscope II.
This Z-unit allows display of the difference between a
desired signal and an internally-generated, highly
accurate, variable dc voltage. The input circuits have
a large dynamic range so that saturation effects do not
occur, thus allowing display of small variations in
large signals on the most sensitivie scales. As an
example, in Fig. 10 the 1~V characteristics.are shown
expanded by a factor of 10 on the horizontal scale.

It is seen that good agreement is obtained between the

"normal" and the "expanded" traces, and that much



40

more accurate readout of the expanded trace character-
istic is possible.

Measurements obtained on a pulse basis have been
extended to sample current densities as high as 0.2 ‘
amperes/cmz, without causing breakdown. 1In comparison,
similar samples measured on a élowly-varying dc basis

were found to suffer breakdown at current levels of the

order of 10_2 amps/cmz. Evidently the breakdown process
in these deQices is not a simple function of current
density or applied field, but depends also upon the
length of time that the bias is applied. This observa-
tion suggests that processes similar to those which

have been designated Impulse-Thermal Breakdown56 are of

importance in these devices.

5. Pulse Techniques Applied to Emission

Measurements

Measurements of hot electron emission into vacuum
were made using the millisecond pulse technigue pre-
viously discussed. No noticeable'emission differences
were noted with the samples in the position aligned with
the hole in the Faraday cage and those not aligned with

this hole. Thereafter the grid, anode, and Faraday cage

were all biased at 22.5 volts with respect to the

underlayer film.
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Measurements were carried out starting at the lowest
emission current levels commensurate with the sensitivity
of the apparatus (~ 10™1° amperes) . Data were taken
at succeésively higher current levels, to the maximum
output of the operational amplifier (~ 10-"2 amps) ,
and then repeated for successively lower current levels
to the lower limit. 1In this manner irreversible changes
occurring in the sample during a measurement segquence
could be detected, and a check on the reproducibility

- 0of the data was provided.

6. DC Measurements of I~V Characteristics

A study of the current-voltage characteristics of
thin film metal-oxide-metal diodes reveals considerable
information concerning the nature of the oxide. As
well as the current flow mechanism, temperature effects,

rectification effects, and time-dependent changes can

be investigated.

Measurements were made using.a 4-terminal connection
to the sample in situ. In each case the slowly varying
dc bias was applied to the devices after the Pulse
measurements had been completed.. The I-V characteristics
of the samples did not change. A schematic of the circuit
is shown in Fig. 1ll. The bias was applied using batteries

and a motor driven potentiometer and the current was
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monitored by measuring the voltage developed across

a series sampling resistor with a Keithley 602 electro-
meter voltmeter whose output was recorded on the v
channel of a Hewlett Packard Mosley 135M X-Y recorder.
The applied volitage was measured with a Keithley 603
electrometer amplifier with the output applied to

the X channel of the recorder for low level voltages,
less than 1 volt. For the higher voltages the applied
bias was monitored directly by the X channel of the
X-Y recorder.

The current—-voltage characteristics were measured
on a dc basis as well as on a pulse kasis in order to
monitor the I-V characteristics to lower levels than
could be obtained on a pulse basis as well as for easier
read-ou: of the characteristics.

Easier read-out of data was necessary in order to
plot the data obtained as a function of the temperature
of the'device. A filament was placed in the vacuum sys-
tem at a locatioﬁ 10" from the device in the measurements
position. The filament current was varied and the
temperature of the device was allowed to come to egquili-
brium. The temperature was monitored by a Pt-PtiO%Rh
thermocouple which was located beneath the pressure

contact to the center overlayer.
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III. RESULTS OF EXPERIMENTAL STUDIES OF HOT ELECTRON

TRANSPORT IN THIN-FIILM EMISSION DIODES

A. Introduction

As stated in section I, the electron process of
importance in these.devices is in some doubt. A number
of investigator512'13'57_59 have discussed the situation
when the transport mechanism appears to be a combination
of thermal and field effects. There_appears to be a
range of barrier heights in which the thermal effects
dominate the mechanism , small barriers, a range in
which both effects are seen, and a range, large barriers,
in which the field effects overshadow the thermal
effects. The 1-V characteristics of the device must be
measured to determine which mechanism is of importance.
If the I-V characteristics are measured as a function
of the temperatﬁre of the device a better understaﬁding
of the mechanism involved can be achieved. The emission
into vacuum of hot electrons :irom the diodes lends an
insight into the scattering mechénism taking place
in the oxide.

The experimental technigques which have been

developed for these studies were discussed in some detail

in previous sections. These investigations have involved
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fabrication and testing of 60 thin film sample sets. The
© -]
MgO film thicknesses ranged from 60 A to 680 A.

B. High Level I-V Characteristics of Thin Film

Emission Diodes

The I-V characteristics of the thin film samples
were measured using the millisecond-pulse technique
discussed in section II-C-4 and also by the slowly
varying dc technique discussed in section II~-C-6. The
level of measurements was restricted to avoid damage
to the samples. In the simple band theory of solids,
neglecting image forces, the barrier Pr is given by
mmfo, where L is the work functioﬁ of the metal and
X is the electron affinity of the insulator. 1If P
is a low value, < 1 eV, the Schottky mechanism will
dominate and no tunnel electrons will be seen. At the
higher barrier heights the electrons will not have
enough thermal energy to surmount the barrier and tunnel
current will be the dominant mechanism., Nelson26
measured the barrie; for’Al—A1203-A1 devices and found
that it was 2.2 eV with no applied bias. For the same
type df device, Savoye12 found that field effects were
dominant and that thermal effects were also present,
but insignificant. It was believed that a Au-MgO-Au

device would exhibit strictly field effects because the
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simple barrier picture indicated that a barrier of 4.65 ev
would be present at room temperature., This value was
obtained from the work of Holscher,79 Pay = 5.45 and
Kemp and-Neeley,60 x = 0.8 ev. 1If the I-V characteris-
tic was strictly tunnelling, the Fowler-Nordheim
equation as applied to solids would indicate the
dependence of current on voltage. This equation can
be written in the form:
-(F_/F)
J = JO(F/FO)Z e 2 -
where Jo and Fo are parameters of the insulator.
Assuming the free electron mass,
Jo = 7.2 % logcpozA/cm2 F° = 6.8 x 107w°3/2v/cm,
where P is the_potential‘barrief height in electron

volts presented by the oxide modified by the image forces.

For mo = 4,65 eV,

Jo = 1.36 x lol;A/cm? Eo = 6.16 x loev/cm,
then: | _(& .16x108)

J = 1l.36 x 101103/6.16 x 108)2 e F.- A/cm2

if ¥ is the field present in the insulator. Since the

area of each device is 6.45 x 10-2 cm2 8

*'6.16x10
I =8.77 x 10" (F/6.16 x 10 ) e amps .

o .
For an insulating film 89 A thick the device character-
istic should look like that shown in Fig. 12, where the

currents are labeled in amps per division. Two features
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of these characteristics are immediately noticeable,
the high voltage necessary before any measurable

current can be drawn and the extremely high slope of

the cuarves.

The first evaporated Au-MgO-Au device that was
measured in any great detail was PY-G-11l(l) . This
device had an 89 i thick oxide layer and its I-v
characteristic is shown in Fig. 13. In contrast to
the theoretical tunnel curves, current is drawn at very
low voltages and the slope of the curves is much less

than those in Fig. 12. However, the curves are definitely

nonlinear.

The Fowler-Nordheim equation can be written as:
| éFos/V
s
I = aJo(V/ F)e

ox

. -F s/v
I/V° = ag_(1/s Fo)z e °

where a is the device area and s is the oxide thickness.

If one takes the logarithm of each side the expression

becomes:

r

L
so that a plot of ln(I/Vz) vs. 1/V should yield a

1n(I/V2) = 1ln aJo(l/sFo) . F Os/v

L

straight line. The I~V characteristics of device PY-G-

11(1) is shown plotted on this Fowler~Nordheim plot in
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Fig. 14. It can be seen that the Fowler-Nordheim
expression does not hold for this device.

The Richardson-Schottky equation which may be
applied ﬁo a metal-oxide-metal device, as explained
by the simple band theory, is given by van der zie1=61

J = AT2 e R/KT e v

where
2 -
b = (q3/4ve € S)l/ (k1) 1
: r o
In these expressions:

2 2
A = Richardson's constant, 120 A/cm °K

q charge of the electron
€_ = relative dielectric constant of the oxide

€ = permittivity of free space

o

k = Boltzmann's constant

T = temperature in °K.
This expression can also be written as:
1/2
ln X =1nB + bV /

1/2

so that a plot of ln I vs. V should yield a straight
line, if the Schottky mechanism is the dominant mechanism.
Such a plot of the I-V characteristics of device PY-G-11(1)

is shown in Fig. 15. As can be seen from this figure

the Schottky mechanism explains the characteristics quite

well.
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At this point, however, one must be careful noc
to assume Schottky emission just because the plot of
log I vs. Vl/2 is a straight line. As pointed out by
Hartman,62 the Pool-Frenkel effect has a similar I-V
characteristic. This equation is written as:

3=,V e(zbv1/2 - {¢/KkT)
where Go is a constant with the dimensions of a conductiv-
ity, ¢ is the energy difference between the trap level
and the bottom of the conduction band, and all other
symbols have already been defined. As can be seen this
mechanism would also plot as a straight line on a
. log I vs. Vl/2 plot. Furthermore, a bulk-limited
conduction mechanism discussed by Mead63 also plots
as a straight line on this type of plot. O'Dwyer64
has recently machine calculatgd the voltage-current
characteristics for films of a few hundred to a few
thousand angstroms thickness witch the help of a
65

dielectric model originally proposed by Frolich.
His result is also a straight 1iﬁe on a ln I vs. Vl/2
Plot. Jonscherls points out that the bulk limitation
as proposed above probably does not arise for very

[
thin dielectrics, 150 A or 1less, but probably holds

for the thicker films.
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A number of checks can be made to determine if the
Schottky mechanism is involved or if one of the other
mechanisms is present. Hartman62 noted that the
dielectric constant, as determined by the slope of the
log I vs, vl/2 plots, was too high for Si0 films if the
Schéttky or Pool-Frenkel mechanism is the dominant
mechanism. He also noted that the zero field intercept
of this curve varied as a function of the dielectric

thickness, with the intercept becoming higher for thicker

films. This should not happen for the Schottky or Pool-
Frenkel mechanisms. This intercept gave a much different
‘barrier height than the slope of the lnIo vs. %‘plotq
and it should be the same for the Schottky mechanismn.

If one assumes the Schottky mechanism to be the
controlling mechanism for these devices, the slope of
the curve in Fig. 15 is b, which can be written as:

r41/2 8-1/2 T—l

Assuming the low frequency dielectric constant of MgoO,

which is 9.8,4 and an oxide thickness of 80 5, the

slope gives a temperature of 330°K. The actual device
temperature during measurement was 313°K, as measured
by the Pt-PtlO%Rh thermocouple. A calculation of the

temperature change of the device, during measurement,
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was made. The heat equation for this problem was

solved by Savoye and he arrives at the expression:

AT = —'JiﬂJ A" f~1

K -3 cm2
k = ZE = 3.92 x 10 ;;E

where
for glass
K = thermal conductivity = 8.0 x 10”3 watts/cm°®K
t = pulse length in seconds.
Using these values the expression becomes:
AT = 8.9 J_ V_/E
and for a 10 millisecond pulse, with J_ = 0.126 a/cn’,
vs = 2.9 volts,

AT = 0.325°K .

It can be seen that the device did not heat up much
during pulse measurements. If the temperature is thus
assumed to be 313°K, the relative dielectric constant

of the oxide is calculated to be 10.9,wh;ch is fairly
close to the assumed value of 9.8. Alternatively if

the relative dielectric constant is 9.8 and the tempera-
ture is 313°K the oxide thickness must be 89 A instead
of the calculated 80 i. This variation is well within
the bounds of the experimental error involved in a

deposition rate calibration of evaporated material.

Since there is no a priori reason for assuming the high

frequency dielectric constant for the Schottky mechanism,
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as there is in the Pool-Fren‘kel14 or Fowler—Nordheiml2
mechanisms, the Schottky mechanism cannot be ruled out.
However, if one assumes the Pool-Frenkel mechanism,

the plot of 1n(x/V)vs. vl/ 2

should be straight line
with a slope of 2b. Such a plot of the I-V characteris-
tics of device PY-G-11(1l) is shown in Fig. 16. Although
it is not a straight line over the entire plot,a
straight line is drawn on the figure. Assuming an

oxide thickness of 89 i,the slope of this line gives a
dielectric constant of €, = 3.17, which is in good
agreement with the high frequency dielectric constant

of MgO, which is 2.954. Therefore the Pool-Frenkel
mechanism cannot be ruled out on this basis either.
However, the curved line on Fig. 16, which is in extremely
good agreement with the data points, is a plot of the
Schottky equation. It thus appears that the Pool-
Frenkel mechanism does not hold.

Devices were studied with oxide thicknesses in the

range of 69 ; to 680 5. In all céses. in which no oxygen
gas was admitted during the deposition of the MgO film,

the I-V characteristics plotted as a straight line on a

in I vs. vl/2 plot and similar to the curve in Fig. 14
a ln li vs.'% plot and also similar to Fig. 16 for a

1V 1/2
ln v Ve \'4 plot. Figure 17 presents a summary of
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data obtained from the thin samples studied in detail

in which the MgO layer was deposited with no oxygen

gas admitted during deposition. As can be seen from

this curve there is essentially no change in the zero
field intercept as a function of oxide thickness, anothér
indication that the current flow mechanism is not bulk

dominated.

From the Richardson-Schottky equation with zero

field:
-tp_/KkT
I, = aaT?e R

where a is the area of the device. It can be seen from

this expression thatlmR can be obtained;

2
® = KT 1ln an3
R I, .

The barriers obtained in this manner are given in Table I.

It can be seen that the barriers are in remarkably good
agreement. This determination of the barxrier height
may not be accurate because of the questionable value of
the Richardson constant. However, as Hartman62 pointed
out, a change in this constant bj an order of magnitude
would only change the barrier determined in this manner
by about 10%.

Figure 18 shows the Schottky plot of the devices
with the thicker (680 5) insulating films. Although

the intercept is not the same, as a consequence of
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Table I

BARRIERS FOR DIFFERENT DEVICES AS OBTAINED FROM THE ZERO

FIELD INTERCEPT OF THE SCHOTTKY PLOT

DEVICE NO. S(i) ©p (ev)
PY-G-19(2) 79 0.710
PY-G-11(1) 89 0.714
PY-G-18(2) 109 0.700
PY-G-17(1) 159 0.721
PY-G-20(1) 680 0.695
PY-G-20(3) 680 0.695

measuring these devices at a lower temperature the
barriers obtained in this manner are nearly the same.
The difference in current at a given voltage, and
consequently the different intercepts, is caused by a
slight difference in device area. The overlayers for
these two devices were deposited through a different
mask than for the other devices. These barriers are
much lower than that predicted by the simple model, so
other measurements were necessary in order to determine
what the conduction mechanism is. These measurements
are described in the following sections but a number

of other features of the I-V characteristics became

evident during the measurements on these devices.
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The forward, overlayer positive, and reverse,’
overlayerx negative, characteristics of each of Ehese
devices were identical. This indicates that the
barrier is symmetrical, which is not the case for
devices fabricated by oxidation of the underlayer metal
film. Rectification effects have been seen2’’°®
for devices with identical metal electrodes which
indicated a non-symmetrical barrier, probably due to
an oxide gradient in the oxidized film.

Another feature that was noted was that the I~V
characteristics, as measured by the slowly varying dc
technique, were the same with the voltage decreasing
as with the voltage increasing. Other

author527'29'59‘67 have seen a hysteresis effect, where

the retrace differed from the original trace. If the
current on the retrace is higher, at the same voitage,
than on the original trace, it is probably due to
Joule heating. However, to change the current by a
noticeable amount the current must be left at the
maximum value for about one minute. In the present
experiment the voltage was always lowered after

less than 30 seconds for measurements to the upper

limits and.heating was negligible. If the current
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on the retrace is lower, at the same voltage, than
on the original trace, it is due to the filling of

68,69 while the voltage is applied. This in

traps
turn increases the effective barrier at the underlayer-
oxide interface. As the voltage is decreased, the
finite lifetime associated with the trapping sites
causes the effective barrier to remain higher and

thus the current is lower for the same applied voltage.
These traps arise from impurities introduced into

the oxide film during oxidation. The impurities are
not present in the evaporated Mgo films. The results

also cast doubt on the Pool-Frenkel and other trap

limited mechanisnms.

The I-V characteristics of the devices indicate
that three problems involved in the oxidized underlayer
type device have been removed. These problems were;
the oxide must be that of the metal underlayer, the
oxide gradient present in oxidized films, and the

impurities introduced as a result of oxidizing the

underlayer.
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C. Temperature Measurements of the I-V Character-

istics of Thin Film Emission Diodes

The I-V characteristics of the devices indicate
that the Schottky mechanism is probably the dominant
mechanism in the transport of electrons through the
oxide film. Since this mechanism is very temperature
dependent and the tunnelling mechanism has very little
temperature dependence it was decided to measure the
I-V characteristics of the devices as a function of

temperature. The method for this measurement is

described in section II—ch.

The I-V characteristics of device PY-G-11(1l), as

a function of temperature, are shown in Fig. 19. 1t
can be seen that there is a large dependence of the I~V
characteristics on temperature with a change of less
than 100°K giving rise to an increase of current, at

a given voltage, of an order of magnitude. This effect
is also seen if some of the other mechanisms proposed
are present. However, if a plot of the zero field
intercepts, of the 1n I vs. V1/2 plots, is made on a
lnho/Tz)vs. 1/T plot, the Slope of this plot should

again give PR’ as can be seen below:
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-¢p_/kT
Y = aaT%e R

o]

-@, /KT
IO/TZ = ane =N

2
1n(Io/T )= lnap - ¢R/kT
If this slope gives $p as the same value as Pr obtained
from the zero field intertept calculations the mechanism
of importance is the Schottky mechanism. A 1ln I vs.

V1/2 Plot for different temperatures for device

PY-G-11(1l) is shown in Fig. 20. The intercepts, Io'
are plotted‘on a ln(Io/Tz)vs. 103/T in Fig. 21. The
barrier height, Ppe obtained in this manner is 0.33 ev
as compared to 0.71 eV by the zero field intercept
- method. This result casts some doubt on the Schottky
mechanism. Table II shows the comparison of the ~
barrier heights obtained using the two methods for the
devices listed in Table I.

Table IIX
BARRIER HEIGHTS FOR DIFFERENT DEVICES AS OBTAINED BY THE

ZERO FIELD INTERCEPT AND THE SLOPE OF THE

1n(1°/T2)vs. l/T.PLOT

DEVICE NO. s (a) P (ev) P (ev)
(Zero FPield) (S lope)
PY-G-19(2) 79 : .71 .33
PY-G~11(1) 89 .71 .33
PY-G-18(2) 109 .70 .35

PY~-G-17(1) 159 .72 <33
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As can be seen from this table the results are
quite consistent and cannot be explained by a simple
Schottky mechanism.

D. Measurements Made on Devices Fabricated with

Oxygen Gas Present During Deposition of the

Oxide Film

The results on the above devices indicated that
the oxide films were not pure MgO. The MgO probably
dissociates to some degree during evaporation and
probably does not re-combine at the substrate surface
to give a stoichiometric film. The result is a film
with an excess of magnesium atoms. . It was decided to
attempt to grow a more stoichiometric film by admitting
oxygen gas during the deposition of the MgO film.

Since the pressure in the vacuum system is on the
order of 10—8 Torr during deposition of the MgO films
the first attempt to produce stoichiometric films was
done with oxygen gas admitted to the system to a
pressure of 1 x 10-'8 Torr, and this device, PY-G-22(2),
was measured. Oxygen gas was admitted to a pressure
of 10-7 Torr during fabrication of the next device,
PY-G-25(3) . A summary of these two devices and one
fabricated with no oxygen admitted is shown in Fig. 22.

It will be noted that although the I-V characteristics
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still plot as a straight line on a ln I vs. v:l'/2 Plot,
the zero field interecepts are no longer the same. The
2zero field interecept values of P are .780 ev for Aévice
PY-G-22(2) fabricated with 10-8 Torr of oxygen gas and
0.823 eV for device PY-G-25(3) fabricated with 10-7 Torr
of oxygen. It is evident from these curves that
something is changing in the Mgo.film when deposition
of the MgO is done with oxygen present in the system.

The plots of ln(Io/Tz) vs. 103/T for these two
devices and PY-G-11l(1l) are shown in Fig. 23. Tt will
be noted that the slopes of the plots decrease with
increasing amounts ofloxygen present during the Mgo
deposition. This would indicate a lower barrier, if
the mechanism was strictly a Schottky mechanism, for
increasing amounts of oxygen, while the zero field
intercept indicated a higher barrier. The barriers
measured in this manner give ¢R of 0.21 ev for PY—é-ZZ(Z)
and 0.11 eV for PY-G-25(3).

A number of devices were fabricated with the
deposition of Mgo done in an atmosphere of 10-6 Torr

of oxygen. None of these devices could be measured.
These devices either broke down before any current
was drawn or they were initially shorts. The devices

[ ]
with MgO thicknesses greater than about 70 A always



60

broke down when about 12 volts were applied and those
with thinner oxides were all initially shorts. It is
believed that thé devices with thicknesses less than
about 70 A were shorted due to pinholes.

A number of devices were fabricated in which the
MgO was deposited with 10-5 Torr of oxygen gas present
for a short time and then the film was completed after
the oxygen had been pumped from the system. The first
device fabricated in this manner showed definite
rectification effects with higher currents drawn for
the overlayer negative than for the overlayer positive,
as expected. This device had an Mgo film that was
120 ; thick with oxygen present during deposition of the
first 30 A. The oxide layer was again too thick because
the device broke down before any appreciable current
could be drawn.. All subsequent devices fabricated in
this manner were either initially shorted or they were
also unstable and broke down before any quantitative
measurements could be made.

One device, however, was stable long enough for
some measurements to be made. The I-V characteristics
of this device, PY-G-38(1), are shown in Fig. 24, The
curves are labeled in amps per division and + signifies

that the overlayer is positive. It can be seen that
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the device broke down at about 17.6 volts. The
interesting features of these characteristics are the
difference in current for the two biases, the charac-
teristics are ohmic to about 6.5 volts, and the sharp
rise in current beyond this bias. Figure 25 is a plot
of these characteristics on a Fowler-Nordheim plot,
1n(1c/v2)vs. 1/v. where I, is the actual current minus
the ohmic current. As can be seen from these curves
the I-V characteristics of this device can be explained
quite satisfactorily by the Fowier-Nordheim tunnel
equation. The barrier, mo, can be obtained from the
slopes of these curves. They are: 1.9 eV for the over-
layer positive and 1.74 ev for the overlayer negative.
The fact that the barrier is higher for the overlayer
positive is expected since the more stoichiometric

part of the oxide film is near the underlayer. These
results are consistent with the hypothesis that the

MgO films are magnesium rich and that admitting oxygen
gas during deposition of the MgO film increases the
stoichiometry as seen by an increased barrier height.

The other devices plotted in this manner still pPlotted

as in Fig. l4.
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E. Low Level I-V Characteristics of Thin Film

Emission Devices

It was noted during the study of the I-V character-
istics of these devices that at low fields, :'104 v/cm,
the I-V characteristics were ohmic. It was decided to
study the I-V characteristics at these low levels in
order to get a better understanding of the conduction
mechanism.

The first device measured in this ﬁanner in situ
was device PY-~G-21(3) . The I-V characteristics were
linear up to a field of = 104 V/cm and the resistance of
the device was 1.3 x 105 1 at a temperature of 312°K.

The resistance was measured as a function of temperature

and is plotted vs. 103/T in Fig. 26. A similar plot for

-8 -
devices PY-G-22(2), 10 Torr oxygen, and PY-G-25(3), 10 7

Torr oxygen, are also shown on this figure. Two features
of the device resistance are noticeable in this figure.

One of these features is that Ehe resistance increases

as the amount of oxygen gas increases during MgO deposition,
even though the oxide thicknesses are not all the same.
PY-G-21(3) and PY-G-22(2) both have an MgO layer of about
90 5 thickness and PY-G~25(3) has an oxide thickness of
about 60 g. The other feature is that the temperature

dependence of the resistance is not linear on a plot of

this type.



F. Measurements of Electron Emission into Vacuum

from Thin Film Diodes

'The present experiment ;as designed to permit
simultaneous measurements of the I-V characteristics
of the device and the emission into vacuum from the
device. Data was obtained using the millisecond-
pulse technique discussed in section II-C-5. Although
the experiment was designed to permit measureménts on a
given emission diode over a range of overlayer film
thicknesses, this was never accomplished. After measure-
ments were made on a given device and more gold was
deposited to increase the overlayer thickness the
devices were always shorted. Consequently the
measuarements were made on each device with only one
overlayer thickness. The overlayer thickness for each
device was calculated from thé resistivity of the film.
The resistance per square of a thin metallic film is
typically higher than that predicted by the bulk
resistivity.32 The resistance of é given metal film
also depends on the substrate. Thus, although this
method is not an accurate method for determining the
exact thickness, the ratio of thicknesses can be
accurately determined. All films were depositgd to a

o
calibrated thickness of 200 A, except where noted,
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see section II-C-2. The thickness of the overlayer
[-)

for device PY-G-1l1l(l) will be assumed to be 200 A

and the rest of the overlayer thicknesses calculated

with respect to this overlayer. The calculations

-1/2

will be based on the assumption that So = K Ry ,

where Rs is the sheet resistance in /square, So is the
overlayer film thickness, and K is a constant., This

emperical relationship has been observed by a number of

workers.20'32'55 The sheet resistance of device
PY-G-11(1l) is 1.5 Q/square and a thickness of 200 i

for this value is not‘unreasonable (see reference 55,
Fig. 8) since it lies between the value calculated from
the bulk resistivity and Savoye's results for gold

on A1203. Table III lists the devices previously

Table III

OVERLAYER- THICKNESSES FOR MEASURED DEVICES

DEVICE NO. _ RB(Q/square) SO(A)
PY-G-11(1) 1.50 200
PY-G-17(1) 1.60 ' 194
PY~-G~18 (2) 1.22 222
PY-G-19(2) 3.39 133%
PY-G-22(2) | 1.38 209
PY-G-25(3) 1.50 200

*Deposited to a thickness of 150 5.
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discussed with their sheet resistance and calculated
overlayer thicknesses.

The overlayer film thicknesses are of importance
because attenuation of the hot electrons occurs in
the overlayer film as well as in the oxide film.12'2°'70
The emission transfer ratio, a, for device PY-G-11l(1l)
is plotted vs. sample voltage, VB. in Fig. 2Z. The

immediate feature that is seen is that the emission

transfer ratio, a, decreases with increasing Vs, in

contrast to the results seen bylother investigators.lz'71
Savoye.12 for example, was able to explain the increase

of ¢ with increasing v8 on strong inelastic electron-
phonon interactions. His results indicated a mean-free-
path of about 7 i with an energy loss of 0.1 eV per
‘interaction. In this case only a fraction of the electrons
would arrive at the overlayer metal with sufficient

energy to escape over the vacuum work function barrier.
This fraction would be expected to increase with increasing
vs and, depending upon the details of the electron

energy distribution, could in principle increase suffi-
ciently rapidly with sample bias to give rise to a net
increase in a with Vg- However, if these interactions

did not occur, or if the interactions were elastic,

one would expect that a would decrease with increasing
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vs, since injection into the overlayer would then occur
at higher energies and the mean-free-path for hot elec-
trons in the metal overlayer is expected to decrease for
increasing electron energy.72'73'74 This effect is seen
here experimentally.

Figure 28 is a comparison of emission results for
the devices previously discussed in which no oxygen was
admitted during the deposition of MgO. Figure 29 is a
comparison of emission results for devices fabricated
with different amounts of oxygén present during the MgoO
deposition. The results for device PY-G-11(l) are also
Plotted on this figure for comparison purposes since
it has the oxide thickness closest to that of device
PY~G-22(2) .

From the data presented in these figures the
following observations can be made: |

1) The magnitude of the emission transfer ratio, «,
is seen to decrease with increasing Vg for each Mgo
thickness regardless of the amount of oxygen gas presené
during deposition of the MgoO.

2) The general shape of the log a vs. VS curves
is similar for all devices except at the low voltage
levels where the measurements are not as accurate.

Strangely, the main effect of increasing the Mgo
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thickness is to increase the transfer ratio at a
given voltage.
3) The effect of increasing the oxygen pressure

during Mgo deposition is also to increase the transfer

ratio at a given voltage,

G. Attempts to Fabricate a Device with a Single

Crystal oOxide

As stated in section I an attempt was to be made
to grow an épitaxial device, at least a device with a
single crystal MgO film. A number of attempts were made
on different substrates but in no case was a single
crystal device achieved.

The devices fabricated on the MgO substrates appeared
to have highly disoriented layers. These results were
true regardless of the method of substrate preparation.
Each device was a short circuit between underlayer and
overlayer. Ten sample sets, thirty devices, weré

fabricated with no success.

- The devices fabricated on the CaF2 substrates

appeared to be slightly more ordered than on the MgO
substrates. The Mgo film for two of these devices
exhibited a ring pattern when studied with LEED. Fach

device was a short circuit between underlayer and
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overlayer. Five sample sets, fifteen devices, were
fabricated with no success.

The devices fabricated on the single crystal sub-
strates were done with the substrate temperaturé at
400°C during deposition of the various layers. The
deposition rates were then varied to attempt to achieve
epitaxy.

Since a perfect cleavage plane was not achieved
with any of these substrates the surfaces were never
nearly atomically smooth. The devices had
MgO films of about 100 5 thickness, about 15 molecule
layers, so it can be seen that the substrate must be
very smooth in order to achieve a device with no
pinholes.

Another problem that is involved is that during
epitaxial growth of a thin fiim. the film must nucleate36
80 that single crystal growth can occur. This nucleation
leads to pinholes in the £ilm until the £film has reached
a certain thickness. Since these ﬁevices mus't have thin
oxide layers it appears that epitaxial growth and non-
shorted devices are two competing mechanisms.

Epitaxial growth may be inhibited by the fact that
the MgO films are non-stoichiometric with an excess of

Mg atoms. In order to achieve stoichiometry and still
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have a measurable device the MgO layer must be on the

order of 40 i thick. Thus again, epitaxy and a measurable

device are incompatible. The conclusion arrived at

is that the epitaxial growth of a measurable device with

a stoichiometric film of MgO between two metals may

not be impossible, but is surely extremely difficult.

Time did not permit the pursuit of this topic any further.
Table IV is a summary of the results of all devices

studied exténsively.
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Table IV

SUMMARY OF DEVICE DATA

DEVICE NO. S SO @l @2 R Poz
PY-G-11(1) 89 200 .714 .33 - -
PY-G-16(3) 106 - 741 - - -
PY-G-17(1) 159 194 .721 .33 - -
PY-G-18(1) 106 - .94 .34 - -
PY-G-18(2) 109 222 .700 .35 - -
PY-G-19(2) 79 133  .710 .33 - -
PY-G-20(1) 680 -  .695 - - -
PY-G-20(3) 680 -  .695 - - -
PY-G-21(3) 90 - .732 .34  1.3x10° -
PY-G-22(2) % 209 .780 .21 4.25x10° 10”8
PY-G-25(3) 60 200 .823 .11 7.4x10°  10~’
PY-G-38(1) % - 1.9,1.74 -  4.35x10° 10" °,-

In this table:
8 = oxide thickness, in i
So = overlayer thickness, in g
P = barrier obtained by zerd field intercept method, in ev
Py = barrier obtained by slope of Arrhenius pPlot,
- in ev |
R = resistance of device for ohmic part of
characteristic, in Q, at about room temperature
P = pressure of 02 gas admitted during MgoO

©2
deposition, in Torr
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IV. ANALYSIS OF HOT ELECTRON TRANSPORT PROCESSES IN

VACUUM DEPOSITED THIN-FILM EMISSION DIODES

A. ntroduction

——

The transport of hot electrons in thin film
emission diodes can be viewed as involving three
stages, which are in principle separable: 1) a
process by means of which electrons are injected into
the thin oxide film, 2) transport through the oxide
£film, and 3) transmission of electrons through the
overlayer metal film region, with emission into vacuum.
A major difficulty in studies of such devices lies in
the fact that these processes are not readily separable
on an experimental basis.

In preceding sections of this thesis, a series of
experiments was discussed which involved the study of
the transport of hot electroné through these devices
fabricated under a variety of conditions and the
subsequent emission into vacuum of these electrons.
These efforts were directed toward providing as complete
an experimental description of the film properties and
the transport processeslas possible in order to
determine the properties of vacuum deposited thin

oxide £films.
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The present section first presents a brief summary
of the important experimental observations of these
studies. Analysis of the experimental results is
separated into two stages: electron injection into
the oxide f£ilm, and transmission of a fraction of the
injected electrons into vacuum. The processes of
importance at each stage are thus as nearly as possible
subjected to analysis separately, and the results
combined to formulate the complete model for the hot
electron transport process in Qacuum deposited thin-

film emission diodes.

B. Summary of Experimental Observations

These studies have involved investigations of
Au-MgO-Au thin film emission diodes with the MgoO film
deposited with different amounts of oxygen gas present
in the vacuum system and to different thicknesses.

The properties of the Mgo films changed as the amount of
oxygen present in the vacuum system changed during
deposition of the Mgo film. This change was to

higher biases necessary for the same sample current.
These observations are consistent with an increase

in barrier height with an increase in the amount of

oxygen present. This might be expected if the films
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are more stoichiometric with more oxygen present during

deposition.

The thin film sample I-V characteristiecs were plotted
on a ln I vs. Vl/2 Plot for direct comparison: between
samples. The data for each sample plotted in this way
were fit by straight lines, in qualitative agreement
with the simple Richardson~-Schottky or Pool-Frenkel
equations. The data was plotted on a ln(Io/Tz) vs. 1/T
plot for each device. The data for each sample plotted
in this manner were fit by straight lines. However,
the data plotted in these two manners gave different
barrier heights, if one assumes the Schottky equation,
or different trap levels, if one assumes a Pool-Frenkel
equation. Thus the data is inconsistent with either of
these mechanisms applied in a‘simple manner to these
devices. The data were also inconsistent with the simple
Fowler-Nordheim equation adapted for internal field
emission since it did not plot as a straight line on
ln(I/V Jvs. 1/v plot.

An emission current into vacuum was observed fér
all sample types, which was stable and reproducible and
free from_breakdown effects. The magnitude of the
emission transfer ratio, a, decreased with increasing

sample voltage, Vg and increased for thicker oxide films.
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The indications are that the barrier presented
to the flow of electrons by the oxide film increases
with increasing amounts of oxygen present during the
deposition of the MgO. Since no devices could be
measured which were fabricated with an oxygen pressure
of 10”6 Torr or greater present during MgO deposition,
an attempt was made to produce a device with an oxide
layer consisting of two regions with a different
compositioh near either of the metal-oxide interfaces.
Although the results indicated that these devices
show rectification effects, since the barrier at either
interface was different, no devices fabricated in this
manner were stable over a large current range and no
extensive quagtitative results were obtained.

All devices fabricated on single crystal sub-
strates were initially shorted and could not be repaired.
The conclusion arrived at is that the epitaxial growth
of a measurable device with a stoichiometric film of
MgO between two metals may not be-impossible. but is

extremely improbable.

C. Discussion of a Model for Injection of Electrons

into the Oxide Film

Experimental results have been presented for the

I-V characteristics of vacuum deposited thin film
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emission diodes which are in agreement with an expression
in which 1s is directly proportional to V8 at low fields
and in which ln:[8 is proportional to vsl/2 at high
fields. However the results are not consistent with a
field-controlled emission-limited Pool-Frenkel mechanism
whereby electrons are emitted from a discrete trap level
into the conduction band over the Coulomb potential
barrier under the attendant lowering by the applied
electric field. The_origin of this equation was in
connection with conduction processes in bulk insulators
or semiconductors14 in which the effects of the electron
image force on the interface barrier are of less importance
in conduction than for very thin films.

The results were also not consistent with the simple
Richardson-Schottky equation used for emission into
vacuum, modified for emission into the conduction band
of the dielectric by multiplying € by € - The origin
of the Richardson-Schottky equation was in connection
with thermionic emission of electrons into vacuum from
metals of high work function in which the work function
is lowered by the electric field because of image force
modifigggion of the metal - vacuum interfacial barrier.

These results are not directly applicable to the case

of internal electron emission from a metal into an oxide,
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since a detailed analysis must consider the influence
of the oxide dielectric constant in modifying the
electron image force. Emtage and Tantraporn5

and Pollack6 obtained results which they attributed to
a Schottky emission mechanism. The problem as applied
to these devices needs some modification since the
multiple image force corrections to the barrier mustc
be made. This problem is solved in Appendix I. The

result is:

.148 V°484

I = aATze—¢h/kTe kT ' (1)
for the equation that applies to Schottky type emission
into the conduction band of the insulator for high
fields. It can be seen that the current dependence on
voltage is not exactly the same as for emission inﬁo
vacuaum from a thermionic cathode. However, the zerxo
field intercept of the plot of 1n I vs. V'484 should
still give the barrier height, Pp A plot of 1In I vs.
v’484 for device PY-G-11l(l) is shown in Fig. 32 for the
various temperatures. As expected the device character-

istics plotted as a straight line on this curve. The

only difference between this plot and a plot of 1n I
1/2

;5. v is that the zero field intercept is slightly
lower for T = 313°K. The value of ¢R obtained from the

zero field intercept in FPig. 32 is .722 ev as compared
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to .714 eV from the zero field intercept of the

In X vs. Vl/2 plot.

Figure 33 is a plot of ln(Io/Tz) vs. 103/T for Io
obtained from the 1ln I vs. V'484 plots at different
temperatures. It can be seen from this figure that the
plot is not a'straight line"as it is in Fig. 21. The
plot should be a straight line according to Eg. (1)
if the barrier is independent of temperature. However,
as stated in section III-B, the barrier was expected
to be much higher than that measured in these devices.
The barrier, however, could be lowered if impurities
were introduced into the MgO film allowing enexgy
states in the forbidden gap in the bulk material or at
the surface. Since these devices were fabricated and
studied in ultra-high-vacuum the probability of intro-
ducing foreign impurities into the device is slight.
The impurity atoms must then be excess Mg giving rise
to a localized energy level. Depending on the‘number
of excess Mg atoms, or oxygen vacéncies, and the
location of this level in the energy band structure, the
barrier could be temperature dependent. Thus the
barrier piqfure as shown in Fig. 30 is complicated by
the presence of donors. Calcular-ons of the effective

Debye 1ength80 shows that the s8qg . re barrier, modified
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by the electron image force, is the correct shape for
this barrier. The emission data indicates that a height
of Pp ~ .72 eV is the correct height.

Since the dependence of the barrier height on
applied voltage deviates from the 1ln I vs. V'484 law

for lower voltages, expression (1) does not hold for

low voltages. This expression should thus be written

as:

~p_/KT
I = aat2e R f(V)/KT (2)

where £(V) is a function of applied voltage and is
plotted in Fig. 31. This expression shows that there
should be a current at zero applied voltage. However

no current is observed at zero applied voltage. Consider
that the overlayer is biased positively. This expression
then gives the value of the current from the overlayer

to the underlayer, or the electron flow from the underlayer
to the overlayer. However, at zero applied voltage

there is an electron flow from underlayer to overlayer
due to thermal agitation which allows electrons to

flow over the barrier from underlayer to overlayer.
However, since the barrier is symmetrical and the
overlayer and underlafer are the same material, gold,

at zero applied voltage the same number of electrons

should have thermal energy to flow over the barrier from
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overlayer to underlayer. In eduilibrium this gives

rise to equal and opposite currents, so that the measured
current at Vv = 0 is I = 0. As the barrier is lowered

for electron flow from underlayer to overlayer it is
raised for electron flow from overlayer to underlayer.
Thus the correct expression for current from a Schottky

type mechanism is:

-¢_/kT
1 = aar2e R [ef(v)/k'r__eg(v)/k'rj (3)
-y
where,
g(v) = £(V) - ev . (4)
From this expression it can be seen that at v=0
g(o) = £(0) (5)

and

I=0.
Figure 34 is a comparison between the data for device
PY-G-21(3) and Eq. (3) . The data points are circled
and the solid line is Eg. (3). It can be seen from this
figure that there is extremely good agreement between
the data and Eq. (3) over 6 orderé of magnitude of
cuarrent and 5 orders of magnitude of voltage. Further-
more, Eq. (3) predicts a linear relationship between I

and Vv for low voltages. The bracketed expression in

Eq. (3) can be written as:
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ef(V) (1 - e-eV/kT) . (6)

For fields < 104 v/ecm, £(V) =~ K, thus (6) becomes:

eK/kT(l -~ e-ev/kTL (7)

where K is a constant and YK = @, the actual barrier
height. Expanding e—eV/kT in a Maclaurin's series the

bracketed expression becomes:

2 3
eV l ev l,ev <
- - — —_— - — coeoe ' 8
1-[1 - o + 26 6lxr) Y777 (8)
For voltages on the order of 5 x 10-'3 volts, which is

where the I-V characteristics of the this device,

PY-G-21(3), start to deviate from 1inearity,'gz = 0,186

kT
1,ev . |
and 31;53 = 0.,017. So it can be seen that below
this value of voltage, (3) can be written as:
-p /kT

I = aAT'e G, (9)
or,

V = IR, ' (10)
where R is given by

cpo/k‘l‘
eaAT .

For this device at T = 312°K this resistance is 8x104 Q°

while the measured resistance was l.3 x 105 2, which

is remarkably good agreement considering that the
Richardson constant is involved in this expression.
The data for devices PY-G-17(1l), 18(2), and 19(2),

which were measured at high voltages only, are shown
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in Fig. 35 where 1ln I is plotted vs. V'484. As for
device PY-G-11l(l) the barriers calculated from the zero
field intercept do not change substantially from those
calculated from the zero field intercept of the 1ln I vs.
V1/2 plots. Figure 36 shows a comparison between the
devices fabricated with varying amounts of oxygen
present during deposition of the Mgo on a 1ln I vs. y 484
plot. The barriers obtained from these plots are given
in Table Vv along with the barriers found for device
PY-G-38(1l) from the Fowler—Nordheim Plocts.

Table V

BARRIER HEIGHTS FOR A NUMBER OF DEVICES

WITH DIFFERENT PARAMETERS

DEVICE NO. s (i) P (ev) p°2 (Torr)
PY-G-11(1) 89 .722 < 10°8
PY-G-17(1) 159 .724 < 1078

PY-G-18 (2) 109 .701 < 1078
PY~G~19(2) 79 .711 < 1078
PY-G-22(2) 20 .792 1078

PY-G~25 (3) 60 .833 10”7
PY-G-38(1) 90 1.90, 1.74 107°, <1078

This table illustrates the fact that the barrier
height does not change with oxide thickness but that the

barrier height increases with increased oxygen pressure
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present during deposition of the Mgo film. Figure 37
is a plot of the data for devices PY-G-22(2), MgO

deposited at 10'-8 Torr 02, and PY-G-25(3), MgO deposited

at 10-7'Torr 02, on log-log paper. The solid lines drawn

on the curves are expression (3) with the appropriate

values of Pr for these two devices. Again there is

strikingly good agreement between the experimental

points and the theoretical curves over six orders of

magnitude of current. The values of resistance

calculated and experimentally found were again in

extremely good agreement. For device PY-G-22(2) the

calculated value is 3.9 x 105 Q while experimentally

it was determined to be 4.3 x 105 1. For device PY-G-=25(3)

the numbers are 7.1 x 105 Q and 7.5 x 105 (1 respectively.
The remarkably good agreement between Egq. (3)

and the data indicates that the Schottky type mechanism,

modified for these devices, is the dominant mechanism

for injection of electrons into the oxide film. The

data also indicate that the barrier presented to the flow

of electrons by the oxide is much lower than that

predicted by the simple band theory. If the barrier

was @u~Xy+ the barrier would be 4.65 eV regardless of
the number of excess Mg atoms or oxygen vacancies.

However the barrier is much lower than this and also
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depends on the number of excess Mg atoms in a manner
such that the barrier is lower for more excess Mg.
The fact that the barrier seen is lower than that expected
is not altoghether unreasonable. Other authors have
seen this wame efec ot 82,83 for metal-semiconductor
interfaces. Mead84 gives a semi-emperical analysis
in which he characterizes the barrier as o ~Xg for
semiconductors of ionic character and independent of
metal elecﬁrode for semiconductors of covalent bonding.
A brief resume of this analysis is given below,
not as a statement to determine the barrier height
but as a statement that it could be much lower than
Py Xg * Figure 38 is a reproduction of a figure in a
classic paper on surface states by Shockley.85 This
figure shows the traditional splitting of atomic energy
levels as the wave functions bf the atoms overlap. 1In
addition it shows the energy of the surface states as
a function of lattice spacing. One fact is evident,
that is that there are two distinct regions of surface
state behavior. At large separations, the wave functions
overlap only slightly and the surface states lie at the
band edges. At small separations the wave functions

overlap strongly and the surface states are near the

center of the gap. This provides a valuable clue to



8a

the behavior of different types of semiconductors with
respect to surface states. 1In essentiaily ionic
materials, the wave functions are atomic in nature and
the overlap is small. Surface states are formed by the
two types of atoms at the surface of the crystal and
their energies lie close to the valence and conduction
band edges. The upper surface states are unoccupied
and the lower surface states are occupied. Thus the
Fermi level at the surface may move from near the
conduction band edge to near the valence band edge
without creating any surface charge. This behavior

is quite consistent with the oversimplified picture

of the ionic crystal and it does explain the results
for many materials. Until the wave function overlap
reaches a critical value the surface states lie at

the band edges. A small incréase in overlap above this
critical value causes the surface states to move rapidly
to a region near the center of the forbidden gap.

The above analysis holds for intrinsic semiconductors
and insulators. However when impurity atoms are added
to the crystal the location of the Fermi level may
change. If these atoms give rise to donor levels near
the conduction band the Fermi level may be closer to

the conduction band than the valence band. If the
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impurities occupy interstitial positions in the lattice
the wave function overlap would be greater than in the
original material. A large density of donor like

surface states near the conduction band could exist at

the surface.

How do these surface states affect the barrier?
The surface states are distributed in energy somewhere
in the forbidden gap of the oxide, and when the free
surface is éharge neutral they are filled to some
energy, Eo' below the conduction band. This will then
locate the Fermi level at the surface. If an electric
field is applied at the surface this field will induce
charge in the oxide, primarily in the surface statés if
their density is large, and the Fermi level at the
surface will shift from this value. However, the larger
the number of surface states per unit energy interval,
the smaller the movement of the Fermi level for a
given induced charge. The same argument may be applied
to the energies of a metal-oxide ihterface. In the
limit of very high surface state density, the Fermi level
at the surface is fixed by Eo' and the barrier energy
is just the difference between the band edge and this
Fermi level independent of the contact potential

difference between metal and oxide.
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Bardeen87 discusses the behavior of the barrier
as a function of surface state density. The conclusion
arrived at is that for a high density of surface states
the barrier height is nearly independent of the work
function of the metal and is about the same as for a
free surface. The height of the barrier is thug deter-

mined by the location of the surface states and their
density.

There is some experimental evidence that excess
Mg in MgO gives rise to a localized energy level
near the bottom of the forbidden gap or possibly in

the valence band.BB'89

These states are low lying
donor states and when the crystal is irradiated with
UV a current is carried by holes. The donor level

in their samples is the ground state of an F center
and when irradiated by UV the electron enters the
excited state. An electron from the valence band can
then be thermally excited into the ground state of
the F center giving rise to a hole‘in the valence
band. The current under these conditions is then
carried by holes. Other results of Yamaka and Sawamoto90
found that the current in MgO with an excess of Mg was
carried by electrons. Their conclusion comes from the

results of measurements of the thermo—-electromotive
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force at a temperature range of 650°C to 1000°C‘, These
results indicated a donor level in the forbidden gap
nearer the bottom of the conduction band.

It can be seen that there is some doubt as to the
location of the donor levels in MgO with an excess
of Mg. The explanation given by Olson89 for a low
lying donor level can be summarized as follows:

The MgO crystal is.heated in a magnesium vapor pressure.
The excess magnesium thus arrives at the sur face and
reacts with the crystal. Rather than a diffusion of
magnesium atoms into the crystal into interstitial
positions this reaction causes diffusion of oxygen to
the surface, creating an oxygen vacancy. This oxygen
vacancy becomes the site of tightly bound electrons or
a low lying donor level. Their analysis excluded Mg
atoms in intersitital positions because the crystal
cannot accommodate them.,

An excess magneéium atom in an interstitial type
position would probably give rise go a donor level
nearer the conduction band. Since the films studied
here are not single crystal films, the excess magnes ium
could very well 6ccupy positions which are of an
interstitial type. The experimental evidence indicated

that this must be the case since the barrier is so low.



88

Thus, there must exist localized donor levels near the
conduction band and donor like surface states also
near the conduction band.

According to Fig. 33 the barrier height changes
as a function of temperature. Figure 39 is a plot of
ln(Io/Tz) vs. 103/T for the two devices fabricated with
O2 gas present during the deposition of Mgo. The results
from device PY-G-11(1l) are repeated here for comparison.
It can be seen that none of these curves plot as

Straight lines. The zero field intercept of the 1n T
484

vs., v° gives a value of I_ as:

I, = anrZe X7 (12)
.Thus

1 /1 = ane BT (13)
or

1n(1°/'r2) = lnap - cp#/kT o ' (14)

Therefore it can be seen that if Pp # ¢R(T) the slope

of the 1n(Io/T2) vs. 1/T plot shogld be a straight line:
dln(z /T7)/4(L/E) = - o /k . (15)

However if P is a function of temperature this becomes:

dln(1_/7°) /a(1/T) = -v_ (T)/k - (1/kT)dq. (T)/d(1/T)
o) R R (16)

Thus the slope of these plots will not be proportional
to the barrier height, which may explain the difference

seen betwzen the barriers found by the two methods in
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section IXI-C since the barriers were found from the
slope of the best straight line fit to the data for the
ln(Io/Tz) vs. 103/T plots. If dmR(T)/dT is positive,
i.e. if the barrier increases with increasing tempera-
ture, then d@R(T)/d(l/T) is negative and the slope of
the ln(Io/Tz) vsS. 1/T plots will give a number which

is smaller than the actual barrier. The barrier heights

obtained for these three devices from the 1n I vs. v'484

plots are plotted in Fig. 40 as a function of tempera-
ture. It can be seen from this figure that the barrier
heights do increase with increasing temperature. Thus
the slope of the Arrhenius plot will give a value for
the barrier height which is actually less than the real
barrier height, as seen in these experiments.

The barrier is the distance, in energy, between
the location of the Fermi level and the bottom of the
conduction band at the surface. 1In a bulk n-type
semiconductor the Fermi level does move farther from
the conduction band with increasing temperature. A
similar process must exist for these devices. A
discussion of this problem is given in Appendix II ..

After oversimplification of the problem a qualita-

tive result was obtained for the barrier height as a
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function of temperature and donor conceéntration. The

result is:

w/kT
@ = lenEl/Z){Nc/Nd+[(Nc/Nd)2+8Nce 71/21} (17)

This simple calculation shows that the barrier increases
for increasing temperature, increases for decreasing
donor concentration, and increases faster for increasing
temperature as the donor concentration decreases. These
results are all consistent with the experimental results.
This expression is plotted as the dashed curves in

Fig. 40 and it can be seen thatvthe agreement with the
experimental results is fairly good on a qualitative
basis,

The model developed here for the barrier height
depends on the existence of surface states. As pre-
viously stated the barrier under these conditions should
be nearly independent of the work function of the metal.
Savoye55 found a contact potential difference of

PruPay = .8 eV in his Al- A1203-Au samples. If the

surface state model holds, the barrier should be nearly
the same for current flow in either direction, if it
does not hold the barrier will be modified by the
contact potential difference between the metals.

A number of Au-MgO-Al devices were fabricated.- These

devices were very unstable and usually broke down



21

before any extensive measurements could be made. One
device, PY-A-1(1l), was stable long enough to measure the
I-V characteristics at T = 313°K. The results of this
measurement are shown in Fig. 41 on a 1n T vs. V'484
plot. The barriers obtained from these plots are:

for the Au-Mg0O interface, «702 ev, and for the

¢RA“ =

Al-MgO interface, PrAal = .643 eV. It can be seen that

there is some difference between the two electrodes,
Prau-PrA1 = .059 eV, but this value is much smaller
than the difference in work functions between gold and
aluminum. This difference in barriers is about the same
value as the differenee noted by Mead83 for different
metals on CdSse. Thus the model incorporating surface
states to lower the expected barrier is consistent with
the observed results even though no quantitative results
could be obtained. |

We conclude that the current transfer process of
importance in these thin film emission diodes is that
of field-controlled emission—limiﬁed Schottky emission
mechanism whereby electrons are emitted from the metal
electrode into the conduction band of the insulating
film over the image force interfacial barrier under the
attendant lowering by the electric field. The simple

Schottky equation does not hold but the equation
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derived by taking into account the multiple image
corrections to the barrier profile give excellent agree-
ment with experimental results. The effective height
of the energy barrier at the Au-MgO interface éeduced
from this analysis is about .7 eV. This value can only
be explained if a large density of interface states
exist. The barrier height is temperature dependent and
also depends on the excess magnesium concentration.
This model implies that a.large.density of surface
states, which are all ionized, allows the barrier to be
much smaller than initially expected and that the
effect of increasing the temperature is to ionize more
donors allowing more electrons to enter the conduction
band of the MgO. This results in a higher barrier for
higher temperatures.

In this model the electrons injected by the Schottky
emission process appear in the conduction band of the
insulating f£ilm, where they are accelerated by the stropg
electric field toward the positivély biased electrode.
The processes by means of which the injected electrons

are transported through the insulating film are discussed

in the next section.
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D. Discussion of Emission into vacuum

The electron injection process in these thin film
emission diodes has thus been characterized as a
SChottky emission process. The subsequent transport
of the injected electrons through the insulator under
the influence of the strong electric field can be
expected to involve some energy loss.

Figures27, 28, and 29 show the emission transfer
ratio, a = Ie/(Ie+IS) as a function of sample bias.
Two features of these plots are very striking. One is
that the transfer ratio decreases with increasing
sample bias and the other is that for only one device,
PY-G-25(3), is the sample bias greater than 5.45 volts.
Figure 44a shows the energy band diagram for these
devices under an applied sample voltage of 4 volts,
which is highef than most sample biases reached in
these experiments. The straight line with the arrow
shows the trajectory of an electron which loses no
energy in traversihg the oxide and metal overlayer.

It can be seen that the electron éhould not be emitted
into vacuum since it does not have énough energy to
surmount the metal-vacuum interfacial potential barrier.

The anode-overlayer spacing is large enough so

that Schottky emission should not occur from the metal
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overlayer into vacuum. The resolution of thé measure-
ments was such that emission currents on the order of
10-10 amps could be measured. For current of 10"10

amps due to “thermionic" emission a sample bias of

~ 4.45 voits would be necessary. Thereforé there

should be no electrons emitted into vacuum until the
sample bias is X 4.45 volts.

Savoye and Anderson12 discuss the poséibility of
preferential emission of electrons through holes in the
gold overlayer film. In order for electrons to be
emitted from these Au-MgO-Au devices the electrons
- must be emitted through holes in the gold overlayer
film. The energy band diagram appropriate to the
fraction of electrons which arrive at the oxide-overlayer
interface in the vicinity of a hole is shown in Fig. 44b
for a 4 volt sahple bias. |

In the case of large holes, the field at the
underlayexr beneath the hole might be expected to
decrease fairly rapidly with distance from the edge, and
hence the current density would also decrease beneath a
hole. 1In consequence only a fraction of the area of a
Particular hole would be expected to contribute

appreciable emission current.
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Electron micrographs of thin gold films deposited
on cold substrates indicate that such films consist
of a large number of agglomerates, separated by relatively
narrow open regions resembling slots, which are
. . 93,94
characterized by a fairly well defined width.
We therefore assume that in the present case the holes

in the Au overlayer films can be represented by slots
of characteristic width d.

The widﬁh of the slots for a typical case is
difficult to estimate from the electron micrographs,
but is on the order of 20~200 g for a £ilm of about
100 i thickness.55 In the present experiments with MgoO
films varying from 60 £ to 160 i thickness, the electric
field strength at the underlayer beneath a slot might
therefore be expected to decrease rapidly with distance
from the slot edge. The electron current emitted into
the oxide film beneath a slot can be estimated using a
solution to the electrostatic problem for the field
beneath a slot as a function of the distance from the

slot edge.
A solution to the electrostatic problem simplified
by neglecting the dielectric discontinuity at the
sur face has been obtained, and is presented in Appendix III.

From this solution, numerical calculations for the



96

field strength, F(y), as a function of the distance,

Y. from one edge of the slot were carried out for the

ratios of oxide thickness to slot width of interest,

(-]
assuming all slots are 100 A wide. Results of these

calculations are presented in Fig. 45, where relative
field strength, F/Fo. is plotted versus y. Notice that

the ordinate scale is an expanded scale extending only

from 75% to 1l00%.

The magnitude of F/F° is seen to decrease rapidly

with distance and at a rate strongly dependent on the

oxide thickness, as expected.

The relative electron current, jrel(y) resulting

from the field F at y is:

2-CPR/kT B[F(Y) ]1/2
(v =2 - _Are /;2 172
rel j(-=o0) - T BF
| arie ® g O
or, M 2 (r/p ) 1/2-1]

= e

3

. (19)
We have assumed the simplified form for the—Schottky '

equation since it is nearly correct for the fields of

interest. The constant B has the value, B = 4.5 x 10-'3

(cm/volt)l/z, for T = 313°K, the temperature at which

emission data was taken.
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Let there be N such slots per unit area and of
length ¢. If y is the ratio of overlayer hole area to
total overlayer area

Ty = Nid . (20)
An estimate to the current emitted into the oxide beneath
a hole in the overlayer film can éhus be made.
The sample current, I, can be viewed as consisting

of two contributions; 1l) a contribution from Schottky

current denéity js from regions of Au lying beneath the
gold overlayer, and 2) a contribution from regions of
Au lying beneath holes.in the gold overlayer, which is
written as jrel(y)js. This second contribution will
depend upon the position, y, under the slot of width 4,
with O S_jrel(y) < l. Assuming that jg is constant,
and determined by the magnitude of the applied field

at the Au underlayer beneath the Au overlayer,

we write for the sample current:

p )
I, = j a(l-y) + j_Mta .Jr 1{(dy - 1, . (21)
(o]
or
I, = jsa[(l-v) + v dJI" J:el(y)dy_' - I, ¢ (22)

o
where a is the sample area and the integration is over

a single slot of width 4.

A similar expression can be written for the emission

current, Iez
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L(VP_ o (y)dy". (23)

a
i
I, = jsa[(l-y)Pooat * Y39 os%u

(o]

where at is the attenuation factor for the Au film, Poo

is the fraction of the electrons which arrive at the
overlayef film energetically capable of emission, Pos
is the fraction of the electrons which arrive at a
slot energetically capable of emission, and aH(y)
expresses the transfer ratio through a slot of width d,
as a function of position y. For the biases, Vs. used
in these experiments, Poo = 0. Since the sample
current beneath a slot is less than the sample current

beneath the overlayer and l-y =~ 1, Is and Ie can be

written as:

I, = ja -1, a (24)
1

I, = J,av g J jrel(y)P a_ (y)dy . (25)

oS H
On this model the measured transfer ratio aM is:
d

Te ir ( d 26
M I+ =Y a/ jrel Y)Pos H(Y) Yy » (26)

or

BF 1/2{[F( )/F 11/2 l}

1
Ty = YgQ g{¥e dy. (27)

t'__-ﬁn‘

o

For an applied field of Fo = 2.5 x 106 volts/cm (27)

becomes

7.1{[F(Y)/F;]1/2-1}

ay =Y %JrPosaH(y)e dy . (28)
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If no energy loss occurred ih the oxide all electrons
arriving at a slot would be energetically capable of
escape, for F, = 2.5 x 106 volts/ecm, and a good
approximation under these conditions would be aH(y) = 1

for 0 < y < d. 1In this case,

da /
Oy = Y'%j‘e7.1{[F(Y)/F°]1 2—1}

o]

dy (29)

This expression for o, can be integrated numerically for
each oxide thickhess of interest. This has been done
and aM is plotted vs. S, the oxide thickness, in

Fig. 46. This shows that a, on the basis of field
alone, should go up for thicker oxides. Also shown on

this figure are the actual emission ratios, for
6
Fo = 2.5 x 10 volts, divided by a suitable y. The vy

used here is not the actual y since the emission transfer
ratio drops off as a function of voltage. The y used
was one in which the data would then fit the theoretical
curve for s = 159 i. It can be seen in this figure that
the other data points fit the curﬁe gquite well. '
An examination of Fig. 29 shows that an extension
of the data to V = 0 leads to values of y on the order

of 2 x 10—3. This would put a 1ower'bound on y of

2 x 10°>. The reason for saying that this value is

a lower bound on y is that the tefm aa(y) in Eg. (23)
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is not a constant of value 1.0 since the electrons
arriving near the edge of a slot have a greater
probability of being trapped than those arriving at
the center of a slot with the same value of Ve This
is a’'consequence of the fringing field at the slot.
This value for y is quite reasonable. A comparison
with the results of Savoye (see reference 55, Fig. 40)
shows that for an overlayer thickness of 200 i,

y has a value of ~ 6 x 10" for gold on Al.0 As

2°3°
noted in section III-F of this thesis, the sheet
resistance of a gold f£ilm on MgO is lower than for a
gold film on A1203. indicating a more continuous film
of gold on MgO, i.e., fewer pin-holes in the gold.

This would lead to a smaller value of y for Au on MgO

than for Au on Al _O

203¢ as seen here.

Possible energy loss mechanisms in the MgO film
include impurity scattering, impact ionization of
valence electrons, and electron-phonon interactions.

Impact ionization of valence‘electrons can only
occur if the energetic electron has kinetic energy
E > E,, where E_ is the band-gap energy. Because

g g

there is a potential barrier of magnitude mo between
the overlayer Fermi level and the bottom of the oxide

conduction band and the energy distribution of electrons
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in the metal drops off quite rapidly above this level,
the maximum kinetic energy available for Vs volts
applied is approximately Em = evs - wo. From this the
threshold voltage for impact ionization to be possible
is eVs 2_Eg + ©Dg The band-gap energy, Eg, of MgoO is
8.7 ev and ¢° ~ .7 eV. These values show an estimate
of the threshold voltage for impact ionization of about
9.4 volts. In the present experiments the maximum
applied voltage is always less ;han 9 volts, hence
impact ionization of valence electrons can be ignored.
Electron-phonon interactions, in particular the
creation of optical phonons, can be expected to result
in a loss in energy. The creation of optical phonons
can be expected to result in an energy loss on the
order98 of 0.1 eV per interaction. The mean distance,
A, required for an electron of energy E to create an
12

optical phonon can be crudely estimated on the basis

of the theories of intrinsic breakdown of insulators

Al '
~ ag/ax ' (30)

where a®w is the optical phonon energy and dE/dx is the

A

rate of energy loss to the lattice with distance x.

o'Dwyer56 gives an expression for dE/dE. for energies

less than the valence-band ionization energy, which is
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dg/dt = [hw log (4E/hw?}/2'r°(E) . (31)
with
2
w 1 -1/2
1/t (B) =42 &2 L 1,12 (32)
o 2 2 € €
rh reg
in esu, with €rh and erL the high and low frequency

dielectric constants respectively. Using dE/dx ~ dE/vdt
2
with E ='l mv , A can be written as

2
2 € . €
4 )] rh rd
—-) —— . (33)

A~ (
me21°9(4E/h03) A® €re Srn
For electron energies on the order of the phonon
~ ~ —8 [ ]
energy and €rr 10, €on " 3, A ~ 6.2 x 10 cm = 6.2 A.
This can be compared with some results obtained from
studies of secondary electron emission from MgO, in

-]
which a mean free path of about 5 A is found to be

appropriate for describing the internal secondary

. 28
escape mechanism.

on thé bagsis of this estimate it can be seen that
electron-phonon interactions alone cannot explain the
results depicted in Figs. 27, 28; ané 29. There are
two reasons for this: 1) an electron would only lose'
about 2.6 eV in energy in traversing the thickest of
these oxides and most of the electrons incident on a
hole in the gold overlayer would escape, at an applied
voltage of 4 volts, and.2)-the mean free path should
increase with increasing electron energy. Therefore

on the basis of electron-phonon interactions the
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ratio, a, would be expected to.go up with increasing

" sample voltage contrary to experimental results.

The term impurity scattering used here included
two distinct types of events. In one case the
scattering center does contain a weakly bound electron

and in the other case it does not.
In the case in which the scattering center does
not contain a weakly bound electron the mean free path

is equal to the average distance between impurity

atoms and can be given by:gg

2er2E2
A~ 2 2 . (34)
€ BE .
. S
2 2/3)
e N i

wm*Niezlog(l +

This again will not explain the experimental results
since )\ again increases with inereasing bias and it

would be essentially elastic scattering.

For the case in which the impurity does contain

a weakly bound electron there exists the possibility

of appreciable energy loss per interaction if the
scattering site, such as a donor or trap, contains an
electron which can be excited into the conduction band
of the insulator. Furthermore the mean free path in this
case would decrease with increasing sample bias. This

can be seen on the basis of the following analysis.
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As the electron is accelerated in the conduction band

of the oxide it gains energy and when it has gained
energy greater than the energy difference between the
conduction band minimum in the oxide and the donor level
it could lose this enerqgy to the donor electron which

is then excited into the conduction band of the oxide.
The greater the applied bias the more of these inter-

actions that could occur.

This, however, leads to avalanche phenomena so that
for each interaction there are two electrons in the
conduction band for each initial electron. This would
greatly increase the sample current if a great number of
these interactions took place. However this effect is
not noted in the sample I-V characteristics which can
be completely explained on the basis of a Schottky type
mechanism. If the total number of these interactions
was small, then the transmission ratio o should increase
or at least stay nearly constant with applied voltage.

As can be seen by this quali£at1ve analysis none
of the possible energy loss mechanisms can explain the
observed behavior for these devices. The most probable
explanation is that the oxide emitting surface becomes
charged. when a sample current is first dréwn,electrons

arrive at the slot and those with enough energy are
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emitted into vacuum. The remaining portion are not
collected by the overlayer immediately but lead to a
space charge at the slot. Thus the emitted current is
dependent on sample current and time and in this manner

indirectly dependent on the sample voltage. This is

shown quite dramatically in rig. 47.

Figure 47a shows the actual scope trace of Ig and
I, vs. Vg for device PY-G-17(1). The pulse amplifier
saturates at a given output power and the voltage is
then constant beyond this point., The actual Vs vs.
time is observed on oscilloscope I (see section II-C-4).
The applied voltage was allowed to saturate in this
particular measurement and the actual pulse is shown in
Fig. 47b. Is and Ie were not observed as a function of
time but were seen on oscilloscope II plotted vs. V_.
Is was seen to reach a maximum value when Vs reached its
maximum and remained at that current as evidenced by
a bright spot at that point, Is vs, time can then be
inferred from this curve and is shown in vig. 47b as a
constant current of 6.7 x 10> amps for 6.75 msec. < t <
10 msec. I_, however was seen to drop to 4.6 x 10"8 amos
from its maximum of 7.6 x 10" C amps. This drop is shown
as a linear drop as a function of time in Fig. 47b but

may very well have another time dependence. This is
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Ve

direct evidence that the oxide in the neighborhood of a
slot does become negatively charged by the electrons
that are not emitted into vacuum. The total charged
area is so slight, however, that it does not affect

the sample current.

Thus, although a is a function of applied sample
voltage it is actually indirectly dependent upon voltage
through the voltage dependence upon current and time.

A better functional dependence for a would be a = o (I, t).
However, since I = dQ/dt an even better functional
dependence would be a = a(Q,t) . The total charge, Q,

that has arrived at the overlayer is given by:

re |
Q = I(T)dr . (35)
Jo
Again assuming the simple Schottly equation:
1/2
1=1"Y : (36)
o
and since V is linearly dependent on time, V = nzT:
ﬁnTl/z
I = IO e . (37)
thus:; t
1/2
' BnT .
Q = IOJ e dr . {38)
o
Integration yields:
21 1/2
Q@ = =2 Manel/20yBrt 7 Ty 17, (39)
52n2 L B

The results previously mentioned have been obtained
on the assumption that F(y)/Fo is a constant value for

each device. However since the insulator is charging
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up at the emitting slot,F(y)/F_ is actually decreasing

as F_ increases. This means that the ratio j (y) is

rel
actually decreasing as Fo increases so that relatively
fewer electrons arrive at the slot as Fo increasés, or

Oy from Eq. (27) decreases as Fo increases.

Further evidence that the charging of the slot
area is the determining factor in the emission results
is shown in Fig. 48. In Fig. 48a, o of device PY-G-11(1),
at v = 2 volts, is plotted vs. the time it took for
the voltage ramp to reach 2 volts, i.e., av/dt is
different for each plotted point. Figure 48b is a plot
of o with the same parameters, plotted vs. Q, the total
charge passed through the insulator as found from
Eq. (39). As can be seen from these figures a decreases
as a function of time, or total charge, even though the
sample current and sample voltage are the same. Similar
results were obtained for each deQice, however on only
one other device were the measurements extensive enough
to determine a charging "time constant®, this was device

PY-G-17(1) . The results of these two devices are plotted

on a loga vs. t plot in Fig. 49, If a can be described
t/T

as g = aoe- this "time constant", T, is 2 msec for
PY-G-11(1l) and 2.4 msec for PY-G-17(1). The decay of

the charge is fairly rapid since a succeeding pulse,
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on the order of one second later, gave identical results
to the first pulse. The electrons are apparently being
trapped in éurface states which exist in the vicinity
of the slots and have a time constant on the order of
a millisecond which is in reasonable agreement with
the time constants found for slow surface states.eo

A further note of evidence that the emission current
is controlled by charging of the insulator at the slot
is given by the fact that no emission into vacuum was

observed when the devices were studied using the slowly

varying dc method.

The following section presents a brief summary of
the important experimental results obtained and a
discussion of the conclusions which can be drawn in

terms of the preceding analyses.
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V. SUMMARY

This investigation was primarily concerned with the
transport of hot electrons through vacuum deposited thin
film emission diodes with subsequent emission into
vacuum. The studies were specifically carried out on
the evaporated Au-MgO-Au system.

The possible mechanisms for current flow from metal
electrode to metal electrode are the following: 1) ohmic,
2) space charge limited, 3) tunnelling of electrons into
the conduction band of the oxide and subsequent flow
to the other electrode, 4) a Poole-Frenkel effert in
which the electrons are thermally emitted from traps into
Athe conduction band of the oxide by field enhancement,

5) mechanisms whereby electrons travel through the oxide
by jumping from trap to trap, and 6) Schottky emission
of electrons into the conduction band of the oxide.

The current-voltage characteristics were nonlinear
which ruled out ohmic conduction except at very low
field strengths and the current was not proportional
to V2 as it should be for space charge limited current.16
Tupnelling-could be ruled out since the functional
dependence of I upon V was inconsistent with this
mechanism (see Fig. 14). A Poole~Frenkel mechanism

could also be ruled out on the same basis (see Fig. 16).
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Furthermore when the MgO films were deposited in an
oxygen atmosphere the term § in the exponent:.. in the

1/2
e w/kTeaV becomes larger, which would

equation I = Io
indicate a lowering of the trap level by producing more
stoichiometric films of MgO, if the Poole~Frenkel
equation is assumed. It would indicate a higher barrier
if the Schottky equation is assumed. It is much more

reasonable to assume that the barrier is higher than a

lowering of the trap level.

Some authors15 have observéd a power law dependence
of current upon voltage in which Iav at low voltages,
attributed to ohmic current flow, Iav2 for intermediate
voltages, attributed to space charge limited current,
and IaV" where n > 2 for higher voltages. The term, n,
in the exponent’: . has wvaried from 4 all the way up to
16. This behavior has been attributed to the hopping of
the electron between energy states in the forbidden gap
of the insulator and eventual collection by the metal
overlayer. Their analysis thus involved two or more
changes in current flow mechanism as the voltage is

increased. A look at Figs. 34 and 37 show a similar

dependence of I upon V which can be completely explained by

a Schottky type emission process in which the multiple

image correction to the barrier profile has been made.
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Using the multiple image correction to the potential
barrier profile results in an I-V characteristic which

is linear for low voltages and ultimately reaches a

dependence such that 1ln Tov- 484

. The expressions derived
using the multiple-image correction, Eqg. (1)-(9), were
plotted on log-log paper and fit the data over six

orders of magnitude of current and four orders of
magnitude of voltage. The conclusion drawn is that

the electron flow in these devices is that of emission
of electrons over the potential barrier into the
conduction band of the oxide by a Schottky type process

and subsequent acceleration by the strong electric field

to the collection electrode.

A number of other features of these devices were
brought to light during study of the I-V characteristics.
There was no aging effect observed in these devices as
noted by nearly every other author. The I-V character-
istics were identical for the overlayer biased positively
as for the overlayer biased negatively, indicating a
symmetrical barrier, when gold was used as both electrodes.
There was no hysteresis noted in dc measurement of the
device characteristics and the pulse measurements were
identical to the dc measurements; The barrier height

did not change as the oxide thickness changed.
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The barrier height did change as the amount of oxygen
present in the vacuum system changed during deposition
of the MgO film. The change was to a higher barrier
as the oxygen pressure was made higher. Raising the
oxygen pressure during deposition of the MgO film probably
leads to a more stoichiometric film. The excess Mg
present in these films gives rise to donor levels in the
*bulk” and at the surface. These levels are near the
conduction band so that the barrier is quite low.
Decreasing the number of donors leads to a higher barrier
since the Fermi level will be lower for fewer donors.

The barrier height was also seen to change with tempera-
ture as noted by the results depicted in Figs. 39 and 40
and this change could be explained in a qualitative
manner by assuming a high density of donor like interface
states and "bulk" donors.

Another possible explanation for the nonlinear .
1n(I°/T2) vs. 1/T plots and the different bérrier obtained
by taking the slopes of these ploﬁs would be another
current flow mechanism, which is nearly independent of
temperature, such as tunnelling, superimposed on the
Schottky current but of much smaller magnitude. It is

impossible to determine which of these explanations hold

or i1f both do.
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The barrier height can be raised significantly
by depositing the MgO in a high pressure of oxygen gas,
on the order of 10-'5 Torr, as evidenced by device
PY-G-38(1l) . The barrier for this device was raised to
about 2 eV and tunnelling became the dominant mechanism
for current injection. The barrier to electron flow from
overlayer to underlayer for this device was lower
because the oxide near the overlayer was deposited gfter

the oxygen had been pumped from the system resulting

in a2 nonsymmetrical barrier. This is further eviden-e

that the barrier goes up as the oxide film becomes more

stoichiometric. None of the devices fabricated with a
high pressure, > 10-6 Torr, of oxygen present during
deposition of the Mg0 were stable long enough to do
extensive measurements.

In order to fabricate mofe stoichiometric devices,
which can be measured, the oxide films must be very thin,
Z 50 A, and all devices made with such a thin oxide £ilm
were shorted between underlayer and overlayer due to
pinholes. This led to the conclusion that single crystal
devices may be impossible to attain. This would be
especially true if the excess Mg in the films would in
some way inhibit epitaxial growth of the oxide film.

In this case the films would have to be stoichiometric
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and very thin. Furthermore a perfect cleavage plane

would have to be attained. None of the devices
fabricated on s.ngle crystal substrates were single
crystal devices, and all were shorts.

The low potential energy barrier is due to a high
density of donor like interface states. vathis is true
the barrier should be nearly the same regardless of the
metal used for the electrodes. One device, PY-A-1(1),
which was a Au-Mgd—Al device, was stable long enough to
make one I-V characteristic run. The barrier to current
flow from Au - Al was nearly the same as that €from

Al -» Au. The difference between barriers to current flow
was of the same order of magnitude as that seen for
different metals on CdSe by Mead.83 This is further
evidence that 'he electron flow is controlled by the

metal-oxide interfacial barrier.

Further evidence for Schottky emission is noted by the

fact that emission into vacuum is seen from all the
devices at very low sample voltages. The sample biases'
are never large enough to allow emission of electrons
into vacuum through the gold'overlayer film. Thus the
electrons must be emitted through pinholes in the gold
£ilm, i.e., directly from the oxide film. The emitted

electrons must still overcome a potential barrier at
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the oxide-~vacuum interface which is the electron affinity
of the MgOo. If the electrons were not coming over the
underlayer—-oxide interfacial barrier they would not have
enough energy to be emitted into vacuum until the sample
bias had reached about 1.0 volt or more. Emission into
vacuum was noted from these devices at sample biases

less than 0.5 volts. Thus, if the electron affinity of
MgoO is =~ 0.8 eV, the emission current must be due to

the electrons in the tail of the Fermi distribution

above the energy level of the oxide conduction band.

These electrons then have enough energy to be emitted into

vacuume.

I
The emission ratio, o = —— appears to be higher

Ie+Is
for the thicker oxide films at any given sample bias.
It also appears to be slightly higher at the same field
ih the oxide. This can be explained on the basis of
the electric field strength beneath a slot. The thicker
the oxide the greater the electric field strength
beneath a slot in the overlayer film. Thus for the
thicker oxides more electrons are being emitted into
the conduction band of the oxide beneath a slot in the
overlayer f£ilm, and thus more electrons are arriving
at the slot area for the same average field gﬁrength

in the oxide.
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This analysis is complicated by the fact that the
oxide is charging negatively at the emitting slot. This
is seen by the fact that the emission ratio goes down
as the sample bias is increasing. None of the possible
scattering mechanisms in the oxide film could account
for this dependence of a on Vg and still give sample I-V
characteristics consistent with the Schottky mechanism
observed here. Thus the emission transfer ratio is
dependent on sample bias only to the extent that the
bias depends on time or total charge passed through the
oxide.

Evidence that o depends on the time is shown in
Figs. 47, 48, and 49. Figure 47 shows that if the sample
bias is left at the same value for any length of time
the sample current remains cénstant but the emission
current decreases rapidly. Thus o decreases as a function
of time for a given sample bias. Figures 48 and 49
show that a'decreases at a given sample bias as the
time it takes to reach that bias increases. The
dependence on the time taken to reach a given sample

bias is such that o = aoe-t/T

where the “time constant®
for charging is about 2 msec.
Further evidence that the oxide is charging in

the vicinity of an emitting slot is the fact that no
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emission into vacuum was observed when the devices
were studied using the slowly varying dc technique.

Thus, although these devices are poor cold cathode
electron emitters, a number of other uses may be possible.
Since the metal-oxide interfacial potential barrier
can be varied, depending upon deposition paramegers. an
array of these devices with different barriers could be
used as light detectors such that a signal could be
picked off at different points on this array, depending
on the frequency of the light. The results obtained from
device PY-G-38(1l) indicates that these devices with
different barrier heights at each interface could be
designed as rectifiers. Much more work would be necessary

to achieve either of these “practical" devices,
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APPENDIX I

Application of the Schottky Emission Problem to a Metal-

Insulator-Metal Diode

The following analysis for internal Schottky
emission uses a physical model similar to that assumed
for the case of emission into vacuum. The process of
electron injection into the conduction band of the oxide
£film is analyzed in terms of the simple band theory of
solids,75 in which the metal overlayer and metal under-
layer are idealized according tb the Sommerfeld model.
The oxide is assumed to present a barrier to electron
conduction of height PR modified by the electron image
force. The energy level diagram appropriate for the
potential barrier in this case shown in Fig. 30, drawn
for a rectangular barrier height, Pr’ of 0.72 eV and an
oxide thickness, S, of 100 i with the zero of energy
taken at the Fermi energy of the Au underlayer. The
single image correction and the multiple image correction
to this barrier are also shown.

The exact expression for the multiple~image
correction to the potential energy of an electron in a
medium with dielectric constant €r€o between infinite
parallel plane electrodes is derived by Savoye (see ref.

55, Appendix II). The result is:
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o
evi =~ Bvere {2x * 2 [(ng nSJ} (1-1)

This expression gives the image correction in joules.
Using the appropriate values this expression becomes:

3.59 2x P
ev, = - = 1+ z (ev).
* e { ° n=1 n[(s/x)2 2 l]}
(1-2)

In this expression the distance, x, of the electron from
one plate and the total dielectric thickness, S, are in
o

A. Assuming the low frequency dielectric constant of

MgO the expression becomes:

o
« 367 2% 1
eV, = = — {1 + — % I-3)
i x { ® n=1 n[(s/k)znz-lj}'

This expression can be written as:

v, = - =221y c(—-)'! (1-4)
7

where - =36
x

is the single image potential energy and
C(fi is the multiple-image correction. Since this

series has no closed form some approximations must be

made. When x = s/2 expression (I-3) becomes:

. a0 .
ev, = - =327 {1+x 2o } (1-5)
n=1 n(4n"-1)
The easiest method for obtaining this expression in
simpler form is to solve the porblem with the electron

midway between the two electrodes. Since the force on
the electron is zero in this case, a method differing

from Savoye's must be used. 1In this case the coulomb
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potential of all the image forces will be calculated at
the center of the dielectric and the potential energy

of the electron thus found by multiplying this expression
by -e. ‘Let the electrode spacing be S, with one electrode
taken as the origin as shown in the diagram below. The
positions and signs of the image charges are noted

below the x axis with the distance from the electron

noted above the x axis.

25 s o S 2s
(] "
-8 e -2 *re - @
-3 "3 3 2= s
2 2 2 Y
o S

The total coulomb potential can be written by

inspection:
e 2 2 2 2 2
vi = 4vere° {s T 2s + 3s  4s + S5s °..} (1-6)
or '
o o] n+1l
v, = p— z =R (1-7)

i ZTrereos n=1
Thus the potential erniergy of the electron at the midpoint

between the electrodes is:

2 oo n+l :
e (~1) : -
eVi 2Te_€_8S z n (1-8)

r o n=l1
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[o'0) (-1) n+l 76

The series g " is convergent and is the Taylor
n=1 77,78

series for ln(x+l) evaluated at x = 1. '

The Taylor series expansion for f£(x) is given by:

. f(n) (x )
o n
f(x) = % — (x=x)" . (1-9)
n=o *
thus:
cO n n+1l
In(x+1) = x X (1) ] (1-10)
n=1 n
For X = 1 this becomes:
o0 n+1l
In(2) = ¢ = . (x-1D)

n=1 n

So we can write the potential energy of the electron as:

2 .

e 1n2
eV = = 2re e s ° (1-12)
r o

According to Simmons (see ref. 11, Eq. (33) and Fig. 4)

an extremely good approximation to the multiple image

correction is of the form:

: Ksz
Vi T T x(s-x) ° (1-13)

To find the value of K one must equate this expression

to expression (I-12) at x = %3 one gets:
2
e 1In2
K = 8Te ¢ s . (1—14)
r o

Thus the expression

e21n2 -

8
8-"-€reo [X(S—X) —Ji (1-15)

eVi = -
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is an extremely good approximation to the multiple image
correction and this expression is plotted in Fig. 30.

Putting in the appropriate values

- S

{I-16)
o
where dimensions x and s are in A.
From Eq. (I-18) it can be seen that the actual

barrier P is given by

P = By " ‘508[;(2—-;Tj (ev) . (1-17)

Thus when an electric field is applied, the barrier to

electron flow becomes

X

p(x) = o, =~ ev s (1-18)
or
p(x) = Oy .508[;72:;71 - eV'§'. (1-19)

The resulting barriers for a field of 3 x 106 v/cn,
which corresponds to an applied voltage of 3 volts
across the 100 g thick oxide film, is also shown in
Fig. 30. Even though Eq. (I-19%9) is a simplified
approximation to the true multiplé image modification
it is still extremely difficult to work with. To apply
this expression to the Schottky equation the maximum
of the potential energy of the electron when a field is
applied must be found. Let evilF be the potential

energy of an electron in an applied field.
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S M X
ev. |, = - .sos[x(s_x)_; - evZ (1-20)
d(evilF)
ev, | is found when = 0 or
1'P dx
max
s=2x 7 ev

x (s-x)"-

The solution to (I-23) cannot be found for general

values of s and V. Thus the problem will be solved
numerically for an oxide thickness of 100 A and compared
to the solutions found for the sinygle image problem. The

values of —'evi]F are plotted against F in Fig. 31.
max

As can be seen from this figure the dependence of the
potential maximum on applied electric field deviates

from a straight line on a 1ln(ev ) vs. 1In(F) plot

ile
max

for fields less than about 105 V/cm. At the fields

where the curve is linear the dependence is not propor-

1/2 «484

tional to Vv but to v » Using Simmon's multiple

image approximation. Since the barrier height is

op + evil it can be seen that the barrier is lower
F max

for the multiple image correction than for the single
image correction for all applied fields of interest.

Thus eVilF can be written as
max

-pv-484 (1-22)

Therefore, if Richardson's equation is written

J = AT2 e--‘b/kT (x-23)
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-484
¢ = q, = DV . (1-24)

So the Schottky equation for a dielectric sandwiched

between two metal electrodes beoomes

2 -mR/kT DV'484/kT
J = AT e e . (x-25)

Using the values obtained in this manner this equation

becomes
2 -¢k/kT .148V'484/kT
J = AT e e . (1~26)
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APPENDIX 11X

Barrier Height as a Function of Temperature and Excess

Mg Concentration

The barrier height is defined as the enerqgy differ-

ence between the bottom of the conduction band and the
Fermi level at the interface. 1In a bulk semiconductor
this difference, in the bulk, increases for an increase
in.temperature for an n~type semiconductor. The location
of the Fermi level as a function of temperature is found
by the condition of charge neutrality in equilibrium,

the total positive charge is set equal to the total
negative charge. If surface states are present the
charge involved with these must also be taken into
account. For a device of this type however, the condition
of charge neutrality must be imposed on the entire

device and not just for the oxide.

Figure 42 is a schematic energy band diagram for a
metal showing how the barrier changes under different
conditions. Figure 42a shows the‘barrier presented to
the flow of electrons out of the metal when the interface
is a gold-vacuum interface. In these devices the MgO
films deposited have an excess of Mg atoms which give

rise to a donor level quite a distance from the conduction

88,89, 90

band. If no surface states were present the
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barrier presented to the flow of electrons from the
metal, Au, to the oxide, Mg0O, would be $r = Py~ X

as previously staﬁed. The energy band diagram for this
problem is shown in Fig. 42b. This picture shows that
the donors near the interface must be ionized in oxrder
to get a ba;rier of this height. The distribution of
ionized donors is schematically shown on this figure

by the separation between signs. The result is a sheet
of negative‘charge just within the metal. Thus it can
be seen that to lower the barrier from Ppg to Oy~ Xy 2
positive charge density must be set up in the oxide.

To lower the barrier even further, more positive charge
must reside in the oxide and therefore more negative
charge in the metal. Since all the "bulk" donors are
ionized near the surface this "extra" positive charge
must come from ionized donor like interface states.

The energy band picture for this situation is shown in
Fig. 42c. Thus a large density of donor like interface
states must exist at the Au-MgO interface.

This picture is somewhat misleading since it deals
with a metal-~bulk oxide contact. In reality there is
another metal-oxide interface very near the one pictured
here. To determine what the potential energy of an

electron is the oxide looks like, Poisson's equation must
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be solved using the proper boundary conditions. This
problem has been solved by Geppert91 for an intrinsic
oxide and he found that the depression of the potential
energy profile at the mid-point between the two metal
interfaces was 2.74 x 10 12 ev using the following
parameters, P = 1l ev, €. = 92, s = 100 5 and T = 300°K.
Thus, for an intrinsic oxide the barrier is essentially
flat. Robert592 found a potential energy depression

at the mid-point between electrodes of 5 x 10-13 ev

for an n-type semiconductor with the following parameters,

16 3
Nd = 10 /Cm ’ CpR = 007 ev; EC-E = 1.2 eVJ er = lol

d
s = 100 5, and T = 300°K. The parameters used in this
problem are nearly the same as those involved in a
Au-MgO—-Au device and the mid-point potential energy
depression is again negligible. Thus Figs. 42b and 42c

would show flat bands terminating‘on another electrode

for a device of this type.

The above analysis did not include image forces
and when these are included the potential barrier will
have the shape shown in Fig. 30, as calculated in

Appendix I.
The charge neutrality condition for the device is a
very complicated expression since it must include all

charges. Since the oxide film is not a single crystal,
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the energy band diagram does not strictly hold. 1In
this case there is probably no single discrete donor
level, the;e may be traps at various levels due to
1attice'inperfections which apparently do not affect
the conduction mechanism, the surface states probably
have a band of discrete allowed energy levels, and
there may very well be acceptor levels at the interface
and in the oxide. The charge neutrality condition can

be written as:

= ¢ - -
Pt+Nd+p n+N+Nt+Na+nt (xz-1)
where:! Pt = number of unoccupied donor like surface
states

N * e number of ionized "bulk" donors

P = number of holes in the valence band

n = number of electrons in the conduction band

N = negative charge just inside the metal

electrodes

N = number of filled “bulk" traps

N_ = number of ionized donors

n, = number of occupied acceptor like surface

states.

Since the Fermi level at the surface is near the conduction
band and the band gap is so large, coupléd with the fact

91,92

that the bands are flat, the number of holes in the
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valence band and the number of ionized acceptors can

be ignored if they are low lying in the forbidden gap.
The acceptor like surface states can also be ignored.

Thus (II-1l) can be written as
+
' . —-—
Pt+Nd=n+N+Nt. (rT-2)

If the further assumptions are made that at the
temperature involved in these studies all the donor
like surface states are ionized and N = P. this

t
expression can be written as

' -
Ng=n+nN . (xx-3)
Each of the terms in (I1-3) are expressed by either a

series or an integral. If one more assumption is made

that the donors and traps have a single discrete level

this becomes:

N a e f—EchT N,
= N e + (rxz-4)
Ef—Ed C Et-Ef
2e-—7a?-+1 2e ——ia—'+1

This expression is very simplified but is still extremely
difficult to handle because there are four unknowns, If
one ignores the traps a qualitative solution can be

made for the barrier as a function of temperature.

This extremely simplified solution then becomes:

Ny . etl-: ~EJ/KT
£ Ba c

(11-5)
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Let

Eg~Eq = EgBq (B mBg) = ¥-oq (1r1-6)
Then the expression becomes

W/RT | e¢h/kT 2p/kT

N,/ (2e ) = N_/e (I1-7)

which can be solved for Pp This solution is:

)2 v /kp

1 r j1/2
op = kT 1n -E-LNC/Nd + L(Nc/Nd + 8Nce /NaJ } (11-8)

So it can be seen that Pg increases for increasing T,
increases for decreasing N., and in~reases faster with

T for smaller Nd.
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APPENDIX IIX

Calculation of the Fringing Field, F, at a Plane Electrode,

Beneath a Slot in an Opposing Plane -~ Parallel Electrode

The variation of field F(x) at the underlayer,
which determines js(x) as a function of position, x,
under a slot of width, d, in the overlayer can be
obtained approximately by the following method:*

Fig. 43a shows the geometry assumed; the insulating film
thickness is s with dielectric.constant € €0 the:

slot width is d. This problem is idealized in Fig. 43D,
where an electrostatic problem is indicated in which we

have assumed no dielectric discontinuity, and also that
the slot is infinitely deep.

This electrostatic-problem can be solved by a
Schwarz-Christoffel transformation.>>’>° The z-plane
representation is shown in Fig. 43b, and the transforma-
tion to the upper half of the w=plane shown in Fig. 43c
is accomplished by:

dz/dw = K(w—a)1/2(w—b)1/2/W(W-1). (rrz-1)

*Note that in this appendix x is taken as the distance
from the slot edge, while in the text it is the coordinate

perpendicular to the overlayer plane.
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To find the value of K and the relationship between a

and b one must integrate in the complex plane. In

these expressions z.= x+jy and w = u+jv.
C C
[ [ dz
J dz = ] aw dw (x11-2)

I

In the 2z plane,tF dz = js, while in the w plane this
D

integral can be taken along a semi-circle of very large

radius, such that w = Reje, dw = jRngdG, and

| =R > a, R > b, and R > l, then:

T . .
rK jRejg)l/z(Rejg)l/z j0

js = : : jRe~” "de
J re1®re7°
o
T
=j1jKd0 = JTK . (Irx-3)
o
Therefore
K= s/ . (Irx-4)

Another integration that can be made is

B B
erz = Jr g% dw . ' (Xxx-~->5)

A A

B
In this casejA dz = js, and now integrate along a small
semi~circle in the w-plane such that w = reae. where

|rejg| =r << a, r<<1, r << b s0 that
T

1/2 .
js = JP X -(-"’-'-]5!)97—-) ire?®a6 = -5 2a0) V% | (111-6)
re -1 '
o

Therefore ab = 1. Thus (III-1) can be written as
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dz/dw = (s/ﬁ)(Wha)l/z(w-b)l/z/w(w-l) ' (r1x-7)

which cannot be integrated easily. The substitution

r? = (w-b) /(w-a) (I11-8)
vields: -
2s [.___(v-a)%p?ap
z = == J 3 >3 5 . (T11-9)
a(l-a) (p"=-1) (p"=b") (b+p")
Letting a = % results in
2 = 2s [ (b-l-l)z(b—l) pzdp (xxx-10)
T J 2 2 2 2
(1-p7) (b7 =-p") (b+p")
or .
2sr _dp Fbdp r (b-1)dpn
z = 7L )12 37 2| ° (I11I-11)
1-p b -p © b+ p

Integration yields

_ s 1+ b+p 2 (b-1) -1,p
z = - {ln|1:§|—1n|b_p|— 7o tan (fb)}'(III—lz)

The constants of integration have been set equal to
zero and this fixes the origin of the z-plane. It is
noted that wheﬁ P=0, w=Db, and 2z = 0, this information
is shown in Fig. 43b and ¢. As w = a, z - -d, but
P+ so z -+ -s(b-1)//b . Therefore .
d/s = (b-1)//d . | (Xrr-13)
The transformation from the w—plané to the x-plane

where the field is uniform is given97 by

v
X = ;'rg log w . (111-14)

The field strength, F, is given by
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ay dy dw -
F= |5l - ae] (III-15)
thus
v
o w-1
F = (—) . (IIXI~-16)
s (w-a)l/z(w—b)l/z
Now as w'q O, Z - -00, and F = Vo/s as it should,
therefore we write
w=1
F =F . (I1xx-17)
(w-a) /2 (w-b) 1/2

For negative real w this gives the field at the
underlayer and thé calculations need only to be made
for -1 < w<0. At w= =1, z=~-3/2 + js, and from
symmetry the field will be the same on either side
of the point on the unaerlayer beneath the center of
the slot. A numerical calculation of F(z) at
zZ = x+js for x < -d/2 can be made choosing -1 <w<o,
evaluating F/F° from (IIXI-17) and finding x from |

b+p 2(b—1)

By - 05 (E“)J}(III—le)

x/s = Re{3[ 1n($*B) ~1n

where p2 is given in (11I- .8).

It will be assumed that @ = 100 i and the appropriate
-values for d/s for these devices Qill then be; 1.67, 1.28,
1.12, .92, and .63,

The calculations for the field strength at the
underlayer metal beneath the slot in'the overlayer
were carried out numerically and the results are shown
plotted as F/'Fo vs. distance from one edge of the slot

in Fig. 45.
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I.  INTRODUCTION

Thin film metal-insulator-metal diode devices have
been investigated quite extensively in recent years.
The interest in these devices has arisen, in part, from
the possible application of such devices as active circuit
elements or electron sources, as suggested by Meadl'2
and Geppert.3 Additional motivation has been provided
by intefest in the transport of "hot electrons” in the
insulator and in the metal overlayer with subsequent
emission into vacuum. The term "hot electrons" is used
to describe a nonequi;ibrium situation in solids where
a group of electronic energy levels above the Fermi
energy is characterized by a greater electron population
than that wanich coincides with the lattice temperature.
Well-known examples of this phenomenon include photo-
emission and secondary emission, in which the internal

secondary electrons and photoexcited electrons can be
characterized as hot electrons.

When an insulator and a metai are placed in contact
the insulator presents a barrier to electron motion,
which is part of its forbidden energy gap. However,
when an electric field on the order of 106 v/cm. is

[
applied to a thin insulating film on the order of 100 A

thick, sandwiched between two metal films, a current is



observed. This current could be ionic current,4 but,

if the metal and insulator are stable during the applica-
tion of this field, ionic current can be ignored. The
current must then be an electron current. The electrons
must either surmount the barrier, Richardson-~Schottky
current,s'6 or penetrate through it. This penetration
of electrons through a barrier is known as tunnelling

and was first described by Fowler and Nordheim7 in 1928.

It has specifically been applied to thin film devices

2,8~
by other authors. 8-11 A combination of the two

processes is also possible.12'13 Another mechanism

that has been proposed to explain the current observed

is the Pool-Frenkel effect.14 In this effect the

current is limited by the field enhanced thermal emission
of electrons from a discreet trap level into the con-
duction band of the oxide. Other possible processes

for the conduction mechanism in thin oxide €£ilms have
been summarized by J‘onscher.15 These processes could

all be modified by space charge.ls.la Thus, the electron
process of importance in these devices is in some doubt.
Under appropriate conditions a fraction of these elec-
trons, accelerated by the electric field and injected

into the overlayer metal film as hot electrons, can

Penetrate the overlayer film and arrive at the vacuum



interface with sufficient energy to escape, thus con-
stituting an emission current.

Hot electron emission from such devices was first
repofted by Mead2 in 1961 using A1—A1203—A1 thin film
devices. The fraction, o, of the total sample current
which was emitted into vacuum depended on the sample
voltage and current, as well as the sample construction
details, and was as high as 0.01. Similar experiments
with AlﬁA1203-(Al or Pt) samples were‘reported by Cohen.19
These early experiments demonstrated that emission
currents could be drawn from such thin film devices,

‘ but the fraction of the total samplé current that was
emitted was small. Instabilities and breakdown effects

were observed which severely limited the total current
obtainable.
20 ~ . —

Mead reported more extensive studies in 1962
using Be-BeO-Au devices, in which the emitted fraction,
a, of the‘samplé current was measured as a function of
Au overlayer film thickness. The results indicated
strong attenuation of the hot electrons in the metal

overlayer films, and gave evidence of elastic interactions

of the injected electrons in the inéulating film. Kanter

and l.'~‘e:i.‘be1!.man21 studied Al1-A1_0_.-Au devices with results

2°3

that were in general agreement with the previous results.



Using Mead's results for attenuation in the au films,
an estimate of the importance of inelastic interactions
in the A1203 film was obtained. Collins and Davies‘?2
and Savéye and Andersonl2 also concluded that strong
attenuation of the hot electrons occurred in both the

insulating film and metal overlayer.

The simple energy-band picture, originally proposed
by Mead,l allows one to distinguish three stages in the
hot electron emission process: injection of electrons
into the insulator; transport of the electrons through
the insulating film; and transfer through the metal
. overlayer region into vacuum.

The electron injection process has been analyzed
theoretically by several observers.5'6'8'16'23_25
The conclusion arrived at is that both thermal and field
effect currenté can occur with the barrier height
determining which mechanism is dominant. The simple
11,23

band picture was used by Simmons to analyze the

electron injection process in terms of tunnelling,

where the insulator presents a potential barrier to

the electrons. An approximate multiple-image correction
to the potential profile was includéed in the analysis.

The experiments of Nelson and Anderson26 with



Al—A1203—(Al and apu) devices were found to be in good
agreement with Simmon's potential profile model.

A major difficulty in the studies of thin film
emission diodes is that the mechanisms of importance at
the various stages of the hot electron transport process
are not readily separable on an experimental basis.

Although the work of savoye and Anderson12 allowed a

partial decpupling of the hot electron interactions at
the various stages of the electron transport process
a number of uncertainties still exist. A large number
of impurities are inevitable in the oxide film and at
the oxide-metal overlayer interface when the films
are moved from the vacuum system into an aqueous
anodizing solution and back into another vacuum system.
There is the possibility of an oxide gradient in the
insulating £ilm resulting in rectification effects, as
seen by Nelson.27 the insulator must be the 6xide of the
underlayer metal, and the metal and insulator films are
amorphous. |

The.number of impurities in the devices can be

greatly reduced if the device is never removed from the

vacuum system during fabrication and study. This could

be accomplished by plasma anodizationZo’ 2% of a vacuum

deposited underlayer metal and subsequent deposition of



an overlayer. The possibility of an oxide gradient and
the condition that the insulator must be the o#ide of
the metal underlayer can be removed by vacuum deposition
of the insulating layer. This can be accomplished by

rf sputtering of the insulator30'31 or reactive sputtering32
of a metal or semicondhctor in an active gas by dc
methods. Another method of deposition is to evaporate
the insulator at a controlled depdsition rate by use

of a high enerxrgy electron beam as first proposed by

3
O'Bryan. General design principles of this method

are discussed by Holland.32

A major problem with amorphous devices is that the
mean free path of hot electrons may be dominated by
scattering from imperfections, while in an ordered
device the electron scattering may be reduced to that
characteristic of the ordered crystal. Another problem
is that the simple band picture may not give a true
description of the barrier profile,aé a conseguence of
the spatial variations. The influence of structural
effects in the thin insulating film was conéidered by
Harris,34 who presented strong evidence of preferential
conduction associated with localized defects in the
insulator. The existence of preferential electron

emission through holes in the overlayer metal f£film was



discussed by Savoye and Anderson.l2 Thus, structural
effects of both insulator and metal overlayer films

play an important part in the emission of hot electrons
into vaéuum. Mccoll and Mead,35 in their studies of
electron current through single crystal mica f£ilms, found
that tunnelling theory provides a self-consistent
quantiative description for smallér voltages, but was
completely inadequate for use with voltages larger than
the barrier height. This is another indication that
ordered devices may difrfer. Ordered devices can be
fabricated by epitaxial growth36 of each layer on a

single crystal substrate.

In the present work it was found to be essential
for a detailed interpretation of the emission results
that certain other experiments be conducted on a given
sample in order to gain information not directly obtain-
able from the I-V characteristics and simple emission
results. The I-V characteristics must be measured to
determine if the injection mechanism is field or ther-
mally dominated emission. The simple emission measure-

ments yield information on the attenuation of the hot

electrons.

The experiments were designed to permit complete

fabrication and study of the devices in situ, and hence



the information provided by these experiments was made
for a given sample known to be free from impurities. A
number of samples were prepared during one evacuation

of the system and so measurements were made over a range

of insulator thicknesses.
Evaporation of the MgO dielectric layer was done

at a pressure of 10_8 Torr with no O, gas admitted

2
during fabrication as well as with various background
pressures oé oxygen admitted in an attempt to produce
stoichiometric MgO and thus vary the barrier presented
to the flow of electrons by the dielectric layer. All
measurements of device I~V charactefistics were done at
a number of different temperatures in order to determine
the effect of temperature on the device characteristics.
The results were then combined into a comprehensive
model for the hét electron emission process for vacuum

deposited Au-MgO~-Au sandwich devices.
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II. THIN FI SAMPLE FABRICATION AND MEASUREMENT TEéHNIQUES

A. General Considerations

In any experiment involving thin film devices the
utmost care is required at all stages of sample fabrica-
tion and measurement to avoid contamination by trace amounts
of impurities. These considerations are of particular
importance in the present work, where films on the order
of 100 g thickness are required to be uniform in composi-
tion and thickness and free from localized defects.

It is necessary to carry out all stages of sample
preparation and measurement without breaking vacuum. This
. requires means for producing the various films and making
the various measurements withlthe sample in situ. In addi-
ﬁion to measurement of sample transport properties, elec-
tron diffractioq studies37 must be made to determine film

order.

The original choice of materials to be used was a
device made of Au-MgO-Au thin films deposited on a cleaved
single crystal substrate. The reason for this choice is
that Au and MgO are quite similar in crystal structure
and size, and the fact that Savoye and Anaerson12 had
discovered preferential emission of electrons through
holes in a gold overlayer. MgoO wag a good insulator

because a considerable amount of information has been



10

38
obtained on MgO, particularly in these labs, and the
properties of MgO are thus qQuite well known.

B. Preliminary Studies

The major problem of concern is whether vacuum
deposited MgO films are free from pinholes and breakdown.
This problem was thought to be solved by a few preliminary
investigations of MgO films rf sputter deposited on two
types of substrates. The first attempt was a series of
MgO films sputtered onto an unpolished nickel substrate.
The resistance of the film was measured using a Triplett
multimeter with a fine wire attached to one lead. The
fine wire was moved around on the film to check uniformity
and to discover any pinholes which might be present.

These films were found to have many pinholes but had a
high resistance in places free from pinholes. The next
series of tests were run on MgoO films sputtered onto a
thin film of gold which was deposited on a clean micro-
scope glass slide. These films were relatively free from
pinholes and also had a high resistance as determined with
an ohmmeter. It was assumed from the results of these
studies that sputter deposited Mgo would make a good

insulator for metal-insulator-metal diode devices,.
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l. Initial Vacuum System

In order to fabricate and study the ordered metal~
insulator-metal diode devices without breaking vacuum
a number of items must be incorporated into the wvacuuum
system. These include an electron diffraction system, a
means to electrically measure the devices, and means of
depositing the underlayer, insulator, and overlayer into
a given pattern. The first attempt at a vacuum system
which would incorporate all these systems is shown in
Fig. 1. The LEED apparatus had been incorporated into
the top half of the bell jar. The LEED apparatus was
shielded from the sputtering chamber by a stainless steel
disk 5" in diameter with a 2" hole in the center. 1In this
hole was a rotating substrate holder which was turned by
means O0f a chain drive. On each side of the substrate
holder was a cleaved single crystal MgO substrate. When
the substrate was facing down the Au and MgO layers could
be deposited; when it was facing up it could be studied
with the LEED apparatus. The substrate had leads attached
to it for the purpose of heating, temperature monitoring,
and measurement of the diode characteristics. The in-
sulating substrate holder carried these leads which had
to be easily detachable. A pressure contact system was

built for this purpose. It consisted of 13 stainless
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steel washers which rotated on tungsten ribbons imbedded

in another insulator.

The sputtering half of the bell jar included Kovar
feedthroughs for use as rf sputtering electrodes. oﬁe
electrode was shielded by a ceramic MgO disk. The other
electrode had a Kovar disk attached to it which held a
high purity MgO ceramic disk, used as the sputtering
target. The metal layers for these devices were to be
formed by dc sputtering of a high purity gold disk. The
gold disk was mounted on an insulating disk which could
be rotated so that the sputtering of gold was to be done
directly above the MgO disk, as can be seen in Fig. 1.
When MgO was to be sputtered the gold was rotated out of
the plasma area. TInitially the gold was to be sputtered
using a triode configuration with a nickelate cathode39
as the electron source. However, difficulty was encoun-
tered in providing sufficient filament power for conver-
sion of the cathode. Thus, a tungsten filament was used.

The resulting diode was to have the geometrical con-
figuration shown in Fig. 2b. This design could be accom~
plished by means of a single mask which consisted of two
stainless steel plates as shown in Fig. 2a. These plates

were attached to a threaded stainless steel rod by means

of square nuts. One half of the rod had left-hand threads,
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while the other half had right hand threads, so that both
plates moved in and out from the substrate center at the
same timg and speed. This threaded rod was to be rotated
by means of a chain drive. The method to be used in pro-
ducing a diode configuration shown in Fig. 2b was as fol-
lows. When sputtering was to be initiated the edges A of
the sheets would just overlap so that no deposit could
be made while the target was sputter cleaned. The sheets
were then to be separated so that edges A were 0.l1l" apart
and a gold film deposited. The sheets were then to be

moved in so that they overlapped wnile the Mg0O target was

. sputter cleaned. Then the sheets were to be moved out

so that edges A were 0.2" apart and MgO deposited so that

it completely covered the Au undexrlayer. The sheets. were
then moved so that edges B would just overlap and the
Au overlayer deposited crosswise over the MgO layer pro-
ducing the desired Au-MgO-Au diode device.

A bell-jar collar was used between the baseplate
and the bell jar in order to allow an adequate number of
electrical feedthroughs into the vacuum. The completed
system had three moving parts; the substrate holder, the
mask, and the gold target. 'Many components were mounted
partially on the baseplate and partially on the collar.

The -result of this configuration was that any changes
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that were necessary were extremely difficult to make as
@ consequence of the many moving parts and the close
spacing involved in a 5" 1.D. bell jar.

Thé initial pumpdown of this system was made and a
number of baseplate feedthroughs were found to leak in
the 10—1 Torr range. Rather than remount the components
on a new baseplate, a new vacuum system configuration
was used, still employing a 5" I.D. bell jar.

The vacuum system also included a Ti getter40 to aid
in pumpdown and to obtain a lower ultimate pressure; two
sputter‘ion pumps,41 one was a diode pump and the othef a
triode pump;42 two gas admission systems, one to admit
Ar gas for sputtering, this system included a cataphoresis
tube43 for cleaning the Ar gas, and one to admit 0, gas
for reactive Sputtering in case the Mgo films contained

excess magnesium.

2. Second Vacuum System

The second vacuum system developed for tﬁese studies
is shown in Fig. 3. The upper half of this system also
contained the LEED apparatus. The electrical leads for
the LEED apparatus, which are not shown, were run through
an insulator attached to the stainless steel shield and
attached to electrical feedthroughs in the bell-jar base-

plate and collar which is_described below. Removal of the
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LEED apparatus was necessary in order to replace the sub-
strates, which were otherwise inaccessible. Therefore,
the LEED system was also mounted on this shield which

in turn was easily demountable.

The bell-jar collar consisted of a stainless steel
cylinder 0.1" thick with large flanges on top and bottom
for attachement to bell jar and bell-jar baseplate respec-
tively. Six smaller flanges were welded to the side of
the cylinder. The collar was necessary in order to mount
a magnetic feedthrough to rotate the substrate holder in

a vertical plane. Additional electrical feedthroughs

were needed so a five lead press and a six lead press

mounted on flanges were attached to the collar. There
was also a Pyrex glass window to enable visual indexing
of the substrates behind the substrate masks.

The substrates were single crystals of MgO and were
held on the rotating substrate holder by small tabs.
The substrate holder had room for -three substrates and a
blank which was to face the target during sputter cleaning
of the target. 1Inside the cylindrical substrate holder
four small stationary heater filaments were mounted. The
substrates were to be heated during deposition of Au and
Mgo in order to increase the probability of - ;:itaxial

growth of the film. The substrate could als - be heated
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during LEED investigations in order to minimize the charg-
ing of the dielectric substrate. A stationary insulator
containing electrical contacts to electrical feedthroughs
on the collar were also mounted inside the rotating sub-
strate holder. The electrical contacts to the diodes were
thus able to make pressure contact to the stationary leads
when the substrate was in position in the LEED chamber.
Mounted on each side of the substrate holder were dc

sputtering assemblies with Au targets directly in line

with the substrates and 1.3" away. The MgO target was
mounted on a Kovar rf feedthrough directly below the sub-
~strate and 1" away. A substrate mask was mounted between
the substrate and each target resulting in a Au-MgO-Au
diode as in Fig. 2.

Although this system had only one moving part, the
substrate holdef. the close spacing in the 5" I.D. bell
jar resulted in some unsolvable problems. The main prob-
lem was the heat radiated by the filament used for dc sup-
port of the plasma. The heat cauéed cracking of the
quartz crystal.44'45 used to determine deposition rates,
before any rates could be determincd. In addition the
heat opened up leaks in the baseplate feedthroughs when

the filament was on, the leaks sealed when the filament

was cooled but would open again when the filament was
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again heated. The filament was then placed inside a heat
shield with five metal layers separated by approximately
0.1". This did not help. It was decided that the close
spacing involved in a 5" I.D. bell jar could not be
tolerated. Rather than build a larger vacuum system a
new approach was attempted.

The vacuum system included the same pumping and gas
admission systems as included in the initial vacuum system.

3. Six Port Vacuum System

The six port vacuum system consisted of the standard
bell~jar baseplate and collar with a special top shown
in Fig. 4. The six holes on the 2.674 DIA.B.C. had bel-
lows welded into them to move six different~substfates,
mounted-on-rods; from éoré.to-port-;ndﬂiﬁto.each port for
that particular part of the experiment. The system with
push rods is shown schematically in Fig. 5. 1In this sys-
feﬁ-six separate, related experiments could be carried

out in the six different ports labeled A-F in Fig. S,

with the intention of fabricating and testing in situ

ordered layer metal-oxide-metal diode devices. The six
ports will be described in detail below. Port A was used
to deposit the metal overlayer and port B to deposit the
metal underlayer. Port C was used to rf sputter deposit

the insulating layer. Port D contained the LEED system
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used to determine the order of the film growth. Port E
was the measurements port and port F was used to sputter
clean the substrate. This vacuum system included the
same pumping and éas admission system as the two previous
systems with the exception that it contained two diode
pumps as well as one triode pump.

The part of the system within the bell-jar collar
contained the six substfates mounted on six different push
rods labelea I-VI in Fig. 5. These push rods had holes
drilled through them every 1/4 in. so that they could be
pushed out into a particular port with a pick attached to

a 5ellows and subsequently removed from this port. Each
| push rod ran through a guide rigidly attached to a rotating
ring. Rotational motion could be achieved by pushing on
the side of two of the push rods with the same picks used
for linear motibn. In this manner any given substrate
attached to a push rod could be rotated and aligned with
any given port,

The geometry that allowed six push rods and thus six
substrates was that which had two push rods I and II in
Fig. 5, that could move into ports 180° apart, above the
others and aligned in a horizontal Plane. Push rods IIT
and IV were just beneath I and I, and V and VI were

beneath these. Figure 5 also shows push rod VI pushed
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out into port D, the LEED system. The size of the collar

limited the system to six substrates.

A complete experiment on a single substrate was to
be accomplished by the following succession of events.
The substrate was to be inserted into port F and sputter
cleaned, it was then to be moved to port D and the surface
was to be examined with LEED. The substrate would then
be moved to’port B and a metal underlayer sputter deposited
and the film order then studied with LEED. The substrate
was then to be moved to‘port C and an insulating layer rf
sputter deposited and the film order again studied with
LEED. The substrate would then be moved to port A and a
metal overlayer sputter deposited onto it with a study of
film order again made. Finally the substrate was to be
moved to port E and measurements made on the completed
device. The foilowing is a short description of each tube.

a. Metal Overlaver Tube

The purpose of this tube was to dgposit the metal
overlayer, which was always gold. The inside of the tube
contained a filament, two anode rings, and a virtual
cathode to produce a dc supported plasma. The plasma was
confined to a beam with this geometry and the aid of an
external magnet producing a field parallel to the filament-

anode~virtual cathode center line. The gold target was
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mounted in such a position that it was just on the edge
of the plasma and in the same plane as the center of the
substrate mask. The mask was mounted outside the plasma
area and directly opposite the Au target, 3" from it.

The mask allowed deposition of a 0.1" wide vertical strip

of metal as the overlayer.

A filament enclosed in a Ta heat shield was mounted
on the mask for the purpose of heating the substrate
while depoéition was taking place, in order to increase
the probability of epitaxial growth. The filament was
a 0.020" diameter advance wire wound into a spiral which
then encircled the substrate mask. The heating of the
substrate was found to be quite uniform with this geometry.
Using this filament the substrate could be heated to a
temperature of 500°C with a filament power of 50 watts.

The sputtér deposition rates for this tube were
very uniform from run to run at a given target current
and voltage regardless of the othgr parameters. The

deposition rate vs. target current curve was very close
to the straight line predicted by Bell and Anderson46
assuming a hemispherical distribution of sputtered atoms.

b. Metal Underlaver Tube

This tube was designed exactly the same as the

metal overlayer tube with the exception of the mask.
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This mask allowed deposition of a 0.1" wide horizontal
strip of metal for the underlayef £film.

The sputter deposition rates for this tube were
nearly e#actly the same as for the overlayer tube.

c. MgO Insulator Tube

This tube employed rf sputtering to deposit the
insulating layer of the devices. The major difficulties
encountered in the six port vacuum system occuéred in
this tube. These difficulties and changes in tube
design will be explained in section II-B-3-g.

d. LEED Tube

The LEED tube was used to determine whether the
films grown were single crystal, polycrystalline, or
amorphous. The unit consisted of a 2 1/2" djameter

display chamber and a three element electron gun as

shown in Fig. 6. Except for the gun, the main metal
parts were #304 stainless steel.

The screen of the display chamber was a Pyrex
hemisphere coated on the inner surface with conducting
tin oxide over which was a thin layer of phosphor.
Electrical connection was made between the conductive

coating and the mounting plate via spring-loaded

tungsten point contacts.
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Inside the display screen and concentric to it were
two hemispherical grids (2 3/32" and 1 7/8" in diameter)
which were fabricated by chrome plating a tungsten mesh.47
The flat end of the smaller grid was closed to prevent
penetration of external fields into the display chamber.

The only LEED pattern ever observed in this tube
was of the substrate, single crystal MgO, after sputter
cleaning. This pattern was observed at a pressure of
10"~ Torr of Ar gas. No problems were encountered while
the pressure was so high. The fact that the surface
could be studied at so high a pressure made the experiment
- possible since the background pressure of the system
was never below 10“'8 Torr and the pumpdown time from
10 - Torr to this level was about 6 hours.

e. Measurements Tube

This tube contained a Supramica 500* disk with four
spring contacts attached to it for electrical contact to
the underlayer and overlayer films. The I-V characteris-
tics of the device could then be‘ﬁeasured without

removing it from the vacuum.

*Supramica 500 is the trade name of the Myéalex Corporation

of America for their synthetic mica.
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The end of the tube was made of a quartz window for
which the light transmission versus photon energy had
been measured. The center of the Supramica had a hole
in it so that the light would be incident on the diode
itself. The purpose of this arrangement was to measure
the potential barrier presented to the electrons by the
insulator.zs'27 The arrangement also allowed for photo-
emission measurements to be made, since a grid was present
for collection of photoemitted electrons.

A swinging phosphor screen was also present so that
the emission density patterné from the device as well
. @s the total emission could be measured. This screen
could be swung into a position in front of the diode
while these measurements were to be made and then swung
out of the line of sight to the diode when the photo-

measurements were made.

f. Sputter Cleaning Tube

The purpose of this tube was to clean the substrate
surface by ar’ ion bombardment. The design of the tube
was identical to the overlayer and underlayer tubes except
that no target was cresent. The Plasma was a dc supported
Plasma with an rf potential applied between the substrate
and the filament. RF sputter cleaning of the substrate

was believed to be necessary in order to obtain an
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atomically clean substrate surface, since Au will not

grow epitaxially on a dirty MgoO substrate.48

g. Methods Used in the Fabrication of

Sputtered Metal-MgO-Au Devices

The six port vacuum system had many problems. The
size of the system prevented pressures below 5 x 10 °
Torr with the small ion pumps. This pressure could
be attained only after a substantial bake at 250°C°
Movement of'the bellows after a bake always led to a leak

in one or more of the bellows. Without a bake the

ultimate pressure was 5 x 10_'8 Torr. The bellows would

~last for two or three pumpdowns before a leak would

open up in one, if the system was not baked. Each time
a bellows was replaced the shutdown time of the vacuum
system was one week.

The first Qttempts to produce a sandwich device
were done with Ag on an MgO substrate. Silver was used
in the hope that silver might grow epitaxially on MgoO
somewhat easier than gold does. 1In every attempt at
device fabrication the underlayer and overlayer presented
no difficulty and the deposition of an MgO insulating
layer was never achieved.

The first tube to be used to rf sputter deposit

MgO consisted of two Kovar rf feedthroughs at right
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angles to each other with no line of sight between

the two MgO targets. One MgO target directly faced

the substrate. This tube geometry was discarded after
attempting to determine sputter deposition rates as a
function of the rf potential between the two rf
feedthroughs. The rates were extremely low and the

films were very non-stoichiometric with an excess of

Mg. This was determined by the brown-dusty film deposited

on the glass walls of the tube.

The next tube used to deposit MgO was designed the
same as the metal overlayer and underlayer tubes. The
~pPlasma was a dc supported plasma with the rf potential
placed between the MgO target and the filament., The
metal parts of the tube sputtered dguite rapidly so the
tube was redesigned to keep all metal parts of the tube
out of the 1ine.of sight to the substrate. The first
conclusive evidence of MgO dissociating into Mg and O
was found with this tube. When the filament was on Ffor
a dc supported plasma the filament would burn out quite
rapidly. If the plasma was an rf supported plasma
with no hot filament in the tube all the metal parts in
the tube became oxidized.

Deposition rates were determined using a quartz

crystal monitor in this tube. Rates as high as
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45 A/min. were determined. The films again appeared
to be non-stoichiometric, but not as bad as with the
pPrevious tube, so device fabrication was attempted using
this tube. The first three devices were all shorts
between underlayer and overlayer. After the substrates
were removed from the vacuum system it was discovered
that the metal mask had Sputtered onto the substrate.
When a positive potential was applied to the mask with
respect to the filament, which was rf ground, no
improvement was noted.

The same tube was used for the next six devices.
The changes that were made were to replace the metal
mask by an MgO mask and the pPlasma was an rf plasma
with the rf applied between two MgO targets. In each
case the underlayer was sputtered from the substrate
in a circle corresponding to the hole in the MgO mask.
The part of the silver underlayer that remained was
definitely oxidized. It was thus. decided to return to
2 gold underlayer since it does not have a stable oxide.

The next three devices attempted using this tube
were also unsuccessful. No mask was used and in each

case the underlayer was completely removed from the

substrate.
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A new rf sputter deposition tube was designed pat-
terned after the varian Plasma Peak49 sputtering unit.
Sputter deposition rates as high as 10 i/hin. were
determiﬁed using this tube. The quarté crystal was
removed and the MgO film studied using a microprobe.so
The microprobe used* did not have the capability of
detecting oxygen but the films were non-conducting
and contained Mg. No other metals could be detected.
The films, however, did appear to be Mg rich.

When the quartz cyrstal was removed and the next
series of device fabrication attempts were made the
metal underlayer was again removed from the substrate.
Evidently the field configuration inside the tube was
greatly changed when the insulating substrate replaced
the metal quartz crystal holder and sputtering of the
surface again 6ccurred.

A final attempt was made to use this tube with a
metal mask. The approach was to attempt to have the same
electrode geometry present as when the quartz crystal
was in the tube. This mgant that the substrate had to

be in contact with the mask. As a consequence of the

*The microprobe used was operated by Dr. Paul Weiblen,

Geology Department, University of Minnesota.
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many alignment problems present in this vacuum

system the close spacing of substrate to mask could not
be achieved and the mask again sputtered onto the sub-
strate.

The next approach to the problem was to attempt a
dc glow discharge in an oxygen atmOSphere to reactively
sputter Mg. A glow discharge could not be maintained
at a pressure below 3 x 10“2 Torr. At this pressure
the Mg sputﬁered quite rapidly producing Mg0O films but
the deposition rate was so low that it could not be
measured. This was a consequence of the short mean free
path at a pressure of 3 x 10-2 Torr. The target to
substrate spacing was approximately 10 cm. and the mean
free path at this pressure is approximately 0.15 cm,
resulting in many collisions occurring before the
molecules could reach the substrate. A thick deposit
of Mgo was noted on the glass tube to a distance of
about 1 cm from the target but no deposit could be
detected beyond this point.

It was decided that a large bell jar type vacuum
system would be necessary to fabricate and study
ordered metal-insulator-metal tunnel devices in situ.

A Varian ultra high vacuum system was obtained. This

system is described dbelow.
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C. Experimental Vacuum Svstem and Technigues Used

in Final Approach

l. Description of vVacuum System

The vacuum system used in the final approach was
constructed by Varian Vacuum Divisioﬁ and was custom
built for the University of Minnesota.

The base chamber is the standard vVarian base chamber
for vacuum system V1-221 and includes a 110 liter/sec.
noble ion pump, Varian number 912-7006. The base
chamber also contains 10 feedthrough ports and titanium
sublimation cartridge number 916-0017 to aid in pumpdown
and also to attain a lower base preésure. The outside
diameter of the base chamber is 12",

The work area of the vacuum system is a stainless
steel bell jar, 12" O0.D. and 12" high. The system has
8 flanges mounted on it with centers 4 1/2" from the
top and one flange on the top of the system concentric
with the system. A schematic diagram_of the bell jar
work area is shown in Fig. 7. Two ports are 6" I.D.

One of these ports admits the LEED system and the

other port is a window, Varian number 954-5129, to view
the LEED pattern and for visual alignment of the sub-
strates with the various ports. Two of the ports are

4" 1.D. and 90° from each 6" port. One of the ports
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admits the manipulator, Varian number 954-5031, on
which five substrates are mounted. The manipulator
has rotational motion, lateral motion in two axes and
linear ﬁotion in one, and it tilts in any direction.
Thus, each substrate can be placed in a variety of
positions within the work chamber. The other 4" T1.D.
port holds the sputter cleaning apparatus. The four
1 1/2" 1.p. flanges are located 45° from a 6" I.D.
flange and a 4" I.D. flange. Two of these ports contain
filaments, one to heat the substrate during deposition
and one to heat the completed device during measurements.
- One of these ports holds a Pt-FtlO%Rh thermocouple to
monitor substrate temperature during deposition. The
final 1 1/2" 1.D. port contains a UHV gauge, Varian
number 971-5008. This gauge is a Bayard—Alpert51 type
ion gauge which.will measure pressures from 10-4 Torr
down to 2 x 10-11 Torr. The flange port on the top of
the system contains the measurements apparatus.

A Varian number 971-5009 MilliTorrvgauge is mounted
On one of the ten ports on the base chamber. This gauge
measures pressures from 1 Torr to 10-5 Torr and is thus

an:’ effective gauge to use for pumpdown of the system as

well as for measuring the'pressure of gas admitted for
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sputtering. Connected to another one of these ports is
an Ar and/or o, admission system as on the previous
vacuum systems,

A sﬁainless steel plate 1/4" thick x 10.8" in
diameter separates the base chamber from the bell jar.
This plate is used as a shield to prevent sputtered and
evaporated material from depoéiting on the measuring
apparatus in the bell jar. A mask, shown in Fig. 8a is
moﬁnted on the center of this shield. Deposition of
materials through this mask onto a substrate will result
in a metal-oxide-metal device shown in Fig. 8b. As can
be seen from this figure each substrate contains three

devices. Since there are five substrates present, 15

devices can be fabricated in one pumpdown.

A shutter is mounted on a linear motion feedthrough,
Varian number 954-5049, which in turn is mounted on one
of the 10 ports on the base chamber. The shutter prevents
deposition of material onto the sgbstfate until the
source is clean and is releasing material at the chosen

rate,

2. Description of Experimental Apparatus and

Preliminary Results

The first attempts to deposit films were by

Sputtering. The sputtering apparatus was similar to
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that previously described except that the discharge
support system consisted of a filament and an anode

at opposite sides of the base chamber. The targets,
gold, aluminum, and MgO, were near the center of the
base chamber and shielded from each other. Although
high discharge currents were drawn, 4 amps, the target
currents were always small. This was a consequence of
the diffuse plasma which seemed to fill the entire

base chamber. As a consequence of the large gap, 1l2*"
O.D., permanent magnets did not afford much assistance
in increasing the sputtering rate. The sputter
deposition rates were all very low. The rf sputtering
was attempted with a dc supported plasma and with a
straight rf plasma. In either case the deposition rates
were extremely low and all metal parts, including the
base chamber, wére also sputtered. Sputtering was
therefore determined to be an unsatisfactory deposition
method,

Since some success had been éttained in producing
metal-oxide-metal devices by evaporation of the oxide,52
an eleccron beam evaporator was mounted on the base
chamber and the sputtering apparatus was removed. The

electron beam evaporator is a 2 kw e~gun evaporation

source with three crucibles, Varian number 920-0003.
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The underlayer, insulator, and overlayer can be deposited
using this source and the underlayer and overlayer can
be of different materials.

The LEED apparatus is similar to that used in the
6 port vacuum system with the exception that it is
larger, the hemispherical collector is 4" in diameter
and there are four grids. The electron gun is the
same type as used in the 6 port system except that it
is made from stainless steel.

The sputter cleaning apparatus is a tantalum
can with a hole on one end, 0.6" x 0.9%, and a filament
and anode within the can. This apparatus is similar
to that used by Weber53 eXcept that it is somewhat
larger. The principle of this system is that a plasma
is supported within the can angd ions drawn through the
focusing hble to a target which is at a negaﬁive
potential with respect to the anode. This type of
apparatus is necessary to sputter clean the substrate
since rf sputtering of the substfate cannot be done.
The apparatus was placed in another wvacuum system and

tested on a Tazo5 film grown on Ta by aqueous anodization

of a Ta sheet to determine the uniformity of the
sputtered area. The cleaned area was uniform to within

-] o
about 5 A after about 200 A of Ta205 had beenrremqvgd.
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Since the substrates are insulators and will charge up
when bombarded by ions, sputter cleaning of an insulator
was tried next. 1In order to prevent charging of the
insulator a filament was placed between the sputtering
can and a substrate with a 1000 i thick silver film

and a 200 £ thick gold film on it. Wwithin 30 minutes

the 200 g thick Au film was completely removed and within
2 hours most of the 1000 g thick silver film was removed.
From these results it was decided that this method

for sputter cleaning of the substrate surface would be
satisfactory.

The measurements system consists of a supramica
disk on which are mounted 8 pressure contacts to make
electrical contact to the underlayer film and the three
overlayer films. A planar grid is mounted on the supra-
mica on the sidé opposite the pressure contacts. The
supramica is 1/8" thick and so the sample to grid spacing
is about 0.2". Immediately beyonq the grid is an anode,
which has a hole 0.055" in diameter and beyond this is
a Faraday cage54 with a hole 0.055" in diameter. The
two holes are aligned with the center of the center
device of the three devices. This device can thus be
studjied with edge effects being avoided, while the other

two devices on a substrate must include the edge effects.
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The deposition rates for the electron beam evaporator
were determined. The deposition rate for gold varied
from 23 A/min. at 1.4 kw to 800 ;\’/min° at 2 kw of beam
power while for MgO it varied from 4 g/min. at 40 watts

-]
to 90 A/min. at 120 watts.

3. Sample Preparation

For these studies, diode samples consisting oZ a
common Au underlayer film and a common oxide film were

formed, and three Au overlayer films were deposited to

produce three active units.

@a. Glass Substrates

The substrates were cut from microscope slide glass,
1" x 0.6". They were then mounted in the substrate
holder and the entire assembly was cleaned thoroughly
by ultrasonic agitation in Freon TWD, a detergent
solution, and rinsed thoroughly with tap water and
finally, methanol. After drying, the assembly was placed
in another ultrasonic agitator and first boiled in Freon
and then ultrasonically agitated in Freon. The assembly
was then immediately placed in the UHV system. The
vacuum system was then evacuated and baked to 150°cC
which brought the pressure to a typical value of
6 x 10-11 Torr. The substrates were then heated to a

temperature of 400°C by means of a W  filament to further
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clean the surface. With the shutter in position to
prevent deposition on the substrates, each source was
thoroughly outgassed. The vacuum was again allowed to
reach its base pressure, 6 x 10'"ll Torr, before sample
fabrication was begun. Duting deposition of the metal
layers the pressure rose to 10-9 Torr and to 10-8 Torx
during deposition of the oxide layer. The entire

fabrication process took less than 30 minutes.

b. MJgO Substrates

As stated in section II-B-3-f, gold will not grow
epitaxially on a dirty MgO substrate. Since the MgO
- single crystal could not be cleaved in vacuum, other
methods to obtain a clean surface were attempted. The
MgO substrates were cleaned in the same manner as the
glass substrates and then cleaved immediately prior to
insertion into ﬁhe vacuum system. The cleaving was
done on a laminar flow bench to minimize the collection
of dust on the surface. Some substrates were sputter
cleaned in vacuum, some were heatéd to 500°C before
deposition began, and some were immediately deposited

onto after baking of the system.
C. Can Substrates

The single crystal CaF2 substrates were cleaned

in the same manner as the MgO substrates with the
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exception that they were not cleaved. A proper cleavage
plane could not be achieved with the CaF, substrates.

Some CaF2 substrates were not cleaned before insertion

into the vacuum system.

4. Millisecond-Pulse Measurement of I-V

Characteristics

The IS-Vs characteristics of the thin film samples
were measured using a millisecond pulse technique
developed by Savoye55 to minimize sample breakdown
effects during measurement and to enable extension to
the high current densities necessary to measure the
emission into vacuum. The circuit permitted pulse
measurements using a four-terminal method, and is shown
schematically in Fig. 9. A voltage ramp of the desired
time duration was generated by the time-base plug-in
unit of oscilloscope I. (Both oscilloscopes employed
in these measurements were Tektronix 536 X-Y, with

appropriate plug-in units on X and Y channels.) This sig-
nal, amplitude modulated by the operational amplifier,

Philbrick P45AL inserted in a model MP solid state
manifold, used with a gain of 2, was applied to the
sample under test. A signal proportional to the
instantaneous current (Is) through the sample was

obtained across the resiscor Rs and applied to one channel
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of a dual-channel plug-in unit on the vertical amplifier
of oscilloécope ITI. The instantaneous voltage (Vs)
across the sample, given by the difference in'voltage
between points A and B, was determined by a differential
amplifiér on the vertical input of oscilloscope I.
The resulting difference voltage was applied to the
horizontal amplifier of oscilloscope II. This arrangement
allowed the display of V., versus time on oscilloscope
I while the measurement was in progress, and hence pro-
vided a valuable check on the measurement.

A signal proportional to the emission current (Ie)
was obtained across the resistor Re and applied through
a low-level pre—amp to the second channel of the dual-
channel amplifier on the vertical side of oscilloscope II.
The resulting display on oscilloscope II thus consisted

of a simultaneous plot of Is VS.: Vs and Ie vs. Vs,

on a single-pulse basis. Scope unblanking was accom-

plished by modulation of the gate signal generated by

the time-base unit.

A direct tracing of a photbgraph of some typical
I-V characteristics obtained from a thin-film emission
diode using this pulse technique is shown in Fig. 10,
where the various curves are labeled-on the figure.

During each pulse, the two signals, :I:e and Is' were
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displayed alternately by means of a multivibrator
chopper, internal to the dual-channel plug-in unit
of scope II, which switched the CRT beam from Is to

Ie at the rate of 100 kHz.

The results of a measurement are shown in the
photograph. 1In the measurement two pulses were applied
to the sample, the first pulse was used to display the
entire I and Is vs. Vs characteristics and the second
pulse to present‘the expanded-scale characteristics.

As is seen from the photograph, the I-V characteristics
obtained are nonlinear. The region of more rapid current
change was displayed on an expanded voltage scale with

a suppressed zero by means of the Tektronix type Z
plug-in unit on the horizontal channel of oscilloscope II.
This Z-unit allows display of the difference between a
desired signal and an internally-generated, highly
accurate, variable dc voltage. The input circuits have
a large dynamic range so that saturation effects do not
occur, thus allowing display of small variations in
large signals on the most sensitivie scales. As an
example, in Fig. 10 the 1~V characteristics.are shown
expanded by a factor of 10 on the horizontal scale.

It is seen that good agreement is obtained between the

"normal" and the "expanded" traces, and that much
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more accurate readout of the expanded trace character-
istic is possible.

Measurements obtained on a pulse basis have been
extended to sample current densities as high as 0.2 ‘
amperes/cmz, without causing breakdown. In comparison,
similar samples measured on a élowly-varying dc basis

were found to suffer breakdown at current levels of the

order of 10-2 amps/cmz. Evidently the breakdown process
in these deQices is not a simple function of current
density or applied field, but depends also upon the
length of time that the bias is applied. This observa-
tion suggests that processes similar to those which

have been designated Impulse-Thermal Breakdown56 are of

importance in these devices.

5. Pulse Techniques Applied to Emission

Measurements

Measurements of hot electron emission into vacuum
were made using the millisecond pulse technigue pre-
viously discussed. No noticeable‘emission differences
were noted with the samples in the position aligned with
the hole in the Faraday cage and those not aligned with

this hole. Thereafter the grid, anode, and Faraday cage

were all biased at 22.5 volts with respect to the

underlayer film.
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Measurements were carried out starting at the lowest
emission current levels commensurate with the sensitivity
of the apparatus (~ 10™1° amperes) . Data were taken
at succeésively higher current levels, to the maximum
output of the operational amplifier (~ 10-"2 amps) ,
and then repeated for successively lower curreht levels
to the lower limit. 1In this manner irreversible changes
occurring in the sample during a measurement sequence
could be detected, and a check on the reproducibility

- of the data was provided.

6. DC Measurements of I-V Characteristics

A study of the current-voltage characteristics of
thin film metal-oxide-metal diodes reveals considerable
information concerning the nature of the oxide. As
well as the current flow mechanism, temperature effects,
rectification effects, and time-dependent changes can
be investigated.

Measurements were made using.a 4-terminal connection
to the sample in situ. In each case the slowly varying
dc bias was applied to the devices after the pulse
measurements had been completed.. The I-V characteristics
of the samples did not change. A schematic of the circuit
is shown in Fig. 1ll. The bias was applied using batteries

and a motor driven potentiometer and the current was
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monitored by measuring the voltage developed across

a series sampling resistor with a Keithley 602 electro-
meter voltmeter whose output was recorded on the v
channel of a Hewlett Packard Mosley 135M X-Y recorder.
The applied voliage was measured with a Keithley 603
electrometer amplifier with the output applied to

the X channel of the recorder for low level voltages,
less than 1 volt. For the higher voltages the applied
bias was monitored directly by the X channel of the
X-Y recorder.

The current—-voltage characteristics were measured
on a dc basis as well as on a pulse kasis in order to
monitor the I-V characteristics to lower levels than
could be obtained on a pulse basis as well as for easier
read-ou: of the characteristics.

Easier read-out of data was necessary in order to
plot the data obtained as a function of the temperature
of the.device. A filament was placed in the vacuum sys-
tem at a locatioﬁ 10" from the device in the measurements
position. The filament current was varied and the
temperature of the device was allowed to come to egquili-
brium. The temperature was monitored by a Pt-PtiO%Rh
thermocouple which was located beneath the pressure

contact to the center overlayer.
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III. RESULTS OF EXPERIMENTAIL STUDIES OF HOT ELECTRON

TRANSPORT IN THIN-FIIM EMISSION DIODES

A. Introduction

As étated in section I, the electron process of
importance in these.devices is in some doubt. A number
of :i.nvest:igai:orslz'13'57_59 have discussed the situation
when the transport mechanism appears to be a combination
of thermal and field effects. There_appears to be a
range of barrier heights in which the thermal effects
dominate the mechanism , small barriers, a range in
which both effects are seen, and a range, large barriers,
~in which the field effects overshadow the thermal
effects. The 1I-V characteristics of the device must be
measured to determine which mechanism is of importance.
If the I-V characteristics are measured as a function
of the temperatﬁre of the device a better understaﬁding
of the mechanism involved can be achieved. The emission
into vacuum of hot electrons irom the diodes lends an
insight into the scattering mechénism taking place

in the oxide.

The experimental technigques which have been
developed for these studies were discussed in some detail

in previous sections. These investigations have involved
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fabrication and testing of 60 thin film sample sets. The
° ©
MgO film thicknesses ranged from 60 A to 680 a.

B. High Ievel I-V Characteristics of Thin Film

Emission Diodes

The I~V characteristics of the thin film samples
were measured using the millisecond-pulse technique
discussed in section II-C-4 and also by the slowly
varying dc technique discussed in section II-C-6. The
level of measurements was restricted to avoid damage
to the samples. In the simple band theory of solids,
neglecting image forces, the barrier PR is given by
mmfo, where wm is the work functioﬁ of the metal and
X is the electron affinity of the insulator. If P
is a low value, < 1 eV, the Schottky mechanism will
dominate and no tunnel electrons will be seen. At the
higher barrier heights the electrons will not have
enough thermal energy to surmount the barrier and tunnel
current will be the dominant mechanism. Nelson26
measured the barrie; for’Al~A1203-Al devices and found
that it was 2.2 eV with no applied bias. For the same
type df device, Savoye12 found that field effects were
dominant and that thermal effects were also present,
but insignificant. It was believed that a Au-MgO-Au

device would exhibit strictly field effects because the
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simple barrier picture indicated that a barrier of 4.65 ev
would be present at room temperature. This value was

obtained from the work of Holscher,79 = 5,45 and

“Au
Kemp and-Neeley,60 x = 0.8 ev. IE the I-V characteris-
tic was strictly tunnelling, the Fowler-Nordheim
equation as applied to solids would indicate the
dependence of current on voltage. This equation can
be written in the form:
K -(F_/F)
J = JO(F/FO)Z e 2 -
where Jo and Fo are parameters of the insulator.
Assuming the free electron mass,
Jo = 7,2 x 109cp°2A/cm2 F° = 6.8 x 107w°3/2v/cm,

volts presented by the oxide modified by the image forces.

For wo = 4,65 ev,

Jo = 1.36 x lOl;A/cm? Eo = 6.16 x 108V/cm,
then. | _(6.16x108)

J = 1.36 x 101103/6.16 X 108)2 e F o A/cm2

if ¢ is the field present in the insulator. Since the

area of each device is 6.45 x 10-2 cm2 8

£6.16x10
9 g2 ~F )
I =8.77 x 10" (F/6.16 x 107) e amps .

o .
For an insulating film 89 A thick the device character-
istic should look like that shown in Fig. 12, where the

currents are labeled in amps per division. Two features
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of these characteristics are immediately noticeable,
the high voltage necessary before any measurable
current can be dréwn and the extremely higch slope of
the curves.

The first evaporated Au-MgO-Au device that was
measured in any great detail was PY-G-11l(l) . This
device had an 89 i thick oxide layer and its I-Vv
characteristic is shown in Fig. 13. In contrast to
the theoretidal tunnel curves, current is drawn at very
low voltages and the slope of the curves is much less

than those in Fig. 12. However, the curves are definitely

nonlinear.

The Fowler-Nordheim equation can be written as:

-F s/vV
‘ 2 T o
I = aJo(V/SFo) e

or
~-F s/v
2 - 2 o
F
/v = aJo(l/s o) e
where a is the device area and s is the oxide thickness.
If one takes the logarithm of each side the expression

becomes:

2, _ LT 2" _
In(z/V°) = lnLaJo(l/sFo) _ FOS/V

so that a plot of ln(I/Vz) vs. 1/V should yield a

straight line. The I~V characteristics of device PY-G-

11(1) is shown plotted on this Fowler-Nordheim plot in
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Fig. 1l4. It can be seen that the Fowler-Nordheim
expression does not hold for this device.

The Richardson-Schottky equation which may be
applied ﬁo a metal-oxide-metal device, as explained
by the simple band theory, is given by van der zie1=61

2 “®r/kT ebvl/ 2

J AT e

!

where
2 -
b = (q3/4ve € S)l/ (k1) 1
: r o
In these expressions:

2 2
A = Richardson's constant, 120 A/cm °K

q = charge of the electron

€. = relative dielectric constant of the oxide
eo = permittivity of free space

k = Boltzmann's constant

T = temperature in °K.

This expression can also be written as:

2
InxT=1ln8B + Db Vl/

so that a plot of 1ln I vs. Vl/2 should yield a straight
line, if the Schottky mechanism is the dominant mechanism.
Such a plot of the I-V characteristics of device PY-G-11(1)

is shown in Fig. 15. As can be seen from this figure

the Schottky mechanism explains the characteristics quite

well.
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At this point, however, one must be careful noc
to assume Schottky emission just because the plot of
log I vs. Vl/2 is a straight line. As pointed out by
Hartman,62 the Pool-Frenkel effect has a similar I-V
characteristic. This equation is written as:
3=, v e(zlovl/2 - ¢/kT)
where Go is a constant with the dimensions of a conductiv-
ity, ¢ is the energy difference between the trap level
and the bottom of the conduction band, and all other
symbols have already been defined. As can be seen this
mechanism would also plot as a straight line on a
. log I vs. Vl/2 plot. Furthermore, a bulk-limited
conduction mechanism discussed by Mead63 also plots
as a straight line on this type of plot. O'Dwyer64
has recently machine calculatgd the voltage-current
characteristics for films of a few hundred to a few
thousand angstroms thickness with the help of a
65

dielectric model originally proposed by Frolich.
His result is also a straight 1in§ on a ln I vs. Vl/2
plot. Jonscherls points out that the bulk limitation
as proposed above probably does not arise for very

(]
thin dielectrics, 150 A or 1less, but probably holds

for the thicker films.
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A number of checks can be made to determine if the
Schottky mechanism is involved or if one of the other
mechanisms is present. Hartman62 notea that the
dielectric constant, as determined by the slope of the
log I vs, Vl/2 plots, was too high for Si0O films if the
Schéttky or Pool-Frenkel mechanism is the dominant
mechanism. He also noted that the zero field intercept
of this curve varied as a function of the dielectric

thickness, with the intercept becoming higher for thicker

films. This should not happen for the Schottky or Pool-
Frenkel mechanisms. This intercept gave a much different
‘barrier height than the slope of the lnIo vs. %‘plotq
and it should be the same for the Schottky mechanism.

If one assumes the Schottky mechanism to be the
controlling mechanism for these devices, the slope of
the curve in Fig. 15 is b, which can be written as:

b=y erél/z s-l/2 T—l .
Assuming the low frequency dielectric constant of MgO,
which is 9.8,4 and an oxide thickness of 80 5, the
slope gives a temperature of 330°K. The actual device
temperature during measurement was 313°K, as measured

by the Pt-Ptl0%Rh thermocouple. A calculation of the

temperature change of the device, during measurement,



50

was made. The heat equation for this problem was

solved by Savoye and he arrives at the expression:

—»f;J v/E

K -3 cm2
k =‘;€ = 3,92 x 10 ;EE

where
for glass
K = thermal conductivity = 8.0 x 10”3 watts/cm°®K
t = pulse length in seconds.
Using these values the expression becomes:
AT = 8.9 J_ V_/E
and for a 10 millisecond pulse, with J_ = 0.126 a/cm?,
vs = 2.9 volts,
AT = 0.325°K .
It can be seen that the device 4did not heat up much
during pulse measurements. If the temperature is thus
assumed to be 313°K, the relative dielectric constant
of the oxide is calculated to be 10.9,which is fairly
close to the assumed value of 9.8. Alternatively if
the relative dielectric constant is 9.8 and the tempera-
ture is 313°K the oxide thickness must be 89 A instead
of the calculated 80 5. This variation is well within
the bounds of the experimental error involved in a

deposition rate calibration of evaporated material.

Since there is no a priori reason for assuming the high

frequency dielectric constant for the Schottky mechanism,
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as there is in the Pool-Fren‘kel14 or Fowler—Nordhei.ml2
mechanisms, the Schottky mechanism cannot be ruled out.
However, if one assumes the Pool-Frenkel mechanism,

the plot of 1n(x/V)vs. vl/ 2

should be straight line
with a slope of 2b. Such a plot of the I-V characteris-
tics of device PY-G-11(1l) is shown in Fig. 16. Although
it is not a straight line over the entire plot,a
straight line is drawn on the figure. Assuming an
oxide thickness of 89 i,the slope of this line gives a
dielectric constant of €, = 3.17, which is in good
agreement with the high frequency dielectric constant
of MgO, which is 2.954. Therefore the Pool-Frenkel
mechanism cannot be ruled out on this basis either.
However, the curved line on Fig. 16, which is in extremely

good agreement with the data points, is a plot of the

Schottky equation. It thus appears that the Pool-

Frenkel mechanism does not hold.

Devices were studied with oxide thicknesses in the
o [ ] N
range of 69 A to 680 A. In all cases, in which no oxygen
gas was admitted during the deposition of the MgO f£ilm,

the I-V characteristics plotted as a straight line on a

in 1 vs. v]'/2

a ln li vs.*% plot and also similar to Fig. 16 for a
v

I 1/2
1n v vg. V

plot and similar to the curve in Fig. 14

plot. Figure 17 presents a summary of
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data obtained from the thin samples studied in detail

in which the MgO layer was deposited with no oxygen

gas admitted during deposition. 2As can be seen from

this curve there is essentially no change in the zero
field intercept as a function of oxide thickness, anothér
indication that the current flow mechanism is not bulk

dominated.

From the Richardson-Schottky equation with zero

field:
-_/KkT
I, = aaT?e R

where a is the area of the device. It can be seen from

this expression that'cpR can be obtained:;

2
® = KT 1ln anT
R I, .

The barriers obtained in this manner are given in Table I.

It can be seen that the barriers are in remarkably good
agreement. This determination of the barrier height
may not be accurate because of the questionable value of
the Richardson constant. However, as Hartman62 pointed
out, a change in this constant bf an order of magnitude
would only change the barrier determined in this manner
by about 10%.

Figure 18 shows the Schottky plot of the devices
with the thicker (680 i) insulating films. Although

the intercept is not the same, as a consequence of
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Table X

BARRIERS FOR DIFFERENT DEVICES AS OBTAINED FROM THE ZERO

FIELD INTERCEPT OF THE SCHOTTKY PLOT

DEVICE NO. S(i) ©p (evV)
PY-G-19(2) 79 0.710
PY-G-11(1) 89 0.714
PY-G-18(2) 109 0.700
PY-G-17(1) 159 0.721
PY-G-20(1) 680 0.695
PY-G-20(3) 680 0.695

measuring these devices at a lower temperature the
barriers obtained in this manner are nearly the same.
The difference in current at a given voltage, and
consequently the different intercepts, is caused by a
slight difference in device area. The overlayers for
these two devices were deposited through a different
mask than for the other devices. These barriers are
much lower than that predicted by the simple model, so
other measurements were necessary in order to determine
what the conduction mechanism is. These measurements
are described in the following sections but a number

of other features of the I-V characteristics became

evident during the measurements on these devices.



N

54

The forward, overlayer positive, and reverse,’
overlayer negative, characteristics of each of ﬁhese
devices were identical. This indicates that the
barrier is symmetrical, which is not the case for
devices fabricated by oxidation of the underlayer metal
film. Rectification effects have been seen2’’°®
for devices with identical metal electrodes which
indicated a non-symmetrical barrier, probably due to
an oxide gradient in the oxidized film.

Another feature that was noted was that the I~V
characteristics, as measured by the slowly varying dc
technique, were the same with the voltage decreasing
as with the voltage increasing. Other

author527'29'59'67 have seen a hysteresis effect, where

the retrace differed from the original trace. If the
current on the retrace is higher, at the same voitage,
than on the original trace, it is probably due to
Joule heating. However, to change the current by a
noticeable amount the current must be left at the
maximum value for about one minute. In the present
experiment the voltage was always lowered after

less than 30 seconds for measurements to the upper

limits and.heating was negligible. If the current
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on the retrace is lower, at the same voltage, than
on the original trace, it is due to the filling of

68,69 while the voltage is applied. This in

traps
turn increases the effective barrier at the underlayer-
oxide interface. As the voltage is decreased, the
finite lifetime associated with the trapping sites
causes the effective barrier to remain higher and

thus the current is lower for the same applied voltage.
These traps arise from impurities introduced into

the oxide film during oxidation. The impurities are
not present in the evaporated Mgo films. The results

also cast doubt on the Pool-Frenkel and other trap

limited mechanisms.

The I-V characteristics of the devices indicate
that three problems involved in the oxidized underlayer
type device have been removed. These problems were:;
the oxide must be that of the metal underlayer, the
oxide gradient present in oxidized films, and the

impurities introduced as a result of oxidizing the

underlayer.
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C. Temperature Measurements of the I-V _Character-

istics of Thin Film Emission Diodes

The I-V characteristics of the devices indicate
that the Schottky mechanism is probably the dominant
mechanism in the transport of electrons through the
oxide film. Since this mechanism is very temperature
dependent and the tunnelling mechanism has very little
temperature dependence it was decided to measure the
I-V characteristics of the devices as a function of

temperature. The method for this measurement is

described in section II-C-6.

The I-V characteristics of device PY-G-11(1l), as
a function of temperature, are shown in Fig. 19. 1t
can be seen that there is a large dependence of the I~V
characteristics on temperature with a change of less
than 100°K giving rise to an increase of current, at
a given voltage, of an order of magnitude. This effect
is also seen if some of the other mechanisms proposed
are present. However, if a plot of the zero field
intercepts, of the 1n I vs. Vl/2 plots, is made on a
1nh°/T2)vs. 1/T plot, the Slope of this plot should

again give PR’ as can be seen below:
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-p_/kT

I, = aaT?e R
2 ~®g/ KT

I_/T” = ape

o _

2

1n(I°/T )= lnaa - ¢R/kT
If this slope gives Y, as the same value as Pr obtained
from the zero field intertept calculations the mechanism

of importance is the Schoktky mechanism. A 1ln I vs.
V1/2 Plot for different temperatures for device
PY-G-11(1l) is shown in Fig. 20. The intercepts, Io'
are plotted‘on a ln(Io/Tz)vs. 103/T in Fig. 21. The
barrier height, Pp obtained in this manner is 0.33 ev

as compared to 0.71 eV by the zero field intercept

- method. This result casts some doubt on the Schottky

mechanism. Table II shows the comparison of the ~
barrier heights obtained using the two methods for the
devices listed in Table I.
Table II
BARRIER HEIGHTS FOR DIFFERENT DEVICES AS OBTAINED BY THE
ZERO FIELD INTERCEPT AND THE SLOPE OF THE

1n(1°/T2)vs. l/T.PLOT

DEVICE NO. s (a) PR (ev) P (ev)
(Zexro Field) (Slope)
PY-G-19(2) 79 : .71 .33
PY-G~11(1) 89 .71 .33
PY-G-18(2) 109 .70 .35

PY-G-17(1) 159 .72 <33
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As can be seen from this table the results are
quite consistent and cannot be explained by a simple
Schottky mechanism.

D. Measurements Made on Devices Fabricated with

oxygen Gas Present During Deposition of the

Oxide Film

The results on the above devices indicated that
the oxide films were not pure MgO. The MgO probably
dissociates to some degree during evaporation and
probably does not re-combine at the substrate surface
to give a stoichiometric film. The result is a film
with an excess of magnesium atoms. . It was decided to
attempt to grow a more stoichiometric film by admitting
oxygen gas during the deposition of the MgO film.

Since the pressure in the vacuum system is on the
order of 10—8 Torr during deposition of the MgO films
the first attempt to produce stoichiometric films was
done with oxygen gas admitted to the system to a
pressure of 1 x 10-'8 Torr, and this device, PY-G-22(2),
was measured. Oxygen gas was admitted to a pressure
of 10"7 Torr during fabrication of the next device,
PY-G~-25(3) . A summary of these two devices and one
fabricated with no oxygen admitted is shown in Fig. 22.

It will be noted that although the I-V characteristics
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still plot as a straight line on a ln I vs. Vl/2 Plot,
the zero field interecepts are no longer the same. The
zero field interecept values of ®p are .780 ev for Aévice
PY-G-22(2) fabricated with 10-8 Torr of oxygen gas and
0.823 eV for device PY-G-25(3) fabricated with 10-7 Torr
of oxygen. It is evident from these curves that
something is changing in the Mgo'film when deposition
of the MgO is done with oxygen present in the systemnm.

The plots of ln(Io/Tz) vs. 103/T for these two
devices and PY-G-11l(1l) are shown in Fig. 23. Tt will
be noted that the slopes of the plots decrease with
increasing amounts of.oxygen present during the Mgo
deposition. This would indicate a lower barrier, if
the mechanism was strictly a Schottky mechanism, for
increasing amounts of oxygen, while the zero field
intercept indicated a higher barrier. The barriers
measured in this manner give mR of 0.21 ev for PY—é-ZZ(Z)
and 0.11 eV for PY-G-25(3).

A number of devices were fabricated with the
deposition of Mgo done in an atmosphere of 10-6 Torr

of oxygen. None of these devices could be measured.
These devices either broke down before any current
was drawn or they were initially shorts. The devices

©
with MgO thicknesses greater than about 70 A always
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broke down when about 12 volts were applied and those
with thinner oxides were alil initially shorts. It is
believed that thé devices with thicknesses less than
about 70 A were shorted due to pinholes.

A number of devices were fabricated in which the
MgO was deposited with 10-5 Torr of oxygen gas present
for a short time and then the film was completed after
the oxygen had been pumped from the system. The first
device fabricated in this manner showed definite
rectification effects with higher currents drawn for
the overlayer negative than for the overlayer positive,
as expected. This device had an Mgo film that was
120 ; thick with oxygen present during deposition of the
first 30 2. The oxide layer was again too thick because
the device broke down before any appreciable current
could be drawn.. All subsequent devices fabricated in
this manner were either initially shorted or they were
also unstable and broke down before any dquantitative
measurements could be made.

One device, however, was stable long enough for
some measurements to be made. The I-V characteristics
of this device, PY-G-38(1), are shown in Fig. 24, The
curves are labeled in amps per division and + signifies

that the overlayer is positive. It can be seen that



the device broke down at about 17.6 volts. The
interesting features of these characteristics are the
difference in current for the two biases, the charac-
teristics are ohmic to about 6.5 volts, and the sharp
rise in current beyond this bias. Figure 25 is a plot
of these characteristics on a Fowler-Nordheim plot,
1n(1c/v2)vs. 1/V. where I is the actual current minus
the ohmic current. As can be seen from these curves
the I-V characteristics of this device can be explained
quite satisfactorily by the Fowier-Nordheim tunnel
equation. The barrier, mo, can be obtained from the
slopes of these curves. They are: 1.9 eV for the over-—
layer positive and 1.74 ev for the overlayer negative.
The fact that the barrier is higher for the overlayer
positive is expected since the more stoichiometric
part of the oxide film is near the underlayer. These
results are consistent with the hypothesis that the
MgO films are magnesium rich and that admitting oxygen
gas during deposition of the MgO film increases the
stoichiometry as seen by an increased barrier height.
The other devices plotted in this manner still Plotted

as in Fig. l4.
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E. Low Level I-V Characteristics of Thin Film

Emission Devices

It was noted during the study of the I-V character-
istics of these devices that at low fields, :'104 v/cm,
the I-V characteristics were ohmic. It was decided to
study the I-V characteristics at these low levels in
order to get a better understanding of the conduction
mechanism.

The first device measured in this ﬁanner in situ
was device PY-G-21(3). The I-V characteristics were
linear up to a field of = 104 V/cm and the resistance of
the device was 1.3 x 105 1 at a temperature of 312°K.

The resistance was measured as a function of temperature

and is plotted vs. 103/T in Fig. 26. A similar plot for

-8 -
devices PY-G-22(2), 10 Torr oxygen, and PY-G-25(3), 10 7

Torr oxygen, are also shown on this figure. Two features
of the device resistance are noticeable in this figure.

One of these features is that Ehe resistance increases

as the amount of oxygen gas increases during MgO deposition,
even though the oxide thicknesses are not all the same.
PY-G-21(3) and PY-G-22(2) both have an MgO layer of about
90 i thickness and PY-G-25(3) has an oxide thickness of
about 60 i. The other feature is that the temperature

dependence of the resistance is not linear on a plot of

this type.



F. Measurements of Electron Emission into Vacuum

from Thin Film Diodes

'The present experiment ;as designed to permit
simultaneous measurements of the I-V characteristics
of the device and the emission into vacuum from the
device. Data was obtained using the millisecond-
pulse technique discussed in section II-C-5. Although
the experiment was designed to permit measureménts on a
given emission diode over a range of overlayer film
thicknesses, this was never accomplished. After measure-
ments were made on a given device and more gold was
deposited to increase the overlayer thickness the
devices were always shorted. Consequently the
measurements were made on each device with only one
overlayer thickness. The overlayer thickness for each
device was calculated from thé resistivity of the film.
The resistance per square of a thin metallic film is
typically higher than that predicted by the bulk
resist;‘.vity.32 The resistance of é given metal film
also depends on the substrate. Thus, although this
method is not an accurate method for determining the
exact thickness, the ratio of thicknesses can be
accurately determined. All films were depositgd to a

o
calibrated thickness of 200 a, except where noted,
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see section II-C-2. The thickness of the overlayer
V [

for device PY-G-1l1(l) will be assumed to be 200 A

and the rest of the overlayer thicknesses calculated

with respect to this overlayer. The calculations

-1/2

will be based on the assumption that So = K R ,

where Rs is the sheet resistance in /square, So is the
overlayer film thickness, and K is a constant. This

emperical relationship has been observed by a number of

workers.20'32'55 The sheet resistance of device
PY-G-11(1) is 1.5 Q/square and a thickness of 200 i

for this value is not‘unreasonable (see reference 55,
Fig. 8) since it lies between the value calculated from
the bulk resistivity and Savoye's results for gold

on A1203. Table III lists the devices previously

Table III

OVERLAYER- THICKNESSES FOR MEASURED DEVICES

DEVICE NO. _ Rs(n/square) SO(A)
PY-G-11(1) 1.50 200
PY-G-17(1) 1.60 ‘ 194
PY-G~18(2) 1.22 222
PY-G-19(2) 3.39 133%
PY-G-22(2) , 1.38 209
PY-G-25(3) 1.50 200

*Deposited to a thickness of 150 5.
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discussed with their sheet resistance and calculated
overlayer thicknesses.

The overlayer film thicknesses are of importance
because attenuation of the hot electrons occurs in
the overlayer film as well as in the oxide film.12'20‘70
The emission transfer ratio, a, for device PY-G-11(1)
is plotted vs. sample voltage, vs' in Fig. 2Z. fThe
immediate feature that is seen is that the emission
transfer ratio, a, decreases with increasing Vs. in
contrast to the results seen bylother investigators.lz'71
savoye.12 for example, was able to explain the increase
of a with increasing vs on strong inelastic electron-
phonon interactions. His results indicated a mean-free-
path of about 7 i with an energy loss of 0.1 eV per
"interaction. In this case only a fraction of the electrons
would arrive at. the overlayer metal with sufficient
energy to escape over the vacuum work function barrier.
This fraction would be expected to increase with increasing
vs and, depending upon the details of the electron
energy distribution, could in principle increase suffi-
ciently rapidly with sample bias to give rise to a net
increase in a with Vg- However, if these interactions

did not occur, or if the interactions were elastic,

one would expect that a would decrease with increasing
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vs, since injection into the overlayer would then occur
at higher energies and the mean-free-path for hot elec-
trons in the metal overlayer is expected to decrease for
increasing electron energy.72'73'74 This effect is seen
here experimentally.

Figure 28 is a comparison of emission results for
the devices previously discussed in which no oxygen was
admitted during the deposition of MgO. Figure 29 is a
comparison of emission results for devices fabricated
with different amounts of oxygén present during the MgoO
deposition. The results for device PY-G-11(l) are also
Plotted on this figure for comparison purposes since
it has the oxide thickness closest to that of device
PY~-G-22(2) .

From the data presented in these figures the
following observations can be made: |

1) The magnitude of the emission transfer ratio, a,
is seen to decrease with increasing Vg for each Mgo
thickness regardless of the gmount of oxygen gas presené
during deposition of the Mgo.

2) The general shape of the log a vs. vs curves
is similar for all devices except at the low voltage
levels where the measurements are not as accurate.

Strangely, the main effect of increasing the Mgo
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thickness is to increase the transfer ratio at a
given voltage.

3) The effect of increasing the oxXygen pressure
during Mgo deposition is also to increase the transfer
ratio at a given voltage.

G. Attempts to Fabricate a Device with a Single

Crystal oOxide

As stated in section I an attempt was to be made
to grow an épitaxial device, at least a device with a
single crystal MgO film. A number of attempts were made
on different substrates but in no case was a single
crystal device achieved.

The devices fabricated on the MgO substrates appeared
to have highly disoriented layers. These results were
true regardless of the method of substrate preparation.
Each device was a short circuit between underlayer and
overlayer. Ten sample sets, thirty devices, weré

fabricated with no success.

- The AQevices fabricated on the CaF2 substrates
appeared to be slightly more ordered than on the MgO
substrates. The MgO film for two of these devices

exhibited a ring pattern when studied with LEED. Fach

device was a short circuit between underlayer and
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overlayer. Five sample sets, fifteen devices, were
fabricated with no success.

The devices fabricated on the single crystal sub-
strates were done with the substrate temperaturé at
400°C during deposition of the various layers. The
deposition rates were then varied to attempt to achieve
epitaxy.

Since a perfect cleavage plane was not achieved
with any of these substrates the surfaces were never
nearly atomically smooth. The devices had
MgO films of about 100 5 thickness, about 15 molecule
layers, so it can be seen that the substrate must be
very smooth in order to achieve a device with no
pinholes.

Another problem that is involved is that during
epitaxial growth of a thin fiim. the film must nucleate36
so that single crystal growth can occur. This nucleation
leads to pinholes in the f£ilm until the £film has reached
a certain thickness. Since these ﬁevices mus't have thin
oxide layers it appears that epitaxial growth and non-
shorted devices are two competing mechanisms.

Epitaxial growth may be inhibited by the fact that
the MgO films are non-stoichiometric with an excess of

Mg atoms. In order to achieve stoichiometry and still
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have a measurable device the MgO layer must be on the
order of 40 i thick. Thus again, epitaxy and a measurable
device are incompatible. The conclusion arrived at

is that the epitaxial growth of a measurable device with
a stoichiometric film of MgO between two metals may

not be impossible, but is surely extremely difficult.

Time did not permit the pursuit of this topic any further.

Table IV is a summary of the results of all devices

studied exténsively.
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Table IV

SUMMARY OF DEVICE DATA

DEVICE NO. S SO ¢l ¢2 R Poz
PY-G-11(1) 89 200 .714 .33 - -
PY-G-16(3) 106 - 741 - - -
PY-G-17(1) 159 194 .721 .33 - -
PY-G-18(1) 106 - .94 .34 - -
PY-G-18(2) 109 222 .700 .35 - -
PY-G-19(2) 79 133  .710 .33 - -
PY-G-20(1) 680 -  .695 - - -
PY-G-20(3) 680 -  .695  — - -
PY-G-21(3) 90 - .732 .34  1.3x10° -
PY-G-22(2) % 209 .780 .21 4.25x10° 10”8
PY-G-25(3) 60 200 .823 .11 7.4x10°  10~’
PY-G-38(1) % - 1.9,1.74 -  4.35x10° 10 °,-

In this table: '
S = oxide thickness, in i
So = overlayer thickness, in g
P = barrier obtained by zerd field intercept method, in ev
Py = barrier obtained by slope of Arrhenius plot,
- in ev
R = resistance of device for ohmic part of
characteristic, in Q, at about room temperature
P = pressure of 02 gas admitted during MgoO

©2
deposition, in Torr
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IV. ANALYSIS OF HOT ELECTRON TRANSPORT PROCESSES IN

VACUUM DEPOSITED THIN-FILM EMISSION DIODES

A. ntroduction

—

The transport of hot electrons in thin film
emission diodes can be viewed as involving three
stages, which are in principle separable: 1) a
process by means of which electrons are injected into
the thin oxide film, 2) transport through the oxide
film, and 3) transmission of electrons through the
overlayer metal film region, with emission into vacuum.
A major difficulty in studies of such devices lies in
the fact that these processes are not readily separable
on an experimental basis.

In preceding sections of this thesis, a series of
experiments was discussed which involved the study of
the transport of hot electroné through these devices
fabricated under a variety of conditions and the
subsequent emission into vacuum of these electrons.
These efforts were directed toward providing as complete
an experimental description of the film properties and
the transport processeslas possible in order to
determine the properties of wvacuum deposited thin

oxide films.
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The present section first presents a brief summary
of the important experimental observations of these
studies. Analysis of the experimental results is
separated into two stages: electron injection into
the oxide film, and transmission of a fraction of the
injected electrons into vacuum. The processes of
importance at each stage are thus as nearly as possible
subjected to analysis separately, and the results
combined to formulate the complete model for the hot
electron transport process in #acuum deposited thin-

film emission diodes.

B. Summary of Experimental Observations

These studies have involved investigations of
Au-MgO-Au thin film emission diodes with the Mgo film
deposited with different amounts of oxygen gas present
in the vacuum system and to different thicknesses.

The properties of the Mgo films changed as the amount of
oxygen present in the vacuum system changed during
deposition of the Mgo film. This change was to

higher biases necessary for the same sample current.
These observations are consistent with an increase

in barrier height with an increase in the amount of

oxygen present. This might be expected if the films
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are more stoichiometric with more oxygen present during

deposition.

The thin film sample I-V characteristics were plotted
on a ln I vs. vl/2 Plot for direct comparison: between
samples. The data for each sample plotted in this way
were fit by straight lines, in qualitative agreement
with the simple Richardson-Schottky or Pool-Frenkel
equations. The data was plotted on a ln(Io/Tz) vs. 1/T
plot for each device. The data for each sample plotted
in this manner were fit by straight lines. However,
the data plotted in these two manners gave different
barrier heights, if one assumes the Schottky equation,
or different trap levels, if one assumes a Pool-Frenkel
equation. Thus the data is inconsistent with either of
these mechanisms applied in a'simple manner to these
devices. The data were also inconsistent with the simple
Fowler-Nordheim equation adapted for internal field
emission since it did not plot as a straight line on
ln(I/Vz)vs. 1/v plot. |

An emission current into vacuum was observed fér
all sample types, which was stable and reproducible and
free from_breakdown effects. The magnitude of the
emission transfer ratio, a, decreased with increasing

sample voltage, Vg and increased for thicker oxide films.
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The indications are that the barrier presented
to the flow of electrons by the oxide film increases
with increasing amounts of oxygen present during the
deposition of the MgO. Since no devices could be
measured which were fabricated with an oxygen pressure
of 10”6 Torr or greater present during MgoO deposition,
an attempt was made to produce a device with an oxide
layer consisting of two regions with a different
compositioﬁ near either of the metal-oxide interfaces.
Although the results indicated that these devices
show rectification effects, since the barrier at either
interface was different, no devices fabricated in this
manner were stable over a large current range and no
extensive quagtitative results were obtained.

All devices fabricated on single crystal sub-
strates were initially shorted and could not be repaired.
The conclusion arrived at is that the epitaxial growth
of a measurable device with a stoichiometric film of
MgO between two metals may not be-impossible. but is
extremely improbable.

C. Discussion of a Model for Injection of Electrons

into the oOxide Film

Experimental results have been presented for the

I-V characteristics of vacuum deposited thin film
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emission diodes which are in agreement with an expression
in which Is is directly proportional to Vs at low fields
and in which ln:[s is proportional to vsl/2 at high
fields. However the results are not consistent with a
field-controlled emission-limited Pool-Frenkel mechanism
whereby electrons are emitted from a discrete trap level
into the conduction band over the Coulomb potential
barrier under the attendant lowering by the applied
electric field. The_origin of this equation was in
connection with conduction processes in bulk insulators
or semiconductors14 in which the effects of the electron
image force on the interface barrier are of less importance
in conduction than for very thin films.

The results were also not consistent with the simple
Richardson-Schottky equation used for emission into
vacuum, modified for emission into the conduction band
of the dielectric by multiplying € by € - The origin
of the Richardson-Schottky equation was in connection
with thermionic emission of electrons into vacuum from
metals of high work function in which the work function
is lowered by the electric field because of image force
modifigggion of the metal - vacuum interfacial barrier.

These results are not directly applicable to the case

of internal electron emission from a metal into an oxide,
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since a detailed analysis must consider the influence
of the oxide dielectric constant in modifying the
electron image force. Emtage and Tantraporn5

and Pollack6 obtained results which they attributed to
a Schottky emission mechanism. The problem as applied
to these devices needs some modification since the
multiple image force corrections to the barrier mustc
be made. This problem is solved in Appendix I. The

result is:

.148 V'484

I= aATze—ch/kTe kT . (1)
for the equation that applies to Schottky type emission
into the conduction band of the insulator for high
fields. It can be seen that the current dependence on
voltage is not exactly the same as for emission inﬁo
vacuaum from a thermionic cathode. However, the zerxo
field intercept of the plot of 1n I vs. V'484 should
still give the barrier height, Pg - A plot of 1n I vs.
V’4B4 for device PY-G-11(l) is shown in Fig. 32 for the
various temperatures. As expected the device character-
istics plotted as a straight line on this curve. The
only difference between this plot and a plot of 1n I
. 1/2

vé. v is that the zero field intercept is slightly

lower for T = 313°K. The value of ¢R obtained from the

zero field intercept in Pig. 32 is .722 ev as compared
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to .714 eV from the zero field intercept of the

In X vs. Vl/2 plot.

Figure 33 is a plot of ln(Io/Tz) vs. 103/T for Io
obtained from the 1ln I vs. V'484 plots at different
temperatures. It can be seen from this figure that the
plot is not a 'straight line"as it is in Fig. 21. The
plot should be a straight line according to Eqg. (1)
if the barrier is independent of temperature. However,
as stated in section III-B, the barrier was expected
to be much higher than that measured in these devices.
The barrier, however, could be lowered if impurities
were introduced into the MgO film allowing enexgy
states in the forbidden gap in the bulk material or at
the surface. Since these devices were fabricated and
studied in ultra-high-vacuum the probability of intro-
ducing foreign impurities into the device is slight.
The impurity atoms must then be excess Mg giving rise
to a localized energy level. Depending on the‘number
of excess Mg atoms, or oxygen vacéncies, and the
location of this level in the energy band structure, the
barrier could be temperature dependent. Thus the
barrier piqfure as shown in Fig. 30 is complicated by
the presence of donors. Calcula--ons of the effective

Debye 1ength80 shows that the s8g . re barrier, modified
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by the electron image force, is the correct shape for
this barrier. The emission data indicates that a height
of Py ~ .72 eV is the correct height.

Since the dependence of the barrier height on

applied voltage deviates from the 1ln I vs. V'484 law

for lower voltages, expression (1) does not hold for

low voltages. This expression should thus be written

as:

5 ~® /KT

I aaT2e R ef(V)/kT

(2)
where £(V) is a function of applied voltage and is
plotted in Fig. 31. This expression shows that there
should be a current at zero applied voltage. However

no current is observed at zero applied voltage. Consider
that the overlayer is biased positively. This expression
then gives the value of the current from the overlayer

to the underlayer, or the electron flow from the underlayer
to the overlayer. However, at zero applied voltage

there is an electron flow from underlayer to overlayer
due to thermal agitation which allows electrons to

flow over the barrier from underlayer to overlayer.
However, since the barrier is symmetrical and the
overlayer and underlafer are the same material, gold,

at zero applied voltage the same number of electrons

should have thermal energy to flow over the barrier from
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overlayer to underlayer. In edquilibrium this gives
rise to equal and opposite currents, so that the measured
current at Vv = 0 is I = 0. As the barrier is lowered
for electron flow from underlayer to overlayer it is
raised for electron flow from overlayer to underlayer.
Thus the correct expression for current from a Schottky

type mechanism is:

-¢_/kT
I = aar2e R [ef(v)/kT-eg(v)/ij (3)
-y
where,
g(v) = £(V) - ev . (4)
From this expression it can be seen that at v =0
g(o) = £(0) (5)

and

I=0.
Figure 34 is a comparison between the data for device
PY-G-21(3) and Eq. (3) . The data points are circled
and the solid line is Eg. (3). It can be seen from this
figure that there is extremely good agreement between
the data and Egq. (3) over 6 orderé of magnitude of
cuarrent and 5 orders of magnitude of voltage. Further-
more, Eq. (3) predicts a linear relationship between I
and Vv for low voltages. The bracketed expression in

Eq. (3) can be written as:
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ef(V) (- e-ev/k'r) . (6)

For fields < 104 v/cm, £(V) =~ K, thus (6) becomes:

eK/kT(l - e-ev/kTL (7)

where K is a constant and YpK = @, the actual barrier
height. Expanding e—eV/kT in a Maclaurin's series the

bracketed expression becomes:

2 3
_ev ., 1ev® 1 ev” 4
1'[1 ~xr T 247 6 * ot (8)

For voltages on the order of 5 x 10-'3 volts, which is

where the I-V characteristics of the this device,

PY-G-21(3), start to deviate from linearity, i¥'= 0.186
and %1%%) = 0.017. So it can be seen that below
this value of voltage, (3) can be written as:
-p /KT

I = aAT e G, (9)
or,

V = IR, ' (10)
where R is given by

cpo/k'l‘
R = kTe = (11)
eaAT .

For this device at T = 312°K this resistance is 8x104 Q

while the measured resistance was l.3 x 105 Q, which

is remarkably good agreement considering that the
Richardson constant is involved in this expression.
The data for devices PY-G-17(1l), 18(2), and 19(2),

which were measured at high voltages only, are shown
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in Fig. 35 where 1ln I is plotted vs. V'484. As for
device PY-G-11(l) the barriers calculated from the zero
field intercept do not change substantially from those
calculated from the zero field intercept of the 1ln I vs.
Vl/2 plots. Figure 36 shows a comparison between the
devices fabricated with varying amounts of oxygen
present during deposition of the MgO on a 1ln I vs. y-484
plot. The barriers obtained from these plots are given
in Table Vv along with the barriers found for device
PY-G-38(1l) from the Fowler—Nordheim pPlocts.

Table V

BARRIER HEIGHTS FOR A NUMBER OF DEVICES

WITH DIFFERENT PARAMETERS

DEVICE NO. s (i) P (ev) p°2 (Torr)
PY-G-11(1) 89 .722 < 10”8
PY-G-17(1) 159 .724 < 1078
PY-G~-18(2) 109 .701 < 1078
PY~-G-19(2) 79 .711 < 1078
PY-G-22(2) 20 .792 1078

PY-G~25 (3) 60 .833 10”7
PY-G-38(1) 90 1.90, 1.74 107°, <1078

This table illustrates the fact that the barrier
height does not change with oxide thickness but that the

barrier height increases with increased oxygen pressure
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present during deposition of the Mgo film. Figure 37
is a plot of the data for devices PY-G-22(2), MgoO

deposited at 10'-8 Torr 02, and PY-G-25(3), MgO deposited

at 10-7'Torr 02, on log—-log paper. The solid lines drawn
on the curves are expression (3) with the appropriate
values of Pe for these two devices. Again there is
strikingly good agreement between the experimental
points and the theoretical curves over six orders of
magnitude of current. The values of resistance
calculated and experimentally found were again in
extremely good agreement. For device PY-G-22(2) the
calculated value is 3.9 x 105 Q while experimentally
it was determined to be 4.3 x 105 1. For device PY-G-25(3)
the numbers are 7.1 x 105 Q and 7.5 x 105 (1 respectively.
The remarkably good agreement between Eq. (3)
and the data indicates that the Schottky type mechanism,
modified for these devices, is the dominant mechanism
for injection of electrons into the oxide film. The
data also indicate that the barrier presented to the flow
of electrons by the oxide is much lower than that
predicted by the simple band theory. If the barrier

Was @u~Xy+ the barrier would be 4.65 eV regardless of
the number of excess Mg atoms or oxygen vacancies.

However the barrier is much lower than this and also
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depends on the number of excess Mg atoms in a manner
such that the barrier is lower for more excess Mg.

The fact that the barrier seen is lower than that expected
is not altoghether unreasonable. Other authors have
seen this same effeut81'82'83 for metal-semiconductor
interfaces. Mead84 gives a semi-emperical analysis

in which he characterizes the barrier as o ~Xg for
semiconductors of ionic character and independent of
metal elecﬁrode for semiconductors of covalent bonding.

A brief resume of this analysis is given below,

not as a statement to determine the barrier height

but as a statement that it could be much lower than
| P Xy Figure 38 is a reproduction of a figure in a
classic paper on surface states by Shockley.85 This
figure shows the traditional splitting of atomic energy
levels as the wave functions bf the atoms overlap. 1In
addition it shows the energy of the surface states as

a function of lattice spacing. One fact is evident,
that is that there are two distinct regions of surface
state behavior. At large separations, the wave functions
overlap only slightly and the surface states lie at the
band edges. At small separations the wave functions
overlap strongly and the surface states are near the

center of the gap. This provides a valuable clue to
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the behavior of different types of semiconductors with
respect to surface states. In essentially ionic
materials, the wave functions are atomic in nature and
the overlap is small. Surface states are formed by the
two types of atoms at the surface of the crystal. and
their energies lie close to the valence and conduction
band edges. The upper surface states are unoccupied
and the lower surface states are occupied. Thus the
Fermi level at the surface may move from near the
conduction band edge to near the valence band edge
without creating any surface charge. This behavior

is quite consistent with the oversimplified picture

of the ionic crystal and it does explain the results
for many materials. Until the wave function overlap
reaches a critical value the surface states lie at

the band edges. A small incréase in overlap above this
critical value causes the surface states to move rapidly
to a region near the center of the forbidden gap.

The above analysis holds for intrinsic semiconductors
and insulators. However when impurity atoms are added
to the crystal the location of the Fermi level may
change. If these atoms give rise to donor levels near
the conduction band the Fermi level may be closer to

the conduction band than the wvalence band. If the
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impurities occupy interstitial positions in the lattice
the wave function overlap would be greater than in the
original material. A large density of donor like
surface states near the conduction band could exist at
the surface.

How do these surface states affect the barrier?
The surface states are distributed in energy somewhere
in the forbidden gap of the oxide, and when the free
surface is éharge neutral they are filled to some
energy, Eo' below the conduction band. This will then
locate the Fermi level at the surface. If an electric
field is applied at the surface this field will induce
charge in the oxide, primarily in the surface statés if
their density is large, and the Fernmi level at the
surface will shift from this value. However, the larger
the number of surface states pPer unit energy interval,
the smaller the movement of the Fermi level for a
given induced charge. The same argument may be applied
to the energies of a mestal-oxide ihterface. In the
limit of very high surface state density, the Fermi level
at the surface is fixed by Eo' and the barrier energy
is just the difference between the band edge and this
Fermi level independent of the contact potential

difference between metal and oxide.
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Bardeen87 discusses the behavior of the barrier
as‘a function of surface state density. The conclusion
arrived at is that for a high density of surface states
the barrier height is nearly independent of the work
function of the metal and is about the same as for a
free surface. The height of the barrier is thug deter-
mined by the location of the surface states and their
density.

There is some experimental evidence that excess

Mg in MgO gives rise to a localized energy level

near the bottom of the forbidden gap or possibly in

the valence band.es'89

These states are low lying
donor states and when the crystal is irradiated with
UV a current is carried by holes. The donor level

in their samples is the ground state of an F center
and when irradiated by UV the electron enters the
excited state. An electron from the valence band can
then be thermally excited into the ground state of
the F center giving rise to a hole‘in the wvalence
band. The current under these conditions is then
carried by holes. Other results of Yamaka and Sawamoto90
found that the current in MgO with an excess of Mg was
carried by electrons. Their conclusion comes from the

results of measurements of the thermo-electromotive
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force at a temperature range of 650°C to 1000°C‘, These
results indicated a donor level in the forbidden gap
nearer the bottom of the conduction band.

It can be seen that there is some doubt as to the
location of the donor levels in MgO with an excess
of Mg. The explanation given by Olson89 for a low
lying donor level can be summarized as follows;

The MgO crystal is.heated in a magnesium vapor pressure.
The excess magnesium thus arrives at the sur face and
reacts with the crystal. Rather than a diffusion of
magnesium atoms into the crystal into interstitial
positions this reaction causes diffusion of oxygen to
the surface, creating an oxygen vacancy. This oxygen
vacancy becomes the site of tightly bound electroné or
a low lying donor level. Their analysis excluded Mg
atoms in intersitital positions because the crystal
cannot accommodate them.

An excess magnesium atom in an interstitial type
position would probably give rise go a donor level
nearer the conduction band. Since the films studied
here are not single crystal films, the excess magnes ium
could very well 6ccupy positions which are of an
interstitial type. The experimental evidence indicated

that this must be the case since the barrier is so low.
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Thus, there must exist localized donor levels near the
conduction band and donor like surface states also
near the conduction band.

According to Fig. 33 the barrier height changes
as a function of temperature. Figure 39 is a plot of
ln(Io/Tz) vs. 103/T for the two devices fabricated with
O2 gas present during the deposition of Mgo. The results
from device PY-G-11(1l) are repeated here for comparison.
It can be seen that none of these curves plot as

Straight lines. The zero field intercept of the 1n I
484

vs., v°© gives a value of I_ as:

I, = anrZe &7 (12)
.Thus

1 /1 = ane BT (13)
or

1n(1°/T2) = lnap - ¢#/kT - ' (14)

Therefore it can be seen that if Pp # mR(T) the slope

of the 1n(Io/T2) vs. 1/T plot shogld be a straight line:
aln(z /T7)/4(L/E) = - o /k . (15)

However if Pp is a function of temperature this becomes:

dln(z /Tz)/d(l/T) = -9 (T)/k - (1/kT)dp_(T)/d(1/T)
o R R (16)

Thus the slope of these plots will not be proportional
to the barrier height, which may explain the difference

seen betwzen the barriers found by the two methods in
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section IXI-C since the barriers were found from the
slope of the best straight line f£it to the data for the
ln(Io/Tz) vsS. 103/T plots. If dmR(T)/dT is positive,
i.e. if the barrier increases with increasing tempera-
ture, then d@R(T)/d(l/T) is negative and the slope of
the ln(Io/Tz) vs. 1/T plots will give a number which

is smaller than the actual barrier. The barrier heights

obtained for these three devices from the 1ln I vs. V'4r84

plots are plotted in Fig. 40 as a function of tempera-
ture. It can be seen from this figure that the barrier
heights do increase with increasing temperature. Thus
the slope of the Arrhenius plot will give a value for
the barrier height which is actually less than the real
barrier height, as seen in these experiments.

The barrier is the distance, in energy, between
the location of the Fermi level and the bottom of the
conduction band at the surface. In a bulk n-type
semiconductor the Fermi level does move farther from
the conduction band with increasing temperature. A
similar process must exist for these devices. A
discussion of this problem is given in Appendix II ..

After oversimplification of the problem a qualita-

tive result was obtained for the barrier height as a
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function of temperature and donor concentration. The

"11/2}] (17)

This simple calculation shows that the barrier increases

result is:

2 w/kT
@ = lenEl/z) {Nc/Nd+[(Nc/Nd) +8Nce

for increasing temperature, increases for decreasing
donor concentration, and increases faster for increasing
temperature as the donor concentration decreases. These
results are all consistent with the experimental results.
This expression is plotted as the dashed curves in

Fig. 40 and it can be seen thatvthe agreement with the
experimental results is fairly good on a qualitative
basis,

The model developed here for the barrier height
depends on the existence of surface states. As pre-
viously stated the barrier under these conditions should
be nearly independent of the work function of the metal.
Savoye55 found a contact potential difference of

PruPay = .8 eV in his al- A1203-Au samples. If the

surface state model holds, the barrier should be nearly
the same for current flow in either direction, if it
does not hold the barrier will be modified by the
contact potential difference between the metals.

A number of Au-Mgo-Al devices were fabricated.- These

devices were very unstable and usually broke down
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before any extensive measurements could be made. One
device, PY-A-1(1), was stable long enough to measure the
I~V characteristics at T = 313°K. The results of this
k] L] .484
measurement are shown in Pig. 41 ona In I vs. V
plot. The barriers obtained from these plots are:

for the Au~-MgO interface, «702 ev, and for the

Prau =
Al-MgO interface, Pral = .643 eV. It can be seen that

there is some difference between the two electrodes,
Prau-Pral = .059 eV, but this value is much smaller
than the difference in work functions between gold and
aluminum. This difference in barriers is about the same
value as the differenee noted by Mead83 for different
metals on CdSe. Thus the model incorporating surface
states to lower the expected barrier is consistent with
the observed results even though no quantitative results
could be obtained. |

We conclude that the current transfer process of
importance in these thin film emission diodes is that
of field-controlled emission—limiﬁed Schottky emission
mechanism whereby electrons are emitted from the metal
electrode into the conduction band of the insulating
film over the image force interfacial barrier under the
attendant lowering by the electric field. The simple

Schottky equation does not hold but the equation



92

derived by taking into account the multiple image
corrections to the barrier profile give excellent agree-
ment with experimental results. The effective height
of the energy barrier at the Au-MgO interface éeduced
from this analysis is about .7 eV. This value can only
be explained if a large density of interface states
exist. The barrier height is temperature dependent and
also depends on the excess magnesium concentration.
This model implies that a.large.density of surface
states, which are all ionized, allows the barrier to be
much smaller than initially expected and that the
effect of increasing the temperature is to ionize more
donors allowing more electrons to enter the conduction
band of the MgO. This results in a higher barrier for
higher temperatures.

In this model the electrons injected by the Schottky
emission process appear in the conduction band of the
insulating f£ilm, where they are accelerated by the strogg
electric field toward the positivély biased electrode.
The processes by means of which the injected electrons

are transported through the insulating film are discussed

in the next section.
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D. Discussion of Emission into vacuum

The electron injection process in these thin f£ilm
emission diodes has thus been characterized as a
SChottky emission process. The subsequent transport
of the injected electrons through the insulator under
the influence of the strong electric field can be
expected to involve some energy loss.

Figures27, 28, and 29 show the emission transfer
ratio, a = Ie/(Ie+IS) as a function of sample bias.
Two features of these plots are very striking. One is
that the transfer ratio decreases with increasing
sample bias and the other is that for only one device,
PY-G-25(3), is the sample bias greater than 5.45 volts.
Figure 44a shows the energy band diagram for these
devices under an applied sample voltage of 4 volts,
which is highef than most sample biases reached in
these experiments. The straight line with the arrow
shows the trajectory of an electron which loses no
energy in traversihg the oxide and metal overlayer.

It can be seen that the electron éhould not be emitted
into vacuum since it does not have éenough energy to
surmount the metal-vacuum interfacial potential barrier.

The anode-overlayer spacing is large enough so

that Schottky emission should not occur from the metal
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overlayer into vacuum. The resolution of the measure-
ments was such that emission currents on the order of
-10 » -10
10 amps could be measured. For current of 10
amps due to “thermionic"” emission a sample bias of
= 4.45 volts would be necessary. Therefore there
should be no electrons emitted into vacuum until the
sample bias is = 4.45 volts.
12 . . .
Savoye and Anderson discuss the possibility of
preferential emission of electrons through holes in the
gold overlayer film. In order for electrons to be
emitted from these Au-MgO-Au devices the electrons
must be emitted through holes in the gold overlayer

film. The energy band diagram appropriate to the

fraction of electrons which arrive at the oxide-overlayer

interface in the vicinity of a hole is shown in Fig. 44b
for a 4 volt sahple bias. |

In the case of large holes, the field at the
underlayexr beneath the hole might be expected to
decrease fairly rapidly with distance from the edge, and
hence the current density would also decrease beneath a
hole. 1In consequence only a fraction of the area of a
Particular hole would be expected to contribute

appreciable emission current.
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Electron micrographs of thin gold films deposited
on cold substrates indicate that such films consist
of a large number of agglomerates, separated by relatively
narrow open regions resembling slots, which are
. . . . 93,94
characterized by a fairly well defined width.
We therefore assume that in the present case the holes

in the Au overlayer films can be represented by slots
of characteristic width d.

The widEh of the slots for a typical case is
difficult to estimate from the electron micrographs,
but is on the order of 20-~200 5 for a f£ilm of about
100 5 thickness.55 In the present experiments with MgoO
films varying from 60 5 to 160 i thickness, the electric
field strength at the underlayer beneath a slot might
therefore be expected to decrease rapidly with distance
from the slot edge. The electron current emitted into
the oxide film beneath a slot can be estimated using a
solution to the electrostatic problem for the field
beneath a slot as a function of the distance from the
slot edge.

A solution to the electrostatic problem simplified
by neglecting the dielectric discontinuity at the
sur face has been obtained, and is presented in Appendix III.

From this solution, numerical calculations for the
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field strength, F(y), as a function of the distance,

Y. from one edge of the slot were carried out for the

ratios of oxide thickness to slot width of interest,

-]
assuming all slots are 100 A wide. Results of these

calculations are presented in Fig. 45, where relative
field strength, F/Fo. is plottéd-versus y. Notice that
the ordinate scale is an expanded scale extending only
from 75% to 100%.

The magnitude of F/F° is seen to decrease rapidly

with distance and at a rate strongly dependent on the

oxide thickness, as expected.

The relative electron current, jrel(y) resulting

from the field F at y is:

2-CPR/kT B[F(Y) ]1/2
. (v) = jily) _ AT e e .
Jrer'y j(=~oc0) o -0 /KT BFél/2
AT e e
' 1/2
BF (r/F )1/2-17
=e °© [ ° -4, (19)

We have assumed the simplified form for the‘Schottky '
equation since it is nearly correct for the fields of

interest. The constant B has the value, B = 4.5 x 10-'3

(cm/volt)l/z, for T = 313°K, the temperature at which

emission data was taken.
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Let there be N such slots per unit area and of
length ¢. If y is the ratio of overlayer hole area to
total overlayer area

-y = N¢d . (20)
An estimate to the current emitted into the oxide beneath
a hole in the overlayer film can éhus be made.

The sample current, Is. can be viewed as consisting
of two contributions; 1) a contribution from Schottky
current denéity js from regions of Au lying beneath the
gold overlayer, and 2) a contribution from regions of
Au lying beneath holes.in the gold overlayer, which is
written as jrel(y)js. This second contribution will
depend upon the position, y, under the slot of width d,
with 0 < rel(y) l. Assuming that jg is constant,
and determined by the magnitude of the applied field
at the au underlayer beneath ﬁhe Au overlayer,

we write for the sample current:

d -
Is = jsa(l-Y) + jsNL j‘ (y)dy - I . (21)
o
or
I, = jsa[(l-v) + ¥ dJr rel(y)dﬂ - Ig (22)

o
where a is the sample area and the integration is over

a single slot of width 4.

A similar expression can be written for the emission

current, Iez
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VP ey, (23)

a
f\
J

‘ —];
Ie = a[(l-y)P e + Y3

where at is the attenuation factor for the Au film, Poo

is the fraction of the electrons which arrive at the
overlayef film energetically capable of emission, Pos
is the fraction of the electrons which arrive at a
slot energetically capable of emission, and aH(y)
expresses the transfer ratio through a slot of width d,
as a function of position y. For the biases, Vs. used
in these experiments, Poo = 0. Since the sample
current beneath a slot is less than the sample current

beneath the overlayer and l-y =~ 1, Is and Ie can be

written as:

I = jga - 1, a (24)
ianr
I, = J,ay 3 a J Jrel(y)PosaH(y)dy . (25)
o
Oon this model the measured transfer ratio aM is:
. |
o =2 =y 105 e o (ma (26)
M I +I Y a ) dre1'¥) PogPg¥Icy
or
d
RN S LT Ny
Ty = Y'EJ g{¥e dy. (27)
o

For an applied field of Fo = 2.5 x 106 volts/cm (27)

becomes

7.1{[F(Y)/F;]1/2-1}

ay =Y %JrPosaH(y)e : dy . (28)
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If no energy loss occurred ih the oxide all electrons
arriving at a slot would be energetically capable of
escape, for F, = 2.5 x 106 volts/cm, and a good
approximation under these conditions would be aH(y) = 1

for 0 <y < d. 1In this case,

d /
- %Jre'I.l{[F(y) /Fo:‘gl 2-—1}dy

o]

(29)

This expression for oy can be integrated numerically for

each oxide thickhess of interest. This has been done
and aM is plotted vs. S, the oxide thickness, in
Fig. 46. This shows that a, on the basis of field
alone, should go up for thicker oxides. Also shown on
this figure are the actual emission ratios, for
Fo = 2,5 x 106 volts, divided by a suitable y. The vy
used here is not the actual y since the emission transfer
ratio drops off as a function of voltage. The y used
was one in which the data would then fit the theoretical
curve for s = 159 i. It can be seen in this figure that
the other data points fit the curQe gquite well.

An examination of Fig. 29 shows that an extension
of the data to V = 0 leads to values of y on the order

of 2 x 10-3. This would put a 1ower'bound on y of

2 x 10" 3. The reason for saying that this value is

a lower bound on y is that the tefm aH(y) in Eg. (23)
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is not a constant of value 1.0 since the electrons
arriving near the edge of a slot have a greater
probability of being trapped than those arriving at
the center of a slot with the same value of Ve This
is a 'consequence of the fringing field at the slot.
This value for y is quite reasonable. A comparison
with the results of Savoye (see reference 55, Fig. 40)
shows that for an overlayer thickness of 200 i,

y has a value of ~ 6 x 10 ° for gold on Al_O As

2°3°
noted in section III-F of this thesis, the sheet
resistance of a gold film on MgO is lower than for a
gold film on A1203. indicating a more continuous film
of gold on MgO, i.e., fewer pin-holes in the gold.

This would lead to a smaller value of y for Au on MgO

than for Au on A120'. as seen here.

Possible energy loss mechanisms in the MgO film
include impurity scattering, impact ionization of
valence electrons, and electron-phonon interactions.

Impact ionization of valence<e1ectrons can only
occur if the energetic electron has kinetic energy
E > E,, where E_ is the band-gap energy. Because

g g
there is a potential barrier of magnitude ¢° between

the overlayer Fermi level and the bottom of the oxide

conduction band and the energy distribution of electrons
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in the metal drops off quite rapidly above this level,
the maximum kinetic energy available for Vs volts
applied is approximately Em = evs - wo.' From this the

threshold voltage for impact ionization to be possible
is evs 2_Eg + DOy ° The band-gap energy, Eg, of MgoO is
8.7 ev and P, = .7 eV. These values show an estimate
of the threshold voltage for impact ionization of about
9.4 volts. In the present experiments the maximum
applied voltage is always less ghan 9 volts, hence
impact ionization of valence electrons can be ignored.
Electron-phonon interactions, in particular the
creation of optical phonons, can be expected to result
in a loss in energy. The creation of optical phonons
can be expected to result in an energy loss on the
order98 of 0.1 eV per interaction. The mean distance,
A, required for an electron of energy E to create an
12

optical phonon can be crudely estimated on the basis

of the theories of intrinsic breakdown of insulators

hAdd ’
~ ag/ax ' (30)

where a®w is the optical phonon energy and dE/dx is the

A

rate of energy loss to the lattice with distance x.

O'Dwyers6 gives an expression for dE/dE. for energies

less than the valence-band ionization energy, which is
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dg/dt = [hw log (4E/hw?1/2To(E) . (31)
with
2
w 1 -1/2
e (B) =42 2 (L 1,12 (32)
o € €
rh rg
in esu, with €rh and erL the high and low frequency
dielectric constants respectively. Using dE/dx ~ dE/vdt
. 1 2 .
with E = 2 MV, A can be written as
2 € . €
4hn B rh rd
A~ G T —e (33)
me log (4E/rw) r{ rh .

For electron energies on the order of the phonon

~ ~ : -8 °
energy and €rr = 10, €n " 3, A ~ 6.2 x 10 cm = 6,2 A.
This can be compared with some results obtained from
studies of secondary electron emission from MgoO, in

-]
which a mean free path of about 5 A is found to be

appropriate for describing the internal secondary

. 298
escape mechanism.

on thé basis of this estimate it can be seen that
electron-phonon interactions alone cannot explain the
results depicted in Figs. 27, 28; ané 29. There are
two reasons for this: 1) an electron would only lose'
about 2.6 eV in energy in traversing the thickest of
these oxides and most of the electrons incident on a
hole in the gold overlaye; would escape, at an applied
voltage of 4 volts, and.2)-the mean free path should
increase with increasing electron energy. Therefore

on the basis of electron-phonon interactions the
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ratio, a, would be expected to.go up with increasing
" sample voltage contrary to experimental results.
The term impurity scattering used here included
two distinct types of events. In one case the
scattering center does contain a weakly bound electron

and in the other case it does not.
In the case in which the scattering center does
not contain a weakly bound electron the mean free path

is equal to the average distance between impurity

atoms and can be given by:gg

2er2E2
A~ 2 2 . (34)
€ E :
=—573)

h B

wm*Niezlog(l +

This again will not explain the experimental results
since )\ again increases with inereasing bias and it

would be essentially elastic scattering.

For the case in which the impurity does contain

a weakly bound electron there exists the possibility

of appreciable energy loss per interaction if the
scattering site, such as a donor or trap, contains an
electron which can be excited into the conduction band
of the insulator. Furthermore the mean free path in this
case would decrease with increasing sample bias. This

can be seen on the basis of the following analysis.
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As the electron is accelerated in the conduction band

of the oxide it gains energy and when it has gained
energy greater than the energy difference between the
conduction band minimum in the oxide and the donor level

it could lose this energy to the donor electron which

|

& then excited into the conduction band of the oxide.
The greater the applied bias the more of these inter-

actions that could occur.

This, however, leads to avalanche phenomena so that
for each interaction there are two electrons in the
conduction band for each initial electron. This would
greatly increase the sample current if a great number of
these interactions took place. However this effect is
not noted in the sample I-V characteristics which can
be completely explained on the basis of a Schottky type
mechanism. If £he total number of these interactions
was small, then the transmission ratio o should increase
or at least stay nearly constant with applied voltage.

As can be seen by this quali£ative analysis none
of the possible energy loss mechanisms can explain the
observed behavior for these devices. The most probable
explanation is that the oxide emitting surface becomes
charged. when a sample current is first dréwn,electrons

arrive at the slot and those with enough energy are
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emitted into vacuum. The remaining portion are not
collected by the overlayer immediately but lead to a
space charge at the slot. Thus the emitted current is
dependent on sample current and time and in this manner
indirectly dependent on the sample voltage. This is
shown quite dramatically in rig. 47.

Figure 47a shows the actual scope trace of Ig and
I, vs. Vg for device PY-G-17(1). The pulse amplifier
saturates at a given output power and the voltage is
then constant beyond this point. The actual Vs vs.
time is observed on oscilloscope I (see section II-C-4) .
The applied voltage was allowed to saturate in this
particular measurement and the actual pulse is shown in
Fig. 47b. Is and Ie were not observed as a function of
time but were seen on oscilloscope II plotted vs. V_.
Is was seen to reach a maximum value when Vg reached its
maximum and remained at that current as evidenced by
a bright spot at that point, Is vs, time can then be
inferred from this curve and is shown in rig. 47b as a
constant current of 6.7 x 10> amps for 6.75 msec. < t <
10 msec. I, however was seen to drop to 4.6 x 10—8 amps
from its maximum of 7.6 x 10" C amps. This drop is shown
as a linear drop as a function of time in Fig. 47b but

may very well have another time dependence. This is
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Ve

direct evidence that the oxide .in the neighborhood of a
slot does become negatively charged by the electrons
that are not emitted into vacuum. The total charged
area is so slight, however, that it does not affect

the sample current.

Thus, although a is a function of applied sample
voltage it is actually indirectly dependent upon voltage
through the voltage dependence upon current and time.

A better functional dependence for a would be a = o (I, t).
However, since I = dQ/dt an even better functional
dependence would be a = a(Q,t). The total charge, Q,

that has arrived at the overlayer is given by:

e |
Q = I(t)dr . (35)
Jo
Again assuming the simple Schottly equation:
1/2
1=1V . (36)
o
and since V is linearly dependent on time, V = nZT:
ﬁnT1/2
I = IO e P (37)
thus; £
1/2
' BnT .
Q = IoJ e drt . {38)
o
Integration yields:
21 1/2
0 = —2= M@anel/2 1y B0t 7 17, (39)
anz L A

The results previously mentioned have been obtained
on the assumption that F(y)/Fo is a constan:t value for

each device. However since the insulator is charging
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up at the emitting slot,F(y)/F_ is actually decreasing

as F_ increases. This means that the ratio j (y) is

rel
actually decreasing as Fo increases so that relatively
fewer electrons arrive at the slot as Fo increases, or
Oy from Eq. (27) decreases as Fo increases.

Further evidence that the charging of the slot
area is the determining factor in the emission results
is shown in Fig. 48. 1In Fig. 48a, o of device PY-G-11(1),
at vV = 2 volts, is plotted vs. the time it took for
the voltage ramp to reach 2 volts, i.e., av/dt is
different for each plotted point. Figure 48b is a plot
of o with the same parameters, plotted vs. Q, the total
charge passed through the insulator as found from
Eq. (39). As can be seen from these figures a decreases
as a function of time, or total charge, even though the
sample current and sample voltage are the same. Similar
results were obtained for each deQice, however on only
one other device were the measurements extensive enough
to determine a charging "time constant™, this was device
PY-G-17(1) . The results of these two devices are plotted
on a loga vs. t plot in Fig. 49, If a can be described

t/t

as g = aoe- this "time constant", T, is 2 msec for
PY-G-11(1l) and 2.4 msec for PY-G-17(1). The decay of

the charge is fairly rapid since a succeeding pulse,
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on the order of one second later, gave identical results
to the first pulse. The electrons are apparently being
trapped in éurface states which exist in the vicinity
of the slots and have a time constant on the order of
a millisecond which is in reasonable agreement with
the time constants found for slow surface states.eo

A further note of evidence that the emission current
is controlled by charging of the insulator at the slot
is given by the fact that no emission into vacuum was

observed when the devices were studied using the slowly

varying dc method.

The following section presents a brief summary of
the important experimental results obtained and a
discussion of the conclusions which can be drawn in

terms of the preceding analyses.
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V. SUMMARY

This investigation was primarily concerned with the
transport of hot electrons through vacuum deposited thin
film emission diodes with subsequent emission into

vacuum. The studies were specifically carried out on

the evaporated Au-MgO-Au system.

The possible mechanisms for current flow from metal
electrode to metal electrode are the following: 1) ohmic,
2) space charge limited, 3) tunnelling of electrons into
the conduction band of the oxide and subsequent flow
to the other electroder 4) a Poole-Frenkel effert in
which the electrons are thermally emitted from traps into

Athe conduction band of the oxide by field enhancement,
5) mechanisms whereby electrons travel through the oxide
by jumping from trap to trap, and 6) Schottky emission
of electrons into the conduction band of the oxide.

The current-voltage characteristics were nonlinear
which ruled out ohmic conduction except at very low
field strengths and the current was not proportional
to V2 as it should be for space charge limited current.16
Tupnelling-could be ruled out since the functional
dependence of I upon V was inconsistent with this
mechanism (see Fig. 14). A Poole~Frenkel mechanism

could also be ruled out on the same basis (see Fig. 16).
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Furthermore when the MgO films were deposited in an
oxygen atmosphere the term § in the exponent:.. in the

1/2
equation I = Ioe q"/]ﬂ‘eaV

becomes larger, which would
indicate a lowering of the trap level by producing more
stoichiometric films of MgO, if the Poole-~Frenkel
equation is assumed. It would indicate a higher barrier
if the Schottky equation is assumed. It is much more

reasonable to assume that the barrier is higher than a

lowering of the trap level.

Some authors15 have observéd a power law dependence
of current upon voltage in which Iav at low voltages,
attributed to ohmic current flow, IaV2 for intermediate
voltages, attributed to space charge limited current,
and IaV" where n > 2 for higher voltages. The term, n,
in the exponent’': = has wvaried from 4 all the way up to
16. This behavior has been attributed to the hopping of
the electron between energy states in the forbidden gap
of the insulator and eventual collection by the metal
overlayer. Their analysis thus involved two or more
changes in current flow mechanism as the voltage is
increased. A look at Figs. 34 and 37 show a similar
dependence of I upon V which can be completely explained by
a Schottky type emission process in which the multiple

image correction to the barrier profile has been made.
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Using the multiple image correction to the potential
barrier profile results in an I-V characteristic which

is linear for low voltages and ultimately reaches a

dependence such that 1ln Tov- 484

. The expressions derived
using the multiple-image correction, Eqg. (1)-(9), were
plotted on log-~log paper and fit the data over six

orders of magnitude of current and four orders of
magnitude of voltage. The conclusion drawn is that

the electron flow in these devices is that of emission
of electrons over the potential barrier into the
conduction band of the oxide by a Schottky type process
and subsequent acceleration by the strong electric field

to the collection electrode.

A number of other features of these devices were
brought to light during study of the I-V characteristics.
There was no aging effect observed in these devices as
noted by nearly every other author. The I-V character-
istiecs were identical for the overlayer biased positively
as for the overlayer biased negatively, indicating a
symmetrical barrier, when gold was used as both electrodes.
There was no hysteresis noted in dc measurement of the
device characteristics and the pulse measurements were
identical to the dc measurements; The barrier height

did not change as the oxide thickness changed.
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The barrier height did change as the amount of oxygen
present in the vacuum system changed during deposition
of the MgOo film. The change was to a higher barrier
as the oxygen pressure was made higher. Raising the
oxygen pressure during deposition of the MgO film probably
leads to a more stoichiometric film. The excess Mg
present in these films gives rise to donor levels in the
*bulk” and at the surface. These levels are near the
conduction band so that the barrier is quite low.
Decreasing the number of donors leads to a higher barrier
since the Fermi level will be lower for fewer donors.

The barrier height was also seen to change with tempera-
ture as noted by the results depicted in Figs. 39 and 40
and this change could be explained in a qualitative
manner by assuming a high density of donor like interface
states and "bulk" donors.

Another possible explanation for the nonlinear .
1n(I°/T2) vs. 1/T plots and the different bérrier obtained
by taking the slopes of these ploﬁs would be another
current flow mechanism, which is nearly independent of
temperature, such as tunnelling, superimposed on the
Schottky current but of much smaller magnitude. It is

impossible to determine which of these explanations hold

or if both do.
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The barrier height can be raised significantly
by depositing the MgO in a high pressure of oxygen gas,
on the order of 10-'5 Torr, as evidenced by device
PY-G~38(1) . The barrier for this device was raised to
about 2 eV and tunnelling became the dominant mechanism
for current injection. The barrier to electron flow from
overlayer to underlayer for this device was lower
because the oxide near the overlayer was deposited gfter
the oxygen had beén pumped from the system resulting
in 2 nonsymmetrical barrier. This is further eviden-e
that the barrier goes up as the oxide film becomes more
stoichiometric. None of the devices fabricated with a
high pressure, > 10-6 Torr, of oxygen present during
deposition of the Mg0 were stable long enough to do
extensive measurements.

In order to fabricate mofe stoichiometric devices,
which can be measured, the oxide films must be very thin,
< 50 A, and all devices made with such a thin oxide £ilm
were shorted between underlayer and overlayer due to
pinholes. This led to the conclusion that single crystal
devices may be impossible to attain. This would be
especially true if the excess Mg in the films would in
some way inhibit epitaxial growth of the oxide film.

In this case the films would have to be stoichiometric
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and very thin. Furthermore a perfect cleavage plane

would have to be attained. None of the devices
fabricated on s.ngle crystal substrates were single
crystal devices, and all were shorts.

The low potential energy barrier is due to a high
density of donor like interface states. vathis is true
the barrier should be nearly the same regardless of the
metal used for the electrodes. One device, PY-A-1(1).,
which was a Au-Mgd—Al device, was stable long enough to
make one I-V characteristic run. The barrier to current
flow from Au - Al was nearly the same as that from
Al - Au. The difference between barriers to current flow
was of the same order of magnitude as that seen for
different metals on CdSe by Mead.83 This is further
evidence that 'he electron flow is controlled by the

metal-oxide interfacial barrier.

Further evidence for Schottky emission is noted by the

fact that emission into vacuum is seen from all the
devices at very low sample voltages. The sample biases
are never large enough to allow emission of electrons
into vacuum through the gold'overlayer film. Thus the
electrons must be emitted through pinholes in the gold
£ilm, i.e., directly from the oxide film. The emitted

electrons must still overcome a potential barrier at
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the oxide-vacuum interface which is the electron affinity
of the Mgo. If the electrons were not coming over the
underlayer—-oxide interfacial barrier they would not have
enough energy to be emitted into vacuum until the sample
bias had reached about 1.0 volt or more. Emission into
vacuum was noted from these devices at sample biases

less than 0.5 volts. Thus, if the electron affinity of
MgoO is = 0.8 eV, the emission current must be due to

the electrons in the tail ofrthe Fermi distribution
above the energy level of the oxide conduction band.

These electrons then have enough energy to be emitted into

vacuum.

I

The emission ratio, o = — appears to be higher
I +Ig

for the thicker oxide films at any given sample bias.

It also appears to be slightly higher at the same field
ih the oxide. This can be explained on the basis of

the electric field strength beneath a slot. The thicker
the oxide the greater the electric field strength
beneath a slot in the overlayer film. Thus for the
thicker oxides more electrons are being emitted into

the conduction band of the oxide beneath a slot in the
overlayer f£ilm, and thus more electrons are arriving

at the slot area for the same average field éirength

in the oxide.
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This analysis is complicated by the fact that the
oxide is charging negatively at the emitting slot. This
is seen by the fact that the emission ratio goes down
as the sample bias is increasing. None of the possible
scattering mechanisms in the oxide film could account
for this dependence of a on Vg and still give sample I-V
characteristics consistent with the Schottky mechanism
observed here. Thus the emission transfer ratio is
dependent on sample bias only to the extent that the
bias depends on time or total charge passed through the
oxide.

Evidence that a depends on the time is shown in
Figs. 47, 48, and 49. Figure 47 shows that if the sample
bias is left at the same value for any length of time
the sample current remains cénstant but the emission
current decreases rapidly. Thus o decreases as a function
of time for a given sample bias. Figures 48 and 49
show that a‘decreases at a given sample bias as the
time it takes to reach that bias increases. The
dependence on the time taken to reach a given sample

bias is such that o = aoe-t/T

where the “time constant®
for charging is about 2 msec.
Further evidence that the oxide is charging in

the vicinity of an emitting slot is the fact that no
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emission into vacuum was observed when the devices
were studied using the slowly varying dc technique.

Thus, although these devices are poor cold cathode
electron emitters, a number of other uses may be possible.

Since the metal-oxide interfacial potential barrier

can be varied, depending upon deposition parameters, an
array of these devices with different barriers could be
used as light detectors such that a signal could be

picked off at different points on this array, depending

on the frequency of the light. The results obtained from
device PY-G-38(1l) indicates that these devices with
different barrier heights at each interface could be
designed as rectifiers. Much more work would be necessary

to achieve either of these "practical" devices.
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APPENDIX I

Application of the Schottky Emission Problem to a Metal-

Insulator-Metal Diode

The following analysis for internal Schottky
emission uses a physical model similar to that assumed
for the case of emission into vacuum. The process of
electron injection into the conduction band of the oxide
£film is analyzed in terms of the simple band theory of
solids,75 in which the metal overlayer and metal under-
layer are idealized according tb the Sommerfeld model.
The oxide is assumed to present a barrier to electron
conduction of height PR modified by the electron image
force. The energy level diagram appropriate for the
potential barrier in this case shown in Fig. 30, drawn
for a rectangular barrier height, Pr’ of 0.72 eV and an
oxide thickness, S, of 100 i with the zero of energy
taken at the Fermi energy of the Au underlayer. The
single image correction and the multiple image correction
to this barrier are also shown.

The exact expression for the multiple-image
correction to the potential energy of an electron in a
medium with dielectric constant €r€o between infinite
parallel plane electrodes is derived by Savoye (see ref.

55, Appendix II). The result is:
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2 (o]
1
ev; = - Bwere {2x + 2 [(nﬂ B ns]} (I-1)

This expression gives the image correction in joules.
Using the appropriate values this expression becomes:

3.59 2x L
ev, = - === 1] 4 T lev).
* €™ { S n=1 n[(s/x)2 2 11}
(1-2)

In this expression the distance, x, of the electron from
one plate and the total dielectric thickness, S, are in
(-]

A. Assuming the low frequency dielectric constant of

MgO the expression becomes:

oo
«367 2 1
ev, = - <321 {1+= = 23 o, (1-3)
n=1 nf (s/x) n ~l]
This expression can be written as:
367
ev, = - [1 + c(—-)-’ (1-4)

where - 367
x

is the single image potential energy and
x - (] L ] - L ] -

C(;ﬂ is the multiple-image correction. Since this

series has no closed form some approximations must be

made. When x = s/2 expression (I-3) becomes:

ev

2367 @ 1 }

= - + £ 4
i w U n=1 n(4n3-1)

(1-5)

The easiest method for obtaining this expression in
simpler form is to solve the porblem with the electron

midway between the two electrodes. Since the force on
the electron is zero in this case, a method differing

from Savoye's must be used. 1In this case the coulomb
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potential of all the image forces will be calculated at
the center of the dielectric and the potential energy

of the electron thus found by multiplying this expression
by -e. ‘Let the electrode spacing be S, with one electrode
taken as the origin as shown in the diagram below. The
positions and signs of the image charges are noted

below the x axis with the distance from the electron

noted above the x axis.

2% s o S 2s
[] e
-g *e -2 +*e - @
-35 -2 s 3s ss
2 2 2 3
o S

The total coulomb potential can be written by

inspection:
e 2 2 2 2 2
Vi = Zre €q {s “2s v 35 " as * 5s "’} (1-6)
or
e e o] -1 n+1l
Vi=5o—— & £y (1-7)
Trereos n=1 n

Thus the potential eriergy of the electron at the midpoint

between the electrodes is:

2 oo n+l :
I - N 1) - : -
eVi - 2Tec_€_8 z n (1-8)

r o n=1l
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oo (-1) n+l 76

The series I — is convergent and is the "Taylor
n=1 77,78

series for ln(x+l) evaluated at x = 1. '

The Taylor series expansion for f£(x) is given by:

. g(n) (x )
o n
f(x) = % o (x=x)" . (1-9)
n=o *
thus:
o o] n n+1l
1n(x+1) y X (=1) ] (1-10)
n=1 n
For X = 1 this becomes:
(o0] n+l
n(2) = 5 =R (1-11)
n=1

So we can write the potential energy of the electron as:

2 .
e 1n2 '
eV = T 2re cs ° (1-12)
r o

According to Simmons (see ref. 11, Eq. (33) and Fig. 4)

an extremely good approximation to the multiple image

correction is of the form:

2
Ks
x(s_x) - (1—13)

ev, = -
1

To find the value of K one must equate this expression

to expression (I-12) at x = %y one gets:
2
e 1In2
K = 8Te e s . (1—14)
r o

Thus the expression

e21n2 -

8
a-n-ereo [X(S—X) —Ji (1-15)

eVi = -
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is an extremely good approximation to the multiple image
correction and this expression is plotted in Fig. 30.

Putting in the appropriate values

= - = -
vy = =.508 ;o ! (I-16)

. [ -]
where dimensions x and s are in A.

From Eq. (I-18) it can be seen that the actual

barrier P is given by

P = Py - ’508[;(:_-§<Tj (ev) . (T-17)

Thus when an electric field is applied, the barrier to

electron flow becomes

o(x) = g ~ evE (1-18)
or
o(x) = q - .508[;2—2:;5_), -ev 2, (I-19)

The resulting barriers for a field of 3 x 106 v/cn,
which corresponds to an applied voltage of 3 volts
across the 100 5 thick oxide film, is also shown in
Fig. 30. Even though Eq. (I-1%) is a simplified
approximation to the true multiplé image modification
it is still extremely difficult to work with. To apply
this expression to the Schottky equation the maximum
of the potential energy of the electron when a field is
applied must be found. Let evilF be the potential

energy of an electron in an applied field.
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S M X
ev. |, = - .sos[x(s_x)i - ev Z (1-20)
d(ev,|_)
. i1'F
ev, | is found when = 0 or
1'P dx
max
x (s-x)"-=

The solution to (I-23) cannot be found for general

values of s and V. Thus the problem will be solved
numerically for an oxide thickness of 100 A and compared
to the solutions found for the sinygle image problem. The

values of —'evi]F are plotted against F in Fig. 31.
max

As can be seen from this figure the dependence of the
potential maximum on applied electric field deviates

from a straight line on a 1ln(ev ) vs. 1In(F) plot

|
1 F ax

for fields less than about 105 V/cm. At the fields

where the curve is linear the dependence is not propor-

1/2 «484

tional to Vv but to v « using Simmon's multiple

image approximation. Since the barrier height is

oy + ev,| it can be seen that the barrier is lower
L F ax

for the multiple image correction than for the single
image correction for all applied fields of interest.

Thus eVilF can be written as
max

= -py-18¢ (1-22)

Therefore, if Richardson's equation is written

g = ap? e 3/kT (1-23)
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-484
¢ = q, = DV . (1-24)

So the Schottky equation for a dielectric sandwiched

between two metal electrodes beoomes

2 -mR/kT Dv‘484/kT
J = AT e e . (x-25)

Using the values obtained in this manner this equation

becomes
2 -¢k/kT .148V'484/kT
J = AT e e - (I~26)
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APPENDIX IX

Barrier Height as a Function of Temperature and Excess

Mg Concentration

The barrier height is defined as the energy differ-
ence between the bottom of the conduction band and the
Fermi level at the interface. 1In a bulk semiconductor
this difference, in the bulk, increases for an increase
in.temperature for an n~type semiconductor. The location
of the Fermi level as a function of temperature is found
by the condition of charge neutrality in equilibrium,
the total positive charge is set equal to the total
negative charge. If surface states are present the
charge involved with these must also be taken into
account. For a device of this type however, the condition
of charge neutrality must be imposed on the entire
device and not just for the dxide.

Figure 42 is a schematic energy band diagram for a
metal showing how the barrier changes underx different
conditions. Figure 42a shows the‘barrier presented to
the flow of electrons out of the metal when the interface
is a gold-vacuum interface. In these devices the MgO
films deposited have an excess of Mg atoms which give

rise to a donor level quite a distance from the conduction

88,89, %0

band. If no surface states were present the
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barrier presented to the flow of electrons from the
metal, Au, to the oxide, MgO, would be Pr = Oy~ X

as previously staﬁed. The energy band diagram for this
problem is shown in Fig. 42b. This picture shows that
the donors near the incerface must be ionized in order
to get a ba;rier of this height. The distribution of
ionized donors is schematically shown on this figure

by the separation between signs. The result is a sheet
of negative charge just within the metal. Thus it can
be seen that to lower the barrier from Pp to Oy~ Xy 2
positive charge density must be set up in the oxide.

To lower the barrier even further, more positive charge
must reside in the oxide and therefore more negative
charge in the metal. Since all the "bulk" donors are
ionized near the surface this "extra" positive charge
must come from ionized donor like interface states.

The energy band picture for this situation is shown in
Fig. 42c. Thus a large density of donor like interface
states must exist at the Au-MgO interface.

This picture is somewhat misleading since it deals
with a metal-bulk oxide contact. In reality there is
another metal-oxide interface very near the one pictured
here. To determine what the potential energy of an

electron is the oxide looks like, Poisson's equation must
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be solved using the proper boundary conditions. This
problem has been solved by Geppertgl for an intrinsic
oxide and he found that the depression of the potential
energy profile at the mid-point between the two metal
interfaces was 2.74 x 10 12 ev using the following
parameters, P = 1l ev, e = 9, s = 100 5 and T = 300°K.
Thus, for an intrinsic oxide the barrier is essentially
flat. Roberts92 found a potential energy depression

at the mid-point between electrodes of 5 x 10-13 ev

for an n-type semiconductor with the following parameters,

3

16
Nd = 10 /cm ’ QpR = 0.7 ev, EC-E = 1.2 eV, er = 10,

d
s = 100 5, and T = 300°K. The parameters used in this
problem are nearly the same as those involved in a
Au-MgO-Au device and the mid-point potential energy
depression is again negligible. Thus Figs. 42b and 42c

would show flat bands terminating on another electrode

for a device of this type.

The above analysis did not include image forces
and when these are included the potential barrier will'
have the shape shown in Fig. 30, as calculated in
Appendix I. |

The charge neutrality condition for the device is a

very complicated expression since it must include all

charges. Since the oxide film is not a single crystal,
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the energy band diagram does not strictly hold. 1In
this case there is probably no single discrete donor
level, the;e may be traps at various levels due to
1attice'inperfections which apparently do not affect
the conduction mechanism, the surface states probably
have a band of discrete allowed energy levels, and
there may very well be acceptor levels at the interface
and in the oxide. The charge neutrality condition can

be written as:

= ¢ - -
Pt+Nd+p n+N+Nt+Na+nt (xzr-1)
where: Pt = number of unoccupied donor like surface
states

2
i

d+ number of ionized "bulk" donors

P = number of holes in the valence band

n = number of electrons in the conduction band

N = negative charge just inside the metal

electrodes

N = number of filled “bulk" traps

N_ = number of ionized donors

n, = number of occupied acceptor like surface

states.

Since the Fermi level at the surface is near the conduction
band and the band gap is so large, coupléd with the fact

91,92

that the bands are flat, the number of holes in the
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valence band and the number of ionized acceptors can

be ignored if they are low lying in the forbidden gap.
The acceptor like surface states can also be ignored.

Thus (II-1l) can be written as
+
' - —-—
P, + N, =n+ N+ Ny . (r1-2)

If the further assumptions are made that at the
temperature involved in these studies all the donor
like surface states are ionized and N = P. this

t
expression can be written as

+ . -
Ng=n+nN . (xx-3)
Each of the terms in (I1-3) are expressed by either a

series or an integral. If one more assumption is made

that the donors and traps have a single discrete level

this becomes:

Nar Ef—Eé/kT N,
= N e + (rx-4)
Ef—Ed C Et-Ef
2e-—75?-+1 2e ——ia—'+1

This expression is very simplified but is still extremely
difficult to handle because there are four unknowns, If
one ignores the traps a qualitative solution can be

made for the barrier as a function of temperature.

This extremely simplified solution then becomes:

N E ~E VkT
d N_ et &

- (x1-5)
£ EBq c
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Let

Ec™Fg = *r

EgBq = B Bq (B"Ep) = o (11-6)

Then the expression becomes

#/KT e¢h/kT 2 /KT

N,/ (2e ) = N_/e (I1-7)

which can be solved for Pp e This solution is:

)2 v /kp

1 r j1/2
op = kT 1n -E-LNC/Nd + L(Nc/Nd + 8Nce /NaJ } (11-8)

So it can be seen that Pg increases for increasing T,
increases for decreasing N_,, and in-treases faster with

T for smaller Nd.
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APPENDIX IIX

Calculation of the Fringing Field, F, at a Plane Electrode,

Beneath a Slot in an Opposing Plane — Parallel Electrode

The variation of field F(x) at the underlayer,
which determines js(x) as a function of position, x,
under a slot of width, 4, in the overlayer can be
obtained approximately by the following method:*

Fig. 43a shows the geometry assumed; the insulating film
thickness is s with dielectric.constant € €0 the:

slot width is d. This problem is idealized in Fig. 43b,
where an electrostatic problem is indicated in which we

have assumed no dielectric discontinuity, and also that
the slot is infinitely deep.
This electrostatic-problem can be solved by a
. . 95,96
Schwarz-Christoffel transformation. The z-plane
representation is shown in Fig. 43b, and the transforma-—
tion to the upper half of the w-plane shown in Fig. 43c

is accomplished by:

dz/dw = K(w—a)1/2(w—b)1/2/W(W-1). (rrz-1)

*Note that in this appendix x is taken as the distance

from the slot edge, while in the text it is the coordinate

perpendicular to the overlayer plane.
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To find the value of K and the relationship between a

and b one must integrate in the complex plane. In

these expressions z.= x+jy and w = u+jv. 5
C C
5 [ az
dz = —= dw (xxx-2
J J aw )
D D
C

In the 2z plane,tf dz = js, while in the w plane this
D

integral can be taken along a semi-circle of very large

radius, such that w = Reje, dw = jRngde, and

| =R > a, R > b, and R > l, then:

T . .
rK_LRng)l/z(Rejg)l/Z j0

js - : " jRe~” "de
J re1®Rre7°
o
T
=j1jKd0 = JTK . (Irz-3)
o
Therefore
K= s/vm . (IrI-4)

Another integration that can be made is

B B
Pe, o [ d=z .
J dz = J aw dw . (xx1-5)
A PB y 3
In this caseJA dz = js, and now .integrate along a small

semi~circle in the w-plane such that w = rng' where

|reje| = r << a, r << 1l, r << b so that
T
1/2 .
., ~ I (ab) . e )
is = K jreJ de = -j E{ab)l/zr « (IXxz-se)
J joe T .
o re- (-1)

Therefore ab = 1. Thus (IIT-1) can be written as
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dz/dw = (s/v)(Wha)l/z(w-b)l/z/w(w-l) ' (r11x-7)

which cannot be integrated easily. The substitution

r? = (w-b)/(w-a) (I11-8)
yields: -
- 2 2
b-
z = 2; Jr ( a)zp de = - (II1-9)
a(l-a) (p"-1) (p"~b") (b+p")
Letting a = % results in
z = __2__§_ P (b-l-l)z(b—l) pde (III"']-O)
T J 2 2 2 2
(1-p™) (b7 =p") (b+p7)
or _
_2sr [_ap fbdp r (b-1)dpn
z = L), 27J,2 2" 2| - (I11-11)
-p b -p - b+ p

Integration yields

_ s 1+ b+p 2(b-1) -1,p .
z = = {ln[1:§|—1n|b_pl— 7o tan (fb)}'(III—lz)

The constants of integration have been set equal to
zero and this fixes the origin of the z-plane. It is
noted that wheﬁ P=0, w=Db, and z = 0, this information
is shown in Fig. 43b and ¢. As w = a, z - -d, but
P+ ® so0 z = -S(bél)Afb . Therefore .
d/s = (b-1)//b . | (X1r-13)
The transformation from the w—plané to the x-plane

where the field is uniform is given97 by

v
X = ;;9' log w . (111-14)

The field strength, F, is given by
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d- dy dw
Felgl = o 3l - (111-15)
thus
o w1
F = (—) . (III-16)
S (w-a)l/z(w—b)l/2

Now as w 4+ 0, Z - -00, and F - Vo/s as it should,
therefore we write

w1
1/2

F =F /2 . (111-17)

(w-b)

For negative real w this gives the field at the

(w-a)

underlayer and thé calculations need only to be made
for -1 < w<0. Atw= -3, z=-4/2 + js, and from
symmetry the field will be the same on either side

of the point on the unaerlayer beneath the center of
the slot. A numerical calculation of F(z) at

zZ = xt+js for x < -d/2 can be made choosing -1 <w<o,
evaluating F/F° from (IIXI-17) and finding x from |

b+p 2({(b-1)

By~ 2= tan'ltfg) ]} (IT1-18)

x/s = Re{3[ 1n(F*B) ~1n

where p2 is given in (11I- .8).

It will be assumed that 4@ = 100 i and the appropriate
-values for d4/s for these devices Qill then be; 1.67, 1.28,
1.12, .92, and .63.

The calculations for the field strength at the
underlayer metal beneath the slot in'the overlayer
were carried out numerically and the results are shown
plotted as F/'Fo vs. distance from one edge of the slot

in Fig. 45.
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