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PREFACE

This report of the Proceeding of the Subject Meeting
has been assembled to provide the participants and
other interested parties with a compilation of abstracts
of the talks given. Copies of visual aids used have been

printed in the best available form.
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INTRODUCTION



The National Photovoltaic Conversion Program

Leonard M. Magid
Division of Solar Energy
Energy Research and Development Administration
Washington, D. C. 20545

I wish to welcome all of you to this, the first of the Semi-Annual
National Solar Photovoltaic Conversion Program Review Meetings held under
the sponsorship of the new Eaergy Research and Development Administration
(ERDA).

As most of you must know by now, with the creation of ERDA n January
19, 1975, the lead Agency role in Solar Energy, as well as the major parts of
each of the solar technologies including r.hotovoltaics, was transferred from
th= Natioral Science Foundation (NSF) to ERDA., NSF is expected, however,
to continue to play a significant role in the National Photovoltaic Conversion
Program, primarily in areas of basic research and applied technology in what
I trust will be a closely coordinated effort with ERDA within the overall inter-
ests of the National Program. Dr. Tap Mukherjee, the NSF Photovoltaic
Conversion Program Manager, will shortly be outlining the NSF role in this
effort.

ERDA STRUCTURE

With respect to the ERDA program, Figure 1l shows the functicnal
organization under the lecadership of Dr. Robert Seamans, Jr., the ERDA
Administrator. The Division of Solar Energy is part of the Office of tne
Assistant Administrator for Solar, Geothermal and Advanced Energy Systems,
headed by Dr. John M. Teem, as shown in Figure 2.

The organization of the Division of Solar Energy is given in Figure 3.
The Photovoltaic Branch is located within the Office of the Assistant Director
for Solar Electric Applications headed by Dr. Dick Blieden. Dr. Mort Prince,
one of the original developers of the silicon solar cell has recently been named
the Chief of the Photovoltaics Branch.
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OBJECTIVES OF THE PROGRAM

The general objective of t-e ERDA Photovoltaic Conversion Program is to
develop low-cost reliable Solar Photovoltaic Conversion Systems 'SPCS) and
to stimulate the creation of a viable industrial and commercial capability to
produce and distribuvtc these systems for widespread use in residential and
commercial applications. A program has been developed to achieve the
following specific objectives:

° Conduct research, development and demonstrations to
show a factor of ten reduction in solar array prices and
to establish the viability of this technology in the latter
half of this decade.

' Conduct a focused research and development effort on
advanced technologies for photovoltaic devices that
show a potential reduction in solar array prices of one
hundred or greater.

° Conduct systems and applications studies to identify
suitable demonstrations of cost-effective photovoltaic
energy conversion systems.

. Conduct experimental system tests and demonstrations
of photovoltaic power systems for a variety of residen-
tial, commercial and industrial applications.

(] Conduct demonstrations to establisn the viability of

advanced technologies in the first half of the next
decade.

PROGRAM STRUCTURE

The structure of the ERDA Photovoltaic Conversion Program designed to
implement the=e objectives is shown in Figures 4 and 5.

The principal programmatic emphasis will be placed initially on the research,
development, and demonstration of low-cost reliable silicon arrays. This will
be guided and supported by systems and applications studies that will develop
the conceptual design and analysis of a variety of system applications with
emphasis on the efficiencies, reliabilities and lifetimes required for viable
photovoltaic electric power systems. Initial assessments of the markets for
photovoltaic applications will also be developed.
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The research and development element of the program is aimed at improving
overall SPCS performance and utility tarough a variety of studies on: new
methods of single crystal and thin-fil.: growth; development of alternate low-
cost solar-cell materials and techniques; methods for improving basic cell
efficiencies; improved cell encapsulation for longer lifetimes; and improved
high-volume, automated material and cell fabrication techniques.

The power conditioning and storage element of the program will identify specific
requirements for solar cells when used in electric power systems, particularly
with respect to the need for storage to compensate for the day-night solar cycle
and effects that transient conditions such as cloud cover and bad weather imposed
on storage systems. In addition, this area must also analyze the constraints
imposed upon the system design by utility-grid interfacing problems including

the conversion of low voltage DC output to AC.

Studies on the use of optical concentrators to reduce the costs of photovoltaic
power systems by reducing the number rr size of solar cells required to pro-
vide a specific electrical power output is another element of the program.

The testing and evaluation of solar cell materials and devices, the callection
and dissemination of insolation data at gites throvghout the country .nd the
establishment of standards for solar cell performance, reliability and lifetimes
are included in the test and standards element of the program.

Finally, the structure and content of the SPCS program will be guided by con-
tinuing mission analysis studies aimed at evaluating alternative applications for
photovoltaic systems and their major subsystems, identifying the most promis-
ing ones and establishing the pertinent cost and performance goals. System
design and analysis studies will be conducted concurrently and will lead to
conceptual designs for photovoltaic systems in several size ranges and to the
identification and resolution of critical subsystem interface problems. A
series of studies to determine possible economic, environmental, social, or
legal impacts (and associated constraints) resulting from large-scale deploy-
ment of photovoltaic power systems will also be undertaken.



PROGRAM PLAN

A program plan that addresses the technical and institutional problems of SPCS
is presented in the ten-year planning milestones shown in Figure 6. This plan
consists of the milestone schedules for seven major programs elements:
Systems and Applications, Low-Cost Silicon Arrays, Concenirator Systems,
Test and Standards, Research and Development, Storage and Power Condition-
ing, and Assessment of Goals.

Primary emphasis is expected to be placed through the mid 198C's on tasks to
improve technical design efficiency, reliability, lifetimes and energy payback
times of photovoltaic solar arrays through silicon technology development.
Particular stress will be placed on: production of low cost silicon materials;
array encapsulation materials and techniques; improved cell and environment-
ally-satisfactory array design; and high-volume, cost-effective automated
array assembly techniques., By FY 83 it is expected that a pilot plant will be
established with the capability for producing in excess of 5 million square
meters per year of silicon sheet to be sold at less than $18 per square meter.
By FY 84, it may be possible to establish an indnstrial facility with the cap-
ability for producing approximately 2000 metric tons per year of silicon
material at a market price of less than $10 per kilogram. By FY 85 a total
plant capacity should be established capable of producing in excess of 500 MWe
peak per year of encapsulated solar array modules at a market price of less
than $500 per peak KWe.

In FY 76 a series of Federally-sponsored tests and demonstrations of a wide
variety of applications of solar photovoltaic conversion systems will be initiated.
More specifically:

° Several DOD applications of solar photovoltaic conversion
systems will begin in 1976 to establish the technicel feasi-
bility of their use at remote DOD bases.

° Initial ERDA residential system tests will begin in 1978.

° Large-scale ERDA demonstration systems totaling up to
10 MWe (peak) will begin in the early 1980's.

Test and evaluation of energy storage and power processing systems will be
conducted throughout this time period. A standards laboratory will be estab-
lished to perform exposure and life tests on arrays and materials, and estab-
lish failure mechanism and accelerated endurance tests. Studies will be
conducted to resolve questions of ownership and liability of experimental
system demonstration equipment, and modifications of labor practices, building
codes and architecturai design guides needed to accornmodate photovoltaic
systems. Technology transfer will be accomplished through conferences,
workshops, press releases, manuals, and technical and trade publications.
Local industry and small business participation will be encouraged in this
demonstration phase.

10
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During the FY 76 to FY 79 period, research and development will be conducted
to determine storage and power conditioning interface requirements. The
performance, reliability, and cost of current storage and power conditioning
subsystems will be evaluatc? and new designs will be specifically engineered
for phoiovoltaic applications. Subsystem and interface engineering and tests
necessary to adapt storage and power conditioning subsystems to solar photo-~
voltaic applications will be completed by the early 80's, as will studies needed
to determine environmental, legal and safety impacts of storage and power
conditioning subsystems and methods of removing or alleviating these impacts.

Figure 7 indicates the planned growth in the rate of production of solar photo-
voltaic conversion systems in terms of the expected peak power of SPC systems
produced annually. This includes expected ERDA purchases through 1983;

the expected rate of the free market without Federal government purchases;

the total expected Federal government purchases, including SPC systeme pur-
chased by other agencies of the Federal government for cost-effective applica-
tions, and the total annual expected production rate in the United States to meet
both Federal purchases and the non-government market demands for solar
photovoltaic conversion systems.

Study and experimental tasks will be undertaken between FY 76 and FY 84 to
examine technology limitations and design and ~ost tradeoffs of concentrator
systems in the areas of cell and array efficiency, concentrator ratios, methods
of concentration, cooling techniques and tracking techniques. Studies and
experimental tasks will be completed by FY 80 to examine processes for manu-
facturing concentrator systems and to establish requirements for incorporating
these techniques into array assembly processes. This effort will be paralleled
by feasibility, cost-effectiveness and marketability studies to determine whether
to manufacture concentrator systems. To accelerate the cost reduction of con-
centrator systems and provide hardware for demonstrations of solar photovoltaic
power systems using concentrators, several large Federal procurements of
low-cost concentrator systems will be considered during the coursec of this
effort.

By 1980, advanced cell concepts will have been examined emphasizing studies
of design limitations and cost tradeoffs for thin film technology. Studies will
also be coanducted to examine tradeoffs with respect to design, conversion
efficiency, reliability, lifetimes, utilization of natural resources, energy
payback times and the overall economics of advanced techniques and systems
for the purpose of selecting viable new candidate devices

12
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MAJOR MILESTONES AND DECISION POINTS

Major planning milestones of the SPCS programr are:

4

° FY 1976, identify the most promising applications of SPCS for
military use, and initiate DOD tests of these systems to establish
their technical feasibility.

° FY 1976, specify interim measurement techniques for tcsts and
standards and have photovoltaic test facility operational.
° FY 1977, - ‘mplete preliminary photovoltaic system design speci-

fication and define solar cell performance specifications.

° FY 1978, initiate residential experimental oystems demonstrations
and operate $5000/peak KWe concentrator systems.

° FY 1979, specify post-1985 systems and subsystems, demonstrate
operational solar arrays at $5000/peak KWe,

™ Y 1980, demonstrate operational concentrators at $2000/peak
KWe, the feasibility of manufacturing and morketing solar arrays
at a price of $500/peak KWe, and 10% efficiency for thin-film
solar celis.

° By 1985, zrowaote the establishment of total { stalled industrial -
production plant capacity of 500 MWe/yr of si-icon solar arrays
at a market price of less than $500/peak KWe and dernonstrate
the feasibility of thin-film solar arrays priced at $100 to $300
per peak KWe,

14



UTILIZATION PLAN

The Federal role in the plan for utilization of SPC systems will be to undertake,
coordinate and direct RD&D to improve performance-to-cost ratios, reduce
techno-economic risks and uncertainties, verify the estimated operational
characteristics of solar electric systems, and establish their economic viability.
Early large-scale demonstrations will be undertaken to enhance public and user
acceptance and accelerate industrial implementation of solar photovoltaic
systems. A series of studies will be conducted to determine possible environ-
mental, legal, societal, ~r institutional impacts, as well as means for removing
these tynes of constraints on public and user acceptability. Studies will be
conducted to address questions of ownership of commercial manufacturing
facilities and operational power plants. lielated programs of other Federal
agencies include: 1) studies of the basic characteristics of materials and novel
devices for photovoltaic energy conversion (NSF); 2) establishment of high
efficiency silicon solar arrays for space applications and studies of satellite
solar power systems (NASA); and 3) studies of nr arket conditions and the use of
Federal and local incentives (such as tax reductiz __; ... mnJduce solar cell develop-
ment and use (FEA).

Various types of information and data on SPC systems will be compiled and
entered into the Solar Energy Information Data Bank, including:
] ¥
° Repnrts, Journal articles, dissertations, monographs, project
descriptions, and other written materials pertaining to research,
development and applications of sotar photovoltaic conversion
systems;

° Technical information on the design, construction, and maintenance
of solar photovoltaic conversion systems;

° Cieneral information on solar photovoltaic conversion system
applications disseminated to the public;

° Physical and chemicai properties and possible environmental
impacts of materials required for solar photovoltaic conversion
systems activities and equipment; and

° Engineering performance data on equipment and devices utilizing
solar photovoltaic energy conversion.

The data will also be supplied by ERDA as appropriate, to Federal, State and
local government organizations, and their cc=t-~ctors; universities, colleges
and not-for-profit organizations, and the priva _ sector, including the public,
u dustry, commercial organizations, etc.

Finally, I wish to both congratulate and thank B .b ¥\ s gtaff at JPL,
our meeting organizer, for putting together sucl ceting.

14
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NATIONAL SCIENCE FOUNDATION

SOLAR PHOTOVOLTAIC CONVERSION PROGRAM

Program Manager - Tapan Mukherjee

The National Science Foundation Photovoltaic Conversion Program
focusses on advanced and innovative technologies necessary to meet the long-
range goals of .he Nat*ional Solar Energy Program. The principal objective of
NSF/RANN program is to provide the technology base for low-cost thin film
solar cells that will meet ERDA milestone of achieving 10-30¢/watt array cost.
The planning philosophy is to investigate high risk and potentially high pay-off
concepts. Research will be carried out to the demonstration stage and then
the projects will be transferred to ERDA to be included in the national plan of
demonstration and implementation. The dynamics of this planning philosophy
provides continuous opportunity for incorporation of novel ideas and new thrusts
as resources become available after ERDA transfer. The Program Unit Con-
cept was developed from the common characteristics of the projects retained
by the National Science Foundation after the transfer of major components to
ERDA. In general, these projects seek sp.cific alternatives to silicon single
crystal solar cell arrays and are oriented to the study of materials and proto-
type devices.
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SESSION I

PHOTOVOLTAIC SYSTEMS
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N76 12473

FEA PLANS FOR FEDERAL INCENTIVES
AND MARKET EVALUATION

(Norman Lutkefeder)
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FEDERAL LA'S COVERING SOLAR EMERGY

0 FECLRAL ENERGY ADMINISTRATION ACT (PL 93-275) MAY 7, 1974

0 HOUSING AXD COPMUNITY DEVELOPMENT ACT (PL 93-383) AUGUST 22, 1974

0 SOL/R HEATING AND COOLING DEMONSTRATICH ACT (PL 93-409) SEPTEYBRR 3, 1974
® ENERGY REORGANIZATION ACT (PL 93-438) OCTOBRR 11, 1974

0 SOUR EMRGY R,DeD ACT (PL 93-473) OCTUBER 26, 1974

0 FEDCPAL NOMNUCLEAR ENERGY ReD ACT (PL ©3-577) DECEMBER 31, 1974
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FEDERAL ENERGY ADMINISTRATION
- SOLAR ENERGY -

ROLE

© CONDUCT BROAD-BASED ANAiYTES REGARCING DIRECTION AND
SCOPE OF SOLAR RELATED ENDEF VORS FROM AN OVERALL ENERGY
DEVELOPMENT/CONSERVATION V:EWPOINT

e [DFVELOP, IMPLEMENT AND COORDINATE PRCGRAMS AND POLICIES
12 FACILITATE THE WIDESPREAD APPLICATION AND ACCELERATED
UTILIZATION OF PROVEN SOLAR TECHNOLOGIES
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FEDERAL ENERGY ADMINISTRATION
- SOLAR ENERGY -

COMMERC IALIZATION EFFORT IS

CONCURRENT, NOT JUST SEQUENTIAL TO RESEARCH, DEVELOPMENT
& DEMONSTRATION

PREDICATED ON TWO MAJOR ASSUMPTIONS

|. A REASONABLY SUCCESSFUL R, D&D PROGRAM

2. WITHOUT AGGRESSIVE FEDEIIAL PROGRAM TO COMMERCIALIZE
SOLAR ENERGY TECHNOLOGIES, THE SIGNIFICANT PIB
PROJECTIONS FOR ENERGY SAVINGS WILL NOT BE REALIZED
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FEDERAL EN RGY ALIG!WISTRATION

- SUUAR HERGY -

PRYGRAM AREAS

© [IDENTIFY AND, Wr-RE APPROPRIATE, R'JMOVE ECGNOMIC, INSTITUTIONAL, AND LEGAL
DARRIERS TO WIDESPREAD COMERCIAL \PPLICATION

8 STIFULATE MARKET DE'AND
® DEVELOP INDUSTRY CAPABILITY

@ PERFON TRADE-OFF STUDIES TO ASSURE SOLAR EAHERGY DEVELOPVENT PROGRAMS ARE
PROPEPLY  TNIEROVER WITH:

- OTHER ENZRGY DEVELCE ENT B JEAVGRS
- ENERGY CONSERVATICN PROGRAF>

ORIGINAY; p,
OF RO0R qUALITY
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MISSION ANALYSIS OF PHOTOVOLTAIC SOLAR ENERGY SYSTEMS
Stanley L.. Leonard, The Aerospace Corporation

The overall objectives of The Aerospace Corporation's photovoltaic
mission analysis program have been a) to develop procedures for the techaical
and economic evaluation of terrestrial applications (missions) for the photovol -
taic conversion of solar energy and b) to use these procedures to identify the
missions most likely to find a significant place in the U.S. energy marketplace
in the 1980-2000 period. The greatest emphasis in the study is being placed on
two main classes of missions: on-site applications, in which the photovoltaic
system serves the electric power demand of a load-point that is co-located with
the system, and central station power plant applications. Fuel production ap-
plications and a variety of special-purpose missions are also being studied, albeit

at a considerably lower level of effort.

Much of the effort during the early part of the reporting period was devoted
to the development of the computer software needed in the methodology for evaiu-
ating on-site missions. The procedure employs computer simulation to deter-
mine performance characteristics. These results are then used, along with a
model for the operation of a complete utility system, to determine the amount
of back-up energy that the utility grid must provide and the amount of additional
generation capacity that is needed in order to maintain reliable service. The
economic evaluation of the mission then requires the comparison of the total
cost of the energy provided to the on-site load-points in two different situations,
one in which photovoltaic systems satisfy most of the demand and one in which
the entire load is served directly by the utility grid. This procedure treats the
economics of the mission essentially from the utility point of view. The costs

associated with the distribution of back-up power are thereby included implicitly.

The evaluation methodology for on-site missions have been used in anal-
yzing a representative base-line mission/system concept in some detail and in
assessing the sensitivity of the result to variations in mission or system char-
acteristics. The baseline concept is a residential photovoltaic system located
in Phoenix. The analysis presumes the existence of a substantial number of
such systems within the service area of 1n electric utility system; the demand
served by photovoltaic systems amounts to about 0. 6% of the total system de-~
mand, It was found that the use of such residential on-site systems can be ex-
pected to become economically competitive in 1990 if photovoltaic array costs

can be reduced to about $100 per peak kW,
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The sensitivity analyses have included studies of the effect on perfor-
mance of variations in array size, in storage capacity, in geographical loca-
tion (seven different sites), and in types of demand (residential, commercial,
or industrial). Both flat-plate and Winston collectors have been investigated
and a comparison has been made between performance of collectors with fixed
orientation and collectors whose tilt is adjusted monthly. In addition, a brief
study was made of the sensitivity of the economic evaluation to variations in
photovoltaic conversion efficiency, in the costs of essential subsystems, and

in the cost of fuel for competing power sources.

A second major effort, begun late in the reporting period, has been de-
voted to implementing procedures for evaluating central station power plant
applications. This task consists largely in adapting procedures thzet were de-
veloped in an earlier Aerospace Corporation analysis of missions for solar-
thermal energy conversion. At the close of the reporting period, this adapt-
ation process is essentially complete and preliminary runs are being made.
An improved model for dispatching the ouwwput of a solar energy plant is also

being developed; it will be incorporated into the methodology when complete.

A start bas also been made on the development of evaluation procedures
for fuel production (e.g., electrolytic hydrogen) missions. Central to this
evaluation will be the cost of competitive fuel (or of hydrogen produced in other
ways), and a study of the projected (1980-2000) costs of such fuels is under

way.

During the remainder of the grant period (two months), representative
central station power plant missions will be evaluated. The improved dispatch
routine will be incorporated into the methodology, as will procedures for evalu-
ating the combined effect of the use of three solar plants, each located at a
different site. The 3tudy of projected fuel costs will be completed and used in an
assessment of the competitive position of electrolytic hydrogen produced with

power from photovoltaic arrays.

A proposal for a follow-on study has been submitted to ERDA, It calls
for an extension in both breadth and depth of the mission analysis effurt and for
the provision of direct program support to the ERDA photovoltaic conversion
program office. The proposed furding for the Mission Analysis portion of the
study is approximately $400K, while that for the Program Suppor: segment is
$62K, for a total of $462K.
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The Aerospace Corporation

Mission Analysis of
Photovoltaic Solar Energy Systems

CONTRACTING AGENCY:
NATIONAL SCIENCE FCUNDATION
RESEARCH APPLIED TO NATIONAL NEEDS

GRANT NUMBER: G1-44099
PERIOD OF GRANT: 15 MONTHS [1 June 1974-31 August 1975]
AMOUNT OF GRANT: $233,900

PRINCIPAL INVESTIGATOR: DR. A. B. GREENBERG
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STATUS OF THE PHOTOVOLTAIC
CONCEPTUAL DESIGN AND SYSTEMS ANALYSIS RFP

Leonard M. Magid
Division of Solar Energy
Energy Research and Development Administration
Washington, D. C. 20545

H
The National Fhetovoltaic Conversion Program has rZZent]y
awarded three contracts totaling slightly more than $1.4M for
tue first Conceptual Design and Systems Analysis (Phase Zero)
studies of solar photovoltaic conversion systems.
The systems to be analyzed, as shown in Figure 1, include:
1. An on-site residential system in the 1 to 10 peak
kW demand range.
2. A central station power plant in the 50 to 1,000
MW demand range.
3. An intermediate range application in the 100 kW
to 10 My level.

The awaris 22k “or a 12 month effort starting in June 1975,

are to: -
General Electric Corp. - $472K
Spectrolab, Inc. - $413kK
Westinghou<e Electric Corporation -  $528K

In addition to the technical evaluations, each study will
also provide an assessment of the financial, environmental, legal,
institutional and related issues associated with the actual imple-

mentation of photovoltaic conversion systems. To accomplish these

50



objectives, the project have formed teams that include engineers,
architects, economists, lawvers and representatives from utilities

and university research centers, as indicated in Figure 2.
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CONCEPTUAL DESIGN AND SYSTEMS ANALYSIS

OF PHOTOVOLTAIC POWER SYSTEMS

SYSTEMS TO BE ANALYZED

1. ON-SITE RESIDENTIAL

1 - 10 kWe PEAK DEMAND

30 - 100 kwh DAILY DEMAND

2. CENTRAL STATION POWER PLANT

50 - 1£00 MWe DEMAND

3. INTERMEDIATE RANGE SYSTEM

100 KWe -~ 10 MWe DEM/ND

FIG. 1



CONCEPTUAL DESIGN AND SYSTEMS ANALYSIS

OF PHOTOVOLTAIC POWER SYSTEMS

I. GENERAL ELECTRIC CORP, - $472K

WITH:

II. SPECTROLAB, INC.

SHELDAHL CORP.

PENNSYLVANIA POWER AND LIGHT CO.

- $413K

WITH:

BECHTEL CORP.
FACILITIES SYSTEMS ENGIN. CORP.
MIDWEST RESEARCH INSTITUTE

ARIZONA STATE UNIVERSITY

III. WESTINGHOUSE ELECTRIC CORP. - $528K

WITH:

53

BURT, HILL AND ASSOCIATES
CHARLES RIVER ASSOCIATES
FORD, BACON AND DAVIS
PHILADELPHIA ELECTRIC CO.
TRW

UNIVERSITY OF PENNSYLVANIA

FIG. 2 |
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LOW-COST SILICCGN SOLAR ARRAY PROJECT

John V. Goldsmith
Jet Propulsion Laboratory
California Institute of Technology

ABSTRACT

The responsibility to conduct ERDA's Low-cost Silicon Solar Array
Project, which is a part of the overall Solar Photovoltaics Program, has
been delegated to the California Institute of Techneclogwv's Jet Propulsion
Laboratory (JPL). An Industry Briefing formally announcing this Project
was conducted February 5, 1975. The objectives of the Project include a
1985 goal to reduce silicon solar array prices to less than $500/KW. These
low-cost arrayvs further shall have lifetimes greater than 20 vears, con-
version efficiencies greater than 104 and a national rate of units manu -
factured greater than 300MW per year. A Project team, led by Robert Fornev,
has been orgarized at JPL. This team is divided presentlv into five major
Task areas: Silicon Material, Large Area Silicon Sheet, Module Encapsulatiocn,
Automated Array, and Large Scale Production. The Tasks are all part of onc
integrated efiort dedicatad to reaching the Project's 1985 objectives.
Specifically, the Silicon Material Task is to concentrate on reducing the
basic sular cell quality silicon material price to less than $30/Kg with a
goal of less than $1{/Kg. The Large Area Silicon Sheet Task is to convert
the low-cost material into large areas of silicon with the required properties
and dimensional thicknesses that will permit their conversion into high
efficiency solar cells. The added price goal of this process is less than
$1.60/sq. ft. The Encapsulation Task is to produce low-cost, long-life,
greater than 20-year lifetime ercapsulation materials and techniques. The
Automated Arrav Task is to convert the sheets of silicon into solar arrays
utilizing facilities, designs and processes that will result in the less
than $500/KW chjective. The Large Scale Producticn Process Task has as its
primary objective the supply of silicon solar array modules to ERDA's
Photovoltaic Program Demonstration and System Test and Analvsis Projects.
Approximately 10 megawatts of these modules are presently planned to be
procured from Industry with gradually i.creasing anuual buys over the next
eight years. It is anticipated these buyvs will stimulate the murket and
assist Industryv in developing better modules at lower cost. This Large
Scale Preoduction Task will benefit from the technology advancement achieved
in the previously described four Tasks and could serve as a practical test
of improved designs and production technicues. It is a goal that hardware
procured through the Large Scale Production Task will be bought for less
than $5 per watt by 1979 and $? per watt by 1983.

This Low-cost Silicon Solar Array Project is to be a National effort
involving the best talents “n Industry and Universities. Requests for
Propcsals in the first four Task areas were solicited during April, and
proposals are now under evaluation. A Request for Proposals for the first
40 kilowatts of solar array modules required in the Large Scale Production
Task will be released in the near future.
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PHOTOVOLTAIC CONVERSION OF SOLAR ENERGY
Contract #W7405-eng- 26

OAK RIDGE NATIONAL LABORATORY
March 75 - July 76

$180,000

J. W. Cleland, R. D. Westbrook

H. L. Davis and R. F. Wood
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1) Oktjective

The first and most irmediate objective of the photovaltaic conversion
work at ORNL is the developrent of a thorough understanding of and techniques
for controlling certain factors which are known to degrade the electrical
characteristics of p-n junctions in silicon seniconductor d=vices. The most
important of these factors is the nonuniform distribution of phosphorus which
is introduced by conventional doping techniques. As a possible means of cir-
cumventing this problem a thorough study of nuclear doping is currently being
emphasized. The second objective of the program is the icentification and
control of point, line and surface imperfections which act as recombination
centers to degrade the minority carrier lifetime in both single and poly-
crystalline silicon, and in other I11-V and 11-V! semiconductors. A third
objective of the program is the identification and study ¢ new solar cell
materials and growth methods.

2) Past Activity

This project, though recently initiated, is closely -zlated to other
research at ORNL, e.g., the work on ultra-pure germanium, -~uclear doping,
crystal growth, optical and electrical properties of solids, pure materials
research, chemical vapor deposition, electron microscopy, semniconductor device
modeling and testing, and organic semiconductors.

3) Current Effort

The first phase of this work is being devoted to the applicability of
“nuclear doped'" silicon to the silicon solar cell. All methods presently
used in the preparation of silicon for semiconductor devices introduce a
nonuniform distribution of any chemical dopant. It has bezs demonstrated
that the distribution of phosphorus, the standard n-type dopant, takes the
form of striations which intersect and degrade the characteristics of a p-n
junction. These striations can be greatly reduced by nuclzar doping, in
which the °Si of normally available silicon transmutes to 'P after thermal
neutron capture with a half-1ife of 2.6 hours. Also, no cther impurities are
introduced by the nuclear doping process in contrast to thz possibility of
inadvertant contamination of the melt with copper, gold, etc. during normal
doping procedures. The performance of high power silicon siodes, thyristors
and avalanche detectors is significantly improved for nuclzar-doped Si over
that for conventionally doped material, and a similar improvement may be
attainable in the efficiency of silicon solar cells.

We have irradiated wafers and ingot sections of both single crystal and
polycrystalline silicon in various reactor locales with a_tnermal to epithermal
neutron ratio from unity to 2,000, and have introduced 10°® to 10'® phosphorus
em~3. The times and temperatures required to remove (n,y} and fast neutron
lattice damage are being studied, and electrical property —easurements are
in use to determine the carrier concentration, mobility, and minority carrier
lifetime as a function of the total flux. thermal/epither—al ratio, and anneal-
ing requirements. Electron microscope and microscopic spreading resistance
measurements are in progress, and test specimens are also being evaluated at
other laboratories as regards their performance as avalanche detectors, high
voltage power rectifiers and thyristors, @nd solar cells.
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4) Future Plans

After the first stage of the research program is well advanced, and
definitive results on the role played by the nonuniforn distribution of
dopants have been obtained, the emphasis will shift tcuard studies of
electron-hole recombination processes. This part of the program will rely
heavily on a close interplay between experimental and theoretical research.
Advanced optical techniques and spin-resonance (where zpplicable) will be
used to determine the lattice sites, concentration, energy levels and life-
times associated with those impurities and point imperfections which intro-
duce deep traps and act as recombination centers. The role played by dis~
locations, grain boundaries, and surfaces in promoting recombination and
thus reducing the minority carrier lifetime will be ttoroughly studied by
optical, Auger electron, LEED and electron microscopy techniques. The
theoretical work will be directed toward a determination of the energy
levels, wave functions and lifetimes of electrons and holes at deep traps
and in the vicinity of line and surface imperfections. These are particu-
larly important studies because the ultimate success of photovoltaic con-
version as an alternative source of energy is likely to depend on the possi-
bility of using polycrysta:.ine, amorphous or highly irpure silicon or other
materials.

Single crystal ingots of silicon will be grown by float zone refining
and Czochralski pulling and a systematic study will be nade of the require-
ments for control of point defects, defect clusters, dislocations, twins,
stacking faults and unwanted chemical impurities. Crystals with varying
concentrations of those imourities most frequently found in silicon will be
grown for use in lifetime studies. Samples of silicon fron newer growth
processes such as edge-defined, film-fed growth and internal zone growth
will be prorured ancd prepared for testing. Studies of growth methods for
i1H-v, 11-vil, polycrystalline, amorphous and organic seniconductors will be
surveyed. The possible use of Shottky barriers instead of p-n junctions will
be explored because such an approach may lead to si—plified fabrication pro-
cedures and hence reduced costs.

5) Survey of Key Results to Date

The most serious problem that was anticipated with the nuclear doping
technique was the removal of radiation damage that is introduced as a con-
sequence of (n,y) recoils following thermal neutron absorption, and as a
consequence of all other damage mechanisms activated by the reactor irradia-
tion. We have now produced phosphorus concentrations in silicon from 102
to 10'® cm~? by neutron doping, and in all cases have been able to recover
the carrier mobility and a substantial percentage of the carrier lifetime by
suitable annealing schedules. We find that generally the robility returns
to normal at lower temperatures than the lifetime, but as the annealing study
is incomplete at this time we do not know the upper !'nit, if any, of life-
time recovery.
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DEVELOPMENT OF A 20% EFFICIENT SOLAR CELL
Grant No. GI-43090
15 Months
Initiated 1 June 1974
$119,400

Principal Investigator:

Dr. Joseph Lindmayer
SOLAREX CORPORATION
1335 Piccard Drive

Rockville, Maryland

Prcsented At
National Solar Photovoltaic Program Review Meeting
Los Angeles, California

July 22-25, 1975

65



ABSTRACT

The efficiency of silicon solar cells has beer increased
significantly in the last few years, particularly after the
introduction of the violet cell. With the onset of the ter-
restrial photovoltaic program, it became apparent that techniques

should be found for high efficiency inexpensive solar cells.

This Grant was given just for such a purpose. The actual work
has proceeded along the lines which are basic to inexpensive
technologies, such as the use of CZ crystals, chemical surface
preparation, short junction formation in quantity, back junction

formation by simple ailoying, no clean room operation, etc.

Progress in efficiency during the grant period was continuous
and the 20% efficiency has been just about reached by this time
as is indicated in the attached figures. The reason for the
gradual improvement is that nature resists the idea of large
jumps; improvement -in one parameter usually results in degrada-

tion of another and this continuous cross talk is the reason for

graduality,

Much of the efficiency of silicon solar cells was limited by
the generation of three types of defect states: bulk states,
surface induced states, and surface states. The magnitude and

distribution of these defects affect the three basic parameters,

photocurrent, photovoltage and fill factor.
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A. Current

The quantum yield of the cells have been improved continuously.
The short wavelength response is controlled by defect states near
the front junction while the red response is controlled by bulk
states and by defects generated near the back surface. The total
collection efficiency is approximately 78% at the moment for flat
surfaces but can be increased by some 5-6% with textured surfaces.
There is clearly room for continued improvement in the current

collection efficiency.

B. Photovoltage

The complex matter of photovoltage has been éttached heavily
both theoretically and experimentally. A general mathematical
treatment indicates that the practical limit of a room temperature
photovoltage of about 600 mV is controlled by surface thermal
generation current. We believe that the problem has been theo-
retically identified with this work and, therefore, gives an
important guideline for the experimental approaches. We believe
that with sufficient experimental effort, the photovoltage could

be raised much above 600 nV.

C. Fill Factor

Great improvements have been accomplished in the control of
the fill factor and it can now be held very closes to the ideal
value; namely in the range of 78-80%. These excellent results

indicate the potential return that can be obtained by minimi-

zation of defect states. 67



The combined theoretical and. experiiental effort which went
in many directions during the grant could not encompass detailed
studies. of all the related phenomena but has been instrumental

in establishing a range of parameters that can provide consistently

high conversion efficiencies.
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SHEET RESISTANCE OF DIFFUSED PHOSPHORUS LAYER AS A

FUNCTION OF TEMPERATURE (10 MIN.)
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TABLE FOR DIFFERENT BACK LAYERS

Compound

B glass

Ga glass
Ce0y

Cr

S5i (p~-type)
Ti

Tas0s

Ni

§io

Si (metallurgical)
Ge

MoO3

Mn

Mo

\Y

Sn

Aly03

R1P

B203

Character

p-type
n-type
n-type
p-cype
n-type
p-type
p-type
n-type
n-type
p-type
n-type
n-type
n-type

?

?
n-type
p-type
n-type

?

Remarks

spin~on

spin-on

electron beam
filament

electron beam
filament

electron beam
electron beam
electron beam
electron beam
electron beam
electron beam
electron beam
electron beam
electron beam
electron Leam
electron beam
electron beam

electron beam
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SUFMARY OF KEY RESULTS

IiPROVED TAWTALUE! OXIDE COATIiGS

TEXTURIHG FAY LEAD TO LOI!G TERM DEGRADATIOi
HIGH FILL FACTORS AROUID 80%

BETTER UNDERSTAIDING OF PHOTOVOLTAGE PROBLEMS
HIGHER PHOTOVOLTAGE, AEOVE 600 mV

BETTER RESPOM{SE

EFFICIENCY HEAR OR AT 207

EFFICIENCY INPROVES WITH COHCEATRATION

PLANNED ACTIVITY FOR NEXT 6 MONTHS

GRANT ENDS IN AUG. 1975: RENEWAL REQUESTED

IF RENEWED, THE EFFICIENCY RANGE ABOVE 20% WOULD
BE EXAMINED, INCLUDING BASIC RESEARCH ON EFFECTS
OBSERVED BUT NOT WELL UNDERSTOOD
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SOLAR SILICON DEFINITION GRANT
AER 75 - 03972

PRINCIPAL INVESTIGATOR ~ DR. G. F. WAKEFIELD

TEXAS INSTRUMENTS INCORPORATED
DALLAS, TEXAS 75222

This project is being conducted to define a preliminary chemical purity
specification for solar grade silicon. The specification should permit the
utilization of less pure (than semiconductor grade) silicon to manufacture
solar cells having efficiencies of at least 10% AMO. Lower purity solar
silicon should be obtainable for significantly reduced cost than semicon-
ductor silicon, since lower cost processing approaches could be utilized.

The criticality of this goal is easily appreciated from the fact that silicon
presently contributes 20% to cost of solar panels. Reduction of the panel
cost to one tenth present cost is obviously material limited. Economies of
scale and learning do not forecast the required cost reduction since semi-
conductor silicon is already an established, relatively large scale industry.
This program was thus conducted on a compressed time scale to allow earliest
consideration of the reduced purity requirements.

The approach on this project was to prepare crystals from high purity
silicon doped to known level with many common impurities. This impure silicon
was fabricated into small area diodes and solar cells to evaluate the effect
of the impurities on device performance. Measurements were made of the |-V
characteristics (with emphasis on the slope of the recombination and injection
influenced curves), the photoresponse behavior and lifetime measurement by
photoconductive decay technique. Following selection r* the maximum levels
of ..purities tolerable within the performance criteria, samples of impure
silicon were fabricated into solar cells by several solar cell manufacturers.
The performance of these cells was compared to performance of cells fabricated
simultaneously from semiconductor silicon by the same manufacturer to eliminate
processing variables. The results of the diode evaluation showed that up to
several ppm of most common impurities were tolerable in the raw material silicon
used for crystal growth. The impure silicon providea for solar cell manufacturers
tests was grown from silicon containing 10 ppm of each of the impurities being
studied, for a total impurity level of 120 ppm in the melt.

The solar cells made from the impure silicon were consistently lower in
performance by .5 to 1% absolute from all sources. The Voc and l¢. were reduced
<5750 to .565 V and 31 to 20 ma/cm? for 2" diameter cells semiconguctor grade
silicon and the impure silicon respectively. Cells from the impure silicon thus
performed 90% as well as cells made from silicon having 10" - 10”2 higher purity
level. The consistency of data from several sources of fabrication and the
normal distribution shape of the yield curve tend to support the validity of
the data.

A preliminary specification was drafted, reviewed with government and
producers, and included in the grant final report.
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SOLAR SILICON DEFINITION

INFLUENCE OF IMPURITIES ON SILICON SOLAR CELLS
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Néé 12475

EFG RIBBON GROWTH

K. V. Ravi

Mobil Tyco Solar Energy Corporation
Waltham, Massachusetts 02154

The review vill cover two projects ent‘tled "Continuous Silicon Solar
- Cells" (Harvard-Tyco) and "Scale-Up of Program on Continuous Silicon Solar
Celis."

Past activities in the theoretical aspects of EFG ribbon growth have dealt
with capillary effects, die effects, thermal effects and crystal shape efiects.
This program was concluded in March and the final report is near completion.
Effort since the last r2view meeting has been devoted to the examination . |
the shape of the meniscus at the ribbon edges. It has been determined that the
height of the meriscus at the ribbon edges was undercsiimated in the earlier
thecory. Present theoretical findings along with analogue experiments indicate
that the side meniscus lifts the edge meniscus effectively increasing the menic-
cus height at the edges. This finding has important consequences in the stable
growth of high quality ribbons. Other factors considered include the effects of
crystal orientation on ribbon shape or morphology.

The experimental aspects of growth have dealt with continuous ribbon
growth and factors contributing to ribbon quality. Continuous ribbons of up to
80 ft (1 in. wide, 8 to 10 mils thick) in length have been grown. With the use
of top or die heaters in resistance heated crystal growth systems, the control
of vertical temperature gradients as well as the height of the meniscus above
the die is possible. By employing a high meniscus mode of operation of the
system a few crystals of very high quality with respect to defect densities (dis-

locations, twins and SiC particles) have been grown., The crystals also maintain

a constant orientation over long lengths.
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The quality aspects of ribbon crystals have been under continuous
investigation with new insights into the characteristics of linear boundaries
and SiC particles being developed.

A summary of the states of EFG ribbons was presented inthe IEEE
11th Annual Photovoltaic Specialists Conference.
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TITLE:

ORGANIZATIONS:

PERIOD:
AMOUNT :

PRINCIPAL

INVESTIGATORS:

TITLE:

ORGANIZATION:
PERIOD:
AMOUNT:

PRINCIPAL
INVESTIGATOR:

TiTLE PAGE
I

CONTINUOUS SILICON SOLAR CELLS

HARVARD UNIVERSIGY/TYCO LABORATORIES, INC.

MARCH 1973 - MARCH 1975

$300,700 TOTAL ~ HARVARD $111,000
TYCO 189,700

PROFESSOR BRUCE CHALMERS - HARVARD
DR. A. 1. MLAVSKY - TYCO

11

SCALE-UP OF PROGRAM ON CONTINUDUS
SILICON SOLAR CELLS

MOBIL TYCO SOLAR ENERGY CORPORATION
MAY 1974 - JULY 1975
$321,000

DR. A. 1. MLAVSKY
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THEORETICAL CONSIDERATIONS

1. CAPILLARY EFFECTS

2, DIE EFFECTS

3, THERMAL EFFECTS

4, CRYSTAL SHAPE EFFECTS
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EQUIPMELT AN PROCESS DEVEIOPMENT

1. RF HEATED SYSTEM - PROBLEMS RELATING TO CONTINUOUS
GROWTH.

2. RESISTAHCE HEATED SYSTEMS - PROBLEMS RELATING TO CON-
TINUOUS GROMTH AND CRYSTALLINITY CONSIDERATIONS.

1. SCALE UP OF CRUCIBLE AND ASSOCIATED COMPONENTS.
2. DIE DESIGN FOR MENISCUS CONTROL AND MENISCUS DIMENSIONS.
3. RIBBON GUIDANCE AND COLLECTION OR SPOOLING APPARATUS.
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CONTINUQUS RIBBCH GROWTH - CURREHT STATUS

MAXTMUM THICKNESS | GROMTH RATE
LENGTH | WIDTH ! (AVERAGE) (AVERAGE) COMMENTS
80 FT | 1IN, |~8-10 FILS {~1 T /N | RUN TERAINATED BUE
10 DEPLETION OF MElLT.
60 FT |1 [N, i~3-10 BILS i~1 i, /110 i R TERMIGATED,
40O FT  §1 IN.  |~8-10 MILS {~1 i./fIN | RUM TERMINATED

PRODLIS ARDRESSED IN RID!

RO QUALTTY

1. CONTROL OF VERTICAL TEMPERATURE
2. MEN

3. HIGH FLRISC

GRAYT
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1.

3,

5.

THEORETICAL UNDERSTAHDING OF MEZWISCUS SHAPE AND STABILITY
AT RIBBOM EDGES,

THEQRETICAL RELATIONSHIPS BETMEEH CRYSTAL ORIEHTATION AND
RIBBON DIME.SIONS HAVE BEEN DETERMINED.

FACTORS RELATING TO THERMAL EFFECTS AND CRYSTAL SHAPE CON-
TROL HAVE BEEN ANALYZED.

CONTINUOUS RIBBON GROWTH HAS BEEW ACHIEVED WITH THE MAXIMUM
LENGTH TO DATE BEING 80 FT (1 IM. WIDE, 8-10 MILS THICK),

THE STRUCTURAL CHARACTERISTICS OF RIBEOHS AND STRUCTURE -
PROPERTY RELATIONSHIPS HAVE BLEH STUDIED,

A FEW HIGH QUALITY RIBBONS WHICH PROPAGATE AND MAINTAIN SEED

ORIENTATIONS HAVE BEEM GROWN. THIS GRONTH HAS BEEH ACHIEVED
WITH THE HIGH MENISCUS MODE OF OPERATION OF THE SYSTEM,
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STATUS _SUMMARY

A. BASIS ESTABLISHED FOR EXPERIMENTAL DEVELOPMENT OF
FAST, WIDE RIBBON.
B. CONDITIONS ESTABLISHED FOR CONTINUOUS UNATTENDED GROWTH.

c. EFFECT OF GROWTH PARAMETERS ON QUALITY UNDERSTOOD TO
PERMIT SYSTEMATIC QUALITY IMPROVEMENT

- A+ 8+ C-

LOW COST HIGH QUALITY SHEET PRODUCTION
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EFG SILICON RIBBON SOLAR CELLS
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Mobil Tyco Solar Energy Corporation
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EFG SILICON RIBBON SOLAR CELLS

K. V. Ravi, H. B. Serreze, H. . . Bates, A, D. Morrison
D. N, Jewett and J. C. T. Ho

Mobil Tyco Solar Energy Corporation
Waltham, Massachusetts 02154

SUMMARY

The growth and characteristics of edge-defined, film.fed grown (EFG) silicon
ribbons are discussed. Factors involved in the growth of continuous lengths of 1 in.
wide ribbons are examined. The structural and electrical characteristics of the
ribbons have been studied and the results are presented. Solar cells have been fabri-
cated using the ribbon crystals and typical AMO efficiencies of 6 to 10% have been
realized.

INTRODUCTION

Among the principal factors that affect economically and technically the
attainment of large scale silicon photovoltaic systems is crystal growth. The cost
factors associated with the conventional Czochralski growth technique are such that
alternative procedures for obtaining single crystal silicon in ribbon form by direct
solidification from the melt are desirable. One such technique is the edge-defined,
film-fed growth (EFG) process whose features have been discussed elsewhere (1,2).
Initial results of ribbon growth experiments relating to silicon were reported in
previous meetings of this conference (3, 4) and elsewhere (4a). It is the intent here
to present an update of this technology. A discussion of the growth aspects of silicon
ribbon is followed by a description of the structural characteristics of the state-of-
the-art ribbon. Structure property relationships have been studied with specific
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emphasis on .he effects of linear defect boundaries on photo~generated signals in the
material. Data on ribbon solar cells is presented in the concluding section of this
paper.

RIBBON GROWTH

The most prominent characteristic of the EFG technique is the ability to grow
ribbons of a given uimension with good shape coatrol. In order to artain this dimen-
sional centrol, a die is inserted between the bulk of the melt and the growing interfacc.
This produces several advantages, but also certain cngineering constraints which
must be considered in the growth of silicon ribbons by EFG.

Briefly, the advantages of the EFG process are: the isolation of the grc wth:
interface from the bulk of the melt; the production of an interface which stays at a
constant location relative to the isotherms in the system - in- cad of fluctuating up
and down with the melt - the development of a fluid flow system which ensures that
the composition of the ribbon will be that of the melt feeding the ribbon; and, of
ceurse, direct shaping of the crystal. The basic requirement is the existence of a
die matexial which is wet by, but which does not significantly react with molten sili-
con.

The die material currently being used is graphit=. Graphite presents a number
of problems which have to be overcome in its use as a die for EFG. The most
apparent problem is the forma ion of silicon carbide in the form of a layer and in par-
ticulate form within and on top of the die during ribbon growth. The particles, about
0.05 to 0.1 mm in the largest dimension, create a rough surface on the die. They
often protrude from the bottom of the meniscus, appearing cold and black in contrast
to the meniscus of molten silicon. These cold prec: ~itates cause projections of the
growth interface towards the cold region. These projections cause a rough solid-
liquid interface thereby leading to instability and, possibly, structural defects.

Although graphite reacts with molten silicon, the reaction rates have been
observed to be slow enough for the suc._essful development of ribbon growth tech-
nology. Up to 65 fcet of ribbon has been grown from a single die. Examination of
the dies following the sustained growth of long lengths of ribbon has not revealed the
presence of significantly more SiC on top of the die as compared to carbide forma-
tion on dies through which smal. lengths of ribbon ( < 10 ft) have been grown. Typi-
cal examples of dies from which short and long ribbons have been grown are shown
in Fig. 1. Further, die erosion or distortion effects were not observed in any of the

dies used for long growth runs.
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The die, which provides the advantages of shaping, isolation from the mclt,
ctc. also imposes certain requirements in terms of design of the die and of the ther-
mal environment surrounding the die. In addition, certain operaring or process
constraints exist which have to be considered in order to achieve successful growth.
for example, the amount o melt which is in proximity to the growing ribbon is quite
small in comparison to Czochralski growth. Therefore, loss of very small amounts
" heat can provide enough of a temperature decrease to cause solidification of the
ribbon at the die top.

Silicon has approximately twice the thermal conductivity of graphite. As a
result, more heat flux per cross sectional area travels up the column of liquid sili-
con than up the graphite die. In addition, the outside ani top edges of the die tend to
be cold with respect to the molten silicon, since in typical rf heated systems, the
outer sloping face of the die is free to radiate hcat away, and the only source of heat
to that portion of the die is the dic holder or lower structures. In this case the inter-
face will tend to curve downward towards the die ednes; if the temperature of the
liquid near the die top approaches the melting point, thcre will be a tendency for the
nterface to advance towards the die edges.

There are other areas where a detailed consideration of the thermal environ-
ment at the top of the die is crucial. For instance in spreading a small seed into a
full width ribbon there are several different thermal stages which are observed.
Before seeding takes place, the temperature along the top of the die is nearly uniform
and is just above the melting point. Upon seeding there is additional heat loss up the
seed by means of conduction which tends to decrease the temperature at the top of
the die and caus~- ‘b= silicon to freeze. Heat is added at this time in order to remelt
the silicon, or "cally the melt temperature is raised before seeding to allow
for this heat I~ . the seed has been melted and the meniscus has bheen estab-
lished, growth ma, *- .in. However, at this point the silicon at either side of the
seed is much hotte: than the silicon directly under the seed. Therefore, the ribbon
will tend to taper instead of sp>=ading. In order to overcome this tapering, growth
speed is increased rapidly until the heat of solidification at the narrow seed is
generated rapidly enough to compensate for extra heat lost up the seed. At this point
the silicon under the growing seed may be hotter than the silicon on either side of
the seed, and the ribbon will then spread in response to the temperature gradient.

125



One difficulty with this approach is that the growth rate mus - raised very
rapidly to a high level and this may entail dropping the heat input to the top of the die
to such an extent that the rest of the si:icon freezes and the growth is aborted. Full
width seeding with a growth system w*i_t. is essentially isothermal along the die top
has been developed to avoid this situaticn. The edges of the die and ribbon radiate
enough extra heat away to allow the ribbon to stay at full width.

In developing this technology. three meniscus shapes (Fig. 2) have been used
as simple guides to the thermal environment during ribbon growth. The first shape,
(Fig. 2A) concave with respect to the ribbon (meniscus closer to the die at the center),
is attained when the ends of the ribbon are hot with respect to the center of the die.
Growing with this meniscus shape causes the ribbon to taper. Attempts to spread the
ribbon by decreasing the temperature lead to freezing of the ribbon to the center of
the die.

The opposite thermal condition (Fig. 2B), the ends of the ribbon cold with
respect to the center, leads to a meniscus convex with respect to the ribbon (menis-
cus closer to the die at the ends). In this case the ribbon will spread rapidly, but
it is difficult to prevent the edges of the ribbon from freezing to the die.

Finally, a meniscus curved up on one end and down on the other results from
one end being hotter than the other. A ribbon grown in this environment tends to taper
on one side and spread on the opposite (Fig. 2C). This phenomenon is also caused by
having the die, susceptor, heat shields, or other components slightly out of balance.
Tightening of component specifications and special care in assembly of the growth set
up are the major ways to avoid this problem. The vertical gradient variations are
also crucially important. These gradients determine allowable growth speeds, sen-
sitivity of meniscus height to changing growth speeds, etc.

Silicon ribbons have been grown from three different types of furnaces and
with three types of pulling mechanisms, The initial experimental work was done
with high frequency induction systems. These are characterized by simple growth
set up design, good visibility and rapid power adjustment capability. The disadvan-
tages include higher power consumption, rf interference in control devices, and the
presence of a single power zone, The motor generator induction furnace has the
advantages of the rf system but uses less power and produces less electronic inter-
ference. It still is characterized by one hot zone, Fig. 3 shows a typical example of

an rf heated growth station.
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The resistance furnaces which have been more recently developed have inde-
pendent top heating zones which permit the attainment of continuously variable
thermal gradients within the die. In addition, the combination of reliabilitv, low
power consumption (a factor of 3 less than rf hcating), low clectrunic interfercnce,
and design flexibility make this approach more .esirable. lts drawbacks arc a<so-
ciated with the more complicated, larger system enclosur: = and the added require-
mants imposed on heating element design. Fig. 4 shows an example of a resistancc
heated system.

Two types of vertical pulling mechanism have been used. The hydraulic piston
system first used provides a very smooth stroke, but it is quite bulky, not casily
controllable and difficult to monitor. The second type uses a motor driven ball scrcw
assembly which, with siaitable mechanical damping, provides easily controlled and
monitored pulling. Finally, two different continuous belt puller designs have bcen
used to grow continuous ribbon. The advantages of electric control and monitoring
are still present, and of course there is arn unlimited pull stroke. The major problems
are providing adequate mechanical guid» . the ribbon, avoiding ribbon "wander”
within the belts of the pullers, and in the _.1ng of seed holders which can move
through the belts with a minimum of distucpar ‘e in the transition from seed holder
to ribbon. All of these systems have been used to successfully grow linch wide
ribbons. As mentioned above, ribbons of lengths up to 685 feet have been grown
employing continuous belt pullers. The ribbons have been sufficiently strain free to
permit reeling on to ~ 3 ft diameter reels, Fig. 5 shows the reeling mechanism o

a growth station,

RIBBON CHARACTERISTICS

The two most significant ribbon characteristics in addition to dimensional
control are the chemical purity and crvstallographic structure.

Chemical Purity

Because of the intimate contact between the liquid and the die during the
growth process it is necessary not only that the die materiai itself not introduce
significant numbers of electrically active impurities, but also that impurities in
(and on) the die be minimized. Carbon is electrically inactive in silicon; however,
the total impurity content of tvpical high purity commercial graphites can be of the

order of 100 to 600 ppm. Transition metals are generally present as major fracticns
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of the total, as are aluminum and silicon, Fabrication and handling of graphite dies
can also, of course, introduce a broad spectrum of impurities. Since nothing is known
about the kinetics of impurity transfer from the bulk of the die to the melt, it is
safest to assume that all impurity atoms present in the die will be immediately intro-
duced into the melt, and thus to strive to lower the impurity leveis in the graphite
as far as possible. As an example, it is found that the typical graphite die material
being used (DFP-2 grade having been subjected to a high temperature purification
treatment by the manufacturer) contains approximately 5 ppm of iron. This trans-
lates into approximately 6 x l()16
~0.5 cm thick graphite die.

A typical melt used with this size die contains about 10 cm3 of silicon, Com-
plete transfer of the Fe to the melt would then produce a level of 4 x lo15 3
of Fe in the silicon. If in fact only 10% of the total finds its way into the melt, the
resulting 4 x 1014

atoms of iron in a 2.5 cm wide by 3.05 cm long,

artoms/cm

atoms/cm3 of Fe is still a fairly high concentration for a deep
level impurity. Given these considerations, the course of effort followed to achieve

suitable low impurity levels in graphite dies is discussed below.

Vacuum Firing

The first approach to cleaning graphite dies was vacuum outgassing. This
process evelved from a fairly mild 1500°C, 10”2

removed the more volatile contaminants introduced during fabrication, giving typical
5

torr treatment which probably only
ribbon resistivities of 0.5 Q -cm, to a 1900°C, 10 ° torr, one hour treatment, which,
when applied to dies made from DFP-2 (i.e., pre-purified) graphite allowed fairly
consistent growth of ribbon of 1 to 2Q -cm, p-type resistivity. Solar cells produced
from these ribbons typically performed at about 1/2 to 2/3 the level of control cells
made from commercial Czochralski silicon. Spectral response data, showing
reduced red-response for the EFG-ribbon cells relative to the Czochralski cells,
were taken to indicate the presence of lifetime killing impurities which presumably

were not being removed by the vacuum-firing treatment.

Hydrogen Chloride Firing

The use of high temperature treatments in chlorine or fluorine-containing
atmospheres for the production of nucleat -gr:de and spectrographic graphites is
fairly well-known (5). The treatment works by diffusion of impurity atoms irom
within the bulk of the graphite grains to their surfaces, there to react with the
halogen atoms formiag volatile halides which are carried away in the gas phase.
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Consequently, a procedure for the post fabrication purification of the dies has
been established involving the heating of the dies at temperatures of ~ 1300°C in an
atmosphere of argon and anhydrous HCl with a 5% HCI content by volume. The puri-
fication times are typically 5 hours. As a result of this process significant improve-
ments in purity have been observed as evidenced by electrical measurements and
solar cell data from ribbons grown from purified dies.

Crystallographic Structure

Typical ribbon crystals currently being grown by the EFG process are
characterized by a large density of crystallographic defects. A detailed analysis
of defect types and densities in many ribbons has been made and the following is
a brief discussion of these characteristics. By far the most predominant defect
types observed are twins and dislocations with occasional low angle grain boundarics.
In addition, silicon carbide (SiC) particles are observed as inclusions distributed
randomly across the length and the width of the ribbon. Typical characteristics of
current ribbons can be described as follows.

Twins

Twin boundaries of varying densities and orientations are observed. Both
growth twins and aeformaticn twins are formed, typical examples of which are in
Fig. 6. Deformation twins are sometimes characterized by the presence of dislo-
cations in their vicinity and appear as fine narrcv bands, whereas growth twins
are typically wide and generally free of dislocations. At least three modes of twin
nucleation appear to be operative in the crystals. (a) Twins have been observed
to nucleate at SiC particles embedded in the ribbon; a typical example is shown in
Fig. 7. (b) twin nucleation at the seed-crystal interface is a common occurrence
with both deformation twins and growth twins forming at the interface; examples of
this are shown in Fig. 8. (c) growth instabilities represented by local changes in
ribbon dimensions have also been observed to generate twins as shown in Fig. 9.

Dislocatigr_l_s_

Most of the dislocations observed appear to be deformation induced. This is
evident from the observation that the dislocations are aligned along close packed
planes to form slip bands. A typical case is shown in Fig.10. Dislocation-twin
interacticns are frequently observed with local dislocation pile-ups (Fig. 11). Dis-
location gereration around SiC particles is also observed.
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SiC Particles

The inclusion of SiC particles in ribbon crystais can occur as a result of
three possible mechanisms; (a) precipitation of dissolved carbon in the solid in the
form of SiC subsequent to solidification, (b) precipitation of SiC at the solid-liquid
interface as a result of carbon rejection from the solidifying crystal into the menis-
cus, and (c) the pick-up of SiC particles by the interface from the top of the die with
subsequent incorporation into the solid.

Although a definitive determination of the relative importance of these pro-
cesses has not yet been obtained, initial studies indicate that by far the most
frequently occurring process is the pick-up of SiC particles by the solid-liquid
interface from the die and the attendant inclusion of the particles in the ribbon.
Typical particle densities are in 1-2 particles/cm2 range.

The influence of seed orientation on the morphology of linear boundaries
(twins and arrayed dislocations) is observed to be quite marked. For example,
ribbons with a (110) < 112> orientation are found to have predominantly linear
boundaries parallel to the ribbon edges.

A nmumber of avenues are available for obtaining ribbon quality improvements.
One approach is discussed here which involves the control of the vertical temperature
gradient within the die to minimize the dissolution and reprecipitation of carbon in
the form of SiC. A reduction in the vertical temperature gradient is achieved by the
use of an independent top or die heater in a resistance heated crystal growth apparatus
(Fig. 4). By suitably controlling the temperature at the die top the temperature
difference between the silicon in the crucible and the silicon at the top of the die
(the meniscus) can be kept at the minimum. By this means short lengths of ribbon
have been grown with significantly reduced defect densities as compared with ribbons
grown under conditions of large vertical temperature gradients within the die.

Table 1 shows the average defect densities observed in the ribbon, It is
apparent that densities of both linear boundaries (twins and slip bands) and disloca-
tions are lower in crystals grown from resistance heated systems employing die
heaters to appropriately control temperature gradients.

Table II lists the average electrical properties of ribbon crystals with data
on typical Czochralski crystals of similar resistivity for comparison. A charac-
teristic that is immediately apparent is the relatively large range in properties
observed in the ribbon crystals. This fact in addition to the largely linear morphology
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Table 1. Average Defect Densities of EFG Silicon Ribbons
(20 in. after growth initiation)

Resistance
RF Furnace Furnace
Parallel Boundaries/cm 7.5 x 10° 3.9 x 10
Disloc:ations/cm2 1.2 % 106 3 x 105

(Data represents average values from 20 specimens grown in an rf heated apparatus
and 10 specimens from a resistance furnace).

Table II. Average Electrical Properties of EFG Silicon Ribbon: Boron
Doped - 1.1R-cm.

Typical
Czochralski
Average Range Values
Resistivity: 1.8Q-cm 0.4-5.2 1.8
Mobility: 215 cm®/Vesec 60 - 320 350
Photoconductivity Decay Time: 8 usec 0.2 - 37 15
Absorption Coeflicient at 1.8 pm: 16 cm-l 0.1- 65 0.05 - 0.5

(Based on 33 samples from 14 ribbons grown from one rf system).
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of defects observed in the ribbon, indicates that a full understanding of local defect-

property relationships is required to obtain a complete characterization of the crystals.

STRUCTURE PROPERTY RELATIONSHIPS

The conversion efficiencies of silicon solar cells are dependent, among
other things, upon the presence or absence of non-radiative recombination centers
and upon defect-impurity factors that reduce the minority carrier lifetime in the
bulk of the crystal. The presence of large densities of crystallographic defects and
transition metals in cibbon crystals undoubtedly adversely affecrs solar cell proper-
ties. In order to determine the specific effects of defects on electrical characteristics,
a relatively detailed examination of structure-property relationships is needed. A
variety of procedures has been adopted to evaluate the specific electrical effects of
particular defects. Among the most dominant defects, as previously discussed, are
linear boundaries represented by twin and slip bands. These linear boundaries have
been observed to exhibit highly anisctropic properties. The local electrical charac-
teristics of the ribbons were determined by measuring the local photovoltage and
photocurrent generated by a laser beam incident on a ribbon solar cell. By scanning
the laser beam across the width of the ribbon and recording the photogenerated signal,
it was possible to evaluate both the distribution of properties across the width, as
well as the effects of local linear defect boundaries. Fig. 12 shows three typical
traces of the short circuit current response produced in a ribbon solar cell by a
scanned laser beam at three different regions of a long ribbon. Two effects are
notable in these plots. The current response at the edges of the ribbon is markedly
reduced in comparison with the response at regions removed in ~omparison with the
response at regions removed from the edges, and localized small scale variations
in the signal are evident across the entire ribbon width. The localized reduction in
photocurrent has been directly relared to the presence of lincar boundaries. The
optical micrograph in Fig. 12 indicates a set of parallel boundaries which cause the
particular reduction in short circuit current shown by the arrows on the plots. A
one-tc-one correlation between the presence of linear boundaries and a local reduc-
tion in photogenerated signals has been observed.

When the defect morphology is more complicated, as in the case of inter-
secting boundaries, the effects on electrical characteristics are further exacerbated.
This is demonstrated in Fig. 13 where the short circuit current generated at a region
containing multiple intersecting boundaries is much lower than that generated in
regions either free of boundaries or containing non-intersecting parallel boundaries.
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This distinction in the propertics of intersecting and non-intersec ting boundaries
has also been observed in the breakdown characteristics of mesa diodes fabricated
in ribbon crystals (6) as well as in solar cell properties (7).

An indication of the range of light generated current response in a ribbon as
a result of the presence of linear boundaries can be obtained by comparing the
theoretically expected spectral response of a solar cell for different minority carrier
diffusion lengths in the base material with the experimentaily determined skort cir-
cuit response at the wavelength of the laser beam (He-Ne laser with a wavelength of
633 nm). Fig. 14 shows a plot of the theoretically determined spectral response for
different values of diffusion length. (See Appendix for a discussion of the theoretical
basis used to obtain the plots in Fig. 14). The range of values for the collection
efficiency (Q) at 633 nm obtained from the laser measurements is superimposed over
the theoretical plots. Q values were calculated from Eq. 1 in the Appendix by taking
the peak of short circuit photocurrent response due to the laser beam excitation
(A = 633 nm. No (incident photon flux density) = 4.8 x 1017 photons/cm2 sec) as
the maximun and the valley response as the minimum in the range. It is observed
that the peak response corresponding to defect-free regions indicates that the diffu-
sion length for minority carriers is ~30 ¢ whereas the diffusion length at the linear
boundaries is ~5 p. A reduction in the minority carrier diffusion length of a factor
of six results at the defect boundaries. This range, of course, is for a specific rib-
bon and could vary as a function of the particular processes, such as die purification
techniques employed during ribbon growth,

The change in the diffusion length at the boundaries indicates either a reduction
in the mobility or lifetime. This can be the result of the direct effect of the defect
boundaries as a consequence of the strain associated with the boundaries or as a
result of the presence of dangiing bonds associated v ith dislocations. However,

a detailed analysis of the I-V characteristics ot ribbons containing linear boundaries
suggests that an association of impurities with the boundaries is a more likely reason
for the unusual electrical behavior (8). A more precise indication of the localized
conduction behavior of linear boundaries was obtained by a scanning electron micro-
scope operated in the electron beam induced current (EBIC) mode (9). This technique
permits the investigation of the electrical effects of localized defect-impurity com-
plexes in semiconductors (10, 11). The cvu~rent generated in a diffused nt p junction
(a solar cell) by a scanning electron beam is amplified and displayed on a CRT. By
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operating the instrument in 1 single line scan mode the local interaction between the
beam generated carriers and the linear defects can be observed, Fig. 15 shows a
sccondary clectron image of a set of linear boundaries. The waveform shows the
EBIC signal obtained when the beam is scanned across the linear boundaries by
employing a single line scan, The instrument was operated at 30 kV with 2 beam
current of 200 B A and spot size of ~ 1500 1§ . When the beam crosses a linear
boundary a local reduction in the EBIC signal is observed. The waveform represeats
the net flow of charge carriers at the space charge region of the p n junction in the
region containing the linear boundaries. Tne abrupt change in the EBIC signal indi-
cates that the boundaries function as local regions of low minority carrier lifetime

in the ribbons. Further discussion of this phenomenon will be presented elsewhere (8).

RIBBON SOLAR CELLS

Solar cells have been fabricated from randomly sampled ribbon blanks, thus
ensuring that all qualities of ribbon have been included. Typical junction depths sought
were ~0.5 pm with phosphorous diffusion being performed in an oxidizing ambient.
Cells up to 1 in. X 4 in. in size have been fabricated (Fig. 16) using Al - Ag contacts
formed by evaporation through a mask. The data presented in this paper is from
1cm X2 cm solar cells.

As expected, the particular characteristics of ribbon crystals introduce cer-
tain unique problems in solar cell fabricatior and performance. The effects of
parallel and intersecting houndaries on solar cell properties have been reported
elsewhere (7). The effects of non-random properties across the ribbon width dis-
cussed in the previous section are also reflected in solar cell performance. By
selecting 1 cm X 2 cm specimens from both the central regions and the edges of
1 in. wide ribbons the influence of the edges on cell performance could be determined.
Table 111 shows a comparative analysis of the properties of cells from the two regions.
Significant degradation of cell characteristics from the edges of the ribbon supports
the data presented in the previous section.

Spectral response measurements on ribbon solar cells indicated certain
unique characteristics in terms of the short wavelength response of the cells.

Ribbon cells were typically observed to function better toward the blue end of the
spectrum as compared to Czochralski cells made under identical conditions.
Figure 17 shows this result. The effects of die purification (vacuum heat treatment
and halogen treatment as discussed in the ibbon Characteristirs section) are also
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Table 111, Solar Cell Data for Specimens Selected from Ribbon Edges and
Ribbon Center

Mean Values
' |

Vv / Reverse
Type of | No. of | "oc ]sc/A 2 Pmax’ Az Fill | L.eakage
Cell Cells | (mV) | (mA/cm®) | (mW/cm®) ! Factor (LA)
Center 7 529 18.7 7.0 0.71 620
Edge 7 316 17.8 5.8 0.62 2.1 mA

indicated. The reduced response of the ribbor cells in the red end of the spectrum
is as expected. (The HCI die purification treatment shows the expected improvement
in red response). The bue response however, is okserved to be betrer for ribbon
solar cells as compared to Czochraiski cells. Typically, blue response can be im-
provea by shallower junction depths (12). Consequently the junction dapths for a
large number of ribbon and control Czochralski specimens were mecasured and a
difference of ~50% was observed in the depths with the ribbon specimens having
shallower junctions when diffused under identical conditions. The mechanism
involved in this phenomenon is being investigated and will be reported shortly (13).
Figure 18 shows typical I-V characteristics of current state-of-the-art ribbon
solar cells. Typical efficiencies of 6 to 10% und~+ approximate AM? conditions have
been realized, which compare very favorably with conventional Czochralski solar

cells,

CONCLUSIONS

One inch wide ribbons '~8 to 10 mils thick have been grown continuously to
various lengths up to 6% ft, The carbon dies used show nro observable distortion or
erosion indicating that continuous ribbon growth can be achieved with carbon dies.

Purification procedures adopted have demonstrated that impurities in the
carbon dies can be reduced to improve the purity of the ribbons,

An initial study of defect distributions and structure property relatioships
has shown that defect impurity association appears to cause the major problem in
ribbon crystals. Improvements in electrical characteristics can be achieved by
suitable reductions in both impurity content and defect densities. The use of resis-
tance heated ribhon growth systems with controllable thermal environments has

reduced defect densities markedly.
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Solar cell efficiencies attainable with appropriate device process technology
in ribbon crystals are around 6 to 10% under AM0 illumination conditions. These
efficiencies have been attained with a current state-of-the-art material which
includes relatively high densitius of twins and dislocations in addition to transition
metal impurities. Improvements in ribbon characteristics can be achieved by more
refined thermal .lesign of growth systems, improved purity, and a reduction in and
centrol of defect densities and distribution,
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APPENDIX

The collection efficiency Q (r) of a photovoltaic cell can be expressed as:

Q) e )
= 7T ()
q abs r)
where
J 8.c (A) = Short circuit density of the cell, (amp/cm? )
N abs () = Photon flux density being absorbed in the cell, (photon/cm2 sec).
= No(1-R) (1-e” a(r)2)
and 9
No = Incident photon flux density, (photon/cm® sec).
R = Reflectivity of the cell surface.
a(r) = Absoxl'ption coefficient as a function of photon wavelength ),
(cm-1),
2 = ‘Thickness of the cell, (cm),

By programming the expression for Q (o) formulated by Dale and Smith (14)
in such a form that the input parameters depend on (for an N+/P junction): the
minority carrier diffusion length Ln in the p-type base material, junction depth Xj,
su~“>~e layer carrier mobility p#_, and lifetime 7 p’ surface impurity concentration
to - -.2 impurity concentration ratio Ns/NB, cell thickness £, and surface re->mbi-
nation velocity Vs, .he value of Q (a) the total collection efficiency can be calcu-
lated (15). The conversion of Q () to Q (1) Is accomplished by using the absorption
data of Dash and Newman (16).
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- GRAPHITE DIE

Fig. 1. ’I’ypiml examples of dies from which short (< 10 ft) and long { > 40 ft)
ribbons have been grown (a and b respectively).
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Fig. 2. Schematic sketches of meniscus shapes. See text for discussion.

Fig. 8. Typical example of an 1f heated ribbon growth apparatus.




Fig. 4. Resictance heated ribbon growth apparatus.

Fig. 5. Approximately 3 ft diameter reeling mechanism mounted on a continuous
belt puller. The ribbon crystal can be observed emerging from the belt
puller and on the reel.

141




Fig. 6. Typical examples of growth twins (a) and deformation twins (b). Growth
twins are typically wid~ and generally not assoclated with dislocation.
Deformation twins often occur as closely spaced lnear boundaries fre-
quently in association with dislocations,

142




Fig. 1. Twin nucleation from SiC particles embedded in the ribbon.

Fig. 8. Twin nucleation at the seed crystal interface.

P44




*sajrepunoq upml isujeBe sdn-opd uonieoosIq ‘11 ‘314

§109jap peesionu
ydesd pue AT1E00[ uorsuap poSueyD sABY YOIyM
-0ID[W 913 Uy S[qeAlasqo ose aoxe sdn-and uoqqII syl Jo Suofal S1BDIPUL SMOLIY ‘SUOLS
uoneooisy] ‘souerd pexord esoro Suore -uowirp uogqix ug soBueyd Aq pejussaidaa se
pouSire suopESO[BIp peonpu] uopEwxojed ‘oI *Brd SonIIqEIsUL IMoId 01 onp uopEaONU UM, '6 814

M e

wird 62




[
:
:
1
:
:
:
:
5

i (8
SAMPLE WIOTH (CM)

Fig. 12, Short circult current response plotted as a function of cistance across the
ribbon width, The three plots were obtained from three regions along the
ribbon length, Micrograph shows twin boundaries which caused the parti-
cular current indicated by the arrows on the plots,

145




8

NA NP SUNCTION)
* ¥
2 N

SHORY GRCUIT CURRERT RESPONSE
8

10 18
SAMPLE WIOTH NI

Fig. 13. The effect of intersecting boundaries on laser beam induced short circuit
current. Arrow indicates the region on the plot corresponding to the region
in the ribbor. containing intersecting boundaries,
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Fig, 14. Theoretically determined spectral response for different values of diffusion
lengths in the base region. The laser scan data 1s superimposed over the
theoretical plots. Data used to obtain the plots were: X =0.25 pm;

Ng/Ng = 109 up = 10 cm2/Vesec; rp=10"'0 gec; £ = I‘ﬁ mils; Vg =108 cm/
sec,
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Fig. 15, Secondary electron in
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tion in the EBIC is cbaer
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Fig, 16. Typical examples of 1 in. x 4 in, ribbon solar cells.
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o e s e“'_“iaoa

WAVELENGTH (am}

Fig. 17. Comparison of spoctral response measurements made on Czochralski and
ribbon solar cells. See text for discussion.
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RIBBON
70 CZOCHRALSKI
60+
RIBBON CZOCHRAL SKI
50- _— e —
lge 60.4ma 66.6 ma
= a0 Voc 0.580 v 0597 v
E imp 55.5mo 62ma
-
Z 301 Vinp 0.465 v 0.495 v
g EF 0737 0.772
=]
O 504 Pmax/A 10.80~w/cm? 1279mw/cm?
n 9.39% .12%
104
INPUT RADIATION ~ 115mw/cm2
~AMo SPECTRAL DISTRIBUTION
v e

0O O 02 03 04 05 06
VOLTAGE (v)

Fig. 18. Typical I-V characteristics of current state-of-the-art ribbon solar cells.
This data was obtained from ribbons disp.aying typical defect structures
listed in Table I. An I-V curve from a control Czochralski cell is also
shown, The cells have been AR coated.
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SILICON RIBBON GROWTH USING A
CAPILLARY ACTION SHAPING TECHNIQUE

G. H. Schwuttke/T. F. Ciszek/A. Kran
International Pusiness Machines Corp.
East Fishkill Laboratories
Hopewell Junction, New York 12533
JPL SUBCONTRACT 954144
National Solar Photovoltaic Program Review Meeting
July 22-25, 1975
ABSTRACT
A review of work performed since the inception date

(May &, 1975) is presented, along with an outline of

the project concept and work plan (Figs. 1-3).

The crystal growth method involves Meniscus shaping at

the vertex of a wettable die. As ribbon growth depletes
the melt meniscus, capillary action supplies replacement
material (Fig. 4). Because of the die/melt proximity,

a durable, nonreactive die is desirable. A number of
materials (Fig. 5) have been collected for die evaluaticn
and are being machined. Crystal growth to date has been
done with graphite and silicon carbide dies. Graphite
dies lead to particle inclusions in th= ribbon surface.

We have positively i1dentified th- particles as beta silicoan
carbide (Fig. 6). Siliccun carvide particles and carbon
cause defect nucleation in otherwise defect free ribbons
(Fig. 7). We have grown a number of 12 mm wide x 0.5 mm
thick x 1 m long ribbons to thoroughly characterize the
state-of-the-art multi-crystalline ribbons, and are in the
process of scale-up to 25 mm w1 'ths while studying process

changes for improved ribbon structure.
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Two projects which were begun before the inceucion date
were completed during the past two months. An expression
for maximum potential ribbon growth rates was derived an
the rcsults are shown graphically in Figs. 8-9. Current
rates for 0.05 cm thick ribbons (about 2 cm/min.) are
approximately 30% of the maximum value. The sccond com-
pleted projecct involved the growth of silicon tubes 6 mm
in wall thickness, and over 1 m in length by the capillary
action shaping tecknique (Fig. 10-12). Tube structure was
similar to that of ribbons. Planar defects and some large
angle grain boundaries were present, with the largest grains

extending over one quarter of th- tube circumference.

In conjunction with and support of the technology development
effort, an economic evaluation and computt -aided simulation
of materials?‘processes and resources is being performed for
the purpose gf clarifying the complex interactions between

economic and physical variables. Objectives are listed in

Fig. 13.

To date, a methodology for enalyzing a given processing step
has been defined and ribbon pulling was chosen as the initial
modeling effort. The assigned parameters of the mathematical
model are shown in Figure 14, and Figure 15 lists the para-
meters which are subsequently calculated. The data fluw
model is shown in Figure 16. An example of the computer
generated input/output formats is presented in Figures 17 and

18. Figures 19 through 23 address the remaining review items.
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SILICOM RIBBOM GROWTH USING A CAPILLARY
ACTICH SHPMPING TG TOUE

6. H. SCHHUTTKE. PPOGRAI! MAiAGEP

914-807-3140

JPL CONTRACT NUMREP. 05414k

(SUBCONTRACT UMDEP. NASA COMVRACT NAS7-100)

(TASK ORDER &0, Rp-152°
EFFECTIVE DATE OF CONTRACT: 5/8/75
CONTRACT EXPIRATION DATE: 12/31/7€
CONTRACT AifOURT: $214,133.
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OBJECTIVES

1. TECHROLOGICAL ASSESSVENRT OF RIBBCH GRONTH OF
SILICCH USING A CAPILLARY ACTICH SHAPIMG TECHEIAUE.

2. ECORCFIC EVALUATIOK OF RIBBON SILICOM GROWE BY A
CAPILLARY ACTICH SHAPILE TECHMIPUE AS LOW CaST
SILICGE,

SYNOPSIS OF PROGRat OF STUDY. PRIMCIPAL INVESTIGATORS

1. CRYSTAL GROWTH OF SILiCOi. RIBRONS (T. F. CISZEK)
2. CHARACTERIZATION CF SILICOM RIBBCNS (G. H. SCHWUTTKF)

3. ECONOMIC EVALUATIONS AND COMPUTER AIDED SIFULATION
OF RIBBON GPOWTH (£. KRAN)
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STATEMERT OF WORK

EVALUATION OF DIE MATERIALS AND DESIGNS

DETERMIKATICN AWD OPTIiiIZATION OF BASIC
GROWTH PROCESSES

STUDY PROCESS EFFECTS Oi RIBBON PROPERTIES

STUDY REQUIREMENTS FOR MULTIPLE AND
CONTINUOUS GROWTH

EVALUATION OF CHARACTERIZATION PROCESSES

ECONOMIC ANALYSIS COF RIBBON AND CZOCHRALSKI
TECHNIQUES
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DIE FATERIALS UMDER INVESTIGATION

ZIRCORIUM BORIDE (HOT PRESSED
TITAKIUM BORIDE (HOT PRESSEL)
BORON CARBIDE (HOT PRESSED)
ALUMINUM BORIDE

SILICON NITRIDE

SILICON CARBIDE (RECRYSTALLIZED)
VITRIONS CARBON
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IDENTIFICATION OF YELLOWISH-GREEN INCLUSION

CRYSTAL ASTM CARD #1-1119 Beta SiC
d Io d I/I]_
2.51 S 2.51 100
2. M 2.17 20
1 >4 M 1.54 63
1.315 M 1.31 50
1.27 w 1.26 5
1.09
1.00 W 1.00 18
0.975 W 0.97 6
0.89 W 0.89 13
0.84 W 0.84 10
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GROWTH RATE (METERS/HR)

0.02 CM THICK RIBBON

0.05 CM THICK RIBBON

0.1 CM THICK RIBBON

CYLINDRICAL CRYSTAL

=

H ! J

6 8 10
CRYSTAL DIAMETER OR RIBBON WiDTH (CM)

12

14

16.
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OBJECTIVE OF COMPUTER AIDED MODELING

TO UNDERSTAND THE RESPECTIVE IFPORTANCE OF
PARAMETERS AND THEIR ASSIGNED VALUES

TO AID IN SENSITIVITY STUBIES

TO ASSESS THE IMPACT OF TECHMOLOGY IMPROVEMERTS
ON THE ECONOMIC OUTLOOK FOR PHOTOVOLTAICS

TO GAIN INSIGHT ON ASSUMPTIONS AKL TECHNOLOGY
PROJECTIONS
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MATHEMATICAL MODEL

1. ASSIGNED PARAMETERS

CC = CRUCIBLE COST, $
CH = ENERGY TO OPERATE EQUIPMENT, KW
CP = POWER COST, $/KWH

DS = SILICON DENSITY, 2.33 /cm’

EC = CONVERSION EFFICIENCY, %

ED = ENERGY DENSITY, PEAK AT AMI, 7
EP = EQUIPMENT PRICE, $

HW = WORK WEEK, HOURS

FC = FACTOR, %

IN = INTERST, %

LP = POLY SILICON COST, $/KG

LR = PEMELTED MATERIAL, %

LY = POLY YIELD TO RIBBON, ¢

MA = MACHINE AVAILABILITY, %

NU = NUMBER OF YEARS

PE = ANNUAL SALARY OF ENGINEER, $
PS = ANNUAL SALARY OF SUPERVISOR, $
PT = ANNUAL SALARY OF TECHNICIAN, $
RG = RIBBON GROWTH RATE, M/HR

RS = RIBBONS GROMN SIMULTANEOUSLY
RT = RIBBON THICKMESS, MM

RW = RIBBON WIDTH, CM

RY = RIBBON GROWTH YIELD, 7
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2. CALCULATED PARAMETERS

AG = AREA GROWTH RATE, MZ/HR

CR = CAPITAL RECOVERY FACTOR

DC = DIRECT COST, $/M2

EC = CAPITAL EQUIPHENT COST, $/M2

GA = GENERAL 8 ADMINISTR'TIVE COST, $/M2
LC = POLY SILICON CO~ /M2

NC = ENEGY COST AT MATERIAL LEVEL, $/KW
NH = WORKING HOURS PER YEAR

PC = PERSONAL CO%:, $/MZ

PR = PROFIT, $/M2

OH = OVERHEAD, $/MZ

$S = SERVICES & SUPPLIES, $/M2

TG = COST OF TOTAL OPERATIONS, $/M2

YF = YIELD FACTOR
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PLANNED ACTIVITY TO DATE (3 MONTHS)

DESIGN A COMPUTER-AIDEL MODEL TO ESTABLISH
A RELATIONSHIP BETWEEN THE COMPLEX INTEPACTIONS

OF ECONOMIC AND PHYSICAL VARIABLES.
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PLANKED ACTIVITY FOR N

® USE MODEL TO PERFORM ENGINEERING/ECONOMIC ANALYSIS
® DEFINE SIMILAR IODEL FOR CHRALSKI GROWTH

® PERFORM COMPARISOM STUDIES

SUMMARY OF KEY RESULTS

RIBBON GROWTH MODEL ' - ""FN DEFINED
AND DEBUGGED, LITTLF ST DATE,

MAJOR PROBLEMS

NONE

PLANNED RENEWAL REQUESTS

T0OO EARLY TO FORHMULATE PLANS.
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N76 12476

RESEARCH AND DEVELOPMENT OF LOW
COST PROCESSES FOR
INTEGRATED SOLAR ARRAYS

M. Wolf/L. Crossmaa

ABSTRACT

The current phase of the project is directed toward assembling
adequate knowledge to permit the technical and economic feasibility
assessment of competing process approaches which are expected to
optimally fit into an extremely low cost, large volume process
cequence leading to high efficiency solar arrays (Fig. 1). In this
endeavor, one of the approaches investigated in the silicon reduction
and purification area, namely the upgraded arc-furnace process, has
both a much larger background of available information and appears
technically and economically exceedingly attractive, so that it has
now reached the -tage of transition from preliminary feasibility
studies to advanced experimentation, with significantly larger re-

quirements for equipment and funding.

The emphasis has continued on the 2 areas of Si reduction and
purification and of sheet generation. However, the work has recently
been concentrated on gaining information about one reduction process
combined with purification (higher purity arc furnace with gas blow-
ing and gfadient freezing; Dow-Corning) v2» transport process with
.pux:ificqtion and polycrystal sheet growth potential (SiFZ), on plastic
deformation for sheet generation, and on float zone sheet recrystal-

lization.

The previously unexplored Si transport properties or the Sil“2
reaction at atmospheric pressure have been further investigated. It

has been firmly established that the SiFZ gas can be moved without
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decomposition at constant temperature both above 1000°C (see clear
zone in deposition tube shown in Fig. 4) and below 100°C, with Si
depostion occuring at the intermediate temperatures. Since the rate

limiting step has been found to be the SiF_ formation reaction, which

is currently carried out at 1150°C, extraiolation through thermo-
dynamic considerations indicates the possibility of obtaining increased
transport rates (up to 0. 75 g Si per of gas (STP) moved through the
system) by raising the reaction temperature above the Si melting
point. Considerable effort was spent in purifying the SiF4 gas which
was found to contain O2 and other impurity gases, as purchased. This
purification eliminated the formation of fluorosilicate byproducts
which have been depositing in the piping system, but did not otherwise

significantiy affect the transport reaction.

Considerable progress was made in the exploration of the high
temperature mechanical properties of polycrystalline Si, with the
objective of assessing the feasibility of plastic deformation, such as
rolling. Data are being accumulated to generate forming limit dia-
grams' with temperature and strain rate as parameters. Such dia-
grams have been recently introduced as design tools in metal forming
(Fig. 6). The experiments carried out by axial comoression of Si
cylinders at temperatures from 1250 to 1350° C have shown that the
method of forming limit diagrams is also applicable tc silicon. De-
formations by up to 70% at strain rates up to 1%/s have indicated that
plastic deformation of Si may be a suitable forming method (Fig. 7).
Earlier problems with the anisotropic crystal structures in the
"polyrods’ resulting from the SiHCl3 purification process (Fig. 8)
have been overcome by raising temperature and strain. Also, cry-
stallization has been observad to take place, including grain growch

by an order of magnitude (Figures 9 and 10).

The float zone recrystallization equipment to be used for the
exploration of the conversion of polycrystalline sheet to single crystal
sheet by, heating with a planar electron beam is now completed, with

experimentation scheduled to begin (Fig. 12).
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The investigation of solution growth processes has been
tentatively terminated with the finding that the known solvents for
properties which do not appear to be conducive to fast growth rates

of sheets of high semiconductor quality (Fig. 14).

In preparation for the ultimate economic analysis of competing
processes, a thorough economic evaluation, with evolution forecast,
of the Czochralski process as a baseline has been carried out, with
the result that the primary limiting item is the crucible cost due to
the current one time use. Re-use potential may lead to an ultimate
single crystal cost near $13. -/m2 without cutting or device process-
ing costs, in lieu of approximately $25. —/m2 with one time use of the
crucible. This assumes the availability of $4. - /kg polycrystal Si
(Fig. 15).
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A. 407Z DEFORMATION AT 1280%&3

8. 407 DEFORMATION AT 1350 C
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CURRENT

ATTR1BUTE DATA PROJECTED DATA
CRYSTAL DIAMETER,
INCHES 3 4 6 8
WAFER THICKNESS,
MM 0.4 0.24 | 0.20 | 0.20
KERF, MM 0. 28 0.16 0.12 | 0.12
QUARTZ CRUCIBLE
COST, $/KG 19.19 12.00 | 12,00 | 12,00
REPLACEMENT
PARTS, $/KG 11, 96 5,60 3,60 3,45
CAPITAL COSTS,
$/KG 9.81 4,68 | 3.00 | 2.87
ALL OTHER DIRECT
COSTS, $/KG 6.68 3,78 1. 96 1,43
SILICON AT $4/KG 5,50 5,50 5,50 5,50
COST OF CYL, SILI-
CON, AFTER 20%
G&A 62.79 36,77 | 30,17 | 29.20
WAEER COST,
$/M2 113,65 42.44 | 25,64 | 24,82

FIGURE 15, CZOCHRALSKI GROWTH COST SUMMARY
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1.1d

1.2.1

1.2.2

1.2.4

2.1.2
2.2.1
2,2,2

2.3.1

SUMMARY OF KEY RESULTS

PRELIMINARY EVALUATION COMPLETED:
+ COMMERCIAL MG-S1 PROCESS SELECTED FOR UPGRADING

‘SIF2 POTENTIALLY USEFUL WITH M6-S1 uPGRADING
FOR TRANSPORT/PURJFICATION

*AL REDUCTION OF 3102 AND S10 REACTIONS
POTENTIALLY FEASIBLE ROUTES

SIF2 TRANSPORTABLE AT ATMOSPHERIC PRESSURE
w/0 pecomposITION ABOVE 11000C AnD BELOW
100°C.

SILICON TRANSPORT RATE DETERMINED BY SIFZ
FORMATION REACTION.

MG-51 UPGRADED

* USING GAS BLOWING

* USING UNIDIRECTIONAL SOLIDIFICATION
*10.7%7 (AMO) EFFICIENT CELL PRODUCED

EQUIPMENT FOR MOLTEN ZONE RECRYSTALLIZATiON
COMPLETED.,

MATERIALS FOR BINARY MELT SOLUTION GROWTH TABULATED
AND GROUPED.,

SILICCN PLASTICALLY DEFORMED > 1250°C up TO 70%
AT DEFORMATION RATES < 1%,

STRAIN-ANNEALING OBSERVED, GRAIN GROWTH BY
FACTOR ~ 10 To 1mm DIA.
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PLANNED ACTIVITY-NEXT 6 MONTHS

SIF2 TrANSPORT PRrOCESS:

A) COMPLETE PRELIMINARY INVESTIGATION OF TRANSPORT
PARAMETERS.
INITIATE STUDY OF REACTION KINETICS.

B) EVALUATE IMPURITY SEPARATION CAPABILITIES.

EXPERIMENTAL STUDY OF FLOATING MOLTEN ZONE PROCESS
IN THIN SI SHEETS.

CONTINUE CHARACTERIZATION OF HIGH TEMPERATURE MECHANICAL
PROPERTI1ES OF SILICON.

COMPLETE AT LEAST ONE FORMING LIMIT DIAGRAM,

EXTEND PROCESS EVALUATION METHOD AND ECONOMIC ANALYSIS,
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under
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ABSTRACT

Dow Corning's objective is to detern-ine he best process for the high-
volume production of solar-grade silicon {30G-S5i) at less than $10/kg within the
ERDA milestone of having a pilot plant availib'e by mid-1980.

The overall process screening approach {Visual Aid 2) which began with
over 200 possible reactions leading to siiicon has reduced this number to ten
(V.A.3.) which still fall within the constiatints mentioned above. Two of these
reactions involve the direct reduction of silicz o silicon via aluminum or
carbon®, Seven other reactions involve the us' of various reductants to convert
silica to silicon via intermediate silicor monos:de. The tenth reaction uses
recyclable SiF4 to transport in situ produced s.licon via intermediate S5iF;
this is currently under study by the University of Pennsylvania.

The reactions described above, in additicn to processes involving
silicates and/or electrolytic techniques, have been divided into two broad
categories (V.A.4.): (1) metallurgicalgrade silicon (MG-Si) process upgrading,
and (2) other processes. This was done rirce the commercial process for
producing MG-Si already meets the high-vo!ume, low-cost guidelines for
SoG-Si** and, therefore, has a good probab.lity of meeting the mid-1980 pilot
ple -t milestone. The "other processes: ar.: still in the conceptualization or
research stage.

Upgrading the MG-Si process is being pursued in four associated areas in
order to improve the purity of the normally 98% material .. A.5.), The first
two work areas involve purification of raw materials entering the process in
addition to upgrading the arc furnace itself. These areas wili be pursued,
assuming contract extension. Success appears very favorable based upon
suggestions from raw materials suppliers, arc furnace manufacturers, and
MG-Si producers (B.A.9.).

The second two areas of process upgrading «omprise improving the purity
of the silicon after it leaves the arc furnace by reasctive gas '.lowing and uni-
directional freezing. Since both methods have been shown ', reduce aluminum
and heavy metal impurities by one to two orders-oi-ma -itude (V. A.7.), itis
planned to study these methods in conjunction in a sp 1ially designed gradient
furnace. Neither of the two methods, however, siocnificantly reduce the levels
of boron or phosphorus thereby stressing the neeq for initiating efforts in the
raw material and arc furnace areas. The delivery time for an experimental
arc furnace results in this item being on the critical path for meeting the mid-
1980 pilot plant milestone (V. A, 14),

:':This is today's commercial, submerged-elect:ude, arc [urnace process for
metallurgical-grade silicon.

) *One furnace can generate greater than 10,000 tons per year of MG-Si sclling
at $1/kg.
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The best cell produced to date was fabricated from MG-Si that had been
blown with an O-C12 mixture, unidirectionally solidified, and 6-float-zone
passed (to determine a base boron level of 0.04 ohm=-cm). The cell showed a
10.7% AMO efficiency with Igc = 33 ma/cm2 and Vo = 0.62 v (V.A.8.).

In the "other processes'' category, the use of silicaies as a silicon
source and of electrolysis as a process were studied. Silicates were deemed
unfavorable since their inherent chemical composition involves the presence of
another metallic element (V. A.1l.). The best electrolytic process uses a
1000°C fused salt of silica in cryolite. Preliminary analysis of this process
was viewed pessimistically for the reasons cited in V. A, 10,

A summary of key results appears in Visual Aid 12,

Summarized future plans appear in Visual Aid 15.
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DOW CORNING OBJECTIVE

To DetermINE THE BesT Process For

PropucinGg StLicoNn ForR SoLAR ARRAYS

e AT <%10/k6
e AT HieH VoLuME RATES

o WITHIN ERDA MILESTONES

,/'
197
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PROCESS SCREENING PROCEDURE

5/T4= === === 1 3200 Reactions

Individual
Raw Material
Economy?

18

Process
Raw Material
Economy?

12

Prelim.
Technical
easibility?

10

o~ - o

RECOMMEND
BEST
FROCESS!

198 /!
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VelbeJoe

REMAINING PROCESSFES

1975 Raw Mat'l.

No. Cost For Reaction
Reactions ($/kg Si) Reaction Type
C* or Al
2 G.12 for C Sioz > Si
0.97 for Al
2C SiF4
1 0.12 Si.O2 »-Si >ZSiF2 —— Si
(SiF, recycled) -SiF,
. Al, C, or Mg Al, C, H, or Mg
7 0.12 min. to Si02 >Sio 2 >,
2.06 max.

* Commercial Arc Furnace Process

oy

DOW CORNING CNR.



PROCESS  CATAGORIZATION

e UPGRADING THE METALLURGICAL-GRADE Si PROCESS

e A PROVEN COMMERCIAL PROCESS

® CAPABLE OF MEETING MILESTONES SOONER THAN
R&D STAGE PROCESSES

o ALL ST COMPOUNDS FROM REDUCTION OF QUARTZITE
@ CurrReNT MG-> ‘1S $1/K6

o PrReseNT RATES >10.,300 T/y PER FURNACE

® OTHER PROCESSES

® S10 GENERATED IM ARC FURNACE
® SIFZ TO TRANSPORT SI
e ELECTROLYTIC

® SILICATES

0 DOW CCIV'MG 7o



PURIFIED
RAW MATERIALS

UPGRADING

Si

MG-ST  PROCESS

AREAS OF WORK

I. RAW MATERIALS

II. ARC FURNACE

I1I. REACTIVE GAS
BLOWING AND/OR
SLAGGING

IV, UNIDIRECTIONAL
SOLIDIFICATION

01

V.A.S.

IMPURITY
STATUS

B REMOVED?
P + OTHERS TO
BE TESTED.

B,P, + OTHERS
TO BE TESTED.

AL & HEAVY
METALS RE-
MOVED.

AL & HEAVY
METALS RE-
MOVED.

DOW ConN G e



UPGRADING MG-SI BY
UNIDIRECTIONAL SOLIDIFICATION
~ (WORK AREA 1)

IMPuURITY LEVELS
(ppMma)
CZ0 CZ0 50%
IMPURTTY MG-S1 SEED PoInT
B 39 39 yy
P 37 23 21
AL 780 <10 60
Cu 40 < 4 < 4
Fe 910 <5 140
‘Heavy
MeTaLs® 20-150 < b < 5-20

* T1, V., Cr, Mn, Ni

202
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UPGRADING MG-SI BY
REACTIVE GAS BLOWING
(WORK AREA TID

Best Data To Date Via Emission SpecTroscory

IMPURITIES IN MG-SI
(ppMA)
Not CLZ 02
IMPURITY BLowWN Brown PLown
B 39* 38 36
P 23 21 23
AL 1600 83 470
Cu 35 4 4
Fe 1600 40 u3
Heavy
MeTALSt 50-100 <5 5-40

* 0,04 oHm-cM BY FZ EVALUATION
t+ T, V., Cr, MN, NI

DOW Connung o~



V.A.8.
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V.A.9.

UPGRADING POLY-SI  PROCESS
(WORK AREAS [ & 1ID)

I. RAW MATERIALS

o ImpurITIES FLOw THROUGH FURNACE

® QUARTZ'TE (AN Be UpcraDeED (B < 1 ppMma)
o CARBON Sources Can Be UpGRADED
® Errect OF B From Raw MAT'L +» Pory-S1 DocUMENTED

II. ARC FURNACE

® UpGgRADE LINSR, Tap HoLe Piu-~. LaDLE. ETC.
e Neepep To

o TEST RAw MATERIALS
¢ GeNERATE S10

® Have Vis1TED MANUFACTURERS OF ARC FURNACE AND Pory-Si

] . - .
20> SO CaL o



OTHER PROCESSES

V.A. 10.

® ELE;TROLYTIC (BEST)
S105 1x NazSIF
2 1N AT ARrcC
ELECTROLYSIS FurNACE

TecHnoLoGY EXTENT EXPERIMENTAL COMMERCIAL
ProbucTion RATE 0.1 1000-2000
(Ke S1/HR)
S1 PuriTy 99 98
(Wr. D)
Process ENERGY 34 13
(KWH/Ke S1) :

Pessimistic Due To

® 4 OrRpers-OF-MAGNITUDE LOWER PATE

o SAME PuriTY LEVEL

e HigHER PrROCESS ENERGY

206
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V.A.1ll.

OTHER PROCESSES

o SILICATES (£.6.. ALSIgN7 = Az o 25109)

o RuLep Out Due To INHERENT ImeuriTY CONTENT

207 DOW CORMiNG 7.



V.Aa.l2.

SUMMARY OF KEY RESULTS

Ten Processes ReEMAIN IN RunNING

MG-S1 UPGRADING FURTHEST ADVANCED COMMERCIALLY
SIF2 By UNIVERSITY OF PENNSYLVANIA

AL RepucTion oF St0y Rematns

Rest Invorve Si10

MG-S1 UPGRADED

Using GAs Browing
Using UNIDIRECTIONAL SOLIDIFICATION
10.7% ErFicient CeLt ProDucED
CrRiTICALITY OF ExPeERIMENTAL ARC FURNACE IDENTIFIED

ELecTroLYs1s PRocesses VIEWED PESSIMISTICALLY

SirLicaTes Rurep Out

208 DOW CONNING €0



V.A. l3l

MAJOR PPOBLEMS

TECHNICAL

® RemovaL OF B anp P

COST

e LAPITAL For ExPERIMENTAL ARC FURNACE

® ManpoviER To IMPLEMENT ALL PROGRAM PHASES

SCHEDULE

o MeeTing ERDA MiLESTONES

209
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V.A.15.

SIX MOMTH COALS UNDER
REQUESTED CONTINUATION OF FUNDING

PERIOD: 15 Jury 1975 -- 14 January 1976

COST: $56,600 OriGINAL ESTIMATE
$129,529 CurRRENT REQUEST

MAJOR GOALS (Assumes INTERFACING WiTH JPL PROGRAM):
o MG-S1 UPGRADING

10/75 SLAGGING FEASIBILITY DETERMINED

10/75 PuURCHASE OF EXPERIMENTAL ARC FURNACE INITIATED

11/75 FEASIBILITY DETERMINED OF COMBINED BLOWING/FREEZING
IN GRADIENT FURNACE

12/75 RAW MATERIALS AVAILABLE FOR UPGRADING

12/75 PLANS COMPLETE FOR EXTERNAL ARC FURNACE EXPERIMENTS

oeS1LicoN MonoxIDE

10/75 PROCESS POTENTIAL EVALUATED
12/75 EXPERIMENTS INITIATED

o ALuMINUM REDUCTION OF QUARTZITE

7/75 ENERGY ANALYSIS PERFORMED -
9/75 PROCESS POTENTIAL EVALUATED
12/75 EXPERIMENTS INITIATED

e ENERGY ANALYSIS

9/75 COMPLETE FROM QUARTZITE TO CELL

211
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PHOTOVOLTAIC TEST AND DEMONSTRATION
PROJECT
FOR THE
NATIONAL PHOTOVOLTAIC CONVERSION PROGRAM

BY JAMES N. DEYO
NASA-LEWIS RESEARCH CENTER
CLEVELAND, OHIO

PRESENTED AT THE ERDA-NATIONAL SOLAR PHOTOVOLTAIC
PROGRAM REVIEW MEETING JULY 22-25, 1975
LOS ANGELES, CALIFORNIA
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PHOTOVOLTAIC TEST AND DEMONSTRATION PROJECT FOR THE ) -
NATTIONAL PHOTOVOLTAIC CONVERSION FROGRAM
by James N. Deyo

NASA-lewis Research Center
Cleveland, Ohio

Abstract

As part ot' the overall effort to develop ways of utilizing solar energy
as a national energy source, the Encrgy Research and Development Administra-
tion (ERDA) has establisned the lational Photovoltaic Conversion Progran.
The overall objective of this procram is to develop low-cost reliable photo-
voltaic systems suitable for a varizty of terrestrial applications, and to
rtimulate the creation of a viable indusirial capability to provide then.
The program, now teing implemented, is ccmposed of several interrelated yet
separate projects. Each pruject addresses a major segment of the erfort re-
quired to achieve the program objective.

One of these proijects, recently assigned to and now being developed by
the Lewis Reseacch Center of MASA, is concerned with conducting photovolitaic
system tests and Jemonstrations covering a wide range of applications having
national signiricance. Experience gained througzh this project will be usea
1o evaluate emerging systems techrnlogy, provide systems-related ruidance o
tke otlar projects of the progrem, and develop information fcr future photo-
voltaic procrem pianning

'

The project is divided into three tasic activities. Objectives of thz
first activity, "Tests and Model System Demonstrations", are to determine the
operating characteristics for 2 wvariety of photovoltazic conversion systems
and subsystems ani to confirm by t=sts and lemonstraticns that these syst:w
can satisfy potentizlly atirzctive national aprlications. Solar cell madv
for this activity will be pro-rided by the ILow Coct Silicon Solar Array Proj=zct
being conducted by ¢PL for E:24. Ir a similar manner, guidance in ths selzc-
tion of application catzgories for a-morstration w111 oe previded throurth
mission and impact :sladles concuicted vy the Systems and Application Proijsct

2
ng

of the: natlonal progran.  The scen.a bogic activity o9 the project is con-
cerned with "Device Pert- rmenc. arl liscnostics”. Cbjectives here are ccn-
cerned witnh devising an” wr . . c" i +he methodolosy, uecuhlcueu, and eguir-

ment to make standardizor .. - .. 2ri2nts of solar cell and modiule poridormonc:
i Thais activicy will thereicre vrovii:z

and performance-reslatel c:z:;-'3ri; ics.
to the photcvoltaic comrunir - cantraliced scurce tor standardized perfor-nnc.
ferenc¢ ani dia~nostic nature. Th2 thisd

measuremants and information of a3 refer

basic activity of the zroject :vill address the endurance of sovlar c211 moitl-z
and arrays and the mechonisms avlectinz ths materiels of constructiorn wnicn
induce performance de-rziation zand failure. This activity will be cerriel
out throuch acczlcorated and real time environmental testing, under conditlicna

of intenled use, ¢7 colar cell mclule meterials of constriaction as well ac
ecrmiplete rolules, laborestory irvestigations of methods of evzluating encar-
sulant material st ilivy and qur:::tlvu will te undertarern, laterial ont

module sarples 1Or testinz will be sclicited from the photoveliaic community
as well as beinc provided by the other prciects of the national rrorram.

15



Currently efforts in each of the three activity areas are being imple-
mented through initial funding provided by ERDA. In addition, planning is
going for - rd to morz fully develop the basic project plans outlined to
date and to identify new tasks which must be initiated througn FY 76 and
later ERDA funding tc maintain the project schedule. Charts in the attached
visual aid material indicate the basic project plans and tentative test and
demonstration categories. As noted earlier in the systems test and demonstr-
tion activity, final selesction of application categories will be guidz:d by
information from the Systems and Application Project of the rationgl prozren.
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TEST & MODEL SYSTEM DEMONSTRATION CAIEGORIES*

ERDA:
0.1 - 1.0 kW REMOTE APPLICATIONS
5 - 15 kW RESIDENTIAL
100 - 500 kW LOAD CENTERS
1 - 3 MW LOAD CENTERS
ERDA/ DOD:

1 - 3 kW LOAD CENTER
3 - 12 kW LOAD CENTER
12 - 60 kW [LOAD CENTER

LeRC TEST CAPABILITY:

UP TO 100 kW P/ V SYSTEM TEST FACILITY
5-15 kW PROTOTYPE RESIDENCE
COMPONENT & SUBSYSTEM SUPPORT TESTING

*REFERENCE CATEGORIES FOR PLANNING PURPOSES
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CANDIDATES FOR REMOTE APPLICATIOHNS

FY ‘76 & ‘77

e U.S. COAST GUARD
2np DISTRICT (WESTERN RIVERS) (50)
1st DISTRICT (ATLANTIC-N.E.) (48)
REEF LIGHTS (7)
MAJOR LIGHT STATION (1)

o HNOAA - RAMOS (40)

o U.S, GECLOGICAL SURVEY
RIVER GAUGE STATION (100)
LANDSAT PLATFORM (20)

@ OTHER POTENTIAL CANDIDATES
FAA (REMOTE MAVAIDS - BEACONS)
DOT (HIGHYAY AIDS-BARRIERS)
- USDA - FOREST SERVICE (FIRE fi0M., COIM.)
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N76 12479

STATUS OF ERDA-DOD APFLICATIONS PLANS

Title of Project: DOD PHOTOVOLTAICS DEMONSTRATION STUDY

Period of Contract: 7 July - 2 August 1975
Value of Contract: $30,000

Aut .or: Donald B. Dinger
Associate Technical Director (R&D)
US Army Mobility ~Squipment Research and
Development Center

Principal Investigators: Richard T. Sale

Edward A. Gillis

Presented on 23 July 1975 at

NATIONAL SOLAR PHOCTOVOLTAIC PROGRAM
REVILW MEETING

Los Angeles, California
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The Army Mobility Equipment Research and Development Center
(USAMERDC) is presently conducting a one month DOD Demonstration
Study sponsored by ERDA. The cobjective of this study effort is
to produce a denonstration vrogranm which will define the role of
Solar Terrestrial Photovoltaic (P/V) systems as power sources
for DOD applications. To acconmplish this goal, rumerous potential
demonstrations cf DOD applications are being identified and
analyzed. After the best demonstration projects are selected,
the P/V power source requirements and an implementation plan for
each demonstration project will be developed.

USAMERDC has been assigned DOD program management responsi-
bility for investigation of terrestrial applications of solar
P/V devices. This assignment includes the study which is the
subject of this raper as well as conducting the demonstrations
evolving from the study. In addition, USAMERDC has been tasked
to estaplish a Tri-Service coordirnating mechanism relative to
application of P/V devices and has been funded:for a study to
idencify early market potential for P/V devices within DOD.

In spite of limited experience in Solar P/V devices, USAMERDC
is well qualified to perform the P/V activity outlined above.
One of USAMERDC's primary missions is R&D in Electric Power
Generation and Distribution. Of particular significance are
major R&D activities in power conditioning and energy storage.
Expertise and experience in these technologies will be mest
beneficial in establishing requirements for P/V power sources.

DOD is dedicated to conservation of energy and reduction of
dependence on hvdrocarbon fuel. Tk=2 military is also interested
in determining applications where P/V offers a tactical aévantage.
There may also be applications which prove cost effective, such
as remote locations which have a high logistics burden due to
resupply of fuel. Characteristics of P/V systems which make
them attractiv. to the military for electri: power sources include
high reliability, low maintenance, unattended operatio=, long
life, silent operation and reduced logistics.

ERDA is committed to purchase 90 KW of P/V power systems
which will be supplied to DOD for demonstrations to provide DOD
with a basis for future military utilization of P/V devices.

Two 3 KW systems will be available on 1 January 1976 for installa-
tion in the selected demonstration projects. Two 12 KW systems
will be provided on 1 April, and the final 60 KW system will be
supplied in August 1976.

USAMERDC's study approach is t initially identify multiple
DOD applications, analyze their prwer systen roc-ulrements
relative to use of P/V units, and® recommend the most promising



applications to DOD and ERDA for selection of the demonstration
projects. A preliminary systems analysis will be performed

and an implementation plan will be developed for each of the
selected projects. The final task will be the preparation of

a report summarizing results of the study.

The first two weeks of the study were primarily devoted
to identifying potential applications of P/V power sources and
developing evaluation criteria. Numerous agencies have been
contacted and there has been .ood response at all levels;
potential adsplications have been provided by all the Services.
Candidate demonstration systems and locations are being analyzed
using the derived evaluation criteria. Technical data regarding
available batteries and power conditioning devices are being
accumulated. The most promising demonstration candidates in
each of the three power sizes (3 KW, 12 KW, and 60 KW) will be
submitted by 25 July. Following selection of the demonstration
projects the systems engineering, systems analysis, and
implementation plan for each project will be initiated.

The evaluation criteria place emphasis on military market
potential and militarv advantages. The military market potential
is an indicator of both potential energy savings and production
base potential. The application should benefit from use of a
P/V power source; there should be an improved mission capability.
In addition to the above primary considerations,the suitability
of P/V to integration with the load utilizing available storage
and power conditioning ecuipment is important. Candidates are
also being evaluate’ to determine if there are similar applications
in the civilian sector and their potential for an impressive
demonstration which can readily "sell" the advantages of utilizing
P/V in military applications.

USAMERDC's projected role in the DOD demonstration program
includes:

a. Assisting in development, fabrication and assembly of
the Photovoltaic power soarce.

b. Installaticr of tre power system at the demonstration
site and integraticn of it with the load.

c. Operation and maintenance of each demonstration project.

d. Monitoring system performance for at least 12 months to
determine capability of P/V source +» provide sufficient power
to required quality, as dictated by the using equipment.

e. Evaluation of the P/V power system's design using

recorded data; determine if there is adequate or surplus storage
and/or array, ccc.
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ACTIVE TECHNICAL AREAS

o ENERGY STORAGE

- MAGNETIC
- PNEUMATIC
- BATTERY

- FLYWHEEL
- HYDROGEN

® STORAGC CONVERTERS

- FUEL CELL
- ROTATING ELECTRICAL MACHINE
- HeAT ENGINE

o POWER CONDITIONING
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SOLAR ELECTRIC POWER

DOD PROGRAM MANAGEMENT RESPONSIBILITY

o MARKET SURVEY

® DEMONSTRATION

® TRI-SERVICE COORDINATION
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AGENCIES CONTACTED

DOD

C—

OFFICE OF THE ASSISTANT SECRETARY OF DEFENSE FOR INSTATLLATI
AN LOG?STICE INSTATLLATIONS

COORDINATORS FOR ENERGY - ARMY, NAVY, AIR FORCE
FAOJECT MANAGER - MOBILE ELECTRIC POWER
DEFENSE COMMUNICATIONS AGENCY
ARMY
CC1 S OF ENGINEERS
HARRY DIAMOND LABORATORIES
ELECTRONICS COMMAND
NIGHT VISIOH LABORATORY
ARMY SECURITY AGENCY
SHARPE DEPOT
MASSTER
AVIATION COMMAND
MISSILE COMMAND
ARMAMENTS COMMAND
PICATINNY ARSENAL
FRANKFORD ARSENAL
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EVALUATION CRITERIA

o PRIMARY IMPORTANCE

o MILITARY MARKET POTENTIAL
e MILITARY ADVANTAGES

o SECONDARY IMPORTANCE

® SUITABILITY AS A POWER SOURCE
RELATIVE TO LOAD AND DEPLOYMENT

® OTHER CONSIDERATIONS
@ SIMILAR CIVILIAN APPLICATIONS
o [MPRESSIVE DEMONSTRATION
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EXAMPLES OF APPLICATIGHS SUBMITTED

b KW
CATHODIC PROTECTION
NIGHT VISION DEVICES
RADIOS

24 KW
INSTRUMENT LANDING SYSTEM
WATER WELL PUMP
WATER PURIFICATION
60 Ku
REMOTE RADAR SITE
HELOSHED, MOBILE COMMUNICATIONS UNIT
WARELGUSE (FORKLIFT BATTERIES)
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TERRESTRIAL PHOTOVOLTAIC MEASUREMENTS WORKSHOP PROJECT

FOR THE
NATIONAL PHOTOVOLTAIC CONVERSION PROGRAM

BY HENRY W. BRANDHORST, JR.
NASA-LEWIS RESEARCH CENTER

CLEVELAND, OHIO

PRESENTED AT THE ERDA-NATIONAL SOLAR PHOTOVOLTAIC
PROGRAM REVIEW MEETING JULY 22-25, 1975
LOS ANGELES, CALIFORNIA
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REVIEW OF TERRESTRIAL PHUTOVOLTALC MEAS!RENENTS WORKSHOP
by Henry W. Branilhorst, -ir.

NASA-lewis Research Center
Cleveland, Ohio

- Abstract

A Terrestrial Photovoltaic leasurczments Workshop was held at tte
HIASA-1ewis Research Center, March 10-21, 1975. The purpose of this
meeting (figure 1) was to make recommeniations on measurement methnods
and the terrestrial solar intensity and spectrum to be used by investi-
cators in the Solar Photovoltaic Energy Conversion Program.

The workshop was divided into three major areas, each with a chair-
man, as shown in figure 2. Approximately 95 people from 45 different
org-nizations (Federal Government, universities. and companies) attended.
About 25 papers covering these three areas were presented. The proceedin: s
of this meeting will be available shortly.

Broad agreement was obtained on an irierim method for making terres-
trial solar cell measurements. The major recommendations of the workshop
are shown in figure 3. These recommendations have been translated into
an interim test procedure to be used by all photovoltaic invest.igators.
The session chairmen and worksh®np coordinator tocether developed this
document which is now available to all investigators.

The key aspects of this procedure are summarized in figures 4 and S.
Figure 4 shows the only acceptable measurement techniques: three to be
used with natural sunlignt measurements, and one with artificial light
sources. Pyranometers or pyrheliometers are to be used in a well-defined
manner and are not to be used with artificial 1i. it sources.

The use of stantard solar cells to set simulator irradiance levels or
to monitor solar irradiance in outdoor measurements is a proven, reliable
method developed in the space program. It is necessary that the standard
cells be made from the same material and have essentially the same spectral
response as the test cells. Such cells must either be supplied by, or
traceable to, the NASA-lewis Research Center, which is serving the ERDA
as the national testing laboratcry. These cells should become available
no later than October 1975. Figure 5 shows the rccommended cstandaril tect
convlitions and definitions to ve used in reporting cell performance data.
Figure 6 shows the Air Mass Two spectral Aistribution to be used for all
theoretical calcwlations. Integrated intensity for this curve is 75 mW/wa™,
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With this basis, it is hoped that uniform measurements anl culculn-
tions can be made by all invastigators. However, these recomseniesd pro-
cedures are interim procedures. It is planned that another worksiop be
held in April 1976 so that new results can be prasented and modilictions
made to these interim test conditions e&s required.

In ssumary (fipure 7), a Terrestrial Photovoltaic Measurements
Workshop was held in March 1975. The recommendations of this workshop
have been translated into an interim terrestrial solar cell test pro-
cedure to be used by all investigators. A second workshop is planned
in April 1976 to modify this interim test procedure as required.
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SESSION IV

CONCENTRATOR SYSTEMS

PRECEDING PAGE BLANK NOT FILMFU
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INVESTIGAT!ON OF TERRESTRIAL PHOTOVOLTAIC
PORER SYSTELS WwiITH UNLIGHT CORCENTRATICH
BY
ARIZOIA STATE URIVERSITY

AND
SPECTROLAB, iMC.

ERDA CONTRACT E(11-1)-2590
CONTRACT PERI0D JANUARY 1, 1975

1o DECLFBER 31, 1975
COnTRACT AFQURT $249,274

SPECTROLAB SURCONTRACT $118,175

PRINCIPAL INVESTIGATOR: CHBRLES E. BACKUS
COLLEGE OF ENGINEERING
SCIENCES
ARIZONA STATE UNIVERSITY
TEIPE, Az 85231
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INVESTIGATION OF TERRESTRIAL PHOTOVOLTAIC
POWER SYSTEWS WITH SUNLIGHT CONCENTRATIOX

Arizone State University
and

Spectrolab, Inc.

This joint program was started January 15, 19Tk. The firs: year was mostly
analytical effort looking at the component and system cherzzieristics
expected for concentration configurations. Those studies resulted in

the conclusions given in Table I and indicated very encourzging prospects
if the assumptions made could be verified. The program teiIng pursued in
the second year is to experimentally verify the first year's conclusion.
(See Table II).

The anelytical rcdel of the silicon solar cells for high illurmination is
teing used to design cells for different concentration factors. Figure 1
shows that a cell desipn using one centimeter length grid Singers !w=1 cm)
can be made that would +ave an efficiency at 100 suns that Iz 00% of the
efficiency of a typical cell at one sun. This may require sbout 2D lingers
per centimeter and thus the deposition of the grid should te achievable with
conventional techniques. These results were obtained by keeping the internal
voltage drop constant by varying the internal resistance. The decrease in
efficiency comgs from the greater coverage of the surface with grids as the
concentration increases. Figure 2 shows the importance of tase material

resistivity on cell design for high concentration.

tne of the important parameters indicated on the first yeer's program was
the dependence of the system cost for passively cooled arrsys on the thermal
conductance between cell and =zmbient air. Therefore & wind -unel was constructed

(See Figure 3) to measure these values in a controlled envirsnzent.
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Tab.e III gives the description of the heat rejection gecmetries being
investigated in this tunnel. Figures 4 and 5 give typicel results for
the configurations tested to date.

Calculations on additional concentration configurations ere continuing

and also the dependence o. their characteristics on varicus design pare-
meters. As a typical example Figure 6 shows how mirror surface inaccuracies
affect the energy distribution incicdent at the cells. Sysiem cost studies

are continuing as shown in Figures 7 sa~ 8.

Four concentrator system desi - - beer made end will te built durirg

the next six months. The - e are:

1) A non-tracting system (¢r otration ratio 7.5) See Tigure 9

2) A circular Fresnel system (concentration ratio 16) See Figure 10

3) A fixed mirror system (corcentration ratio 40) See Figure 11

4) A 5 foot diameter, parabolic reflector system with concen‘ration resios

up to about 100 or more.
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TABLE II

PROPOSED SECOND YEAR PROGRAM

DURATION: ~ JANUARY 1, 1975 - DEC".4BER 31, 1975
REQUESTED FU:DING:  $249,274

TEAM:  ARIZOHA STATE UNIVERSITY (PRIME)
SPECTROLAB DIVISION, TEXTRON, INC. ($118,175 SUBCOHTRACT)

OBJECTIVE: TO VERIFY THE ENCOURAGING ANALYTICAL STUDIES BY
EXPERIMENTS

PROPOSED TASKS:

I. EXéERIHENTAL DEVELOPHENT OF CONCENTRATION CELLS
(GRID CONTACTS, IWCREASE VOLTAGE, FABRICATE ASSEMBLIES)

II. “THERKSL ARALYSIS AND TESTIHG-
(WIND DEPENDENCE FOR PASSIVE, ACTIVE COOLING FOR HIGH CR > 100)

III.. CONCEKTRATED SOLAR CELL SYSTEM TESTING
(5 SYSTEMS - FLA: ARRAY AND CR OF ABOUT 3, 10, 49 AND 100)

IV. SYSTE!: PERFORMANCE AND COST ANALYSIS
(COMPLETE COST AHALYSIS AID ESTABLISH CO:NFIDENCE LEVEL)
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NORMALIZED EFFICIENCY
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FIGURE 1

NORMALIZED EFFICIENCY & NO. OF FING=RS/CM
vs.
CONCENTRATION LEVEL
Firger Width = .009 cnm
Diff:z2d Layer Sheet Resistance = 50 Q/square
Ease !zterial Resistivity = 0.1 ohm-cm

Cell Trickness = .025 em
Sheet Fesistance of Metalization = .00k Q/sguare
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NORMALIZED FFFICIENCY

1.2
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FIGURE 2

NORMALIZFD EFTICIENCY & NO. OF FINGERS/CY
vs.,
MATERIAL BASE RESISTIVITY

Finger Vidth = ,C)9 cm

Diffused Larer S-cet Resistance = ;0 f/square
Cell Thickress = .025 cn

Sheet Resistence of Metalization = ,00% 0/square
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FIGURE b4

MEASURED TZZ" ..L CONDUCTANCES FOR FRONT SURFACE OF BASELINE FLAT
PLATE .2 A FUNCTION OF AIR FLOW SPEED AND DIRECTION

THERMAL CONVECTION CONDUCTANCE
(w/M2z °C)
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THERMAL CONVECTIQN CONDUCTANCE

FIGURE 5

YEASURET THIFEITL CONVECTION CONDUCTANCTS PER UNIT BAZT £VFA VOP STURBY
TRAPEZOIZ L LUUSITUDINAL FINNED SURFACE AT A FUNCTION OF AIR FLOW SPFED

A2 _IRECTION (OFX TABLE III FOR DIMENGIONS)
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FIGURE T

ETZCTRICAL OUTPUT COST AVERACED OVER A YEAR IN' ALBUOUERQUP
FO2 A_FIXED MTRROR CONCENTRATOR WITH AN ASSUMED COST OF
263/m“ FOR THE REFLECTOR AND A PACKING FACTOR OF 0.35.
SIZICOX SOLAR CELLS, PASSIVELY COOLED WERE ASSUMED WITH THE
Tr=RAL CONDUCTANCES OF K.=0.1, 0.2 and 0.3 AS A PARAMETER.
TEZ INCLUDED AKGLE FOR THF ...RROR WAS 120° WITH A 15° TILT
AZ A 15° INCLINATION USED.
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FIGURE &

A "OYPLRISOR OF S, AND GaAg SYSTEMS FOR VARIOUS ASSUMED
C237S FOR THE CELLS IN §/m®, PASSIVELY COOLED, K =0.k
Kw/if"~°C, REFLECTIVITY OF 0.85 AND CELL ABSORPTIVITY OF
0.3, Si CELLS WERE 15% EFFICIENT AT 25°C GOING LIZIEAR TO
0 AT 279°C. GalAs WAS 20% AT 25°C GOING TO O AT ko0°C
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GLASS VACUUM
JACKET

COOLANT
TUBE

DETAIL
HEAT
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FIGURE 11

Model of fixed-mirror concentrator
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PHOTOVOLTAIC APPLICATIONS OF
COMPOUND PARABOLIC CONCENTRATOR (CPC)

GRANT: 31-109-Enc-38

OreANIZATION PERFORMING YWORK: ArRGONNE NATIONAL
LABORATORY

PERIOD OF GRANT: 26 MarcH -- 30 June
AMOUNT OF AWARD: $30,000

PrincIPAL INVESTIGATOR: RoLAND WinsTON
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COMPOUND PARABOLIC COMCENTRATOR

CPC
\ TOTAL ACCEPTANCE //
\\F,fff”" ANGLE = 20 ~;
\ | /
\ \ /
. .
v fem——- — — — —{ mpERTURE
\ /
\ \ /
. \ - /
AXIS OF *, \ . /
PARABOLA-* \ P / PARABOLA
\\ \ "‘vk/
\ \\\- // CONCENTRATION
\
\ >/ = s—ﬁ]rs = CpeaL
/ \\
FOCUS OF _{_4

PARABOLA —"\ "~ poeponen

REPORTS

A. RABL, "OpTicAL anp THERMAL PROPERTIES OF CoMPOUND PARABOLIC
ConceENTRATORS”, ARGONNE ReporT SOL 75-01

A. RABL, “CompArRISON OF SoLAR CONCENTRATORS”, ARGONNE REPORT SoL 75-02,

* A, RABL, EL AL, “ReporT ON CONCENTRATING FLAT PLATE ComPounD
ARABOLIC COLLECTORS”,
R. GIUGLER, ET AL., "X10 Compounp PARABOLIC CONCENTRATORS”,
ALSO ProGRESS ReporTs NSF/RANN/SE-AER-74-01C65/PR/74/4

AND 75-01065/PR/75/1.
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OVERALL OBJECTIVE OF PROJECT

DeTerMINE suiTABILITY OF CPC FOR PHOTOVOLTAIC

APPLICATIONS, IN PARTICULAR

INVESTIGATE TECHNICAL PROBLEMS
(COOLING, GRID SPACING, ETC.)

OPTIMIZE CONCENTRATOR DESIGN,

CALCULATE SYSTEM COST,
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2.

3.

TASKS PERFORMED BY MOBIL TYCO

DETERMINATION OF THE PERFORMANCE CHARACTERISTICS OF STATE-
oF-THE-ART (1.E., CzocHRALSKI N oN P) SILICON SOLAR CELLS
AS A FUNCTION OF CONCENTRATION RATIO (uP TO 10 TIMES) AND
TEMPERATURE (20 - 100°C).,

MAXIMIZATION OF SOLAR CELL PERFORMANCE UNDER CONCENTRATION
AND AT ELEVATED TEMPERATURES, INCLUDING ELECTRODE GRID
DESIGN, JUNCTION DEPTH, AND ANTIREFLECTION COATING.

ANALYSIS OF CPC/SOLAR CELL PERFORMANCE AS A FUNCTION OF
CONCENTRATION RATIO AND DEGREE OF TRUNCATION (AND HENCE

OF ACCEPTANCE ANGLE), INCLUDING DETERMINATION OF THE ENERGY
DISTRIBUTION ON THE CELL TO PROVIDE DESIGN GUIDANCE FOR

THE LOCATION OF THE GRID STRUCTURE.

ANALYSIS OF THE COST EFFECTIVENESS OF THE CPC/sSILICON SOLAR
CELL SYSTEM.
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Power output versus concentration for 20° and 78°C. The average
decrease in efficiency was 6.4%/°C. The AR coat!ng was 1200 A
and the junction depth was 0.25 pm.

(MEASURED WITH 20 MIRROR hELIOSTAT)
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Erriciency of 8 X CPC AND S1 PHOTOCELL COMBINATION
WAS MEASURED,
(ALUMINUM WITH REFLECTIVITY 85%, ACTUAL CONCENTRATION
= 6, FOR MECHANICAL REASONS)

MEASURED ouTPuUT: 5SX
TEMPERATURE DEPENDENCE OF EFFICIENCY

- 0.5% per °C  (THEOR.)

- 0.4% per °C (exp.)
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ACCEPTANCE ANGLE 25°

COLLECTOR AREA / APERTURE
oS o

N

sl

3 11 1 1
] r3 L) 10 20 30

CONCENTRATION

Fig. 39. The collectci- urea per unit lengths divided by the aperture per
unit length »s a function of concentration for a CPC. Acceptance
angles beciween 2,5 and 30° were used.
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The cost in $/kW of a CPC system versus concentration,
J is the ratio of reflector costs per unit area to St
solar cell costs. An acceptance angle of 10° and

Ke = 0,003 W/cniv ° C were used.
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2.

KEY RESULTS OF MMBIL TYCO

SILICON SOLAR CELLS CAN READILY BE DESIGNED TO INCREASE

IN EFFICIENCY WITH CONCENTRATION uPp TO 10 suns. SImPLE
IMPROVEMENTS IN GRID STRUCTURE PERMIT THE ATTAINMENT OF THE
REQUISITE VALUE OF SERIES RESISTANCE.

THE SPECIFIC CELL PARAMETERS REQUIRED TO ACHIEVE ENHANCED
EFFICIENCY WITH INCREASING CONCENTRATIONi HAVE BEEN DEFINED,
AND THESE ARE READILY ATTAINABLE WITH MINIMUM MODIFICATION OF
STANDARD SOLAR CELL FABRICATION TECHNIQUES.

RAY TRACING COMPUTER PROGRAM HAS BEE!N DEVELOPED TO DETERMINE
ENERGY DISTRIBUTION AT EXIT oF CPC.

THE cosT OF A CPC/SOLAR CELL SYSTEM WAS DETERMINED AS A
FUNCTION OF CONCENTRATION RATIO. ToTAL cosT oF A CPC/soLAR
CELL SYSTEM WILL BE BETWEEN 4 AND 5 TIMES LOWER THAN FOR
FLAT PLATE SILICON CELL ARRAYS.
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THE STATEMENT OF WORK FOR SPECTROLAB

EVALUATE FOR PHOTOVOLTAIC APPLICATIONS THE USE OF THE
CPC DESIéN AS A FIELD COLLECTOR -= IN CONJUNCTION WITH
. PRIMARY FOCUSING CONCENTRATOR. THE PRIMARY FOCUSING
CONCENTRATOR MAY BE A PARABOLIC REFLECTOR, AN ARRAY OF

FRESNEL MIRRORS, A FRESNEL LENS OR SOME OTHER TYPE.
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SINGLE CPC vs. TWO COMPONENT SYSTEMS

_ a
N

Two COMPONENT SYSTEM ACHIEVES ABOUT 90% oF CIDEAL.

VERY FAVORABLE REFLECTOR/APERTURE RATIO,
PREFERABLE FOR C * 10

(WITH OFF AXIS DESIGN MAY BE PREFERABLE FOR C % 6)
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'

INNER KAY

——

OUTER RAY &

PARABOLIC TROUGH WITH RIM ANGLE © = 65°, ACCEPTANCE HALF ANGLE & = 2,5°,

HIGHLY NONUNIFORM FLUX DISTRIBUTION AT ABSORBER

Puax’Paverace = 1°
(SIMILAR CONCLUSIONS FOR OTHER SINGLE STAGE CONCENTRATORS.)
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PARABOLIC TROUGH WITH CPC SECOND STAGE

\V/
Rim AnGLE 6 = 20°
ACCEPT HALF ANGLE § = 2,5°
"N/ \/
B0
i/ i
/ :/, . .
r/ { \\\.
,// ‘\‘
/) ‘ :
// } \ Lh
] \

\
o
|

FLUX DISTRIBUTION AT ABSORBER NEARLY UNIFORM

Puax/Paverace = 1:2
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CPC APPLICATICN PROJECT

RESULTS OF PHOTOVOLTAIC APPLICATION STUDRY
CPC AS FIELD COLLECTOR IN HYBRID SYSTEM
( SPECTROLAR | ASU )

CONCLUSION OF STUDY
TWO- ELEMENT DESIGN 1S SUBSTANTIALLY RETTER THAN

ANY SINGLE ELEMENT DESIGN STUDIED, FOR USE WITH
PHOTOVOLTAIC CELLS BECAUSE :

a. ADDITIONAL CONCENTRATION OF~2. 5 POSSIBLE

b. FLUX DISTRIBUTION IS SMOCOTHED OUT
( PEAK / AVERAGE INTENSITY = x15 FOR PARABOLIC
TROUGH, = 1. 2 FOR HYBRID SYSTEM )

¢ CPC CAN BE DESIGNED TO REJECT HEAT. HENCE DOES

NOT ADD TO OVERALL COST OF SINGLE ELEMENT SYSTEM
RECOMMENDATION :

FURTHER STUDY LEADING TO DESIGN OF
CONCENTRATOR SYSTEMS OPTIMIZED FOR SPE-
CIFIC APPLICATIONS AND FABRICATION AND
TEST OF PROTOTYPES |
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"N76 1248

INTEGRATED PHOTOVOLTAIC-THERMAL SOLAR

ENERGY CONVERSION SYSTEMS
George A. Samara
Sandia Laboretories, Albuquerque, New Mexico 87..5

(Internally Funded)

Priﬁcipal Investigators: D. G. Schueler
R. P. Stromberg

Person in Charge: G. A, Samara

presented at
National Solar Photovoltaic P: - vam Review Meeting

July 22-25 (1975) Los Angeles, California
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ABSTRACT

One potential solution to the economic viability of solar energy is che
application of total energy concepts to solar energy conversion systems. The
total energy concept envisions providing a major fraction of the energy require-
ments of residential and light commercial buildings from solar energy. Specifically,
electricity, air conditioning, space heating and hot water would he provided.

The overall objective of this Sandia program is (i) to demonstrate the feasi-
bility of 2 comtined photovoltaic-thermal solar total energy system, and (ii) to
develop the hardware which can provide the proper ratio of electrical and thermal
energy for residential and commercial applications at a cost competitive with
alternate energy sources.

The approach adcoted is based on solar concentration (initially 40-50 suns).
Sunlight is concentrated on photovoltaic cell: (currently single crystal silicon)
which absorb the light and convert some of the solar energy into electricity.

The remainder of the absorbed energy, whick is converted into heat in the cell,
is extracted as useful thermal energy by a circulating fluld. Since we find
that the dollar values of the electrical and thermal energies produced by the
combined system are ne&rly eguivalent for the applications envisioned here, the
cost-effectiveness of the combined collector system is essentially doubled com-
pared to photovoltaic concentration systems which do not make use of the excess
heat.

The program consists of four closely coordinated tasks: (1) Systems Analysis,
(2) Silicon Cell Development for High Illumination, High Temperature Operation,
(3) Development of the Combined Photovoltaic-Thermal Collector, and (4) Systems
Deronstrations. Work on the first three tasks is well under way. The basic plan
for the program is to build on existing broad technology bases and to concentrate
on developing an overall technical and economic view of the combined total energy
systems. In the early phases of this program we have emphasized modeling and
computer simulation of both solar cell and overall system configuration and per-
formance, in parallel efforts which seek to define critical or important design
paramet s,

The successful utilization of solar energy depends on achieving the proper
balance between (i) the solar input power, (ii) the power load to the system,
(iii) the energy storage requirements, and (iv) “he available conventional power
sources. In addition, since both solar input powe: .nd load power requirements

are time varying functions, dynamic systems modeling teckninr:e: neecd to
determine the optimal system configuration and enerp;s st sy necessary
vo support load demands for all available time hizio. ¢ - wer and load
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data for any given applic-tion. Towards this end Sandia has developed a large
solar energy systems computer analysis code (SOLSYS). We are employing this
code to assess the technical and economic feasibility of the combined .ystem
relative to various utilization scenarios. Initial studies have dealt with
configuring individual residences using Albuquerque solar and load data.

The Silicon Cell Development task has emphasized the redesign of the cell
to yield high efficiency at the operating conditions of the combined system
(40-50 suns and temperatures to ~ 100°C). A Sandia-developed numerical semicon-
ductor device analysis code which yields one-dimensional numerical solutions
of the carrier transport equations throughout the thickness of the cell is
being used and has proved to be an indispensable aid towards achieving the
desired goal. Analyses have been carried out on a number of cell designs at
solar intensities ranging from 1 to 140 suns and temperatures from 27 to 200°C.
A design has been selected and is being experimentally tested which yields 124
conversion efficiency at 50 suns and 100°C. The modifications needed, in com-
parison with the conventional cell, include lowering the substrate resistivity
by an order of magnitude to ~ 0.3 O-cm, reducing the junction depth from 0.5
to 0.2 pm, decreasing the diffused surface layer concentration to N, < 1x1020cm-3,
and optimizing the top surface metallization. Experimental results on Sandia-
built modified cells have thus far given excellent confirmation of the code
results.

A combined photovoltaic-thermal collector has been built and is now being
tested. Initial tests have concentrated on evaluating the thermal efficiency
of the collector before and after the silicon cells are mounted. With likely
improvements in bondiig between cells and receiver and in the absorptivity of
the cells, thermal efficiencies > 50% can be expected for -he combined receiver
operating at 100°C.

Since we are still in the early stages of this program it is expected that
the analytical and experimental work under the various tasks will continue for
the near future. The systems analysis will be expanded to include other cities
and other loads; the modified cell work will emphasize optimizing the top-
surface metallization; and the combined collector work will concentrate on
optimizing both electrical and thermal efficiencies and gaining operational
experience under field conditions. Plans for a complete integrated system
development model will be formulated.

The attached figures elaborate on and further illustrate certain aspects

and accomplishments of the program,
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SOLAR ENERGY SYSTEMS COMPARISON

FIGURE 1 (top) A solar energy system using solar-thermal comnversion

and thermal cascading.

(bottom) A solar energy system using combined photovoltaic and

thermal conversion.

SOLAR COLLECTOR

HEAT LOOP
" PMOTOVOLTAI
PHOTOVOLTAIC CELLS 0 {.,:’E%MMC
SOLAR HEAT ABSORBER
ORIGINAL PAGE IB
OF POOR QUALITY
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FIGURE 2,

An integrated
photovoltaic-
thermal solar
concentrating
collector,
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Fig. 7 Reflector and integrated receiver pipe under test,

THERMAL COLLECTION EFFICIENCY ™

L O - BARE RECEIVER
A - SOLAR CELLS MOUNTED ON RECEIVER

-1 A A : . ;
“ ® 100 120 140 10 ™

AVERAGE FLUID TEMPERATURE (°C)
THERMAL EFFICIENCY MEASUREMENTS AS FUNCTION OF COOLANT FLUID TEMPERATURE

Fig. 8




SUMMARY

Sandia's Solar Energy Systems Computer Analysis Code (SOLSYS)
is Being Utilized to Assess the Technical and Economic Feasibility
of Combined Photovoltaic Systems Relative to Various Utilization
Scenarios.

Combined Systems Using Concentrators and High Efficiency ( = (0%)
Silicon Cells can Provide Residences (or Communities) with a
Reasonable Balance of Electrical and Thermal Ere rgy.

The Device Analysis Code has been Used to Redesign the Silicon
Cell for High Temperature, High lllumination Operation.

A Design Yielding 12% Efficiency at 50 Suns and 100°C has been
Selected.

Modified Cells have been Fabricated and Tested. Results have
Confirmed Code Predictions.

A Combined Collector has been Built and is being Tested.

Thermal Efficiencies >50% at 50 Suns and 100°C can be
expected.
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POLYCRYSTALLINE SILICON CELLS
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N76 12484

DEVELOPMENT OF LOW COST THIN FTLM POLYCRYSTALLIWE SILICON

OLAR CELLS FOR TERRESTRIAL APPLICATIONS

NSF Grant AER 73-07843

(G1-38981)

Period of Grant

June 1, 1973 - November 30, 1976
Valve of Grant; $449,000

Ting L. Chu, Southern Methodist University

Principal Investigator

Presented at the National Photovoltaic Program Review Meeting
July 22«25, 1975

Los Angeles, California
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I. ubjective

Tl e objective of this grant is to de'elop low-cost thin film poly-
crystalline silicon solar cells for terrestrial utilization. The technical
approaches consist of (1) the deposition, characterization, and optimization of
silicon p-n junctfon structurec or graphite and metallurg.cal silicor substrates,
(2) the purification of metallurgical silicon, (3) the fabrication and characteri-~
zation of solar cells from purified metallurgical silicon, and (4) the fabrica-‘"

tion and characterization of large :rea cells, 30 cm2 or larger in area.

I1. Past Activity

During 1974, major efforts were directed to (1) the deposition and
characterization of silicon on graphite and metallurgical silicon substrates by
the thermal reduction of trichlorosilane, and (2) the fabrication and evaluation
of silicon solar cells on these substrates. The microstructure of silicon
deposited on graphite substrates by the trichlorosilane process was optimized,
and the average size of crystallites was 20-30 ym. Using appropriate dopants
during the deposition process, many solar ce.ls of the configuration n’-silacon/
p-silicon/graphite were fabricat-4, and their AMO efficiencies were limited to
about 1.5%. The grain size of vapur deposited silicon on graphite substrates
was improved by rapid melting and solidification, and silicon p-n junction
solar cells with AMO efficiencies (no anti-reflection coating) up to 2Z were
produced.

Metallurgical silicon plates were prepared by unidirectional solidification
of the melt in a boron nitride container and were used as substrates for the
deposition of silicon by the trichlorosilane process, Silicon deposited on.
metallurgical silicon plates by the trichlorosilane process was found to be
epitaxial with respect to the substrate. Many solar cells of the configuration
n*—s11icon/p—silicon/metallurgical silicon were prepared, and their AMO efficiencies
(no anti-reflection coating) were up to 2,6%.
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II1. Cyrrent Effort

The recent work has been directed to (1) the improvement in the structural pro-
perties of silicon on graphite substrates, (2) the optimization of solar cell charac-
teristics on graphite and metallurgical silicon substrsaces, and (3) the purification
of metallurgical silicon. A zone-melting technique has been developed for the re-
crystallization of silicon on graphite substrates, and the microstructure of silicon
wvas improved considerably. Silicon p-n junction solar cells on graphite substrates
with AMDO efficiencies up to 2.51 have been produced. The conversion efficiency of
n+-siliconlp—sillconlmetallutgical silicon solar cells appears to be limited by the
grain boundaries in the p-layer. This graian boundary effect has been reduced by
iacreasing the dopant concentration in the p-layer, and the AMO efficiency of ﬁ+-silicon@
p+—ailicon/metallurgical silicoun solar cells was up to 3.5Z. }

The purification of metallurgical silicon by chemical treatment of the melt
and the floating-zone technique has been carried out. The treatment of molten
metallurgical silicon with chlorine, chlorine-oxygen mixture, etc., was found to
be effective in reducing the concentration of most metallic impurities, except
iron. The floating 2 ‘ne technique was found to be effective in reducing the concen-
rrvation of most im urities, except boron, in metaliurgical silicon. Solar cells with
AMO efficiencies higher than 4% have been produced from two zone-pass material.

IV. Future Plans

Future work will be directed toward the improvement of conversion efficiencies
of solar cells on graphite and metallurgical silicon substrates, including (1) the
refinement of the zone-meltin~ technique for the recrystallization of silicom on
graphite svbstrates, (2) the purification and characterization of metallurgical

silicon, and (3) the optimizat’on of the thickness and resistivity of the silicon layer.

V. Key Results to Date

The AMO efficiencies (no anti-reflection coating) obtained to date are 2.5% for
solar cells deposited on graphite substrates, 3.5% for solar cells deposited on metal-

lurgica:. silicon substrates, and 4.5% for solar cells fabricate from purified

met>1llurgical silicon. 312



Ayjs4aapun 1sipoylay udayinos ‘ny r_ buig
Jojeblysanuy jedjoulad

000 ‘6¥¢ :pdemy jo Junowy

9261 '0€ J9QWBaAON - €£16) ‘| aunf
jue.l9 Jo poliad

pajedodioou| ‘sjuawnaysu| sexay pue KisJaAjun 1Sipoyldw uiayinos
18 pauwJojiad JJom

(1868¢-19)
€V8.0-€. ¥3V 1ued9 JSN

SNOILVYO1NddY TVI¥LS3yYIL ¥04 ST13D ¥V10S
NODITIS INITIVLSAYIATI0d Wl NIHL £SO MOT 40 INIWdOT3AIA

313



"ss9204d aue||s0.4ojyaj4} ayy Aq paonpold uaaq sAey 949z o} dn

S3IOUB[IY440 QWY UMM U0Ij|IS [ealbanjjeldaw uo §{199 Jejos uojoun( u-d uod|is
"paONP

-04d uaaq aney gz 0} dn sajoualdfLe OWY UM S1199 JejoS  -uoiedtjiplios pue buy
-)aw pides Aq panotdwy sem ayydesd uo uodjfjis payisodep Jodea Jo azis ujesb ayy
*sajedysqns ayydesb uo paonp

-04d usaq aAey 96| 0} dn $3JOU3IIIHS QWY UMM S§]139 Jejos uojjounf u-d uodis
‘wrt 0g-0g Sem sal{|ieysAud jo azys abesane ayj ‘pazjwiydo sem $s89

-04d auejisoL01yayd) ayy Aq apydesb uo payisodap uodl}s Jo 34n3aNJsoLdIW 3Y)

20U

‘(Pl6] ‘19quwadeq) maiAad )sej ay} je pajodad synsal Ay @

"U0djj1s jed1bunjjelaw papjiand wodj sjjad Jejos jo Uojieziasjoeieyd pue uonedliqe]
"U0dJ|Is |2a164n]|e}8W JO UOjRIIING

‘sajedysans uodyyis jedbanyieiaw

pue 8)jyaesb uo s|jad Jejos Jo uoyleziwiido pue ‘uojjezidaldeeyd ‘uoledliqe
*$$3204d (“]9HIS) auej1S040]YaLd) By} Ag sa)eJ)sqns

uodjjis jealbin)iejow pue ayydesb uo uodi|is Jo Uojlezidayoeleyd pue uonisodag

'sayoeoaddy o

"uojezIjiin |e1)saaa)

40§ $]199 Jejos uodj|is aufjersh1akjod wiygs Uiys 1s02-moj dojansp o] :BAIBIGO [B4A) @

NO1LINAOYINI
ST113J3 ¥VI0S NOOJITIS INITIVISAYIAI0d

314



‘paonposd uaaq aney g uey) Jaybiy saio
-U3)214j0 QWY UMM S|[93 Jejos ‘sanbju
-429) auoz-buyjeols pue yuawyeasy |edi
-waya Aq patjrand uoayjis jeatbanjjeldaw

*paonpo.d

uaaq aneY g6 ‘¢ 0} dn $aloUa|NYye
OWY UNM s|182 Jejos uopaun( u-4
"pAOND

-04d Udaq aARY %G ‘Z 0} dn SB1IUAIDYS
OWY UMM s[|32 Jejos uopoun( u- .

"U0d|IS JO uoljez||jeishaoad ay)

404 padojanap anbjuys} buj)aw-auoz
‘pajen|eAs

Aydeuboj|e)sAad pue a4noNaS04 ol W
413y} pue ‘suojpuod Jo abues apim

e Japun sajeuisqns ajydesb pajeod
-uogJed uo paysodap s4afe| wodjis

NOILIOV

€I

"Uod|IS

palyand wodj sj1ad Jejos Jo uoleatiges
pue uodl|is [ealban|jejaw Jo uonedLINg

'S9)e.)S
-qns uodl|is |ealbnjjelaw Uo s||3d Jejos
uodi|is Jo uonezjwiydo pue uoisodaq

‘sajed)sqns ayydesb uo sjjad Jejos uod

-1]1S J0 uoljez|a8}oeaRYd pUE UONISodag

‘sajedisqns apydeab uo uodijis
J0 sajyadoad jeanjanays uj Juawanosdw)

*aue|isodo)yo
- |4} JO UOI)INPaL jewaay} ay} Aq sajedys
-qns 3j1ydeab payeod-uoged nkjoskd uo

U0d1|{S JO UO|jezZ|43)2eleyD pue uojjisodag

NV1d

SHINOW XIS LSV1 304 ALIAILOV GINNVId

ST130 ¥V10S NOJITS INITIVLSAYIOATI0d

315



A0l

uodjjis Joj ujwjwn 2 - ¢
uogJes Joj ujw/wnt g0 - €0 :3)ey uot;isodag o
7062 - .00l :@4njesadwa) ajesysqns o
"U0dL}|S JO UOj}{sodap au} Joj aue||S00|ydtJ} JO cozuzcﬁ |ewsayy
“uogae Jo uoj}jsodap ay} Joj auedodd Jo UOJ}ISOdWOIBP jRWISY] ‘SUOJIIRIY @

U09§]1S puk uogaes Jo uojysodaq sy} 405 snjeaeddy auy Jo IfjewsydS

8,6y Cna % ..<

* * “ %y a31419n4
SYILIMOTS  4°3'0°0°8°Y —
IA YA SNIYILIN @ A_mf An—v Amv
3ATYA 340-LNHS ® Eﬁﬁﬁu

3anL
¥014338NS 214vnd

LSOYHY T i \\Q&l_l Aw‘.% @

oL = l_L

OCO0OO0O0 O

|

1109 4

JLIHdVYIO 31V0I-NOgavI NO NOJITIS 40 NOILISO43d
JLv@ 0L SS3IYO0Yd - ST13D ¥VI0S NOJITIS INITIVLSAYIATI0d

316



G:Jl

‘so13s113)0e4eY? |32 Jejos pue ‘sajadold orydesbojjeishad ‘aannays
-0421w Uy ayydedb uo uoay|is o} Jejjwis si ajiydesbjuogied uo UodlIS NOISNTONOD @

ulw/wn 20 ‘9 upwyw | ‘9,000l  bwjwt 67 "9 052l

ALISNIINI JALLYT3Y

£

S31143d0dd JIHVIO0TIVISAYD ¢ JUNLONYLSOUDINW @

S3ILVYLSANS ILIHAVYI/NOGUYD NO NOOITIS 40 S311¥3d0dd
31Va 01 SS3Y90¥d - S1130 ¥V1I0S NOJITIS INITIVISAYIAI0d




(JLIHd VY9 Q31Y0J-NOEYVI ¥0)
JLVy1SENS ILIHdYYO

9:01l .

%1 ‘AON3I013430WY @
wn 0Z - 61 “3Z1S NIvi9O 30ViIAY ¢

(ALIHdYY¥9O Q3LV0I-NO8dYD d0)
JLvaLSans 1i1Hdvya0

Q3ZITVLSAYI3Y
NOJIIS- d 0311S0430-d0dVA

NOOITIS-d
Wo-wyo ¢00°0- 200°0 ‘W" OF - Ol

NOJI11S-d
wo-wyoz- 60 ‘Wt 0z2- 0l

NOOITIS-d
Wwo-wyoz- 60 ‘w0z - 0l

NOJITIS-N
Wo-Wwyo¢00°0-2000 ‘W 0-270

NOOJITIS-N
Wwo-wyosno'0-2000 W $0-2°0

NOILYZITIVLISAYO3Y GNY QAD A @

GAJ TYNOIINIANGO A8 @

SILVHLSENS JLIHAYYI NO ST130 ¥V10S NOOIIS

3LYQ 01 $SS3¥90¥Ud - ST130 dV10S NOOITIS INITIVLSAYIATOM

318



ONILTIW-INOZ A8 NOJITIS @

L0l

snjeseddy buiyaw-auoz ay} jo dljewauds

HiHdYHD
NG NOOIS 3801 YOS 03sNd

o QQG/@QQOQ\
_ \

-

QDQQ\UODOO

1o

bulyew-auoz e
uoljeatjipiios pue bupjaw pidey e
SIHIVOUddY ®

SILYALSANS ILIHAYY9 NO NOOITIS 40 NOILYZITIVISAdOY

3LVQ 01 SSIM90¥Ud - $1730 ¥V10S NOJITIS INITIVISAAIAIOM




SLI0A ‘39Y110A
50 ) £0 20 11

SI10A TI0VL0A

Y inm 1 1 I - au . mﬁa W m.mm . wwa m N.d w
1
-4 b «
o
H s
3 2
d9 T 2
2 z
= =
2 = "
g
()
w.
I Jda »
%9 HOLIY4 1114
%6°7 ‘AINIID1443 OWY 1 2
SWI/MW &el
VA
1e UOHRUIWNY{| Japun $DHISIJajoRIRYD @ saljstdayoeeyd yieq o

IIVALSANS ILIHAVYO NO WO ST XWISC ‘ST130 UV10S NOOTS
31va 01 $53¥90dd - ST130 ¥¥10S NOJIIS ANITIVLSAYIAT0d

320



e

LLVHLISHOS 44

KGOS Bo-RHO

U0

wrt g

NOOLTIS N

KO-KHO S00°0 Wt g0

SUI0A I0VH0A
53 v £7 20

i i i L}

29 diy ALESNIO INGEEND

6:01L

dLvilsdas d

NODI'LIS-d  NKO-WHO 1 Wi OF
NOJITIS-N NO-RHO $00°0 Wi y°0
SLWOA 3OYII0A
0 0 €0 20 10
H 1 1 ] : b
u!muwm
i 2 —
g -
=
-
e =
-~ 1 =2
—. 0 W
L
w.
= ¥3
Qu¥RE0d
Im‘mu
.

SOILSIH3ILIVYVHI F9VIT0A-INIHUND MEva

NOSITIS TYI194NTIVIIW 43141A1T0S ATTYNOILIFHIAINA NO ST130 dVI0S NOJIIS
31vad 01 SSIH90YUd - ST130 ¥V10S NOOJITIS INITIVISAEIAI0d ,

S




0l *911L

‘burdop .
Ag paonpaJ aq ued uodljis autjjesAiokiod uy sjoaye Aiepunog ujed9 NJISNIONOD @
ALVHLSENS/NODITIS- d/NODITIS- N FLVELSENS/NOOITIS~d/NOJITIS- N
SII0A "J9V1I0A S110A "39V10A
<0 v 0 £ ALY 1o 50 vD £y v 10
Y 3 ¥ 1 T i i i i i
2 mh
e 3y q
T
3
= 18
1 % < %
E 2
| 1t 2
Ja % 3
U :
Rd
= M.
- ¥
1
-4 9
%59 CROLDVA T o
40 g AOM3IDIAI oWy WS WOLOVI N .
SHD Y TNV I 1 487 TADNIIDA 0wy
LW39°9 YRIY T -1 81

Na&gz ¢l 1= suoleu;WwN|{l Japun SonsLIsIeIRyD o

NOOJITIS TvI19dNTIVIIW a31414110S ATIYNOILDFYIAINA NO ST130 ¥Y10S NOOITIS
310 01 SS3¥90¥d - ST130 ¥Y10S NOOITIS ANITIVISAYIAI0L

322



NOOI1IS TVOIDHNTIVLAR
IMSTVHHOOZO/NODITIS-d/NOJI'1IS~ +N

SEI0A "9Y1I0A

50 0 €0 0 10
i I I 1 i

-

AudMB04

-

SO11S1¥ILOVHVHO JOVIIOA INFIJYUND HNyva ¢ JlvyLsans o

NODITIS TYII94NTIVIIW IXSTVYHIO0ZI NO ST130 ¥V10S NOJITIS
31VQ 0L $SIM90Ud - 1130 ¥VI0S NOIITIS INITIVLISAYIAL0




ALV41LSINS/NOJITIS-d/NOOITI S-,N

SL10A “I9VII0A
27

90 S0 %0
7

£0
T

1’0

1 [}

%9 ‘¥019v4 THd
%27 AIN3ION443 OWY

z_WO VW ‘ALISN3Q INFY¥ND

TIID qISNd4AIq

SEI0A 39VII0A
€0

90 €0 70

20

10

| L

2. 30wV
=Y - YOLIVI TS

L

201

"

z_WO VW ‘ALISN30 IN3¥YND

WIyMW SEI 12 suoljeujwn||l J3pun sojjsiaa)seley’) o

NOJITIS TVIIQUNTIVLIW TN INSTVYHI0ZI NO ST130 ¥V1I0S NOJITIS

31VQ 01 SS3Y90¥Ud - ST130 AVI0S NOJINIS INITIVISAYIAI0d

324



€101

00i-0l 001-0l 001-0i 'a'N 001-0l IN
0l-| 001-0l o- ‘G°N 00¢-0¢ 19
I-1°0 0¢-¢ I-1°0 I-1°0 00i- 0l bw
00¢-0¢ 00¢-0¢ 00¢-0¢ ‘a°N 00¢-0¢ uw
00i-0l 00¢-0¢ 00i-0l ‘G°N 00¢-0¢ il
0l-| 001-0 ol-1 10> 00i- 0l nj
00i-0l 00¢-0¢ 001- 0} "a°N 000i- 00! A
0l-| 0l-1 0l-1 001-0l 00i-0l q
000g-00€ 000) < < 000} << ol-1 000 ‘1<< 34
00t-0l 0i-1 001- 0l 0l-1 000 ‘G<< IV
Nomw &8 eaiy %0+ 19 ST Uo7 3 E_Mw_,m_

LHO'IM A9 Wdd ‘NOILVHINIONOD ALINNdWI
'SIINSIY o
Jaw Jo Judw)eas} |edjwayd pue auoz-bupeold :SINDINHOAL @

NOJI1S VOI9INTIVLIW 40 NO1LVIId1dNnd
31V0 01 SSIYI0Ud - ST13I ¥VI0S NOIITIS 2NITIVISAYIATL G

325



pi oL

SLII0A '39VLI0A

SLI0A “3QVII0A . . . . .
90 $0 vo €0 20 (N 01 80 90 vo 20
L] 1 ) 1 I 1 ' | ' | '
-
m 1S43IATY i
g 1" 8
: :
— 9 . l"
E. 1 2
2 £
& (]
A4 \ Q¥YMY04
w9 » YoLIV4 N4
.mc_o:sE Gel
1 Uojjeujwnyj Jopun sopsIel0eIRYD o $IS|43)oRIBYD YIEQ 9

NOTSNI410 A8 NODITIS TVD194NTIVLIW SSVd-3INOZ OML WO ST130 ¥V10S NOOIIS
31V 01 $S3490¥d - ST13D ¥V10S NOJITHS INITIVLSAYIAI0d

326



g ‘Ol

'paanpoad uaaq aney
o Uy} 434y sa1oualalye QWY Uitm {182 28OS "UODL|IS jeaibinjjelaw Uy ‘uooq
1deoxa ‘salpiandwy Jsow Jo uoijeajusduod auyy Butanpad Uj 3A130ay8 s} bujuljal-auoz

‘u021)1s |e21Ban|jeIeW UY ‘uody 1dadxa ‘saptanduil dfifelsw
1SOW JO UOIBJ}Ua2u02 U} BUIONPa. Uf BAJ0843 S| Haul 3U} JO Jualieal) [edIWaY)

-paonpoad uaaq aneY oG ¢ 0} dn S3IIUBIILHS QWY UM {199 JB10S uodyyls ‘buidop Aq
PaoNpaJ aq Ued saJed)sqns uodij|s (2ajbanyjelaus Uo UODYjLS Ui S1IRHS Kiepunoq ujet9

‘paonpoud usaq arey
o6 'z 0} AN JO $3|2U3LD1H3 OWY UM S|}3D Jejos °sajedisqns ayydeab uo uodijis jo
sajadosd jednjonuys saosdwy o} padojansp Uaaq sey anbjuyde} bugaw-auoz ajdwis vy

"sa1}si4a)oeieyd
1132 Jejos pue safjadosd aiydeabojjeisAdd pue [eANJONIYS U| SB)eS}Sqns ayydeab
uo pajjsodap uodt}1s 0} Jejlwys si ssjedsqns e)ydeabjuogaed uo pajisodap uodiliS

SLINSIY AN 40 AUYWWNS
ST13D ¥V10S NOOITIS INITIVLSAYIAI0

327



91 *911

bujuiea-auoz Jo 1500 Ubiy AjaAie|ay o
Juawiealy jedjwayd Aq uoay jo jeroway o
uody||S |ealbanjjedw jo uopjesyiing e

buiysed jo 1500 ybiy Ajaapiejay o
sajljjeysAud abaej yym sajeaisqns uodjfis jo bugses o
uodl||S |edibanyjelay Uo S||3) Jejos uodljis o

$|199 Je|0S J0 32ue)sisad salaas UbiH o
uod|jis 4o sa|jdadosd jeanyondys ajqionposdal-uoN @
a)lydedy uo s|[99 Jejos UIY|IS ®

SWI1908d ¥Orvw
ST130 ¥V10S NODJIIS INITIVISA¥IOATOM

328



U0l

‘Juswyeady (earwayd Aq patjrand uodljis |edaibanjjelsw Jo uoljeziisyoesey) o
‘Bujuyal-auoz Ag uodl(is |ealhunjjelaw jo uopesjiand ayy jo uojlen|eAs |eaa) @

‘sajedysqns
uodi|Is |ealbnje;aw pue ayydedb uo sajisidayoeieyd 1133 Jejos jo uoneziwpdp o

‘Uu02||1s |ea1banjjeisw payiand wosj sajelisqns Jo uojjeledasd o

‘a)1ydesb uo uodjjis Jo uojjez|||eyshisau ay} uj Juswanrosdwy Jaypng o

SHINOW XIS LX3N d04 ALIAILOV GINNY1d
S$1130 ¥V10S NOOJITIS INITIVLISA¥IATO0A

329



GLASS-SI HETEROJUNCTION SOLAR CELLS
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The objective of this program is the development of a low
temperature, low-cost process to combine a wide band gap

top surface material with silicon to form a heterojunction solar
cell. The top material, in addition to forming a junction,
provides an optically transparent window, low resistance contact,
and an optical match for low reflectivity. The requirements for
an overall low-cost array require, in addition to a low-cost
pyggess, a low cost substrate material such as polycrystalline
silicon.

Progress during this six month period is best indicated by the
achievement of an increase in efficiency on polycrystal silicon
from an initial 2% to over 7% (as measured both at INNOTECH and
NASA-Lewis facilities). The cells were produced in the 2 cm by

2 cm and 1 cm by lcm size, with top-side grid metallization.

The polycrystalline silicon has crystal grains varving from 5um
to Smm. The junction is an n+/n heterojunction between an Sn0Q,-
based glass and the polycrystalline silicon. Voltages of up

to 475mV were measured under open circuit conditions.

For single crystal substrates, efficiencies very close to 10%
were measured. These cells had the same structure as the
polycrystalline cells described above. Open-circuit voltages
as high as 529mV were measured.

Short-circuit current density for single crystal a-oroaches
30mA/cm2 for the polycrystalline units; the short-circuit

is about 90% of the short-current measured for the single crystal
units. We believe this demonstrates the potential of solar cells
using polycrystalline materials to achieve 90% of the efficiency
of a non-textured single-crystal solar cell.

The cells are n+-type Sn0; based glass on an n-type silicon
forming an n+/n junction. Theoretical investigation of the
current generation model and barrier layer model is underway.
The built-in voltage and the resulting open-circuit voltage is
process dependent.

Work on p+/n heterojunction using Inj03-based glass resulted in
cells of 3% efficiency on polycrysta%line material and u% efficiency
on single crystal material. Values of 337 mV were achieved for
open-circuit voltage. This low voltage is the main limit for

high efficiencies.

Work on other glass/silicon systems did not show appreciable

promise. Cells with fine grain polycrystalline material had lower
photocurrent than the polycrystalline material reported on above.
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As the number of grain boundaries increases, further losses in
current must be tolerated. The experiments were limited and
information as to Vg, reduction due to reduction of effective
lifetime with fine grain sizes could not be determined.

Initial work on spray coating of glass on silicon substrates
showed very promising results. We believe this method can lead
to a vacuum-free process.

The contract work for the next year will be focused towards
achieving 10% efficiency on polycrystalline materials and 1u4%
efficiency on single crystal cells. Further understanding of
the nt/n glass-Si heterojunction will be a prime effort. We
are excited about this technology as representing a
potentially lower cost, viable alternate to diffusion.
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PROJECT CONCEPTS

INCIDENT RADIATION

R

N, S

3

T

SCHEMATIC DIAGRAM OF GLASS-Si HETEROJUNCTION CELL

p or n Si

ADVANTAGES OF CELL

1. OPTICALLY TRANSPARENT WINDOW

2. LOW SERICS RESISTANCE

3. LOW REFLECTIVITY
4. LOW COST

337



HOUONNI [ T'oT cs S5¢ b7 | joeskyopus
756 9 pé6z | TZ¢ W)
HOUONNI | 07Q €S Z€ oLt sk Aiog
8TL 09 o7 ¢ot A3
HDILONNI T6 as 771 9TS | joyskryabus
1344 ) L1 349 oy
HOIIONNI || o Ss 607 99k | (oishnhiog
H6© 95 901 9t MDY
— 7 % yuw AL
uouodol [ ‘43 44 % 0A vIyv

AW/ M@ 00l LWV
MDD Is-u/ pus—,u ‘doag

S11NS3A 1130 1534

338



CRYSTAL SIZE: 5 m - Smm

PHOTOGRAPH OF
n- TYPE POLYCRYSTALL ‘E WAFER




PHOTOGRAPH OF COMPLETED TEST
WAFER AND SOLAR CELLS




DEVELOPMENT OF AN ECONOMICAL SILICON SOLAR CELL
GRANT No. 61-43091
18 MONTHS, INITIATED 1JUNE 1974

$114,100

PRINCIPAL INVESTIGATOR:
JOSEPH LINDMAYER

SOLAREX CORPORATION
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Is¢ Voc
mA mV r

10 100

0.1 1.0 10 100
SILICON SUBSTRATE RESISTIVITY Q -cm

RESISTIVITY OF WAFER vs OPEN-CIRCUIT VOLTAGE AND SHORT-CIRCUIT CURRENT
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CRYSTAL SIZE: 5um — Smm

PHOTOGRAPH OF p-TYPE POLYCRYSTALLINE WAFER
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ABSTRACT

The purpose of this project is to investigate a method of
growing electronically viable silicon films on inexpensive foreign
substrates, with the objective of creating a technology to radically
reduce the overall cost of the silicon employed in photovoltaic

solar energy conversion.

The approach employed is to enhance crystalline ordering during
film nucleation by confining arriving silicon atoms to a narrow band
traveling across a substrate, i.e., the Lateral Growth Technique
(LGT). The efforts have employed physical vapor deposition of silicon
in a vacuum evaporator on glass and metal substrates with both slit
masks and single defining edges, and subsequent chemical vapor depo-
sition (CVD) of thicker films on these thin film structures by
pyrolysis of silane at higher temperatures. Efforts will continue
on optimizing grain size and film-substrate compatibility for util-

jzation of relatively conventional solar cell processing techniquzs

and temperatures.

The key results to date are: improved ordering with LGT, even
using single-edge masking of the silicon flux and reasonable growth

rates with the LGT-CVD combination.
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OBJECTIVES

ELECTRONICALLY VIABLE SILICON ON DISORDERED SUBSTRATES
- MINIMUM SILICON USAGE
- INEXPENSIVE SUBSTRATE
-CONTINUOUS OPERATION POSSIBILITIES

APPROACH
LATERAL GROWTH TECHNIQUE (LGT) FOR ORDERING

COMBINE LGT & CHEMICAL VAPOR DEPOSITION (CVD) FOR THICKNESS
METAL SUBSTRATE FOR BACK CONTACT
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LAST 6 MONTHS ACTIVITY

LGT DEPOSITIONS ON VARIOUS SUBSTRATES & COATINGS
DEPOSITION RATE INVESTIGATIONS

DEPOSITICNS WITH SLITS & SINGLE EDGES

CVD APPARATUS INSTALLATION

COMBINED LGT - CVD DEPOSITIONS
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_L6T SILICON COST POTENTIAL

PRESENT CZOCHRALSKI : 250 MICRON THICK--$25/SQ.FT. ($270/5Q.M.)

16T-CVD
CLAD SUBSTRATE--=-=-=======-===-=== 15¢/5Q.FT.
L6T SOURCE, POLY-Sj----=----=-===-- 5¢/SQ.FT,

TRICHLOROSILANE FOR 50 MICRONS----- 50¢/SQ.FT,
TOTAL-~------ 70¢/5Q.FT,  ($7.50/5Q.M.)
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L6T-CVD
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A
ORDERING WITH' 10>
SINGLE-EDGE
NEW LGT
Js7LGT  APPARATUS
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Slit Deposition

Shadowed After 351lit Passage

Substrate #{/’
p——

| o v

Molten
Silicon

Single-Edge Deposition

Substrate ,4//1///

Shadow Penumbra

L ¥ .
i o
W\ ‘ A
\
\
\\ \\\. Continually Exposed
\ After Passing Edge

Molten
Silicon

Comparison of Slit and Single-Edge LGT Deposition
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SUMMARY OF KEY RESULTS

IMPROVED ORDER WITH LGT. EVEN USING SINGLE EDGE
REASONABLE GROWTH RATES
COMBINED LGT - CVD STARTED

- L PROVE SUBSIRAT= COATINGS
- NON-REACTIVE OR SLOW REACTION WITH SILICON
- ADHESIVE TO 1060°C

- COMBINED LGT-CVD DEPOSITIONS
- INCREASE GRAIN SIZE
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TITLE

Epitaxial Technology for Low Cost Solar Cells

GRANT

AER 74-15532
(April 1, 1975 - March 31, 1976)
$160,000

CONTRLBUTORS

H. Kressel, R. V. D'Aiello, and P. H. Robinson
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Princeton, New Jersey 08540
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H. Kressel
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P. Raccah
Yeshiva University
New York, New York 10033
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Objective: Study of epitaxial solar cell structures on low cost silicon substrates
as a means of improving the cell performance compared to direct diffusion into such
substrates, and thus allow a wider use of these low cost materials to obtain useful

solar cells. The primary emphasis is presently on the use of EFG ribbon material.

Regults: Data obtained during the first three months of this grant are reported.

The work has included the following: (1) Comparative X-ray topograph of EFG ribbons
(grown by Tyco-Mobil) and epitaxial layers deposited on these materials. (2) Study
of diodes and solar cells fabvicated by diffusion into the ribbon materials and
epitaxially formed on the similar material. (3) ' Carrier concentration distribution
studies of ribbon materials using electroreflectance data.

The majcr conclusions of the work to date are:

(1) The dislocation density in the epitaxial layers is significantly lower
than that of the substrate material. As expected, of course, grain and twin
boundaries propagate into the epitaxial layers.

(2) The saturation current density of the diodes epitaxially formed on the
substrate is commorly 2-3 orders of magnitude lower than for the diodes formed by
direct diffusicn. However, large variations in EFG ribbon quality were observe?,
and it appears that the relative difference between the ep 1xial and diffused
diodes varies accordingly.

(3) The solar cells made epitaxially (particularly if a graded structure is
used) are substantially better than those made by direct diffusion into similar
material. The difference is observed both in higher Isc and voc' (All measurements
were made under atmospheric conditions using solar illumination for the most part.)

(4) The devices fabricated so far were intended only as comparative study
vehicles rather than as state-of-the-art solar cells. Thus, none of the parameters
were fully optimized.

The continuing phase of the program will focus on more detailed characterization,
with emphasis on minority carrier lifetime, and local vartations in device qualitry
which is correlated with the substrate and epitaxial structure. *Different structures
and fabrication processes will be evaluated in order to optimize the cell parameters,

foras wide a substrate quality range as possible.
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TITLE :  EPITAXIAL TECHNOLOGY FOR LOW COST SILICON SOLAR CELLS

GRANT #:  AER 74-15532

RCA LABORATORIES, PRINCETON, N. J./YESHIVA UNIVERSITY

TOTAL GRANT : $160,000 (ONE-YEAR PROGRAM)
PRINCIPAL
INVESTIGATORS : H. KRESSEL/RCA LABORATORIES (PROGRAM SUPERVISOR)

P. RACCAH/YESHIVA UNIVERSITY

PROGRAM BEGAN ON: APRIL 1, 1975

PROGRAM OBJECTIVE

STUDY OF EPITAXIAL SOLAR CELL STRUCTURES ON LOW COST SILICON
SUBSTRATES (EFG RIBBON) AS A ME * OF IMPRC/ING THE CELL
PERFORMANCE COMPARED TO DIRECT DIFFUSION AND THUS ALLOW A
WIDER USE OF THE SUBSTRATES PREPARED TO OBTAIN USEFUL DEVICES.
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REFLECTION TOPOGRAFPH (3331/Cu SHOWING THE REDUCED DEFECT
STRUCTURE IN THE EPITAXIAL LAYER (MESAS) COMPARED TO THE
ADJOINING EFG SUBSTRATE REGIONS
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ACTIVITY TO DATE

DEFECT ANALYSIS OF RIBBONS AND EPITAXIAL
LAYERS TO ESTABLISH METALLURGICAL
IMPROVEMENT DUE TO EPITAXY (X-RAY TOPO-
GRAPHY).

CELLS AND DIAGNOSTIC P-N JUNCTION STRUC-
TURES FABRICATED AND CHARACTERIZED,

ELECTROREFLECTANCE EQUIPMENT FOR HIGH
RESOLUTION MAPPING OF CARRIERS CONCEN-
TRATIONS COMPLETED, PRELIMINARY CORRE-
LATION BETWEEN GROWTH MORPHOLOGY AND
CARRIER CONCENTRATION VARIATION,
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TABLE 1

EPIT..XIAL DIODES

i Io (\"a =-2 V), A/.:tn3
al 3.7 x 1077
B1 8.6 x 1072
c 9.8 x 1078
Dl 1.1 x 10°°
A2 2.2 x 1077
B2 2.5 x 107
c2 2.1 x 1077
D2 2.5 x 107/
A3 1.26 . 1077
B3 2.01 x 10™°
c3 2.15 x 107
D3 5.15 x 107
A4 2.8 x 10”7
B4 3.4 x 1077
C4 5.9 x 107/
D4 4.8 x 107
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— 107 'em

Figure 2 - Microphotograph of mesas otehied out from epltaxial
material deposited on vibbon substrate. The

saturation current density for each of the dlodes
is given In Table 1.




TABLE 2

DIFEUSED DIOBES

s 1, (v =-29), Alen”
AL 15y
g2 e
53 454107
c1 i
3 21 x 0
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STAINED JUNCTION CROSS SECTIONS
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COMPARATIVE SOLAR CELL. DATA

Solar o TTT
Device 2 Max. Power Fill1 Efficiency AR,
Lot Process Voc (aV) J“ (aA/en”) (zit/en) Factor e lnte'nsity Coating
(ak/cz?)
xasA-a'®’  Diffused wlp 45 7.6 10.8 0.72 1.6 93 1a,0
TYR-1 Diffused n/p 504 19.8 6 0.6 ' 6.2 9% S50,
(&R Epi (graded)®) a/p 523 22.8 1.8 . 0.65 8.3 9%.4 s,

: Ept (unitorm)$)a/p 542 19.2 6.24 0.60 6.6 9.5 550;
ey Diffuned a/p 8 9 — - --- 95 510,
\ere et ™ o/p 540 2.3 8.3 0.66 9 92 sio,

TYR-4 ot P alp 539 20.1 4 0.61 +.8 9.7 s10,
EFC £pt (V) alp a7 16.8 — low — 91.7 510,

(a) Cell provided by NASA with calibration under atmnspheric conditions. It was used a8 a standard to eatahlish
the solar intensity.

(b) Gr- '+ impurity profile in p-region.
(c) ‘iform impurity profile in p-region,

ORIGINAD pacEH
oF, POCE QUALESX
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MAJOR CONCLUSIONS

DISLOCATION DENSITY IN THE EPITAXIAL LAYER IS LOWER THAN IN THE
EFG SUBSTRATE.

THE SATURATION CURRENT DENSITY OF DIODES EPITAXTALLY FORMED ON
THESE SUBSTRATES IS MUCH LOWER THAN OBTAINED BY DIRECT DIFFUSION
INTO THE SUBSTRATES.

THE Ige AND Voo AND EFFICIENCY OF EPITAXIAL SOLAR CELLS ARE
GENRERALLY HIGHER THAN THOSE MADE BY DIFFUSION INTO THE EFG MATERIAL.

GOOD QUALITY SOLAR CELLS (v 9%) HAVE BEEN MADE EPITAXTALLY IN
SOME EFG MATERIAL WHICH DOES NOT YIELD USEFUL DEVICES BY DIRECT
DIFFUSION.

A SERSITIVE ELECTROREFLECTANCE APPARATUS HAS BEEN CONSTRUCTED
WHICH ALLOWS THE DIRECT DETERMINATION OF CARRIER CONCENTRATION
VARIATIONS. SPATIAL VARIATIONS IN EFG MATERIALS MUCH GREATER
THAN THOSE ENCOUNTERED IN CONVENTIONALLY-GROWN BULK Si HAVE
BEEN DETECTED.
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©« , ¢ Abstract
SHALLOW JUNCTION SILICON SOLAR CELLS

R. Wichner
Lawrence Livermore Laboratory
Livermore, California

The objective of this program is to develop techniques to produce low

cost, high efficiency solar cells, with emphasis on those processes

which are applicable to the automated production of both single crystal

and defect-laden ribbon or thin film polycrystalline solar cell material.
Shallow junction devices are under primary consideration with several

types of silicon solar cells having been fabricated, namely, a) epitaxiaily-
grown shallow junction cells, b) Schottky-barrier cells, ¢) Indium-Tin-
Oxide on silicon cells and d) cells produced by a’unique process utilizing
a corona discharge. Our results with this latter process are described
below. ‘

Initial results in producing single crystal silicon solar cells were
reported at the Eleventh Photovoltaics Specialist Conference, May, 1975,
in Phoenix, Arizona. Cells with efficiencies of over 3% with fill
factors of up to 0.76 were reported. These shallow junction cells had
enhanced short wavelength response as compared to commercial, deeper
Junction cells.

Recent work has included the fabrication of polycrystalline silicon

cells with AM] efficiencies of over 3% without an antireflection coating.
These cells were 5 mm x 5 mm x 20 microns of ~5 facm silicon grown epitaxially
on a 0.01 ocm 10 mi1 thick substrate. Open circuit voltages as high as

0.45 V were obtained.

Preliminary analysis of cells produced by the corona discharge technigue
indicates a profile of implanted ions which results in a low sheet
resistance for the shallow p-layer. Additionally, the presence of
heavily-defected regions within a given cell does not seem to grossly
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affect the overall performance of the device.

Future activities are geared to optimizing the various process parameters
by both experimental and theeretical means, in order to increase the -
efficiency of cells produced by .his new technique.

We have therefore, shown the technical feasibility of the corona discharge

technique as a means “or producing efficient silicon solar cells and
expect that with continued effort, further improvements can be made.
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OVERALL PROSRN OBJECTIVE

DEVELOP TECHAIQUES TO PRODUCE LOW COST, HIGH EFFICIENCY
SOLAR CELLS, WITH E#PhaSIS G LOW TENMFERATURE PROCESSES
WHICH RESULT [4 SHALLGY JUNCTIGH DEVICES.,

ORIGINAL PAGE 2
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THE CORONA DISCHARGE PROCESS FOR
PRODUCI.IG SHALLOW JUNCTICN S SOLAR CELLS

TECHAIQUE :

A CoronA DiscHARGE (uP TO 9 kV) oF BF.;. PRODUCES

BoRON IONS WHICH ARE IMPLANTED INTO THE SILICON
4

CATHODE TO FORM A SHALLOW P - N JUNCTION.

ATTRIBUTES:

Lowt ProcessinG TevperamiRes (<5X0°C) - SuivaBLE ForR Ripson
AND THIN Fium PoLycrysTALLINE SI

SiveLE EquipveNT AND Processing Steps
Cerws witH Hrat FiuL Facors

IMPROVED SHORT WAVELENGTH ResPONSE
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METAL PLATE~___

INDUSTRIAL

PYREX PIPE 6’)
SPRIiIG — "
° / [J .
SILICON ANODE ;', 7723 % > 7 "'Aculm)
A ! ¢ - oF
CORONA 1 . ﬂ ..............
DISCHARGE J l \
4
GAS INLET—> / }
; o N\ SILICON
rd r2 /.2
SILICON 4NN P CHIP
CATHODE . g
xﬂ\
Figure 1. Schematic of Experimental Set-up.

+

0 - 10 Kv
POWER
SUPPLY
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A CORONA-MODE DISCHARGE HAS A
UNIQUE FEATURE WHICH CAN 3E USED TO ADVANTAGE:

® PoteNTIALS OF SEVERAL KILOVOLTS CAN BE SUSTAINED
® MuLtipLy-lonizep GASEOUS SPECIES ARE GENERATED

EIGOI BF3 > BF3+ sves B+ 1ess +5

+
* THe EnereY oOF B 5 FaLLine THrRoucH A PoTEnTIAL
Drop oF 5 KV 1s EQUAL TO 25 KEV.

ORIGINAL PAGE IS
OB POCR QUALITY
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23

Lo CONCENTRATION, CM™>

18

ImpLaANTED Boron DisTRIBUTION -
5 kV BF3 CoronA Di1scHARGE

l\ vooo IMMA AnALvsIS

1g 1500 ?

DeptH, A

FIGURE 2
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Figure 4. Phatograph of Cell P-5, (Dimensions - & x 5 mm,
A1 fingers 0.125 mm wide on 1.25 mn centers. )

Fowne
LR TRAEE

Figure 5. ’E% Line Scan of Cell P=5, Light Beam Diameter~0.3 m.




SUFTARY OF KEY RESULTS

® CONCEPT OF SOLAR CELL FABRICATION BY COROHA DISCHARGE
TECHAIQUE HAS BEEil PROVEXN

* SinNGLE CRYSTAL CeLrs with >8% EFFiciency (AMI)
w/0 A-R CoaTiNG

® PoLycrYsTALLINE Stricon CELLS WITH >33 EFFICIENCY
(AM1) w/0 A-R CoATINnG

o SHALLOW-JU:'CTION CELLS ARE HOT GROSSLY AFFECTED BY HI1GHLY
DEFECTED REGIONS
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PLASHED ACTIVITY FOR KEXT 6 NONTHS

e ESTABLISH FABRICATION TECHWOLOGY

e GENERATE THEORETICAL MODEL OF IMPLAHTED DOPANT
DISTRIBUTION

e DETERMINE EFFECT OF GASEOUS ADDITIVES Od [OH
POPULATIO IH CORCHA DISCHARGE

e GENERATE THEORETICAL FODEL rOR SHALLOM JUNCTIOq CELLS
e SCALE UP CELL DIMENSION

o FABRICATE CELLS WITH INCREASED EFFICIEIICY
Okt
op gy
2
Poo,eo
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SESSION VI

COMPOUND SEMICONDUCTOR SOLAR CELLS
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N7 12489

ASSESSMENT OF THE INTERNATIONAL WORKSHOP ON
CdS SOLAR CELLS

Karl W. Boer
Institute of Energy Conversion
University of Delaware
Newark, Delaware 19711

The National Science Foundation sponsored an International Workshop on
CdS/Cu2S solar cells and other abrupt heterojunctions held at the University of
Delaware. Approximately 100 participants, including representatives of NSF,
ERDA, NASA and EPRI, discussed during the three day workshop (April 30-
May 2) critical questions relating to the performance, stability and economics
of these cells with the aim to assess the current state of the art and future
potential.

In three parallel sessions, general problems relating to the basic under-
standing of the cell operation, to material aspects of the zell and to manufac-
turing methods and cell engineering were discussed.

In a general meeting on the last day of the workshop, a synthes*s was
attempted in extensive discussions and summarized at a meeting of the Chair-
men and Associate Chairmen after the formal adjournment of the workshop.
Here it was agreed that the following statement summarized the principal out-
come of the meeting. To the extent that there was a definable consensus, these
points represent the principal areas of agreement.

Initial Performance and Possible Limits

Peak performances of 7-8.5% conversion efficiency have been demon-
strated at room temperature. Peak values of short circuit currents of 25
mamp. cmé, open circuit voltages of 0.53 volts and fill factors of 75% have
br2n ¢ monstrated. Most investigations show that the highest short circuit
.wrrfnis are obtained with close to stoichiometric Cu2S.

The highest achievable short circuit current under 100 mwatts/cm?2
‘«ural insolation is about 35 mamps/cmZ for such cells, allowing 20% optical
iosses. The theoretical limit for the fill factor is agreed to be about 80%.

Two major approaches to increasing the open circuit voltage were agreed
to; namely, recombination at interface states and modifying the band inter-
connect. A reasonable goal of 0.65 volts was projected and a theoretical upper
limit of 0.86 volts was presented.

On the basis of the above individual parameters overall conversion
efficiencies in excess of 15% are implied,
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Cell Reliability

It was generally agreed that for terrestrial applications, degradation is
not an obstacle to utilization of the CdS cell and lifetimes in excess of 20
years are achievable. A major contribution to observed degradation in the
past was the result of inadequate protection from atmospheric constitutents.
A major degradation mechanism is related to stoichiometry changes in the
CuZS layer.

Economic Factors

There are at least two production techniques capable of producing
economic CdS solar cells. Projected costs/watt were stated to be between |
and 10 cents/peak watt using the techniques of sensitivity analysis. In order to
achieve such projected costs a sufficient production yield of high efficiency
cells is necessary. There are indications that such yields are achievable,

Gener \l| Recommendations

It is recognized by the members of the workshop that the complexity of
the heterojunction solar cells warrants a concerted research program with an
over-critical mass to systematically approach and solve the key problems to
further improvements,

Such improvements shall include an increase of conversion efficiency
above 10%, a decrease in thickness of the CdS layer below 10pm, the develop-
ment ¢. an inexpensive grid and an inexpensive hermetic encapsulation. It
must also include the achievement of a production yield in excess of 90% for
high efficiency cells within one percentage point deviation. Finally, a life
expectancy in excess of 20 years under actual operating condit'ons is desirable.

The current state of the art shows feasibility of achieving these goals.
A great variety of cells have been fabricated using different techniques, elec-
trodes and encapsulations and have demonstrated that cell efficiencies in excess
of 5% can bz achieved in various ways.

In order to accelerate further progress a systematic research program
is recommended:

1. Substrates: A wide variety of substrates is currently used with
success including glass, Mo, NiFe, Copper and Kapton with
silver pyre. The parameters of influence to cell performance
shall be identified and substratzs shall be selected which are
conducive to high efficient ard economic cells.
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5.

6.

7.

8.

9.

10,

Base Electrodes: Currently predominantly zinc is used but other

materials such as Al, Pd-Ag-Ti and conducting glasses are known
to produce ohmic contacts to CdS. Other materials and deposition
methods shall h= identified as ohmic contacts of sufficient conduc-
tance and, -for back wall cells - of sufficient optical transparency.

CdS Layer: It is know that CdS of different deposition and structure
yields good Cdf iar ceils. Critical parameters shall be identi-
fied relating t .ructurc, stoichiometry, doping and surface
morphology to obtain high efficiency and stable cells, Alternative
methods of deposition and treatments shall be investigated to
economically produce such layers.

CuxS Layer: Evidence is obtained that Chalcocite with X > 1.995
deposited in a variety of ways yields cells with high collection
efficiency. :'he range of permissible deviation from stoichiometry
shall be ider.ified with critical parameters relating to structure
and doping to obtain highest collection efficiencies. Means for
surface passivation and to stabilize the electrical parameters of
the Cu2S layer shall be investigated as well as alternative means
of deposition and post-denosition treatments.

Top Electrode: Materials and means of attachment shall be
identified to achieve stable ohmic contacts to CuzS which could
replace the currently used gold.

Low cost electrodes shall be developed with hig' collection efficiency
(for front wall cells with high optical transparency).

E..capsulation: Materials or matcrial combinations shall be identi-
ied which can combine antireflection coating with a hermetic
sealing and possibly surface passivation. Inexpensive encapsulation
techniques shall be developed.

Arrays: Critical parameters shall be identified for automatic array
fabrication. Means to inexpensively produce and encapsulate such
arrays shall be developed.

Aiternative Heterojunctions: The investigation of alternative
material combinations shall be continued and their potential shall
be identified in comparison with the CdS/Cup solar cell in respect
to maximum possible efficiency, ease of fabrication, degradation
mechanism and other relevant parameters influencing reliability
and economics.

Cell Operation: Efforts shall be continued to improve the under-
standing of the physics of the cell operation.

Diagnostic Tools: Diagnostic tools shall be further developed to
identify all essential parameters of the cell and to control repro-
ducible manufacturing of all components of the cell.

e B
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11, Life Testing: Meaningful accelerated life tests shall be developed
and all newa developed cells shail be promptly submitted to such
tests.,

12, Documentation and Exchange of Information: All results shall be
recorded with attention to ease of access and data retrieval. Close
relation of the different parts of the program and swift exchange of
information is empkasizc d.

In addition, systems analyses of the relation between initial cell costs,
performance and useable lifetime shall be pursued to give guidance to cell
research and development.

This workshop has served a useful function tc assess the current state of

the art and to provide guidance for future research., It is proposed to hold
such workshops periodically.
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N76 12490

VERY LOW COST THIN FILM CdS-Cuas SOIAR CELL DEVELOPMENT

USING CHEMICAL SPRAYING

D. H. Baldwin Company, El Paso, Texas
and

Sandia Laboratories, Albuquergue, New Mexico

Grant Number: (Not Finalized)
Grant Period: ? (6 Months)

Grant Amount: Baldwin $110,000
Sandia 30,000

by
George A. Samsra

Sandia Laboratories, Albuquerque, New Mexico

Principal Investigators: J. F. Jordan - Baldwin
G. A, Samara - Sandia

presented at

Natir-al Solar Photovoliaic Program Review Meeting

July 22-25 (1975) Los Angeles, California
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ABSTRACT

Over the past four years the D. H. Baldwin Company has developed a chemical
spray process for the production ¢~ thin film CdS-CuES solar cells projected to
cost less than $60/WW in very lar.. s.ale production. The average efficiency of
these cells has been improved froa < 0.3% in 1971 to about 4.5% at present.

The overall objectives of this program are to further develop the process,
to raise the efficiency, and to attain long life stability. In the joint progiam
Sandia Laboratories is to provide the technical support necessary to help achieve
these objectives.

The cell consists of & glass substrate onto which is sprayed a thin tin oxide
transparent electrode fcllowed by a sprayed film (2-3 pm) of CdS. A very thin
film of CuxS is then formed by either spraying, dipping, or electrolytic ion
exchange. Finally a copper/lead electrode is evaporated on top the Cuxs layer.

Discussion between Baldwin and Sandia defined several areas for initial inves-
tigation by Sandia. These are:

1 - Chemical analysis of che starting chemicals and resulting thin films

with emphasis on impurities likely to be electrically active and their
effects on cell properties,

2 - Determination of the morphology and crystallography of the various
layers.

3 - Determination of the location, depth profile and form of dopants and
contaminants known to be in the device and their effects on the morphology
and crystallography.

4 - Studies of the electrical and optical properties of the various films end
the device.

The results of this work should form the basis for process modification and control
and for improving device characteristics and conversion efficiency.

The Sandia effort was recently initiated and the work thus far, on the limited
number of available samples, has consisted of a general survey of the potential use-
fulness of a wide variety of analytical techniques to the understanding of the
structure, composition and properties of the films and devices. It is often
observed that corroborative results from a combination of techniques are necessary
to be able to draw definitive conclusions. Our preliminary findings are summarized
in one of the accompanying tables,

It is expected that a more detailed and broader range of studies along with more
definitive conclusicns will be accomplished by the next Review Meeting.
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COST SUMMARY: (EXCLUSIVE OF INSTALLATION, SITE PREPARATION,
AND POWER HANDLING EQUIPMENT, 1.e., CELLS ONLY.)
COSTS AS OF SEPTEMBER 1973.

MATERIALS DOLLARS PER SQUARE FOOT
GLASS .1400
OTHER MATERIALS .0509

(CuemicaLs AND METALS) T
TOTAL MATERIALS .1909

ADDITIONAL LABOR COSTS INCIDENT .0019
TO CELL MANUFACTURE

CAPITAL COST-DEPRECIATION AND .0260
INTEREST

SLANT MAINTENANCE COST .0102

POWER COSTS .0253

ADDITIONAL G & A (ABOVE THAT 0068
INCLUDED IN GLASS COST)

TOTAL COST 2611

AT 5% EFFICIENCY, ONE (1) SQUARE FOOT OF GLASS WILL PRODUCE
A PEAK POWER OF 4.645 WATTS,

COST PER PEAK WATT .0562
COST PER PEAK KILOWATT 56.20
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Nfé 12491

CdS THIN FILM SOLAR CELLS FOR TERRESTRIAL POMWER

Grant No. AER74-14918 Westinghouse Research Laboratories

ABSTRACT

The overail cbjective is the development of very low cost long
Tived CuZS/CdS thin film solar cells for large scale energy conversion.
This review covers approximaiely the second half of the first year's
work at Westinghouse.

In this period, the facility for €abricating a modified design
terrestrial cell was operated steadily. Cell outputs started out low
(at 3.4%), dropped (to 2.0%) when closer controls were placed on the
process, increased (to 3.4%) when a revised rinsing process was introduced,
and increased further (to 5.0% average) when a revised barrier forming
process was put into effect.

Work continued on the development of a low cost grid system.

A printed grid,using flake graphite pigment in a folysulfone binder was
dey.loped, and guve reasonably compatible grid lines. However, the Yire
width and resistivity were both too high for the required fine mesh grid
and further work was postponed.

Excellent evaporated metal grid patterns were obtained using
a specially designod aperture mask. Line widths of 1 mil and spacings
of £. nd 100 1ines per inch were readily obtained. Vacuum evapnrated
gold and copper grids of 50 lines per inch and 1 micron thickness were
adequate eleztrically for the fine mesh contacting grid. Some difficulty
was encountared with such grids dropping cell output to half or less,
though usuclly the ouiputs could be restored by vacuum annealing. The
difficulty is believed to be duc to localized shorting of the grid to
n-type CdS in yrevices in the CuZS layer.

Peal time roof top sun1i92§6exposure tests of encapsulated



CdS cells show no loss in output after 5 months.

Accelerated life testing of encapsulated cells show no loss
of output power after 6 months of 12 hour dark-12 hour AM1 illumination
cycles at 40°C, 60°C, 80°C and 100°C temperatures. However, the cells
are showing changes in tneir basic parameters, such as series and
shunt resistance and junction capacitance. There are indications that
these changes can be correlated with specific degradation modes and
hence there is an expectation that the accelerated tests will be of

value in predicting cell lifetimes in normal usage.
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GranT No, AER74-11018

BY

WESTINGHOUSE ELECTRIC CORPORATION
RESEARCH LABORATORIES
PITTSBURGH, PENNSYLVANIA

WITH

THE UNIVERSITY OF PITTSBURCH
PITTSBURGH, PENNSYLVANIA
PerioD OF GRANT  AucusT 1, 1974 ™Ry Jury 31, 1975
AvounT OF GRANT  $247,200
PRINCIPAL INVESTIGATOR - F. A, SHIRLAND
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B- QVERALL ORJECTIVE OF PROJECT
Tue DeveLorment oF VErRY Low CosT Lone Live

CDS/CUZs THiN Fium Souar Ceus

THe FirsT PHase oF A THREE YEAR EFFORT TO CARRY
THE CDS THIn Fiwm Souar CeLL 1o THE THRESHOLD
OF PRACTICAL APPLICATIONS
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SOLVE PROBLEM OF HIGH Rg AnD Low S(C

OPERATE STANDARD PROCESS CELL FABRICATION FACILITY AND
ACHIEVE 42 MINIMUM EFFICIENCY LEVEL '

CONTINUE DEVELOPMENT OF LOW COST GRID SYSTEM

STUDY METHODS 9F PROTECTING CELLS FROM THE ATMOSPHERE-

RECOMMEND APPROACH FOR INTENSIVE DEVELOPMENT

OBTAIN FIRST INDICATIONS OF EXPECTED LIFETIMES OF STATE-
OF-THE-ART CELLS IN TERRESTRIAL USE

START BASIC STUDIES OF CELL STRUCTURE AND OPERATING
MECHANISM

START STUDIES OF (U)S LAYER TO OPTIMIZE STRUCTURE FOR
THINNER BASE LAYERS

ANALYZE LOSSES IN STATE-OF-THE-ART CELLS TO DEMONSTRATE
PRACTICALITY OF HIGHER CELL EFFICIENCIES
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1. PR(BLEMOFHIGI-!RSANDL(MSCC

Hied RS VALUES EARLIER WERE APPARENTLY DUE TO INADEQUATELY

FORMED JUNCTIONS. [HEY IMPROVED GREATLY WHEN BETTER JUNCTIONS WERE
WERE MADE.

HiaERr currents (15 10 19 m/ug) WERE OBTAINED BY

INCREASED ETCH TO OPEN GRAIN BOUNDARIES, AND BY USE OF
HIGHER CUCL DIP TEMFERATURE
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D- DESCRIPTION OF PROGRESS MADE
2- STANDARD Process Cell FABRICATION

A TOTAL OF 53 STANDARD PROCESS CELL RUNS MADE IN
6 monTH PERIOD (3 CELLS/RWN)

IniTiAL Process AG. BT, = 3.4
TreHTENED ConTROLS AVG, EFF. = 2.0%
Revisep Process - FASTER RinsE AVG, EFF. = 3.1%
Re-Revisep Process - New Eron + Dip WG, EFF. = 5.0%

REPRODUCIBILITY - FAIR (+ 207 AT 5.0 LEVEL)

Y1ELD - GooD 87% N 3ro Q.
92% U Qm,
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RUN 97-5000X (01d Process)

Run 189-5000X {(New Process)

ORIGINAL PAGE IS
OF POOR QUALITY]

SEM PICTURE OF SURFACE OF
Cu,S5/CdS CEL:

{5000X)
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SEM PICTURE OF SURFACE OF
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D- DESCRIPTION OF PROGRESS MADE
3- Low CosT GRID SYSTEM

DuaL GRID SYSTEM SELECTED As MosT PrOMISING
Fine GRID ConTACT - EVAPORATED OR PRINTED
Coarse CoLLECTOR Bus - MeTALLIC OVERLAY

PRINTED GRID - FLAKE GRAPHITE PIGMENT, POLYSULFONE BINDER
= RESISTIVITIES WERE TOO HIGH
= RESOLUTIONS WERE TOO LOW

EVAPORATED GRID - MECHANICS OF PROCESS WORKED OUT
- APERTURE MASKS - 1 MIL LINE WIDTHS
- 50 Lp1 spacInG wP To 100
- EXCELLENT PATTERNS OBTAINED - GOOD ADHESION
& COND.
~ EVAPORATED METALS REDUCE CELL OUTPUT
Coarse COLLECTOR GRID - CONDUCTIVE EPOXY INTEREONNECT - OK
~ THERMO-COMPRESSION BONDING = NOT TRIED
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D- DESCRIPTION OF PROGRESS MADE
3~ Loi CosT GRID SYSTEM
PRINTED GRID

PROBLEM: o . A
ORDINARY CONDUCTIVE INKS - MUCH TOO HIGH RESISTANCE

AnaLYSIS

PIGMENT SURFACE AREA TOO HIGH TO OBTAIN HIGH LOADING

APPROACHES

A- FLAKE PIGMENT TO REDUCE SURFACE AREA & INCREASE
PARTICLE TO F..STICLE CONTACTS

FLAKE GRAPHITE EVALUATED
RESULTS PROMISING ~ BUT STILL TOO HIGH
IN RESISTANCE —— TOO COARSE FOR DESIRED
RESOLUTION
FLAKE COPPER MAY HELP

8- CoNDUCTIVE BINDER

c- IMPROVED MIXING TO PREVENT COMPLETE
WETTING OF PIGMENT
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D- DESCRIPTION OF PROGRESS MATE

3~ Low CosT GRID SYSTEM

EVAPORATED GRID

PROBLEM:

AFTER GRID IS EVAPORATED, CELL outpur (OCV + EFF.) props.

AnALYSIS:

EVAPORATED METAL PROBABLY SHORTING TO (DS IN GRAIN

BOUNDARY CREVICES

APPROACHES :

A-

DIFFERENT METALS

VARIOUS METALS HAVE BEEN TRIED. GOLD WORKS BEST, AND
COPPER NEXT, MaY TEND TO FORM BLOCKING CONTACT, (AFTER
Au or Cu GRID EVAPORATION, OUTPUT OF CELL CAN USUALLY
BE RESTORED BY VACUUM ANNEALING,) TRY GRACHITE,

P* SEMI-CONDUCTOR UNDER METAL ELECTRODE, (CwsS, S1, S
Cup)S REACTIVELY SPUTTERED-GAVE GOOD JUNCTION TO (oS
OBLIQUE EVAPORATION TO MINIMIZE PENETRATION IN CREVICES
IMPROVE CONTINUITY OF CU)S BARRIER LAYER

LonGeR CUCL DIP TIME-WEAKER FATH

IMPROVED AGITATION DURIMG DIPFING

SLOWER ETCH TO REDUCE CREVICING

ForM CupS BARRIER BY SOLID STATE DIFFUSION
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R.F. SPUTTERING SYSTEM GBTAINED, SET-UP AND TOOLED

S$109, Az, AD Sialy TARGETS oBTAINED

S103, A )3 AD Sty SPUTTERED ONTO GLASS - TO CALIBRATE
PROCESS

(GOOD ADHERENT, PINHOLE-FREE COATINGS GBTAINED 0.2 10 1,0
THICK

Reapy 10 APPLY TO CUpS LYER CELLS
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D- DESCRIPTION OF PROGRESS MADE
5- Liee TesTinNG

A- RooF-ToP TEST
S MONTHS REAL TIME EXPOSURE - NO LOSS CF OUTPUT

B- ACCELERATED LIFE TEST
IN-SITU OUTPUT MEASUREMENTS FOR 6 MONTH ACCELERATED EXPOSURE
SOME TNITIAL DROPS, BUT MOST CELLS HOLDING UP

ACCURATE SIMULATOR TEST BEFORE & AFTER § MONTHS
ACCELERATED EXPOSURE
MOST CELLS SHOWING NO LOSS OF OUTPUT
INTERNAL CELL PARAMETERS SHOWING SOME CHANGES
RS INCREASING - AT ALL TEMPERATURES
RSH DECREASING — AT ALL TEMPERATURES
C DECREASING - AT 100°C ovy

SOME CORRELATION BETWEEN IN-SITU AND SIMULATOR DATA, BUT

MORE ACCURATE IN-SITU DATA NEEDED FOR BETTER
CORRELATION,
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CHANGE IN MAX. POWER - AM at 25°C
AFTER SIX MONTHS ACCELERATED EXPOSURE
(Tested by NASA, LEWIS)

Temp. of Cell CHANGE IN
Exposure No. MAX. POWER
40° 1 -11.4%

2 - 0.5
3 0.0
4 - 6.3
60°c 5 +0.9
6 +0.9
7 - 1.7
8 +3.6
80°¢C 9 -2.3
10 +2.3
n +0.9
12 + 3.1
100°C 13 -9.9
14 +4.7
15 +9.6
16 -23.4
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CHANGE

SUMMARY

IN CELL PARAMETERS
¢

AT AM1-25

AFTER SIX MONTHS ACCELERATED EXPOSURE

Average Percent Change at:

PARMIETER 40°%  60%  80°%  100°%
ocv 0.2 +.4 +1.6 -1.8
scc 1.7 41 434 w27
M.P. 4.6 +0.9 +1.0 -4.8
FILL -2.8 1.6 -3.8 -14.4
Rg +65 +54 9 +134
Rgy -5 -36 -5 -60
C 2.1  -0.4 -1.3 -35.4
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E- SUMHRY OF KEY RESNTS °

1,

CoS Cew FasricaTION FacILITY OPERATIVE
ReacHED 5% AVERAGE AML EFFICIENCY FOR STD. PROCESS
FOR TERRESTRIAL DESIGN CELL. ALL CELLS OVER 4Z,

METHOD DEVELOPED FOR APPLYING VACUUM EVAPORATED FINE MESH
GRID CONTACT - BASICALLY LON COST METHOD USING APERTURE
MASK.

PROTECTED CELLS SHOW NO DEGRADATION OF OUTPUT ON
REAL TIME TEST AT © MONTHS

ACCELERATED TEST OF PROTECTED CELLS INDICATE NO PROBABLE
DEGRADATION OF OUTPUT UNDER NORMAL CONDITIONS
FOR AT LEAST SEVERAL YEARS

ACCELERATED TEST AT ELEVATED TEMPERATURES AND HEAVIER
DUTY CYCLES IS SHOWING CHANGES IN BASIC CELL
PARAMETERS - WHICH SHOULD LEAD TO MORE ACCURATE
PROJECTIONS OF CELL LIFETIMES
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F- MAJR PROBLEIS

1. VACUUM EVAPORATED GRIDS APPARENTLY
SHORTING CELLS.

2- PRINTED GRIDS TOO HIGH IN RESISTANCE AND
TOO COARSE IN RESOLUTION,
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4

PLANNED ACTIVITY - NEXT 6 MONTHS

UPGRADE STD PROCESS FACILITY FOR

HIGHER outPuT () 5%), MORE REPRODUCIBLE,
HIGH YIELDS

A- QUALITY & HOMOGENEITY OF CDS FILM

B~ TOPOLOGY & STRUCTURE OF SUBSTRATE

c- Doping oF CuyS LAYER

D- OPTIMIZE ETCH & DIP PROCESS

CONTINUE DEVELOPMENT OF LOW COST GRID

A- EVAPORATED METAL - NON-SHORTING CONTACT
B- PRINTED GRID ~ LOWER RESISTANCE, FINER RESOLUTION
c- DEVELOP INTERCONNECTION FOR FINE & COARSE GRIDS

DEVELOP ENCAPSULATION — FASSIVATION MEANS

A- CoNTROL CUpS SURFACE STATES - Yy, AR,

B~ FNCAPSULATION - S10, ALy0z, SigNy EVALUATE
FOR IMPERVMEABILITY, COMPATIBILITY, OPTICAL COUPLING,
LONG LIFE

c- EVALUATE MULTIPLE COATINGS ~ FOR OPTIMIZATION OF
CONFLICTING REQUIREMENTS

CONTINUE LIFE TESTING

A~ CORRELATE REAL TIME & ACCELERATED TEST RESULTS

B~ IDENTIFY MODES OF DEGRADATION

c- DETERMINE MAGNITUDES OF EACH & ACTIVATION ENERGY
WHERE APPLICABLE

D- PROJECT LIFETIMES FOR EACH DEGRADATION MODE FOR
TYPICAL EXPOSURES & DUTY CYCLES
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6 PLANED ACTIVITY - NEXT 6 MONTHS

5- STuDY WAYS TO INCREASE CELL OUTPUT

A- SCC - INCREASE ABSORPTION, IMPROVE LIFETIME IN CUzS
B- OCV - INCREASE BY SELECTED DOPING

C- FILL FACTCR - DECREASE Rg - INCREASE Ry

D- ALTERNATE CELL CONSTRUCTIONS

ANALYSIS OF LOSSES IN CELLS

m

REDUCE EVENTUAL COST POTENTIAL
A- LOWER COST MATERIALS
B- THINNER LAYERS - PARTICULARLY (DS

r

C- IMPROVE PROCESSING

STUDY COMPOSITION & STRUCTURE OF CupS/(pS

A- HIGH VS LOW OUTPUT CELLS

B- SEM & DIMA STUDIES OF JUNCTION REGION

C- Basic stubies AT UNIVERSITY OF PITTSBURGH
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N76 12492

DIRECT SOLAR ENERGY CONVERSION
FOR

LARGE SCALE TERRESTRIAL USE

AER 72-03478
Formerly GI-34872

6/1/72 - 6/30/75
$981,000

7/1/75 - 6/30/76
$484,974

Principal Investigators
Karl W. Bber
John D. Meak:a

Institute of Energy Conversion
University of Delaware
Newark, Delaware 19711

National Solar Photovoltaic Program Review Meeting

July 22-25, 1973
Los Angeles, California
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OBJECTIVES

1) Improve cell performance, stability and life expectancy
2) Impreove understanding of cell mechanisms with direct experimental verification
3) Improve gridding and encapsulation to improve life expectancy

AST ACTIVITIES

As a result of the threc year program up to .. e, 1975, major advances
have been made in the reproducible production of CdS cells, the understandin-
of cell foruation and operation mechanisms and the understanding and control of
cell degradation mechanisms.

Cells can now be reliabl - made on copper/zinc, moly. wm, Fe-Ni,

zinc agd cadmium stannate on quartz. In February, 1975, a run . 60 large

(55 cm™) cells produced a yield of 85% with a mean efficiency of 4.4% and a
maximum efficiency of 5.2%. During May, 1975, 20 small (4 cml) control cells
were produced with a mean efficiency of 5.5% and a maximum efficicncy of 6.0%.
hese efficiencies are under Tungsten-lodine simulation; the cells are blue
sensitive and roof-top tescing generalily shows a 10% enhancement. The best cell
to date shows a 6.8% natural insolation efficic.:y. Cells are generally made on
Cu/Zn substrates with a CdS layer of 20-25 nicron thickaess.

Procedures and contvo.s have bec .ned to the extent tnat transfer
to other groups and organiz. tions can he successfully accomplished.

The influence of temperature and illumination intensity on Cell I-V
characteristics have been used to identify the =2ffective barrier height, to
isolate the effects of blocking corntac-- and to ron-destructively determire
the stoichiometry of the surface copper sulfide.

A major improvement in reproducibiiity and cell performance has becen
achieved by extensive vacuum heat treatments after cell gridding and lamination.
Degrad. tior due to inieractiorn with oxygen and water vapor can be reversed by
either hydrogen or va:uum heat t-eatment.

Roof top testing of ceils protected from the atmosphere has showr no
detectabie degradation after twenty months. Accelerated testing has been corducted
at temperatures from 46 to 85°C in various ambients. Lifetimes (degradation
to 1/e of initial performance) in excess of twenty years have observed at £50°C.

It is concluded that suitablv hermetically sealed cells will be adequately
stable for terrestrial applications.

Quantitative descriptions of the short circuit current have been
ceveloped and the .rportance of reflection from the substrate in front wall
cells revealed.

The dcninance of interfice recombii (tion in controlling the open circuit
voltage has been identified.

Strvctural studies have resui‘~d in a more complete urdersianding of
tir cell., Minority carrier diffusion . :.ances have teen measured in actual cells.
Some changes occurring during degradation have been identified.

D ring the initial part of the program, studies of tuxicity problems
and economic assessments vstablished that neither of these censiuerations presented
likely vbstacles to large scal!~ utilizatior of CdS <~ :r C.ils.

Lk 5



CURRENT ACTaVITILLES

Various techniques to increase the open circuit voltage ure being
explored. It had been previously observed that cells made on CdS Aeposited
from a single source gave a consistently higher Vyc. Further tests have now
shown that this effect may in fact relate to differcnces in source and substrate
temperatures. The resulting differences in CdS structure and crystallinity
are being documented. Deposits of mixed CdS and ZnS arc being produced and
will be initially made into cells using the conventional barriering technique.
Precision lattice parameter measurcments will be used to monitor composition.

Analysis of [-V char-~teristics at temperatures between 25 and 110°C
is being perfected to provide non-destructive analysis of the Cu2S. Changes
due to vacuum heat treatments and exposure to oxygen are also being monitored
by the same technique. In a parallel O.N.R. program, detailed spectral response
measurements are being made.

Ultra-high vacuum equipment is being readied to conduct controlled
reaction experiments between the copper-sulfide layer and atmospheric
components, to be followed by vacuum heat trcatments. In situ mass spectroscopy
will identify species emitted during these experiments.

Direct observation of the Cu2S layer and the interface with CdS is
under way using transmission electron microscopy. Atmcsphere related
degradation will also be followed by this technique.

FUTURE PLANS

Primary thrusts during the next 6 months wil. be directed towards
achieving higher open circuit voltages and the fundamental understanding of
degradation mechanisms. Techniques to be attempted to achiceve the former will
include the use of ZnS-CdS mixtures to give a better lattice and clectr:n
affinity match to Cu)S, also the effects of changes in tne orientation of the
CdS will be erpiored.

Both theoretical and experimcntal studies will be made to identify
more critically the changes occurring during vacuum heat treatments and
exposure to the atmosphere. Support studies of the influence of doping on copper
diffusion in CdS, the pro~erties of isolated Cu3S films and changes in minority
carrier diffusion in Cu2S .. various cells are expected to yield valuable results.

. KEY RESULTS
*Reliable produciion technique developed on low cost metallic substrate.
lLarge cells (55 tm2) of mean efficiency 5%
Small cells (4 cm?) of mean efficiency V6%
Best cell 6.8%
.Usable cell life in excess of 20 years supported by rootf-top and accelerated
testing :
.Quantitative descript on of short circuit current Role or CdS, C12S and the
interface region elucidated.

.Dominant role of interface recombination on V. : established. (Conventional model)

.Structure of as-formed cell and effects of degradation substantially established.

*Regencration éccomplished by vacuwn and hydirogen heat treatment.
' ully
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N76 12498

REACTIVELY SPUTTERED THIN FILM PHOTOVOLTAIC DEVICES

GRANT APPLICATION

GRANT REQUESTED: ONE YEAR
265 K

AUTHOR/PRINCIPAL INVESTIGATOR: EDMUND J. HSIEH
LAWRENCE LIVERMORE LABORATORY
UNIVERSITY OF CALIFORNIA
LIVERMORE, CALIFORNIA

PRESENTED AT WATIONAL SOLAR PHOTOVOLTAIC PROGRAM
REVIEW MEETING, LOS ANGELES, CALIFORNIA
JULY 22-25, 1975
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Abstract
REACTIVELY SPUTTERED THIN FILM PHOTOVOLTAIC DEVICES

Edmund J. Hsieh
Lawrence Livermore Laboratory
University of California
Livermore, California 94550

July 22-25, 1975, Los Angeles, California

The overall objective of our project is to apply thin film spurtering
techniques to form low cost thin film photovoltaic devices from materials
with direct bandgap absorption characteristics used in existing: single
crystal solar cells. Also, the sputtering approach will be used to
improve the pertormance characteristics of polycrystalline solar cells.
Our immediate objective is to develop a stable, high efficiency thin
film CdS-Cuzs cell by reactive sputtering techniques.

There has been a small internally supported R&L effort at LLL on
CdS-CuZS solar cells during the last two years. Over the last few
months cells have been made by the RF reactive sputtering of Cu in a
hydrogen-sulfide and argon atmosphere to form Cuzs iavers on thermally
evaporated CdS films. A significant characteristic of this reactive
sputtering approach is that there is no dependence on an ion exchange _
reaction with CdS to form the CuZS layer. The major findings so far are:
1. Yield
We have made over 40 cells by this new process; each exhibited
a photovoltaic effect. Even though the evaporation and sputtering
parameters of CdS and Cuzs, respectively, were varicd intgntiona]]y
to examine the latitudes of the new process, no adv rse effect
_on yield has been observed.
2. Efficiency
The best observed efficiency so far, measured in sunlight, was
slightly over 4%. During the short investigation period our
aim was primarily to learn more of the new heterojunction-formation
process. There was little effort to optimize grid design and
other parameters. We observed that open circuit voltoge (OCV)
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can be influenced by sputtering parameters related to formation
of the Cuzs. We measured OCV as high as 0.53 volts in some
cells irradiated by 100 mN/cm2 simulated sunlight. We expect
even higher OCV when the process parameters are more thoroughly
investigated.

3. Long Term Stability
Within this short period of testing, the new process cells
were stable. Since our cells were not encapsulated no long
term life test was conducted at this time. In comparison with
the wet-dip process for p-n junction formation, the sputtering
process minimizes the diffusion of Cu into CdS, and Cd into CuZS,
and should result in a more stable interface. Also, the solid-
state deposition of CuZS reduces the chance of formation of
shunting paths along the grain boundaries, cracks and pin holes
in the CdS substrate and, thus, prevents the start of open
circuit degradation.

In the short run, we propose to exploit the additional degrees of
freedom made available by the new process to optimize the efficiency

of CdS cells. We plan to emphasize Cuzs identification techniques

and specification of the sputtering paramaters needed to obtain
stoichiometric chalcocite layers. Optimizatica of evaporated CdS

films, including recrystallization and doping, would be a part of the
effort. Also, accelerated life tests are planned to verify the cell's
Tong term stability. . In the long run, we would like to use reactive
sputtering to form both films of the solar cell in a multiple station
system, with a closer similarity to a production process. Finally, our
sputtering approach would be used in paraliel to do some fabrication of '
other compound semiconductor thin films, such as InP and CuInSez, for
use with CdS.

We have proven in this study the feasibility of a reactively sputtered'
thin film CdS - Cuzs solar cell. Identi cation of th. reactively
sputtered Cuzs film was made by x~-ray diffractometer and spectro-
transmission measurements. Because of its simplicity, economical use
of material, and high yield, the reactive sputtering process promises
to be a low cost method for producing CdS - CuZS solar cells.
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REACTIVELY SPUTTERED THIN FILM PHOTOVOLTAIC DEVICES

LAWRENCE LIVERMORE LABORATORY
VERMORE, CALIFORNIA

GRANT REQUESTED: ONE YEAR
- 265 K

 PRINCIPLE INVESTIGATOR: EDMUND J. HSIEH
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OBJECTIVE OF PROJECT

I ]
REACTIVE
THIN FILM
SPUTTEBING
L J
OVERALL IMMEDIATE .
OBJECTIVE OBJECTIVE
|
EXISTING SOLAR POLYCRYSTALLINE
CELL MATERIALS CuyS - CoS CELL
L |
LOWER IMPROVE
PRODUCTION PERFORMANCE
COSTS
—_i
LOW COST
THIN FILM
SOLAR CELL

———
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REACTIVE SPUTTERING GIVES COMPOUND FILMS FROH SIMPLE METALS

I""°.PONER I
1|

WATER-COOLED
COPPER TARGET
_(CATHODE)

Cv

ARGoN + HZS.
CUZS

727771

WATER-COCLED
SUBSTRATE SUPPORY

ArGon

+
HoS VAcuum
InLeT Pump
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[2%]

IRITTAL SPUTTERED THIN F:ii
CpS-CuyS CELL CONFIGURATION

- 'm:-smu L e~ " 4

A'J. Borron. Contarer TRECepirey

CupS THICKNESS ~ 200 B - 3000 &
(D5 THICKKESS ~ 2-5 1
REST MEASURED EFF 1% SUNLIGKT ~ 43

100% YIELD OVER 40 DEVICES MADE SC FAR
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1-V CHARACTERISTICS ARE OPTIMIZED BY HEAT TREATHMERT IN AIR

(nV)
100 200 300 400 500 Voo
bT m 27
(Eﬁé) 2 }7/ 5
uT
12T 3T
T=1-2minutes aT 200° C
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OCV & SCC OPTIMIZATION DEPENDS ON CupS THICKNESS

ocv SCC

100% -

SCC

ocv
502 + 4 502

1000 R 2000 R 3000 A

CuZS THICKNESS
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1.

2.

SUMMARY OF KEY RESULTS

PROVED FEASIBILITY OF REACTIVELY SPUTTERED CpS-Cu,S CELL.
A. OVER 4% EFFICIENCY MEASURED iN SUNLIGHT
B. ALL CELLS MADE SHOWED PHOTOVOLTAIC EFFECT

ACQUIRED CAPABILITY TO IDENTIFY THE REACTIVELY SPUTTERED
Cuy, ¢S FILMS.

PRELIMINARY CHARACTERIZATION OF THE REACTIVELY SPUTTERED
ﬁnS-Cuzs CELL.

A.  HEAT T:EATMENTS OPTIMIZE CELL PERFORMANCE.
B. CupS THICKHESS IWFLUENCES OCV & SCC
c.  THINNER CoS LAYER CAN BE USED.
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1.

3.

4.

ACTIVITY FOR NEXT 6 MONTHS

ASSEMBLE NEEDED EQUIPMENT AND MATERIAL.

IMPROVE CoS CELL EFFICIENCY ABOVE 4% BY

A, IMPROVING CELL DESIGN

B. IMPROVING STOICHIOMETRY OF SPUTTERED CuZS.FILM
c. DOPING OF CoS (WITH ZnS)

START PRODUtING CpS CELLS FOR STABILITY EVALUATION.

LITERATURE SEARCH FOR OTHER THIN FILM PHOTOVOLTAIC
MATERIALS.

474



N76 12494

APPLIED RESEARCH ON II-VI COMPOUND MATERIALS
FOR HETEROJUNCTION SOLAR CELLS

NSF Grant GI-38445X

July 1, 1974 - June 30, 1975
$ 53,954

Richard H, Bube
Department of Materials Science and Engineering

Stanford University
Stanford, California 94305

Professor Richard H, Bube, Principal Investigator

National Solar Photovoltaic Program Review Meeting
July 22-25, 1975
Los Angeles, California
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ABSTRACT

The objective of this grant is the investigation of heterojunction
solar cells based on several II-VI compound systems suitable for large-
scale terrestrial utilization.

Several 1I-VI heterojunctions show promise for photovoltaic
conversion of solar energy. The three of greatest interest are p—CdTe/n-Cds.
p-CdTe/n-ZnSe. and pﬂZdTe/n-CdSe. The last of these three is of interest
primarily as an opportunity to determine the effects of very small lattice
mismatch rather than as an actual solar cell. p-CdTe/n-CdS heterojunction
cells have been prepared by close-spaced transport deposition of p~CdTe
on single crystal n-CdS, and by two-source vacuum evaporation of n-CdS on
single crystal p~CdTe. Both types of cells, in an experimen’ 1 Stage,
are quite comparable, exhibiting values of quantum efficiency between 0.5 and
0.9, open-circuit voltages between 0.50 and 0.66 V, fill factors between
0.4 and 0.6, and solar efficiencies up to 4 percent., Cells of p-ZnTe/n-CdSe
have also been made by close-spaced vapor transport deposition of n-CdSe
on single crystal p-ZnTe.

A detailed program of heterojunction evaluation has been initiated,
involving (1) J-V characteristics in the dark vs temperature to determine
diode properties in the absemce of illuminatiom, (2) J-V characteristics in
the.light using the solar simulator, (3) Voc vs 1n Jsc as a function of
light intensity at different temperatures to determine magnitudes and
temperature dependence of key diode parameters, (4) juncticn capacitance
vs voltage in light and dark, (5) SEM determination of minority carrier
diffusion lengths, (6) optical transmission to determine exact variation
of absorption constant with photon energy, and (7) spectral response of
J to determine dependence of quantum efficiency on photon energy.

8scC
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Measurement of J-V curvea. in the dark as a function of temperature for
evaporated n-CdS8 on p-CdTe heterojunctions reveals two ral'ages of behavior:
above 250°K, the current is thermally activated, , = 2.4 and is independent
of temperature, and J_ = 1.9 x 10* exp(-0.54 eV/kT) A/cm?; below 250°K,
tunneling dominates, @l = 21 v and is independent of temperatire, and
J, =5.7 x-10 10 Afcm? independent of temperature. J, and/or’ ®may be
light-dependent, as evidenced by the crossover of licht and dark J-V curves.
Low £ill factors may be associated with a bias-dependent quantum efficiency.
No transient or quenching effects have been observed in this system at
room temperature.

Making ohmic, low-resistance contacts to p~CdTe has been a major
problem. Such contacts can be made with Ni to a surface etched with
chrzo,, n2304 820. attel: heat treatment, if the CdTe resistivity iz less
than 10 ohm-cm. Ohmic, low-resistance contacts have been made with Ki
to 133 ohm-cm p~CdTe after implantation of the CdTe with As. Evidence
is conclusive from a variety of sources that the contact consists of a
thin Schottky bar. ar with current transport dominated by tunneling.

p—Zn’l‘e/n-Cdse hetercjunctions show quantum efficiencies between
0.18 and 0.30, open-circuit voltages between 0.55 and 0.68 V, £i11 factors
between 0.38 and 0,49, and solar efficiencies up to about 1 percent. A
bias-dependent quantum efficiency is indicated due to short diffusion length
of photoexcited holes in CdSe. voc vs 1n J'c meagsurements indicate that
between 74°C and 221°C o0 changes from 10.2 to 15.6 v! ( 7 from 3.25 to
1.49) and J o=1.3x 1073 exp(-0,33 oV/kT), suggesting thermally assisted
tunneling as the current transport mode.

Puture work includes detailed correlation of diode parameters in p-CdTe/n-CdS
and“g-anTe/n-CdSe with preparation variables, investigation of methods to increase
t ',_flb:nductivtty of both surface and bulk p-CdTe, determination of the proper-
tte; of p-Zn'l‘e/n-CdSe junctions made on (111) oriented ZnTe to achieve minimum

lattice mismatch condition, and evaluation of p-Cd‘!'e/n-ZnBe heterojunctions.

ORIGNAL:‘?G! Immm 477



APPLIED RESEARCH ON II-VI COMPOUND MATERIALS
FOR HETEROJUNCTION SOLAR CELLS
NSF Grant GI-38445X
Stanford University
July 1, 1874 - June 30, 1978

$ 53,954

Professor Richard H. Bube
Principal Investigator
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PROJECT OBJECTIVES

INVESTIGATION OF HETEROJUNCTION SOLAR CELLS BASED
ON SEVERAL II-VI COMPOUND SYSTEMS SUITABLE FOR

LARGE-SCALE TERRESTRIAL UTILIZATION.
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PLANNED ACTIVITY LAST 6 MONTHS

PREPARE AND INVESTIGATE ALL FILM p-Cd’l‘e/n-CdS CELLS
OPTIMIZE ELECTRICAL CONTACTS TO p-CdTe
BRING NEW VACUUM SYSTEM TO FULL OPERATING POTEl.IAL

BEGIN EVALUATION OF OTHER II-VI HETEROJUNCTION SYSTEMS:
p-ZnTe/u-CdSe, p-CdTe/n-ZnSe, p-ZnTe/n-CdTe
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HETEROJUNCTION EVALUATION

J-V CHARACTERISTICS IN DARK vs TEMPERATURE
Diode properties in absence of illumina.ion

J=V CHARACTERISTICS IN LIGHT
Using sol r simulator, determine Jsc’ v , finl
fartor, collection efficiency, solar ef?gciency

V. _vs In J_ _ PLOTS8 AS A FUNCTION OF LIGHT INTENSITY AT
pifrERENT TRAPERATURES
Diode constant at different temperaiures, J (T),
and effective barrier height for forward currents
in light

JUNCTION CAPACITANCE vs V IN DARK AND LIGHT
Width and variation of depletion layer

SEM DETERMINATION OF MINORITY CARRIER DIFFUSION LENGTHS

OPTICAL TRANSMISSION
Absorption constant vs photon energy

SPECTRAL RESPONSE OF J c
Variation of quangum efficiency on phc cn energy
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EVAPORATED n~CdS ON SINGLE CRYSTAL p-CdTe

* HEAT TREATMF -[ TO ABOUT 430°C REQUIRED FOR OGPTIMIM PER-

* DIOLE CHARACTERISTICS IK THE DABK vs TEMPERATURE

T P 250°K

T £ 250°K

I=3, [exp (qv/1 KT) - 1]
Jo exp (-E*/xr)

2.4 B* = 0.54 eV

J
o

‘)l

= ) R
I=J [exp(ct v) 1]
J, =57x 10710 a/cm?

o =2V}

* g m/m;ymummmrmxvmmmmm
cflosSOVER OF LIGHT AND DARK J-V CURVES

* A BIAS-DEPENDENT COLLECTION EFFICIENCY MAY CONTRIBUTE

TO LOW FILL FACTORS

* NO TRANSIENT OR QUENCHING EFFECTS OBSERVED AT ROOM

TEMPERATURE
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ELECTRICAL OONTACTS TO p—CdTe

OHMIC, LOW-RESISTIVITY CONTACT TO SURFACE OF p-CdTe ETCHED
WITH K_Cr_.O_:H_SO :K_O FOR RESISTIVITY £ 10 OHM-CM

2727 242
OHMIC, 1OW-RESISTIVITY CONTACT TO SURFACE OF p-CdTe IMPLANTED
WITH As FOR RESISTIVITY OF 133 OHM-CM

OEVELOPMENT OF A "3-POINT" MEASURING TECHNIQUE THAT ALLOWS
CELL EVALUATION EVEN IF CONTACTS NOT IDEAL

EVALUATION OF GHMIC TO NON-OHMIC TRANSITION BY MEASURING
CONTACT PROPERTIES vs TEMPERATURE

MODEL FOR CONTACT INVOLVING A THIN SCHOTTKY BARRIER WITH
CURRENT TRANSPORT DOMINATED BY TUNNELING

Chemical effect of etching

Auger analysis of comntact

Low-temperature capacitance

Quantitative shape of temperature dependence
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OTHER II-VI SYSTEMS: p-ZuTe/n-CdSe

11 HETEROJUNCTIONS MADE BY CLOSE-SPACE VAPOR TRANSPORT OF
CdSe ONTO SINGLE CRYSTAL ZnTe

OHMIC LOW-RESISTANCE CONTACTS POSSIBLE TO ETCHED p-ZnTe

TYPICAL CELL PARAMETERS

Voc 0.55 - 0.68 V Fill Factor 0.38 - 0.49
Quantum Solar
Efficiency 0.18 - 0.30 EBfficiency 0.55 - 0.85 percent

DIODE CHARACTERISTICS AT 22°C

2.38 = 2.41

¥iiene
4.2x10"2 A/cn® 3 lient

’dark =
J dark
)

1.2x10 % A/cm?

TEMPERATURE DEPENDENCE OF DIODE CHARACTERISTICS IN LIGHT
1 at 74°C = 3.25 q at 221°C = 1.49

= -3 - 2
J,=1.3x10" exp(-0.33 eV/KT) Afcm
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SUMMARY OF KEY RESULTS

CONTACTS TO p-CdTe ARE UNDERSTOOD; OHMIC, LOW-
RESISTANCE CONTACTS CAN BE MADE; CELLS CAN BE
EVALUATED EVEN IN THE ABSENCE OF IDEAL CONTACTS

TWO MECHANISMS DETECTED FOR J for p-CdTe/n-CdS:
HIGH-TEMPERATURE THERMALLY ACTIVATED WITH E* = 0.54 eV,
AND LOW-TEMPERATURE TUNNELING

J _for p-ZnTe/n-CdSe IS THERMALLY ACTIVATED AT HIGH
TURES WITH E* = 0.33 eV

EVIDENCE FOR A BIAS-DEPENDENT COLLECTION EFFICIENCY
CONTRIBUTING TO POOR FILL FACTORS

DEVELOPMENT OF VACUUM EVAPORATOR SYSTEM

IMPORTANCE OF LIGHT AND PREPARATION VARIABLES ON

J and?
o
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PLANNED ACTIVITY FOR NEXT 5 MONTHS

p-CdTe/n-CdS HETEROJUNCTIONS

Correlation of E¥ with preparation variables

Determine presence and extent of bias-dependent collection
efficiency

Transient measurements at low T to determine effect of
light on Jo and

Optimization of CdS film deposition

ELECTRICAL CONTACTS TO p-CdTe

Evaluations for other metals with different work functions
Investigation of methods to make surface high conductivity
Contacts to p-CdTe films

p-ZnTe/n-CdSe HETEROJUNCTIONS

Properties of junctions on (111) oriented ZnTe to
achieve minimum lattice mismatch (0.35 percent)
Full characterization of junctiom properties

OTHER SYSTEMS

The system of principal interest is p-CdTe/n-ZnSe
Larger "window'
Larger diffusion voltage
Susceptible of extension to p-CdZnTe/n-ZnSSe
If results with p-CdTe/n-CdB warrant, then p—CdTe/u-Cdan
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INVESTIGATION OF THIN FILM SOLAR CELLS
BASED ON
Cu,S AND TERMARY COMPOUNDS SUCH AS CulnS,

BROWN UNIVERSITY

Principal investigator: -J.J. Loferski

Talk presented by: J. Shewchun

NSF/RANN  GRANT GI-38102X

1 July 1973 to 30 June 1976

~ $100,000/annum.
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Abstract

The work at Brown University is concerned with the production and
characterization in film form of Cu,S and related Cu compounds such as
()uInS2 for photovoltaic cells. The low cost process technology being
examined ,namely the sulfurisation method , is capable of producing films
on various substrates. Cathodoluminescence is being used as a diagnostic
tool (in conjunction with other aids such as x-rays, scamning electron
microscopy, etc.) to identify CuxS and CulnS, compounds. Also, single
crystals of CulnS, are being prepatred «nd it is contemplated that p-n
junctions will be made in such crystals. ’

CuZS films have been prepared on silicon, cadmium sulfide, aluminum
and silica. X-ray analysis is used to identify the particular phase produced.
A film of at least 9000A° of Cu,S is needed to make a positive identification,
although films‘as thin as 4500A° have been identified. We have been able to
employ cathodoluminescence for phase identification below these limits with
a minimm detectable limit, at present, of about 1500A° of Cu,S. Scanning
electron microscopy is being employed to determine structural feitures and
homogeneity. The films appear to consist of hexagonalplatelets whose size
depends on .film thickness (1500A° of Cu yields crystallites of % um diameter;
9000A° of Cu yields crystallites of 2 ym diameter). Thinner films show orientation
effects Wthh give rise to a characteristic x-ray pattern which we have
previously &esignated UA.

Cathodoh'nninescence measurements have been further refined. Only

Cu,S of all che phases gives a luminescence response and the response is at
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9660A° (77°K) with a half width of about 200A°. This is more cilaractcristic
of a direct tmnsition behaviour in contradiction with what is generally
assumed about Ouzs. Cathodoluminescence has also been carried out on heat
treated (200°C in air for 5-30 min) and copper treated (60A° Cu, 200°C in
air for 10-30 min) films. Short-circuit current increases by factors of
about 8 (heat treated)to 17 (copper treated) have been observed. Corresponding
to this, cathodoluminescence reveals some interesting behaviour. For

heat treated films the CuZS peak is retained but there is a strong background
due to either Cu impurities or defects. For Cu treated films, the Cu,S peak
disappears. In the case of Cu treated films, x-rays reveal that Ouzs is
still present but other unidentified lines are also present.

Diodes formed on single crystal CdS have reasonable I-V characteristics
with Y, ~ 0.45 - 0.5 volts. Although method efficiencies have only been
about 1% (AMl), no optimization of the process has been carried out.

During the next six months we plan to optimize the process for sulfur-
ization of Cu on single crystal CdS with the objective of cell efficiencies
of ~ 5%. We plan to construct all thin film cells consisting of (a) Cu
sulfurized on quartz or metal subs? tes followed by (b) deposition of a
suitable semiconductor - CdS or a more optimum mate. Cathodoluminescence
diagnostics will be refined since they appear capable of identifying the
phase of CuxS responsible for the strong photovoltaic effect. In addition
we plan to expand our activity on the growth of CulnS, crystals and pre-

Jaration of p-n junctions.
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Program Objectives

m

(2)

(3)

Preparation and characterization of Cuxs and CuInS2 films on
various substrates for photovoltaic cells using sulfurization

of deposited Cu and Culn films.

Investigate cathodoluminescence as a diagnostic tool for
identifying CUXS and Culnsz compounds.

Preparation of single crystals of CuInSé and p-n junctions
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Summary of results

1)

2)

3)

4)

CuZS films prepared on Silica, Aluminum, Silicon, CdS - no
limitation on substrates.

Cathodoluminescence can be used as diagnostic tool to identify
CuZS and copper impurities.

Junctions on CdS and Si exhibit up to 1% n without process
optimization.

“Heat treatments” and "Cu treatments" can increase SSC

by over 1 order of magnitude.

Planned Activity for Rext 6 Months

1.

Optimize protess for sulfurization of Cu on single crystal
CdS - objective is cell with ~ 5% efficiency.

A1l thin film cells
(a) Cu sulfurized on quartz or metal followed by
(b) Evaporation of semiconductor - CdS or more optimum mate

Growth of CuInS2 crystals and
Preparation “of p-n junctions

Refinement of cathodoluminescence diagnostics

Co-operation with University of Maine
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''N76 12496

FEASIBILITY INVESTIGATION OF
GROWING GALLIUM ARSENIDE SINGLE CRYSTALS

IN RIB* i FORM

NSF GRANT GI-43093

July 1, 1974 - December 30, 1975

$164,000 ADL

60,000 MIT

David L. Richardson
Arthur D. Little, Imc.
Cambridge, Mass. 02140

Dr. Joan Berkowitz, Principal Investigator

Presented at the
National Solar Photovoltaic Program Review Meeting
at the
University of California, Los Angeles

July 22 - July 25, 1975
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ABSTRACT

An eighteen month program was initiated July 1, 1974 to determine the
feasibility of producing GaAs single crystal ribbons suitable for solar cell
substrates. Constrained, encapsulated molten zones are passed through
rectangular polycrystalline feed material to form single crystal ribbcns.
The objective of this program is to grow 10 cm x 1 cm x 0.1 cm single
crystals by a process that is amenable to continuous growth.

During the past six months, two methods have been used to establish
passage of a molten zone through ribbon GaAs feedstock; direct coupling
with rf to the GaAs and counstrained zone-melting in B,0; sealed graphite
boats. Establishment of a narrow molten zone by direct rf coupling to
GaAs was showm to be limited by the large skin depth required for heating
GaAs as compared to the desired ribbon thickness.

Polycrystalline GaAs ribbons have been grown in graphite boats by
passage of a wide zone through BZO -encapsulated feed-stock, confined
by a quartz cover plate. Failuré fo remove the encapsulant above its
glass transition temperature, however, resulted in cracking of the ribbons
on cooling to room temperature. In order to study the crucial zone
melting step in isolation from the encapsulation steps of the continuous
process, a horizontal constrained-zone melting apparatus made from graphite
was used in which a boron oxide moat serves only as a sealant to suppress
arsenic vaporization. Melt zones were passed through 5 and 10 cm long
samples of GaAs ribbon feedstock. By controlling the heat flow in the
graphite boat and controlling the zoning rate, large grained, single
phase polycrystalline samples with directional solidification and good
thickness control were achieved. Arsenic vaporization was effectively
suppressed at the melting point of GaAs (1240°C) by the 8203 moat and
3 atmospheres of pressure.

A vertical constrained-zone-melting apparatus with a BZO moat seal,
rf heating, and water cooling on the bottom will be used to cgntrol the
heat flow and temperature patterns required for growth of single crystal
ribbons. These conditions will then be adapted to a continuous growth

process.

Contribution Personnel: Dr. Joan B. Berkowitz, Principal Investigator
Joseph Wenckus
David L. Richardson
Dr. Peter E. Glaser
Dr. John Haggerty
Wilson Menashi
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RIBBON GROWTH OF GALLIUM ARSENIDE
NSF Grant Gi—43093
A.D. Little, Inc.
July 1, 1974 — December 30, 1975 (18 Months)
$ 164,000 ADL
$ 60,000 MIT (Crystal Charactenzation)

Dr. Joan Berkowitz, Principal Investigator

PROJECT OBJECTIVES

o To grow and characterize GaAs substrate ribbon single crystals
10 cm long x 1 cm wide x 0.1 cm thick

o To develop designs for a continuous growth experimental
apparatus
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ACTIVITY DURING THE LAST 6 MONTHS

Tests with Direct Coupling
Horizontal Confined Growth
Characterization of Specimens
Vertical Confined Growth

DIRECT COUPLING

Temperature Limit of 900°C

Skin Depth for RF Heating is Greater
Than Crystal Thickness

GaAs Spalled by B203 in Direct Contact

Moliten B203 Graphite Cover
Seal

P

GGraphite Base

Ga As Strip
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HORIZONTAL CONFINED GROWTH

Constraint of the Moiten Zone
B203 Does Not Contact the GaAs
GaAs Does Not Wet the Graphite

]F Induction Coil

Gas Cooling Jets
g Quartz Tube

Moat with
8203 Seal

b RF Susceptor
Assembly for Confined
. Ribbon Crystal Growth

Molten Zone
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SUMMARY OF KEY RESULTS

e Confined Melt Zone

e Directional Solidification

e Control of Arsenic Vaporization

o Single Pnase Polycrystalline Material

PLANNED ACTIVITY FOR THE NEXT 6 MONTHS

o Experiments with Vertical Confined Growth
¢ Physically Characterize Crystals
¢ Design Continuous Growth Apparatus

PLANNED RENEWAL REQUESTS — Jan. 1976 — July 1977
o Construction of Experimental Continuous Growth Apparatus
e Optimization of Process with Respect to Energy and Cost

e Solar Cell Development and Characterization
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N76 12497

Project Title: EXPLORATORY STUDY ON MICROANALYSIS OF THIN

FILMS BY BACKSCATTERING TECHNIQUES

NSF Grant: AER 73-03265

Duration: 24 Months, August 1974 - August 1976
Amount: $130,409.00

Principal Investigators: James W. Mayer

Marc-A. Nicolet
Paper presented on July 24, 1975 at the National Solar Photo-

voltaic Program Review Meeting, Los Angeles, California,

July 22 - 25, 1975.
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OVERALL OBJECTIVES

1. To use backscattering spectrometry in the 1-2 MeV range
for the determination of the composition and the detection
of interdiffusion in thin film structures of interest to
photovoltaic conversion.

2. To investigate the solid-phase epitaxial growth (SPEG) of
Si layers at low temperaturesobtained by interdiffusion
processes.

3. To investigate backscattering spectrometry in the sub-MeV

range and to assess its possibilities and problems.

Caltech 2

PLANNED ACTIVITY FOR LAST SIX MONTHS

1. 1Investigate electrical properties of the SPEG layer.

2. Investigate the possibility of SPEG with metal films other

than Pd as transport medium.

3. 1Investigate BS below 1 .eV
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EXPLORATORY STUDY ON MICROANALYSIS
OF THIN FILMS BY BACKSCATTERING TECHNIQUES

by
James W. Mayer and Marc-A. Nicolet

California Institute of Technology
Pasadena, California 91125

ABSTRACT
I. SPEG

To be potentially useful, SPEG layers must have con-
trollable electrical characteristics, particularly with regards
to conductivity type and resistivity value. Efforts were there-
fore undertaken to establish that such a control is possible.

We added one processing step to the standard sample
fabrication procedure by vacuum-depositing a thin layer
(nominally 58) of Sb before the deposition of the amorphous
Si layer, as shown in diagram labelled Caltech 4 (C4). Anneal
steps remained unchanged. The resulting SPEG layer was ana-
lyzed in four different ways: (a) Auger Electron Spectroscopy
(see C5), performed after the uppermost deSiy layer was removed,
confirmed that Sb was present within the SPEG layer of Si. (b)
The I(V) characteristics of the SPEG layer against the Si sub-
strate (<100>, 1-10 Qcm p-type) was rectifying, and the layer
itself afforded aood electrical conductivity and easy ohmic
contacting witk W wires via the deSiy layer (see C6). (c) A
scanning ricloprche picture of a cleaved sampled taken in the
electron-beain~:rdulad current mode established the presence of
a depletion reaion more than 1 p below the surface (see C7 and
C3). (d) Hall eftect data indicated that the SPEG layer was
n-type, had an average free carrier concentration of about
1012 cm™3 and an average electron mobility u, of ahout 40 cm? Vs
(see C9). These results apply to a typical sample obtained with
initial layers of about 10008 Pd, 5 R sb and 1 u of amorphous Si
annealed in vacuum, first at 280° for 30 min and then under
slowly increasing temperatures (2 0.2 °C/min) up to 525 °C.

The evidence that the layer 18 n type and well doped is con-
vincing. We plan to determine the properties of the doped SPEG
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layers more accurately, and to try other methods of intro-
ducing the dopant species of various kinds. The main problems
are inadequate process control and marginal sensitivity of
analytical tools.

SPEG with Pd,Si as transport layer has two stages (see
Cl0): (a) Initial fast (~10 R/s at 500°C) transient regime. The
growth starts with islands which ultimately join to form a
layer (Cll). The final thickness is equal to that of the
initial PdZSi layer (Cl2). (b) Steady state regime. The
growth is much slower (~ 1 R/s), linear, and independent of
the thickness of the transport medium (Cl3). The rate is thus
not diffusion-limited.

SPEG with Ni silicide in lieu of Pd silicide as
trangsport medium has been demonstrated by backscattering spec-
trometry (Cl4). As a whole, Ni SPEG is quite similar to that
cf Pd SPEG (Cl5). The transient is less distinct, because
slower, and in the steady state regime, the boundaries of the
transport medium lose their definition as the growth proceeds,
which indicates poorer quality of the grown layer. Reactions
require temperatures which are typically 90°C above the corres-
ponding temperatures of Pd SPEG.

II. BACKSCATTERING SPECTROMETRY (BS)

To develope BS at energies below 1 MeV, depth calib-
ration must be provided first by absolute measurements of stop-
ping cross sections. Typical past errors of : 10% are unde-
sirably large. We have compared various methods of data
evaluation and their errors with computer programs tested against
feal 4He spectra. All methods can attain a few %, but values
derived from films of known mass per unit area are yenerally
most reliable. Main sources of errors are caused by detector
noise and background signals. Absolute measurements are planned
next.

Summaries of main results, major problems, planned
activity and renewal proposal are given in Clé to Cl19.
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INTENSITY (Arbitrary Units)

100 0-0-0 Si(1620 eV)
&0 Pd(330¢eV)
- 0-0-0 Sb(46leV)

! Si {100)
~ Si(Pd,Sb) (Substrate)

(Grown Layer) y

FULLY GROWN AND ETCHED (

00)
O

o))
o

20

1 1 } | | | 1 1 ]

[
O 10 20 30 40 50 60 70 80 9 100
SPUTTERING TIME (min.)
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HALL EFFECT

Data obtained at room temperature with van der Pauw
patterns. Values are averages over thL=> whole thickness (.~ 1 um)
of the SPEG 1layer.

Comparison with
SPEG Layer bulk single crystal

Conductivity type n n

Mobility u_ ~ 40-50 140 cm? Vs

Carrier Concentration 1ot? 101 cm~3

Resistivity ~ .02 . Jo4 Qcm
Caltech 9
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BACKSCATTERING YIELD
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BACKSCATTERING YIELD

350°C 30 min

Si1(<100>)

590°C 5 min

0.2
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COMPARISON OF SPEG WITH Pd AND Ni

SAMPLE
Substrate
Metal Film

Si(a) Film

FORMATION OF TRANSPORT MEDIUM
Typical Temperature
Typical Time
Composition by BS

b: {-rays

TRANSPORT OF Si
Typical Temperature
Transient Rate
Form
Steady State Rate
Structure

Arparent Activation Energy

528

Pd

<100>

~1000

~500
~10
island

~1

~4

Ni
<100>
~1000 )4
~1 um
350 °C
30 min
Ni_ 1
Si l
NiSi
~590 °oC
~2 R/s
no islan )
~1 R/s
epitaxial epitaxial (poor)
~4 ev
Caltech 15



SUMMARY OF KEY RESULTS

1. Doping of SPEG layers is possible;proof obtained with Sb
and established via:

~ I(V) characteristics

Hall effect measurements
- EBIC u-probe pictures
- AES
2. SPEG with szsi has two stages:
Initial transient regime
- 10 A°/s rate
-~ 1island growth
- thickness = that of PdZSi layer
Steady State regime
-~ 1 A°/s rate, independent of deSiy layer thickness
~ continuous film growth

3. SPEG with NiSi also works: generally similar to SPEG with
PdZSi:
- Corresponding process temperatures are typically
~ 90°C higher for Ni
- Layer quality presently inferior to obtained with
Pd251
4. Identified best methods for stopping power measurements
below 1 MeV from backscattering spectra.
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MAJOR PROBLEMS

SPEG

Control of fabrication processes

cleanliness of interfaces

purity of deposited layers

amount of doping

}

annealing ambient
Characterization ot final product

- limitations of analytical tools

BS
Limitations in system
~ detector noise
~ preamplifier noise
Limitations in target
~ purity
- thickness

} density
~ mass/cm
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PLANNED ACTIVITY FOR NEXT SIX MONTHS

Characterization cf doped SPEG layers.

Doping of SPEG layers by other dopants or other incorporation

methods.

Compare SPEG with regrowth of amorphous Si layers on single

crystal Si substrates.

Obtain stopping cross sections in 0.3 - 1.0 MeV range.

Caltech 18
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PLANNED RENEWAL REQUEST

Major Goals
Investigate SPEG

Assess practical potential of SPEG to solar cell, and to
semiconductor devices generally

Liberate SPEG from single crystal substrate

Develop sub-MeV backscattering spectrometry

Estimated Dates and Costs

August, 1976 to August, 1978 (24 Months) $150,000.00

Caltech 19
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LOW COST AMOS SOLAR CELL DEVELOPMENT

Richard J. Stirn
Jet Propulsion Laboratory, Pasadena, California

ABSTRACT

Recent developments at JPL have demonstrated that high conversion
efficienciez are pussible with GaAs metal-semiconductor solar celis when a
particular heat treatment processing step is used to introduce ar interfacial
layer between the metal and the semiconductor. The new cel) -<alled AMOS
(Antireflection-Coated Metal-Oxide-Semiconductor), has open-c voltages
of 0.68-0.72 volts and efficiencies of 15% under terrestrial sunligni, as
compared to values of 0.45-0.48 volts and 10%, respectively, for similur
cells without an interfacial layer. Potentially higher efficie .es are
feasible as further improvements are made in optimizing the interfacial
layer effect and in increasing the blue response of the cells. These
developments clearly irndicate the desirability of investigating a thin filr
version of the AMOS solar cell which could better the economic goal of $0.50
per peak watt with an efficiency greater than 10%. '

The thin film AMOS cell proposed is unique in that a thin r_crystallized
germanium (Ge) layer is used between a los cost metal substrate and the vapor
prhase epitaxially (VP%)-grown GaAs. It has already been shown that Ge films
can be recrystallized to millimeter-sizad crystallites by the use of scanning
electron beams. Indeed, even lateral growth of singie crystal Ge h.s been
demonstrated on tungsten which was dipped and withdrawn from a melt of Ge.

In the proposed program, laser beams will be primarily used to ianvestigate
recystallization. Later versions of the cell may be able to dispense with

the Ge layer, as it may be possible to recrystallize Gails .o sufficient degree
using techniques developed for the Ge layer. This possibility will not, however,
be explored in the early phacses.

The Ge iayer, used as a substrate for VPE-grown GaAs, will provide a
more ordered, larger-grained GaAs film. The increased ord , the use of a
semicnnductor with high light absorption, and the inher nt properties of t'e
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metal-semiconductor contact, should give considerably n. icr current and
voltage outputs than have previously been obtained in polycrystalline thin-
fiim solar cells. The availability &and cost of materials are satisfactory
for the amounts requirec and the fabrinztion steps envisioned for large-

scale production ar. amendaktle tc continuous or quasi-coatinuous processing.

An ancillary frogrum for citianizing the rewly acdded AMOS ~rocescing
step, which leeds to markedly higher voltage outputs, is proposed. This
program will utilize electrical and chemical analysis measurements to better
understand the pert..ent interface (oxide-semicct .ctor) propertics, so that
the appropriste process can be added to the low-cost AMGS ce.l prog.am when
suitable thin films are available.

The electrical MOS-type measurements will be performed at the Pennsylvania
State University cn a subcontract This program will supplerent an existing
theoretical contra.t with the University (Prof. Stephea Fonask) to invest-
igate the interfa_ial layer "ce. The measurements, along with transient
capacitance measurements at JPL, will attemnt (o determine surface state
distridution in the band gap, surlace sta*? capture cross secticns, surface
state typc and surface charge, modified to account for the fact that tunneling
currents are flowing thruugh the ultra-thin layers. These Gata will complement
etudies of the chemistry of the interfaze region using ESCA (Electron Spec-
troscopy :or Chemical Analysis) facilities at JPL. '

in: parametrir~ studies fcr; optimum GaAs growin by vapor phase epitaxy
on Ge films will be performed by Aprlied Materials, Inc. The compeny has
teen a suppliey of exceptionslly high quality single carystas G:is, having
minority carrier Ciffusion lengths tor holegs of 3-4 microns, ever with doping
coscentretions ap to 10'7 ca 3. The investigatioa will be focused on the
nucleaticn characteristics of various substrates as to how they are affected
by temperature and growth rate. The latter is sensitive to the .atio of the

As-aal Ga-bearing gases and to tne concentrsticrs in each of these gases.

As Ge and Gaas films are developed, the gtructural charscteristics of
the films will be examired ty optical ard scanning electron micrcscopy, and
verious a-ray technigues to ctaracterize the grain size and of disorder.
preferred orientation ei.. J.siocation density. Metai-semiconductor solar
cells will be fabricated on GaAs filmz as they bccome available wita particular
iuterest in the surface preparaticn reguired, if any, and the thicknes: «of

the semitransparent metas file requixe? for 'satle s*eet resistances.
c
£ 13



The: stancaré optical, electrical and photovoltaic measurecents will be made
on the ceils, as well as scanning electrcn microscopy (in the beam-inducec

<nnductivity mode) to observe grain boundary effects on current ccllection.

Tne efficiency to be expected may be estimated fror the single-crystsl
cells already constructec. Estimating the current loss at 204 (due to *ie nse
¢i & ,omewnat thicker semitransparent metal film and a reduced minority ~arrier
dif'Tusion length of about one-half) and a 10% loss in voltage (due to some
berrier lowering at the few grain boundaries), 2 long term gcal of 12-1L¥

convercicn eificiency for a thin-film AMOS solar cell seems reascnable.

In summary, the research plan involves the interaction of three major

groups: {1} the Research Group at JPL, (2) Pennsylvania State Uriversity,

o
and (3) Applied Materials, Inc. JPL will sele~t the best substrates {or Ge
deposition, recrystallize the Ge film by scanning laser or electron beams,
characlerize the Ge and CaAs films, fabricate arnl test metal-semiconductor
sclar cells on tne GaAs films, ané perform ESCA measurements of the AMOS
interface region on singls <rystal GaAs. Pennsylvania State University
will ietermine tne interface electronic properties of the AMOS sclar ceil
anc .crrelate witn theorztically determined coptimum characteristics.
Finaiiy, Appiicd Materials, Inc., will provide the pararetric studies for

optimum Gais growth by vepor phase on Ge f{ilmsc.
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LOW COST AMOS SOLAR
CELL DEVELOPMENT

GUIDANCE AND CONTROL
RESEARCH GROUP

JET PROPULSION LABORATORY

PROPOSED START DATE : SEPTEMBER 1, 1975
$ 225,250

PRINCIPAL INVESIIGATOR : RICHARD J. STIRN

PRESENTED AT : NATIONAL SOLAR
PHOTOVOLTAICPROGRAM REVI:W
MEETING, UCLA

JULY 22-25, 1975
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OBJECTIVE

o DEMONSTRATE THE FEASIBILITY JF A LOW-COST THIN-FILM GALLIUM
ARSENIDE SOLAR CELL

o RECRYSTALLIZE Ge FILMS ON LOW COST SUBSTATES
e OPTIMIZE GaAs VPE-GROWTH ON Ge FILMS
e FABRICATE AMOS SOLAR CELLS ON GaAs/Ge FILMS

o |NVESTIGATE INTERFACE PHYSICS AND CHEMISTRY
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PER CENT EXPANSION FROM 25°C

1.4

1.2

=
o

oo

LINCAR COEFFICIENTS OF EXPANSION

STEEL
SAE 1020

1

42% Ni-Fe

Aly0-
85%

| i
400 600 800
TEMPERATURE, °C
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SNIACE LY
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e .cJuvel d

2 - L
a‘.'.: O I A I A
TS VS PR S

i PRESENT ANNUAL | IDENTIFIED
) ANNUAL o) PRODUCTION B|  WORLD
MATERIAL REQUIREMENT ® {DEMANDLIMITED)| RESOURCES

Ga 92.5 not given 1.3¢10°
As 89.5 5x10% 1.6x107
Ge 168 ~100 (1971) ~8x10°
Au 1.9 - —

3 ASSUMES 500 MW/YR OR 5x100 M2 @ 10% EFFICIENCY, 8% UTILIZATION,
THICKNESS OF GaAs AND Ge LAYERS TO BE 5UM, 100 A THICK Au

LAYER WITH 10% GRID COVERAGE

by.s. miNERAL RESOURCES, U.S. GEOLOGICAL SURVEY PROF.
PAPER 820,1973
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PLANNED ACTIVIES

® SELECT SEVERAL CANDIDATE LOW COST SUBSTRATES

e FABRICATE TWO-DIMENSIONAL LASER SCANNING APPARATAS
FOR RECRYSTALLIZATION STUDIES ON GERMANIUM FILMS

o DETERMINE OPTIMUM GaAs GROWTH PARAMETERS ON SINGLE
CRYSTAL AND RECRYSTALLIZED GERMANIUM SUBSTRATES

e PERFORM CHEMICAL ANALYSIS OF INTERFACE REGION WITH ESCA
SPECTROSCOPY ON SINGLE CRYSTAL AMOS SAMPLES TO INVESTIGATE
ALTERNATE PROCESSING STEPS

® LET CONTRACT TO CONDUCT CAPACITANCE-CONDUCTANCE
MEASUREMENTS ON SINGLE CRYSTAL AMOS SOLAR CELLS
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SILICON SCHOTTnY PHOTOVOLTAIC
DIODES FOR SOLAR ENERGY CONVERSION
(GRANT AER73-03197)

Rutee..s, THE STATE UNIVERSITY oF New JERSEY
ELecTrRICAL ENGINELRING DEPARTMENT
New Brunswick, New Jersey 08903

GRANT Periob June 1, 1975 - Nov, 30, 1976
GRANT Amount $28,700
PRINCIPAL INVESTIGATOR WAYNE ANDERSON

Jury 1975
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SILICON SCHOTTKY PHOTOVOLTAIC DIODES FOR

SOLAR ENERGY CONVERSION

Wayne A. Anderson
Electrical Engineering Department
Rutgers University
New Brunswick, N.J. 08903

ABSTRACT

Schottky barrier solar cells (SBSC) are fabricated on <1003>,
2 Q-cm, p-type silicon using an Al ohmic contact, 50 R Cr and then
50 R Cu Schottky contact, Al current grid, and SiO antireflection
coating. Past research was directed towards showing the potential
of a SBSC in solar energy conversion. The present project is de-
signed to improve understanding of the SE’C, improve efficiency to
12%, and evaluate potential towards thin film silicon applications.

Figures 4-10 summarize progress in evaluating the various vari-
ables in fabrication. At least 40 R Cr metal is necessary for a
good fill factor but Cr alone has too high a sheet resistance. Cu
alone gives low opeﬁ circuit voltage (VOC). About 40 R Cr and 50-
60 X Cu produce the best combinatio: for high voltage, current (J),
and fill factor-{F). It has also been shown that removal of the
5-10 R interfacial oxide layer between silicon and Cr which grows dur-
ing heat treatment ieads to reduced Voc‘ Both the oxide and Cr are
recessary for a high voc' Modification of the heat treatment cycle
changes the oxide thicknsss leading to modification of voc' A
sputtered Cu layer reduced V,c due to Cu atom penetration into the

silicon. <100> silicon gives higher Jsc and F than does <111> silicon.
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Large area solar cells have lower F than small area ones. This
shows the importance of finger design and low sheet resistance.
Examination of substrate resistivity effects show 2 Q-cm silicon

to give slightly higher Vo and 0.4 Q-cm to give slightly higher

c
J L]

sc

Figures 11 and 12 show results of using "as-sawn" silicon and
chemical polishing (only) to produce a smooth surface. Eliwmination
of mechanical polishing could be a cost reducing step in final pro-
duction procedures. The chemical polished wafers do show greatly
improved performance over unpolished ones but more work is necessary
to study different polishing sequences. SBSC made from Tyco sili-
con show a 5% maximum efficiency. More studies of the Tyco silicon
are required for complete analysis.

Figure 14 shows results of an activation energy study to ex-
plore current conduction mechanisms. These preliminary results in-
dicate that both thermal and tunneling effects exist in the SBSC fab-
ricated at Rutgers. Optical calculations by computer show that 460 R
NbZOS gives significantly better antireflection (AR) properties than
755 A $i0. The lesser thickness of szos should also lead to reduced
absorption loss in the AR coating. A solar simulator assembled us-
ing a variac, tungsten lamp, and water filter gives photovoltaic data
comparable to direct sunlight illumiration.

The most significant achievements in this latest research have
been increased fill factor (tq[0.74) using baking of the vacuum system
to remove moisture, improved undetstanding of the current flow mechan-

ism, and isolation of processing variables which improve efficiency.
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OBJECTIVE OF THE PROJECT

THE OVERALL OBJECTIVE IS TO PRODUCE A 127 EFFICIENT

SCHOTTKY SOLAR CELL USING ECONOMICAL SILICON AND FABRICATION

METHODS., THIS IS TO BE ACCOMPLISHED THROUGH OPTIMIZATION OF

CURRENT BY USE OF NEW AR COATINGS, VOLTAGE BY INTERFACE

STUDIES, AND FILL FACTOR BY DEPOSITION STUDIES, FURTHER

STUDIES INCLUDE ENVIRONMENTAL EFFECTS, THIN EPITAXIAL SILICON

FILMS, SURFACE EFFECTS, AND NEW SOURCES OF SILICON,
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PLANNED ACTIVITY LAST 6 MUNiHS

[. Process VARIABLES WHICH INFLUENCE Sovar CELL FouFoRs-ilk

- — -

ARea
SUBSTRATE RESISTIVITY
SUBSTRATE ORIENTATION

HeaT TREATMENT
DePosiTION PROCEDURES
Warer PoLISHING
New AR CoaTINneS

II., MisCELLANEOUS

New CoMPUTER PROGRAMS
SOLAR SIMULATOR
CURRENT MECHANISM STUDIES
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FIGURE 4

PROCESSING STUDY

v J
ocC sC R
SAMPLE 'RocEsS W _ewed) _F _edi
134 Cu SCHOTTKY METAL 0.23 11.8 0.33 W
13  25ACR THEN Cu 0,46 22,6 0.39 4,0
W3 100 A Cr 0.45 13,3 0.40 2.4
INTERFACE STUDY
NQBMAL Voc = 0."5"0| 53
123 & 124 RE-ETCH AFTER ~0
HEATING
126 & 127 As ABOVE, THEN 0.45

RE-HEAT
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FIGURE 5

EFFECT OF ADDITIONAL OXIDE BETWEEN
SCHOTTKY METAL AND SILICON

ADDITIONAL ARE [ [
SAMPLE OxIDE (cnﬁ) Sgﬂl SEEZ
141 18AE 0.67 0,055 8
142 3LAE 3.0 0,050 1.6
144 12A6 2.7 0,092 0.88
146 22 A6 3.3 0,022 0,14

E - EvAPORATED SRJ, THICKNESS MEASURED

G - GRowN IN 0y @ 620°C, THICKNESS ESTIMATED
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FIGURE 6

EFFECT OF HEAT TREATMENT
ON PERFORMANCE

I J Vo Py

SC "
SampLe  Heat CycLe (mA) (MA/CMZ) V) F (Midr c~%)

- venna

147 STANDARD® 0,012 18,4 0.40 0,62 i,6

148 Inc, Ny 0.003 17,8 0,48 0,37 3.2

149 Soak & 620°C  0,0015 17.7 0.50 0,25 2,2
FOR 2 MIN,

150 300-650°C 0,34 27,2 6.5 0,48 6,65

*STANDARD - RAMP FroM 259C To 620°C IN AIR WITH LIGHT Nz FLOW,
CooL T0 300°C AND REMOVE FROM FURNACE.

'NOTE: ELIMINATING Nz OR REPLACING WITH AR GIVES NO SIGNIFICANT CHANGE,
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FIGURE 7

EFFECT OF SPUTTERING OF CONDUCTIVE METAL
ON SGLAR CELL PERFORMANCE

SampLe 174

0,1 V/prv
5 mA/p1vV
CURVE ON LEFT-SPUTT, Au
CURVE ON RI1GHT-EVAP, Au




FIGURE 8

ECFPECY ??4§UE$TQATE ORTENTAT (ON

N PERFORMANCE

¥
9 Jsc Voc

SampLe  ORIESTATION (rA) (MA!th}

O

171A 100 0,24 20,8

1718 111 0,34 12.1

- . !
$5
-

SAMPLE EZE

0.1 V/piy
5 MA/DIV FOR P
10 MA/pD1v FOR B

,m*
W

L & | | |
BEEP
— 1 | |
3 ] 1.
gt |

ANANEER
EEERR =

Bt e
f 5%
» &
b ,.-)0
4
7;‘id .
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FIGURE 9

EFFECT oF SULAR CELL £8EA

o R

ON PLRrORMARCE

&;; : { 1"; )
LL

C. 3
0,41

0.47
0.47

SampLE 167

0.1 V/p1y
0.1 mA/p1v SmaiL
2 MA/Div LARGE




FIGURE 10

EFFECT OF SUBSTRATE KESIS:IVITY
ON PERFORMANCL

%
RESISTIVITY Ie Jsc fcr .
SAMPLE (a-cm) (MA) :mﬁlzﬁz) (V) F o o (plicme)

mo———

112 0.4 0,08 0. .46 1,08
113 Z 0,03 5,64 0,64 1.52

0.4 0.9 19.6 iy
2

0.11 16.9

SampLE 172

0. Vimiv
5 mA/D1v

SuRIEEER

HENEEEEEN
1ol L § 11 1]

S

P
&
¢

. . . 3 . . <
: ’ ) P ’ & % "
A
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FIGURE 11

CHEMICAL POLISHING STUDY

StupYy THE FABRICAT:iON or ScHotTky SoLaAr CELLS
USING "As-Sawn” SiricoN anD CHeMIcAL POLISHING

SAMPLE PoL1sH REsuLT
Vac Jsc P
W) e F (zemd)
111 "As-sAWK" No PHOTO-RESPONSE
117 HF, HNO3 0,31 15,8 .55 1,63
138 HF, HNO3, Acetic 0,27 4,6 .25 31
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“As-sAwN "
SILICON
Mac, = 2000

CHEMICAL
POLISHED
SILICON
mac, = 2000
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AEEA = 1.2] cwf
i L= g.u3y

o B

SUNLIGHT

30-100 MH/cM2
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FIGURE 14
ACTIVATION ENERGY
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FIGURE 16

MISCELLANEOUS

1. A SOLAR SIMULATOR HAS BEEN ASSEMELED USING A TUNGSTEN LAMP,
VARIAC, A'D WATER FiLTER., RESULTS COMPARE FAYCRABLY WITH

DIRECT SU+ DATA,
2, 124 eP1TAXIAL LAYER (202-cr) on 4 <1117, 0,001 SUBSTRATE GIVES
A 507 LoW CURRENT,

SuMMER RESEARCH PARTICIPANTS

B, LaLevic, AssocIATE INVESTIGATOR
A, DeLaHoy

S. VERrRNON

K. Ne

P. MATHE

T. Poon
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1,
2,
3.
4,
5,
6.
7.

8,
9,

10,
11,

FIGURE 17

SUMMARY OF KEY RESULTS

CrR ScHotTkY METAL OF 40-50 K IS BEST,

THE OXIDE INTERFACE GIVES HIGH Voc?

AN INTERFACE OF 5-12 A 1S PROBABLE,

HeaT TREATMENT FRoM 300-6500C cIves HieH Vy..

SPUTTERED SCHOTTKY CONDUCTIVE METAL GIVES LOW V,..

<100) cives BETTER J & F THAN <1117,

0.40-cM GIVES HIGHER J,

2 (rCM GIVES HIGHER V..

Tyco SILICON PRODUCES A PROMISING SCHOTTKY SOLAR CELL,
ACTIVATION ENERGY STUDIES MAY LEAD TO ANSWERS ABOUT THE CON-
DUCTION MECHANISM,

N8o05 AND TA9Og GIVE PROMISING ANTIREFLECTION IMPROVEMENTS,

A SIMPLE SOLAR SIMULATOR GIVES RESULTS COMPARABLE TO SUNLIGHT
ILLUMINAT JON,

F = 0.74 HAS BEEN ACHIEVED USING VACUUM SYSTEM BAKING PRIOR TO
EVAPORATION,
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1,

3

FIGURE 18

MAJOR PROBLEMS

UNDERSTANDING THE CONDUCTION MECHANISMS AND ROLE OF THE
INTERFACIAL LAYER.,

REPRODUCIBILITY OF SHEET RESISTANCE VALUES FROM RUN TO RUN,

SIMULTANEOUSLY ACHIEVING HIGH Voo, F, AND Ig(,
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FIGURE 19

PLANNED ACTIVITY FOR NEXT 6 MONTHS

BeGIN STUDIES OF EPITAXIAL LAYEKRS,

EXPAND ELECTRONIC TESTING TO IDENTIFY CURRENT FLOW MECHANISMS,
CoNDUCT MICROSCOPIC STUDY OF SILICON SURFACE AND INTERFACE,
OPTIMIZE THE FABRICATION PROCESS,

EXPAND COMPUTER STUDIES,

Stupy New AR cOATINGS,

SEND SOLAR CELLS To NASA LEWIS FOR TESTING.

INITIATE ENVIRONMENTAL TESTING AND LIFE STUDIES,

CONTINUE FABRICATION OF SCHOTTKY SOLAR CELLS USING NEW SILICON
SOURCES (IF AVAILABLE),
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FIGURE 20

PLANNED RENEWAL REQUESTS

MaJor GOALS

1, Acnieve 15% EFFICIENCY ON SINGLE CRYSTAL SILICON,
2, AcHIEVE 6% EFFICIENCY ON THIN FILM POLYCRYSTALLINE S!LICON.

PERSONNEL

AssocIATE IMVESTIGATOR IN PHysics
Assoc1ATE INVESTIGATOR IN MATERIALS SCIENCE
THREE RESEARCH ASSISTANTS

DaTe

June 1, 1976 - May 31, 1977

CosT

$40,000
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EXPLORATION OF UNCONVENTIONAL SOLAR CELLS *

C. F. Grain

Itek Corporatiom
10 Maguire Road
Lexington, Mass, 02173

Abstract

Por the past few months research has been continued on a new
concept for the production of low cost photovoltaic cells, The basic
concept is that, rather than starting with an inherently high cost
process and trying to reduce costs, we have started with a very low
cost process for depositing particulate semiconductor layers involving
emulsion coating techniques,

It has been shown that the concept is feasible and in fact
layers containing Zn0 exhibited quantum efficiencies of »50% ana power
efficiencies up to 3% with exposure to actinic light,

Significant results have recently been obtained with other
materials namely Pb,0, and CdS. Pb304 is a very high resistivity
material (p ~ 1012 ohm-cm), however, we have been able to reduce the
resistivity to values of ~107 ohm~cm, This is etill approximately two
orders of magnitude higher than desired. Nevertheless quantum efficiencies
as high as 5% and power efficiencies of the order of 0.1% to an equivalent
solar spectrum have beei obtained. Figure 1 shows the spectral
response characteristice of a typical cell,

Encouraging results have also been obtained with CdS-Cuy0
heterojunction cells., Figure 2 shows the I-V characteristics of a
typical cell, The power efficiency is " 0.152 while quantum efficiencies
are v 3%. This represents an improvement in efficiency of about 103 in
a period of about 4 months., Quantum efficiencies as high as 8% have
been obtained, however. power efficiencies were limited by low voltages.
The low voltages were the result of leakage at the CdS-Cuz0 junction,

We intend to continue our efforts on both Pbj04 Schottky
barrier devices and CdS-Cuy0 heterojunction devices. Problems to be
overcome include preparation of "good" non-leaking rectifying comtacts,
preparation of ohmic contacts and reducing the resistivity of our semi-
conductor layers.

* Supported in part by NSF Grant #AER 74-00928
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0.3 L) T T I | -
Incident light = 3 x 10°! w/em? |
— Nluminated area = 0,07 cm? |
0.2 [T — Quantum efficiency (Isc) = 3% ———
-~ Power efficiency = 0.15%
sy
0.1 ™ S,
(] ‘
2 N
g ok \ ’ 7
E \ | park
=0,1 \‘
\ Light
~0,2 X
\ \
-0.3 :

=02 =-0.1 0

0.1 0.2 0.3 0.2 0.5 0.6 0.7 0.8

V, volts

Fig. 2 — I-\ curves, Cd8-Cu,0
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(a)

(b)

(c)

(d)

(e)

TITLE: Exploration of Unconventional Solar Cells
(Grant No. AER74-00928)

ORGANIZATION: Itek Corporation, Lexington, Massachusetts
(Central Research Laboratories)

PERIOD: 6 Months (Starting November 15, 1974)

AMOUNT:  $57,800

PRINCIPAL INVESTIGATOR: Clark F, Grain

DEFINITION OF OVERALL OBJECTIVE OF PROJECT

Establish the feasibility of producing large
area, extremely low-cost solar cells based on
particulate semiconductor layers prepared by

emulsion coating techniques.

6 Months End Goal
Efficiency: 1% *a
Cost: -- n45¢/£t2(10¢/watt)
Area: 5 cmz »3 ftz

574



ACTIVITY TO DATE

Reduction of resistivity of Pby04 (via doping)
Formation of ohmic contacts to Pb30s
Investigation of atmosohere control for further reduction of p

Preparation of CdS - Cuzo hetercjunction cells

SUMMARY OF KEY RESULTS

Quantum Efficiency of 5% obtained with Pb404 layers

Quantum Efficiencies up to 8% obtained with CdS-Cuy0

Power efficiencies between 01.% « 0.2% with Pby04 and CdS-Cux0
Resistivity of Pb30s reduced from 1012 ohm-cm to 107 ohm-cm

Resistivit, )t CdS reduced to 105 ohm=-cm
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MAJOR PROBLEMS

Further reduction of resistivity of materials (e.g. Pb304)

Establish good Schottky barrier and ohmic contacts to these
materials

PLANRED ACTIVITY

Experiments to control resistivity and structural phase
a) Heat treatments in controlled atmospheres
b) Additions of impurity dopants

Investigation of contact properties
a) Various evaporated or sputtered metals
b) Effects of heat treatments
¢) Other contacts
i) Conducting paints
if) Electroless plating

‘Heterojunction devices
a) Continue improvement of CdS-Cu,0 cells

b) Investigafion of other heterojunction pairs (e.g. InO-CuZO)
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PLANNED RENEWAL REQUEST

Phase II - Reduction to Practice
12 Months: May 1975 - May 1976
$175,000

Major Goals: Fabricate Solar Cells Using Emulsion Coating
Technology and Particulate Materials
Power Efficiency >‘3% to Sunlight

Area > 100 cm2

Life > 1 Month
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N76 12500

(a)

(b)-(e)

{£)-(g)

(h)

(i)

PROCESS-INDUCED DEFECTS IN TERRESTRIAL SOLAR CELLS

We are not now a grantee or contractor in
either ERDA or NSF sponsored solar photo-
voltaic research. The results we report
have derived from research sponsored by
NASA (Grant NSG-3018) begianing June 23,
1974 and still in force at $60,000 per
year.

Authors:
F. A. Lindholm and S. S. Li
(University of Florida, Gainesville)
and

C. T. Sah
(University of Illinois, Urbana)

Principal Investigators of NASA Grant NSG~-3(C.8:
F. A. Lindholm and S. S. Li

Part of this paper was presented at the
1975 PSC Conference in May in Phoenix;
part has never been presented before.
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The expectation of good performance has prompted interest in low-
resistivity, shallow-junction solar cells for space applications. Such
devices contain, however, regions of high doping and high impurity gradients.
Hence the physics underlying their operation is complex; many different
mechanisms, traditionally ignored, compete to determine cell behavior.

Thus a major problem in understanding the operation of such cells lies
in determining which of these wechanisms are dominant and which may be
neglected. A second problew, relating to design, lies in controlling both
the dominance and the magnitude of the phenomcna via coantrolling the device
structure and the steps used in fabrication.

These problems are the main uudertzkings of our research sponsored by
NASA Crant NSG-3018. Our progrim includes collateral experimental and
theoretical efforts. At present, the experimental etiort concentrates on
the fabrication of sclar cells and related test devices, and om a detailed
characterization of the current-veltage properties and of the defects that
contribute to them ‘'The experimental tools employed in our study iunciu’ -t
current-voltage meaturement and transient-capacitance, thermally-stimulated-
capacitance and thermally-stimulated-current measurements made on pn
junction or Schottky-barrier test vehicles. The theoretical effort anticipates
the dominant contributors te the behavior that need experimental study, provides
a careful interpretation of the experimental data, and seeks full utilization
of the data in calculating its inferences on solar-cell behavior. The theore-
tical and experimental efforts interplay, each guiding the direction of the
other.

Although aimed toward very high-efficiency, low resistivity silicon
solar cells for space applications, the results of our studies reached
thus far have considerable implications for cells of materials, such as
solar-grade silicon, currently being advanced for terrestrial application.
A review of our main findings will help clariiy tuese implicatiums.

To examine the issue of dominance among the high-doping mechanisms, we
have divided them into two broad categories:

1. Gap shrinkage, as produced, for example, by band t iling, .
impurity-band widening and impurity misfit; and

2. Altered interband transition rates, arising from Auger-
impact or SRH processes or from electronic tunneling via
defects.

Which of these mechanisms predominates depends, in general, on the physical
make-up of the device, on environmental conditions such as temperature, and
on the aspect of cell performince of interest.

To provide a quantitative illustration, we have taken a concrete example:
& rhosphorous diffused n+p cell, junction depth 0.25 microns, impurity grade
constant 1023 atoms/cm&, substrate resistivity 0.1 ohm-em., Further our
cttention has centered on the measured open-circuit voltage at 300°K.

To analyze this device, we have extended the traditional analvtical
theorv of silicon solar cells to enable inclusion of the high dopiong rmechanisms,
0f these mechanisme, we have concluded that gap shrinkage, taken alone in a
one-dimensionnl mdel, falls far short of explaining the measured open-circuit
voltage. To fit the data, a gap shrinkage of 0.23 eV would be required for
impurity concentrations only slightly higher than 1018 em™ 3, which compares
to out upper-bound estimate of 0.07 ¢V for such concentrations. From a
phvsical standpoint, we predict gap shrinkage to be small hecause minority
carrivrs can exist in sizable numbers in the dark cell only where the doping

is relotively small. . ORIGINAL PAGE B
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Of all the other mechanisms described until now in this paper, we have
proposed the sharp increase in the defect demsity near the highly-doped
‘surface to be the most likely candidate to explain the data. This result
indicates the desirability of additional expceriments concerning the proper-
ties of the defects near the surface and their relationship to processing,
particularly to the processing now used in the solar-cell technology.

To this point in our review, we have considered a one-dimensional model
of the cell, the only coordinate of interest having been that measuring the
distance from the surface. But the solar cell is a large area device, and
inhomogeneities across this area could play a significant role in governing
the performance. In particular, we note the existence of a statistical
distribution of impurity clusters, thermodynamically stable, occurring in
the diffused layer, -’

Viewing the overall solar cell as a collection of sub-cells roughly in
parallel one with another, we propose that those sub-cells with relatively
high doping ani defect density can severely degrade the performance of the
overall device. Hence the area-inhomogeneity mechanism accompanying hi_h
doping could play a drminant role and establish a basic limitation on the
performance obtainable. We give experimental indications on devices of our
fabrication that suggest the importance of area inhomogeneity.

Our work on low-resistivity, high-efficiency cells has suggested the
dominant role that defects take in determining performance. For materials
being put forward for terrestrial use (EFG, WEB, polysilicon, etc.), the
characterization of the defects and their relation to the fabrication
processes used will be even more significant. Researgh similar to ours,
conducted presentiy with NASA. but extended in scope and aimed toward
teriestrial solar cells, could thwus provide valuable iunformatica to the
nation's solar photovoltzic program.
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N76 12501

GLASS-SI HETERJJUICTION SOLAR CELLS

TITLE OF GRANT
GLAsS-S1 HeTerouuncTION SoLAR CELLS

GRANT NUMBER
AER7Y4 - 17631

PERIOD OF GRANT
1 Aue, 1974 - 31 Jury 1575

VALUE OF GRANT
$313,900

AUTHOR AND PRINCIPAL INVESTIGATOR

RicHARD L, ANDERSON
DePARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING
SYRACUSE UNiVeERsITY, SYrRAcusg, N.Y.

PRESENTATION

MationaL SoLAr PHoTtovoLTAIC PROGRAM REVIEW MEETING
25 Jupy 1975
UIC.L.AI
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ABSTRACT

The purpose of this project is to investigate glass/Si heterojunctions
as solar cells of low cost, suitable for terrestrial applications. The Si is
the active material, and the glass serves as a window to solar radiation, an
antireflection coating of the Si, and a low resistance contact. Fabrication
of the cell is simple and inexpensive. Principal specific goals of the
project are (i) the fabrication of solar cells by deposition of various
window materials on single and polycrystalline Si, (ii) experimental testing
and evaluation of the cells, and (iii) the explanation of the characteristics
by the development of suitable models.

During the first six months, the concept of the heterojunction solar cell
was shown to be valid in the form of an In203 windcs on p-type sirgle crystal-
line Si. Experimental results showed the primcipal dark current mechanism in
the operating range to be recombination through interface states, and the
electron affinity of the 1n203 was found to be 0.3 eV greater than that of
the Si. This difference limits the open circuit voltage and efficiency of such
cells to a maximum of 11Z, a probable practical efficiency of the order of
7-8%. It was showm that this limitation could be overcome by a shallow diffusion
of donors into the surface of the Si. Heteroface cells of this type showed
efficiencies of the order of 92 under simulated AM1 irradiation.

During the second six months, investigations of other crystalline window
materials have been initiated. Results of measurements on Sn02/n-81, single
crystal, indicate an electron affinity difference relative to the Si of approx-
imately 0.85 eV. (The size of this difference makes impractical Sn02/p—Si
cells). Electron emission is the principal dark current mechanism. Although
their characteristics are not fully understood, they appear to function some-
vwhat like Schottky barrier cells. Under simulated AMl irradiation, data for
the best of these cells are voc = 435 nV, Jsc = 23.7 mA/cm?, and n = 6.32.

Experiments with amorphous glasses such as 0.85V205:0.15P20S show these
materials to be impractical as solar cell windows. The principal limitation
is the intrinsically high resistivity, o = 105 Q-cm. The cells tested show
high series resistance and severe suppression of photocurrent in the third
and fourth quadrants. A layer of amorphous glass between the Si and a low
resistivity crystalline glass could, in principle, increase the open circuit
voltage without degrading the curve factor or suppressing photocurrent, but
the technical problem of depositing a sound layer no thicker than a few nm

is non~trivial. Accordingly, such compound heterojunction cells are also

judged to be impractical.
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Cells of 1n203 on grown ribbon and polycrystalline Si of various grades
show characteristics differing between runs, between wafers in the same rum,
and between locations on the same wafer. With few exceptions, open circuit
voltages and cbnversion efficiencies are low, and suppression of photocurrent
is evident on many. Since these poor characteristics are also measured on
control units made from single crystal wafers, the source of the degradation
appears to be in the processing at some stage where an interfacial layer of
Sio2 is grown. Measurements of these cells suggest that grain boundaries do
not act as short circuits and that ribbon substrates are comparable to single
crystal, but the facts that an oxide layer is evidently present and that all
cells tested are 2.3 x 2.3 mmz, sawed from material with crystallites of size
varying from 0.005-20 mm, make such conclusions tenuous at best.

While the oxide layer problem delayed progress toward the project objec-~
tives, it provided data to make possible (i) the development of an explanation
of the effects of an interfacial insulating layer based on energy bands and
(11) the development of experimental techniques for the identification of such
a layer. The model allows qualitative prediction of changes in photocapacitance
with voltage and illumination and changes in I-V characteristics with illum-
ination. In particular, it predicts an increase in photocurrent suppression
with increased illumination.

Although the stage of oxide growth in the processing is not kmown, thermo-
dynamic calculations imply that some reduction by the Si of the In203 and the
SnO2 oxides is unavoidable. Whether or not a stable equilibrium is reached at
some particular oxide thickness is directly related to the question of the
stability of cells with these constitueants dnder the conditions of terrestrial
application. Data from initial experiments indicate rapid growth of 8102 inter-
facial layers on 52b2181 cells when subjected to a temperature of 200°C and
less rapid growth when subjected to xenon {llumination (without UV filters) at
an intensity of 400 mﬂchz. The same tests of In203ISi cells yield no conclus-
ive evidence of degradation.

Continued study of the stability question and the inherently connected
oxide layer problem is planned for the remaining period. Since photocurrent
suppression is a good indicator of the oxide layer, methods for its detection
and quantification will be sought. Publication of experimental results and

heterojunction solar cell theory is planned.
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FIG. 1 AER74-17631

GLASS-SI HETEROJUACTIOM SOLAR CELLS
NSF GRANT AER74-17631

DEPARTMENT OF ELECTRICAL- AND COMPUTER ENGINEERING
SYRACUSE UNIVERSITY
SYRACUSE, NEW YORK

IMNOTECH CORPORATISN
NORMALK, CONN.

PERIOD OF GRANT: 1 Au6. 1974 - 31 JULY, 1975
FUNDING: $313,900

PRINCIPAL IHVESTIGATOR:

R.L. ANDERSOR
SYRACUSE UNIVERSITY
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F16. 2 AER74-17631

OVERALL OBJECTIVES OF PROJECT

THE PURPOSE OF THIS PROJECT IS TO INVESTIGATE
GLASS-SILICON HETEROJUNCTIONS AS SOLAR CELLS OF LOW
COST, SUITABLE FOR TERRESTRIAL APPLICATIONS. THE
PRINCIPAL SPECIFIC GOALS ARE:

A) THE FABRICATION OF GLASS-MONOCRYSTALLINE
SI AND GLASS-POLYCRYSTALLINE SI HETERO-
JUNCTION CELLS.

B) THE EXPERIMENTAL TESTING AND EVALUATION
OF THESE CELLS.

C) THE EXPLANATION OF CELL CHARACTERISTICS
BY THE DEVELOPMENT OF SUITABLE MODELS.

Incident Radiation

Load

window § z
o
Silicon

1
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FIG. 3 AER74-17631

A

B)

C)

)]

ACTIVITY PLANIED FOR 1 JAN - 30 JUIE, 1975

INVESTIGATION OF THE FOLLOWING WINDOW MATERIALS OM
SINGLE CRYSTAL SUBSTRATES

1) CRYSTALLINE METAL OXIDES: SNOZ, Co0, Zn0 . . .
2) AMORPHOUS GLASSES: V205, TIOZ, V205:6502 e

INVESTIGATION OF THE FOLLONING LOW-COST SUBSTRATES
WITH Ing03 WINDIWS

1) Grown RIBBON SI
2) VARIOUS GRADES OF POLYCRYSTALLINE SI

DEVELOPMENT OF HIGH EFFICIENCY HETEROFACE SOLAR CELL

DEVEI.OPMENT OF HETEROJUNCTION THEORY
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FIG.

I.

II.

I11.

IV,

vV,

VI

AER74-17631

OUTLIME OF PROGRESS

VALIDATION OF HETEROJUNCTION SoLAR CeLL CONCEPT

CRYSTALLINE WINDOWS

AmORPHOUS WINDOWS

ALTERNATE SUBSTRATES

INTERFACE BARRIER LAYER EFFECTS

STABILITY OF CELLS
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F16. 5

IN203/SI CeLLs
REASONABLY WELL UNDERSTOOD
AE. = 0.30 gV

DARK CURRENT MECHANISM
RECOMBINATION VIA INTERFACE STATES

Max 77 2 112

Max N % 7-8%
PRACTICAL

PAX R exp 2 5~6%

2l
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FIG. 6 AER7U4-17631

HETEROFACE CELLS

1 Run mADE

ExcessiVE RESISTANCE BETWEEN IN203 AND Si

w 4nyend)

-3

/S S, Sl /)
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FIG. 7 AER74-17631
SN0p/S1 CELLS

SOMEWHA r UNDERSTOOD

?
AE, 250.85 &V

DARK CURRENT MECHANISM: ELECTRON EMISSION
PHOTOCURRENT MECHANISM: RECOMBINATION AT INTERFACE

Max Yl NOT DETERMINED

Ev2

A,
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FIG. 8 AER74-17631
SNOZ/N-SI
Best ResuLTs
JoWed) Y . N
SINGLE CRYSTAL
0.23 cm x 0.23 cM 24 0.435 6.3
LATE ResuLTs
Jsc Vac n
SINGLE CRYSTAL _
2cMx2cn 29 0.523 9.4
lowxlcm 29 0.521 9.9
PoLy (GRAIN S1ZE?)
2c¢cvxX2cM 27 0.469 6.9
lemxlcm 26 0.470 7.2
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FIG. 9 AER74-17631
AMORPHOUS GLASS WINDOW

IMPRACTICAL

eMlN >105",)"CM

Rs TOO LARGE

PHOTOCURRENT SUPPRESSION
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FI6. X AER74-17631

COMPOUND HETEROJUMCTION

IMPRACTICAL
WINDOW
THIN —
AMORPHOUS LAYER
S1

PHOTOCURRENT
SUPPRESSION
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FI6. 11 AER74-17631

Ing03/P-S1 CELLS

suBsTRATES USED (0.23 cm x 0.23 cm) BEST T \&%
SINGLE CRYSTAL 4.3
R1BBON 3.4
POLYCRYSTALLINE St

LARGE GRAIN 2.9

METAL GRADE 0.5

CVD oN S.C. SUBSTRATE 0.97

CVD ep1 ON RECRYSTALIZED

MET GRADE (CHu) 1.4
SINGLE crRYSTAL (1 cM x 1 cm) 1.6

MAX Voo 0323V
max Jg, 25 /el

LATE ResuLTs
2 P
Jsc (MA/cM%) Voc V) n *)

SINGLE CRYSTAL

2cMXx2cM 24 0.323 4,1
lcemxlcm 25 0.343 4.9
poLY (GRAIN SIZE?)

2cMXx2cM 24 n.257 3.3
lcmx1lcwH 24 0.359 4,6
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FIG. 12 AER74-17631

S10, INTERFACIAL LAYER

COMPETING MECHANISMS

TUNNELING —> PHOTOCURRENT

RECOMBINATION —> PHOTOCURRENT SUPPRESSION
VIA INTERFACE

STATES
/ PHOTOGENERATED ELECTRONS
N
S1
£, $
]
‘ o
In,0O3 — )
[ ]
/Sﬂﬂf '
' S1 02
e
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FI6. 13 AER74-17631

3102 INTERFACIAL LAYER
EFFecTS

A) DECREASE I0
IF IPH 1S INDEPENDENT OF V

TS
Voo = 18- LN(Jfg+1)

AND Voc 1S INCREASED

B) SUPPRESSION OF PHOTOCURRENT FOR THICKNESS  2-3 NM
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FIG. 14 - - AER74-17631
S10o INTERFACE LAYER

ORIGIN OF S10) LAYER UNKNOWN

PROCESSING?

SN02 +S1 —>Sn + 8102
IN203 + % S1 —> 2In + ; 8102

AT ROOM TEMP
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OPEN CIRCUIT VOLTAGE
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NS

&5
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.3
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-

®EI530 30 w0 50 6o

STRESS TIME. IN HOURS

255

-10
61 Hours -

12 Hours
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\\ INITIAL
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OPEN CIRCUIT VOLTAGE (V)

FIG, 16 AER74-17631

DEGRADATION OF OPEN CIRCUIT VOLTAGE
UNDER 400 mit/cv? YENON LAMP ILLUMINATION
CELL 280451-7, SNOp/N-S1 .

(ﬁl imz: V. goes down /R4 1n b0 hes. )

0.5

0.4f

oaf

0.1

0 o —z—b vy 1) 5

EXPOSURE (HOURS)
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F16. 17 AER74-17631

SUMMARY OF KEY RESULTS

I, EXPERIMENTAL STUDY AND MODEL OF In0s/S: CELLS
ESSENTIALLY COMPLETE. MODEL PREDICTS 7,,,, ~11-13%
AND HIGHER EFFICIENCIES FOR Iny03/N*-P-Si CELLS.

I1.  EXPERIMENTAL STUDY AND MODEL OF SnO,/N-S1 CELLS NOT
COMPLETE, BUT THESE SHOW PROMISE FOR TERRESTRIAL
APPL :CATION IF STABLE. EFFICIENCY REALIZED 6.3Z.

111, AMORPHOUS WINDOWS OR LAYERS SUPPRESS PHOTOCURRENT,
NOT PRACTICAL FOR SOLAR CELLS,

IV, INTERFACIAL S10, LAYER SUPPRESSES PHOTOCURRENT AMD

INCREASES SERIES RESISTANCE. SUPPRESSION INCREASES
WITH ILLUMINATION,
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F16. 18 AER74-17631
MAJOR PROBLEMS

I. TECHNICAL
A, Limimation o V. 3y AE,
B, PHOTOCURRENT SUPPRESSION
C. Hied Series Res'STANCE
0. PooR ReprODUCIBILITY

1. SCHEDULE
A. StarT-up TiME Too SHORT
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FI6. 19. AER74-17671
PLANNED ACTIVITY

1. INVESTIGATE STABILITY OF CELLS

[1. INVESTIGATE INTERFACE LAYER EFFECTS

[11. DEVELOP METHODS FOR DETECTION OF PHOTOCURRENT SUPPRESSION

IV. PUBLISH EXPERIMENTAL RESULTS AND THEORY OF HJSC's
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WHAT SHOULD BE DONE?

I.  INVESTIGATE THE THERMODYNAMICS OF VARIOUS
WINDOW MATERIALS ON Si, GaAs, .... .

II.  INVESTIGATE THE CHEMICAL KINETICS OF INTERFACE
REACTIONS. '

I11. DEVELOP EXPERIMENTAL TECHNIQUES FOR ANALYSIS
OF INTERFACIAL LAYERS.

IV. DEVELOP METHODS FOR DEGRADATION MEASUREMENT.

V. DEVELOP QUANTITATIVE THEORY OF utGRADATION.
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N76 12502

SURFACE SCIENCE APPLIED TO THE DEVELOPMENT OF ECONOMICAL
PHOTOVOLTAIC SOLAR CELLS

1) The effect of dopants on chemical vapor deposition - a surface potential
model.

2) Surface segregation of impurities,
3) Silicon recrystallization using a thin Al - layer on carbon,

4) Effect of structure and impurities on surface states.

SURFACE STRUCTURE AND ELECTRONIC PROPERTIES OF MATERIALS
AG 742 $ 87,500

Jan. 1, 1975 - July 1, 1975

W. J. Siekhaus

Energy and Environment Division
Lawrence Berkeley Laboratory

G. A. Somorjai

Inorganic Materials Research Division
Lawrence Berkeley Laboratory

AVS - Chicago 1974
ASME - Palo Alto 1974
ACS - Chicago

International Sum mer Course - Procidia, Sicily 1975
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PROGRAM OBJECTIVE

ANALYZE INFLUENCE AND BEHAV]'
AND INTERFACES

‘R OF SURFA

DURING CVD FILM DEPOSITION
EFG SHEET FORMATION
CELL LIFE

DETERMINE AND LEARN TO UNDERSTAND, TO CORRECT
AND TO USE THE EFFECT OF CHEMICAL COMPOSITION
AND PHYSICAL STRUCTURE OF SURFACES AND INTER-
FACES ON ELECTRONIC STATES.
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The objective of this grant is to employ surface science to the problems
associated with the development of economical thin film solar cells:
to understand and control the mechanism of chemical vapor deposition,
to study rubstrate - film interaction, to analyze impurity segregation
onto surfaces and gra.n houndaries, to determine the effect of selected
impurities on grain growth and to investigate the effect of structure
and impurities onto surface states.

We have developed a surface potential model to explain dopant effects
on chemical vapor deposition. Auger analysis of the interaction between
allotropic forme of carbon and eilicon filme has shown S$i-C formation
for all forms but glassy carbon, LEED intensity measurements have
been used to determine the mean sqare displacement of suriace atoms
of silicon single crystals, and electron loss spectroscopy has shown
the ¢ ‘fect of structure and impurities on sur‘ace states located within the
band gap. A thin film of Al has been used to enhance film crystallinity
at low temrerature,

At the present time we perform chemical vapor deposition under
externally applied electric fields to test the surface potential model
of chemical vapor deposition. We use Auger spectroscopy to identify
impurities segregating onto surfaces and interfaces, and we are investi-
gating with electron loss spectroscopy the effect of do- nts on surface
states.

Future experiments are planned to determine dopant spatial distri-
bution on the surface during chemical vapor deposition, the effect
of dopants on chemical vapor deposition reaction kinetics using modulated
molecular beam analyris, and the effect of impurities on the activation
energy for recrystallization. We plan to use UV electron spectroscopy
together with improved energy resolution electron loss spectroscopy

to determine absolute energy levels of impurity induced surface states,
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GRAIN BUUNDARY SEGREGATION OF BORON IN POLYCRYSTALLINE FILMS.

Experimental results reported in J.Electr.Chem.Soc. ( first
graph - page suggest, that in chemical vapor deposition together
uith Boron doping the grain boundary will be completely covered
with a monolayer of dopant before doping im the grain can be
achieved.

To check this hypothesis, polycrystalline films were deposited
onto single crystal substrates covered with a thin nitride layer.
Deposition was done by CVD using SiCl with B 1  doping by
Applied Materials Corporation to a th:ckness §f6200 M. Estimated
concentration of B 1s 6.6 x lolslcm3.

The next few graphs show, that polycrystalline silicon, under the
conditions investigated up to now almost exclusively fractures
by cleavage.

Consequently, Scanning Auger Analysis of fractured surfaces allows
up to now no consistent analysis of grain boundary segregation.

/ Efforts continue to find suitable conditions, and an alternate

approach to find surface segregation is presented in the next

section./
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N76 12503

Dopant Gas Ef’ect on Silicon Chemical Vapor Depositions
A Surface Potential Model
Chin-An Chang"

Inorganic Materials Research Divigion, Lawrence Berkeley Laboratory,
Univervity of Califor..ia, Berkeley, California 9420

A surface potential model is proposed to consistently explain the known
dopant gas effects on silicon chemical vapor deposition. This model predicts
that the effects of the same dopant gases on the diamond deposition rate using
methane and carbon tetrachloride should be opposite and similar to those of

silane, respectively. Available data is in agreement with this prediction.

*Present address: IBM Thomas J. Watson F. 2search Center,
Yorktown Heights, New York, 19598
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Chemical vapor deposition (CVD) has been widely used for thin filin
depositions. This technique is especially applicable to thin film silicon solar
cells. Deposition rate of a few microns per minute can be easily obtained,
and p-n junction can be made by mixing silicon chemical vapors {CV), such as
silane and silicon tetrachloride, with depant gases, like diborane and phosphine.
In generai CVD of silicon is carried out at a substrate temperature around
1060 to 1200°C, and single crystal silicon wafer is used for an epitaxial growth
of thin films. However, for an economic thin film solar cell, non-crystalline,
and oftentimes non-silicon substrates, are required. Furthermore, inter-
action between the substrate chosen and the silicon thin film deposited should
be kept minimal. For example, at a substrate temperature around 1200°C,
silicon thin films deposited on graphite show a significant diffusion of silicon
and carbon and the formation of silicon carbidel . Much less diffusion is noted,
however, when the substrate temperature is below 800°Cz. Similar high
temperature interaction between the silicon films deposited and other types of
substrate has also been reported3. Preferably, one should use the lowest

possible substrate temperatures to minimize such interactions and diffusions.

At low substrate temperatures, however, other problems arise. First,
silicon film deposited is polycrystalline with small grain sizes4. Second,
much lower deposition rate than that at high substrate temperature is obtained
using the CVD techniques. Small grain size means a shortening of lifetime for
the charge carriers due to trapping by the grain boundariesb; low deposition
rate makes CVD a non-economic technique for depositions. To solve the
former problem the author has developed a technique to increase the silicon
crystallinity at low substrate temperatures7. An enhancement of two to :our
orders of magnitude is obtained for the silicon films deposited on quartz and
graphite at 600°C substrate temperature7' Z. Our next goal is to increase the
deposition rate of low temperature CVD. As part of our effort toward this
goal we describe in this paper a conceptual model which could lead to 2 better
understanding of the existing information on the variation of CVD deposition
rates. This model is shown to consistently explain the known dopant gas
effects on the deposition rates of silicon chemical vapors and correctly pre-
dicts for those on carbon chemical vapors. The implications and application:

of this model to other studies are also discussed.
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It has been known that silicon deposition rate using silane, SiH4. and
silicon tetrachloride, SiC 14, is increassed by diborane, BZH6' and decreased
by phosphine, PH3. and arsine, A3H3 . Existing theories considering active
site l:»locking8b and strong bonding between the CV molecules and dopant gas
moleculessc have not been advanced enough to explain the known effects in a
consistent way, nor can they be used to predict the dopant gas effect on other
CV molecules. In our approach we make use of the fact that diborane, a p-type
dopant gas for silicon, gives an opposite effect on the deposition rate of silicon
chemical vapors from those by phosphine and arsine both of which being n-type
dopant gases. This implies a possible correlation between the electronic
structur< of the dopant atoms with the observed effects cited. The mechanism
involved in the CVD process is first analyzed, in order to see how this property

can be incorporated into the deposition process.

Chemical vapor deposition can be viewe1 as a two-step process: adsorp-
tion of the CV molecule on the substrate surface followed by its thermal decom-

position. As an example, deposition of silane follows

SiH, (gas) — SiH

4 (adsorbed)

The thermal decomposition part involves a transfer of thermal energy from the
substrate to the CV molecule needed for its decomposition. At a fixed substrate
temperature, the maximal amount of thermal energy which can be acquired by
the CV molecule is constant. The efficiency of this energy transfer, however,
depends on the residence times of the CV molecule on the substrate surface.

In other words, for an effective decomposition of the CV molecule to take place
on the surface, a sufficient amount of thermal energy necessary for such decom-
position should be transferred to the CV molecule before it desorbs from the
surface. Therefore, at a fixed substrate temperature, decomposition of the

CV molecule will be determined by the adsorption efficiency of this molecule

on the substrate surface. This argument is in agreement with the work of
Farrow who found that silane adsorption is the rate limiting step for the
deccmposition of this moleculesb. Accordingly, at a given substrate tempera-
ture, any factors which enhance the adsorption rate of the CV molecule should

also enhance its decomposition and therefore its deposition rate. Our problem
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is thus simplified to that of the effect of dopant gas on the adsorption of silicon

chemical vapor molecules.

From the chemical point of view, silane has the partially ionic sif -H
bondsq. Being tetrahedral, such a molecule possesses no net cdipole momentlo.
However, the ic;nic character mentioned would make silane a molecule with
four negatively charged hydrogen atoms surrounding a positively charged
silicon atom in the center. Such a molecule would be attracted by a surface
with positive surface potential and be repelled from one with negative surface
putertral. In other words, making the surface potential more positive would
.. :.lzne better and enhance its adsorption rate. The same argument applies

-licc 1 tetrachloride which has Si+-Cl— ionic bonds, similar to those in

ANee.

Next, we study the effect of dopant gas on the surface potential of a
substrate. Diborane, arsine and phosphine thermally decompose to release
boron, arsenic and phosphorus atoms, respectively. These atoms then adsorb
on the surface and become doped into the silicon film deposited. As mentioned
earlier, the observed deposition rate dependence of silane and silicon tetrachio-
ride showed possible correlation with the electronic structure of the dopant
atoms. Furthermore, during silicon CVD, there is always a silicon surface
with freshly adsorbed silicon and dopant atomsll. Our problem is therefore
similar to the study of the effect of dopant atoms on the - ce potential of a
silicon surface. Supporting this approach is the experimenial observation that
when the substrate is covered with a monolayer of boron atoms, the depcsition
rate of silane is the highest among the depositions using the silane-diborane

. 8c
miytures .

First, we define a reference surface to be a silicon surface with only
adsorbed silicon atoms. This is the case when pure silicon chemical vapor is
used. A boron adso.bed silicon surface can be seen to be different from the
reference one, Roron, being a p-type dopant and ¢lectron deficient relative to
silicon, should, relative to the reference surface, lower the local electron
density on the surface silicon atoms around th> adsorption site. This would

increase the electron affinity of tae silicon surface onto which boron is
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adsorbedlz. The effect on the surface potential is seen from the relation

defining this propertylz.

Here EF' EI' EV are the energies for the Fermi _:vel, intrinsic level and top
of the valence band, respectively, S stands for surface, ®and ¢ are photo-
electric threshold and work function, respectively. Furthermore, ®= X + EG’
X is the electron affinity, and EG’ the band gap between the bottom of the
conduction band and the top of the valence band. An increase in electron
affinity, on the surface is seen to make the surface potential more positive than
the reference surface defined abovel3. Such a surface would then atiract
molecules like silane and silicon tetrachloride. This should enhance the adsorp-
tion and therefores the deposition rate of these molecules. On the other hand,
phosphorus and rsenic, which are n-type dopants an electron-excessive
relative to silic bn, would make the surface potential more negative thar the
reference one. Accordingly, the deposition rate of silane and silicon tetrachlo-
ride should be lowered when they are mixed with phosphine and arsine. The
observed dopant gas effect on the deposition rates of silicon chemical vapors is

thus satisfactorily explained. These results are summarized in Table I.

An immediate test of the proposed model is to choose some CV mole-
cule of different boading character from that of SiH4 and SiCl4. Different
dopant gas effect on the deposition rate of this chosen CV molecule should then
be expected. One such molecule is methane, CH4. Methane is also tetrahedral
but has the C~ -H' type of ionic bonds. The hydrogen atoms are partially posi-
tively charged in methane, opposite to that for silane. The dopant gas effect
on the deposition rate of methane should then be just the opposite of that for
silane. When one goes to another carbon CV molecule, carbon tetrachloride,
CCl4. however, the dopant gas effect should be similar to that for silane.

This is because of the C'=C1” ionic bonding character of this molecule. The

predicted dopant ras effect for methane and carbon tetrachloride are also

lisced T vle 1. For a meaningful test of our model to carbon CVD, data on

t. . "I} Tapcsition should be used. Diamond film has the similar

st. v 1 filin, and differs from the layer structure of a graphite
The tl. i.terature data on the dopant gas effect on diamond
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Table I. Predicted and observed dopant gas effects on the deposition rates of

iqs . %
silicon and carbon chemical vapors

SiH SiCl 4 CH CCl

4 4 4
Bonding
sit - H- si" - c1© ¢ -wut ct - c1
Characters
BZH6 1 1 I
2 2 b
PH3 D 1 D
a
AsH3 D D I D
a

3%

I and D indicate an increase and decrease, respectively, in deposition
rate. The first row for each dopant gas is for the predicted effects, the

second row for the observed effects.

a. Ref. 9.
b. Ref. 14.

deposition concerns the methane-diborane system14. The results clearly show
from that observed using only methane. This is just the effect predicted by our

model,

Although limited by the existing information for a full test of our model,
agreement with the available data is encouraging. It is therefore worthwhile
to point out some useful works, both experimental and theoretical, that are
necessary for a better understanding of the CVD process. (1) Experiments

for the lackiny information listed in Table I should be carried out for a complete
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test of our model. (2) Our model descrives the dopant gas effect through the
dopant atom effect on the surface potential. This can therefore be tested by
applying a bias voltage to the substrate and observe its effect on the deposition
rate of pure CV molecules. Similarly, an eiectric field can be applied to the
surface and tested for its effect on the deposition rate of each CV molecule.

(3) Surface properties for silicon and diamond should be studied in the presence
of adsorbed boron, arsenic and phosphorus atoms. This includes surface pro-
perties such as the surface states and work function. Such study would allow

a direct understanding of the adsorbed dopant atom effect on the surface pro-
perties and is essential to our final understanding of the problem discussed in
this paper. (4) Theoretical calculation on the interactions between an adsorbed
dopant atom and another adsorbed CV molecule is also very important. Such
interactions could be long ranged and involve coupling with the surfacels.
Calculations of the interactions described 1n this paper could be very difficult
at the moment16 but certainly are necessary for a better understanding of the

adsorption mechanism.,

Once the suggested experiments are shown to support our model proposed
here, ‘t will then be possible to increase the deposition rate of CVD at low
temperatures. By adjusting the surface potential according to the principles
described in this paper one should be able to increase the deposition »ate beyond
the current limit. One can also choose the right combination of CV molecule
and dopant gas that allows the maximal increase in deposition rate. Examples
from Table I are SiH4-B2H6, CH4-PH3, CCl4-BZH6, etc. The remaining
limiting factor will then be the amount of thermal energy available at low
temperatures. One needs then to find a compromise between the maximal
thermal energy needed and the minimal interaction and diffusion allowed between
the deposited thin film and the substrate chosen. All these principles should
also be applicable to the CVD of other types of thin films, such as those for
Si3N4. SiC, W, etc.

Finally, since our model is concerned mainly with the eifect of one
adso.bed species on the adsorption of another mo.ecule, this work should also
be useful to surface catalysis studics. In surface catalysis molecular adsorp-

tion plays an essential role before dec.omposition or chemical reaction takes
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place. By varying the surface potential as described in this paper one should
observe changes of the chemical reaction rates between adsorbed molecules.
This should allow a better understanding and control of the chemical reactions
under study. In addition, v rying the magnitude and sign of the surface potential
should provide impo: iant information on the formation and strength of the
chemisorptive bonds between the adsorbed molecule and the surface. Again,
more experimental and theoretical work along this lire are needed to further

advance our idea to surface catalysis.
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ENHANCED CRYSTALLINITY OF LOW TEMPERATURE
DEPOSITED SILICON FILMS ON GRAPHITE SUBSTRATES

%*
Chin-An Chang and Wigbert J. Siekhaus

Inorganic Materials Research Division, Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720

ABSTRACT

The previously developed technique for silicon crystallinity
enhancement in silicon films deposited at low temperature is
applied to graphite substrates. The measur .d increase in silicon
crystallinity is comparable to that observed earlier using a quartz
substrate. The distribution of aluminum in the silicon fili.is is
determined using Auger spectroscopic depth profiling. Carbon
diffusion from the substrate into the silicon film is shown to be

negligible at a substrate temperature of 600°C,

In a previous paper we have shown a technique to enhance silicon
crystallinity at low substrate temperatures for vacuum deposited silicon thin
films.! An ultrathin Si-A1-Si (100A-5004-100k) sandwich coating was used
prior to silicon deposition. The silicon films thus deposited show a lower
limit of 5p for the silicon grain size., Optical microscopic measurement of the

etched fiims further show that silicon grains as large as 200u are produced.2

*Present address: IBM, Thomas . Watson Research Center, Yorktown
Heights, NY 10598
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In this work the same technique is applied Lo graphite substrates. Graphite
is chosen because of its desirable properties as a substrate material for silicon
thin film solar cells. Earlier work in which silic-n films were deposited on
graphite at high temperature showed significant diffusion of silicon and carbon
into each other and the formation of silicon carbide, 3 Later work showed that,
at 2 substrate temperature below 800°C, much less diffusion was observed.Z
Therefore, the Si-Al-Si sandwich coating technique should be applicahle to the
graphite substrate at 600°C to enhance silicon crystallinity without significant
SiC formation. In addition, the difficulty encountered in our earlier study in
determining the aluminum distribution is solved in the present work with a.

extra silicon coating as described later.

Silicon and aluminunr wer: vacuum deposited onto graphite and quartz
using conventional electror beam heating. The deposition rate was ca 40k /min
for both Si and Al. " er experimental parameters and Auger depth profiling

. . 1
measu.ement have heen described elsewhere. !

Commercial extruded graphite
and fused quartz were used. Graphite substrates cut from a rod were used in
both the unpoli-'1ed and polished torm. The latter was polished on Grit 320

SiC paper. Both graphite and quartz substrates were used in each deposition,
the latter heing used as a reference to be compared with the earlier work.
Substrates were outgassed at 800-900°C before deposition in a vacuum of 1 x

108 Torr.

An ultrathin Si~-A1-5i (lOOA-SOOA-IOOL) sandwich layer was first deposited
onto the substrates which were neld at room temperature. The substrates were
then heated to 600°C and a thick silicon film of ca 2000-3000A was deposited.
Without further annealing the substrates were cooled down to room temperature
and another layer cf silicon (ca 3003~) was deposited. Thie last silicon coating
is shown to be necessary to prevent the oxidation of aluminum, most of which
stays near the surface of the ﬁlrn.l It also eliminates the presence of SiOZ
in the aluminum-rich region after exposing the film to air, since SiOZ tormation
is restricted to a few r..onolayers., This technique allows reliable Auger deter-

mination of the aluminum distribution in the silicon film.
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In ¢ .is work we present the X-ray diffraction patterns of the silicon films
depositec. on graphite and quartz. In our earlier workl gilicon films deposited
¢ gLzr = showed a highly preferred (111) orientation with the 220/111 peak
intensi y .at0 of ca 10-20%. Transmission electron micrograph of the same
films s. cwed spot diffraction pattern which implied a lower limit of S5u for the
silicon . ~ain sizes. Since the same deposition technique is used in both sl’.udies.4
¢  3: ¢ o of silicon prefer. . orientation from the 220/111 intensity ratio is
taken 235 a measure ~f the crystallinity enhancement over the pure sgilicon films
deposited on quartz at 600°C. The latter showed both a powder-like X-ray
diffraci‘on pattern, with 220/111 being ¢ . 60%, and diffused electron diffraction

rings.

Figure 1 shows the X-ray diffraction pattern for the silicon films deposited
on graphite. Also shown is the X-ray diffraction of a Si filmm deposited on quartz
which is obtained from the same experiment and is used as a reference. The
220/11! intensity ratio is ca 25% and 16% for the silicon films on graphite and
quartz, respectively. Unpolished graphite was used in this case. Similar
results were obtained using polished graphite substrates. These compare very
well with the earlier work. Also seen in Fig. 1 is the (111) peak of aluminum
which was not observed in our earlier work. This indicates the necessity of the
described final silicon coating for the observation of aluminum. Auger depth
profiles for the same films are shown in Fig. 2. Silicon film deposited on
quartz shows a higher concentration of aluminum near the surface than in the
bulk film. This confirms our earlier observal:ion.l For the silicon film on
graphite, the aluminum concentration stays nearly the same and is lower than
on quartz. Also observed is the diffusion of both aluminum and silicon into the
graphite substrate. Quantitative determination of the aluminum distribution in
graphite is difficult due to the scattering of data and an uncertainty in the

sputtering rate of graphite.

The aluminum distributions described above are consistent with the
obser-ation that the aluminum (111) peak is more clearly seen in the silicon
film on quartz than in the silicon film on graphite. Ca -)on diffusion from the
graphi.e substrate into the silicon film is also shown tc ".e negligible from
Auger profiling, in agreement with earlier work. 2 In several cases silicon

c-&
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dep -sition was made with a different Si-Al-Si sandwich coating. Using a Si-Al-
si (100A-5004-100}) sandwich coating, the silicon 220/111 intensity ratio was
found to be similar to that using the Si-Al-Si (1008-500k-100) coating.

In summary, our results indicate that, using graphite substrates, an
enhancement in silicon crystallinity can be obtained which ic omparable to that
using quartz substrates. Carbon diffusion into the silicon film is shown to be
negligible at a substrate temperature of 600°C. Silicon diffugsion into the graphite
substrate is also low compared with that at 1200°C substrate tempera.ture.s
Furthermore, graphite in the unpolished form gives enhancement in silicon
crystallinity similar to that on polished graphite. This may prove to be a further
favorable economic factor in using graphite as a substrate material for silicon
thin film solar cells.

This work was suppor.ed by the U. S. Energy Research and Development
Administration,
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FIGURE CAPTIONS
Fig. 1. X-ray diffraction patteras for the silicon films deposited on (a) graphite,
and (b) quartz, using the Si-Al-Si sandwich coating technique.
Fig. 2. Auger depth profiles for the silicon films deposited on (a) graphite
(a) graphite, and (b) quartz, using the Si-Al-Si sandwich coating

technique, Sputtering rate of the silicon films is ca 50A/min for (a)
and ca 30A/min for (b).
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Electron Energy Loss Spectroscopy of the Silicon (ll}) Surface

The motivation behind this study is mainly two-fold:

(1)’

(2)

In dealing with the usual bulk properties of solids, one always
assumes having a crystal with translation symmetry so that one
never has to worry about surface effects. However, when we study
a specimen using a probe which is sensitive to a few atomic layers.
or when we have a specimen which has a large surface-to-volume
ratio such as a thin film or micro-particle, surface effects become
important. It is therefore interesting to see what the effects are
and how they differ from those of the bulk.

In order for silicon solar cells to be economically corhpetitive with
conventional energy sources, we are forced to consider usiag thin
gilicon films because of high material cost. In using thin fiims, we
are faced with several problems which lower the efficiency con-
siderably, viz. (a) film-substrate diffusion, in which the substrate
material can diffuse into the film and hence increases the resistive
losses, (b) imperfections and grain boundary scattering and trapping
and (c¢) dominant surface effects because of large surface-to-volume
ratio. It turns out that the existence of the surface introduces sur-
face states which can act as electron traps, thereby decreasing the
conversion efficiency. Therefore, our aim is to remove all such
surface traps. However, we cannot do this without a detailed know-
ledge of what these surface states are and where they are located

in the band structure, because the effectiveness of a surface state
as an electron trap depends critically on its location in the band
structure. (In fact, the closer the state is to the mid-gap region,
the more effective it is as a trap.) Once the location is known, we
can then proceed on to introduce some impurities on the surface
and study the effects of such impurities on the surface and study

the effects of such impurities on the surface states. One such
impurity we have studied is oxygen.
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Experimental Procedures

The experiment was performed in an ion-pumped stainless steel ultra-high
vacuum system. capable of reaching pressures of 2 x 10-? torr or below. The
specimen was a 2500 ohm-cm p-type silicon crystal oriented along the (111)
direction, which was polished and degreased prior to introduction into the cham-
ber. The loss spectroscopy was performed by PHI 15-25G Auger electronics
at a primary energ of 100 eV with a resolution of approximately 1 eV. Ata
higher primary energy, we have a fairly good understanding of the energy loss
process, but with a poorer resolution. The reverse is true for low primary
energies. The present choice is considered to be optitnum as far as the loss
process, resolution, relative contributions from the bulk and the surface are

concerned.

Two surface structures have been studies, viz. the disordered surface
and the (2x1) surface. The former was obtained by argon ion bombardment
whereas the latter was obtained by cleavage at room temperature. The loss
spectra were observed as a function of exposure to oxygen, which was introduced

to the system by means of a leak valve.

Results & Discussion

The results we obtained bear close resemblance to those of Rowe and
Ibach on the silicon (111) — 7x7 surface. In Fig. 1, we show the loss spectra
of the silicon (111) — 2x1 surface as a function of oxygen exposure. On the clean
surface, bulk and surface plasmons were observed at loss energies of 16.5 eV
and 10. 6 eV respectively. The 5 eV transition is possibly a bulk transition.
Three surface state transitions were observed, viz. Sl at 2.5 eV, SZ at 7.4 eV
and S3

slightly different energies. The So transition at ~0. 6 eV as seen in high resolu-

at 14,5 eV, which were also found on the Si(111) — 7 x 7 surface, at

tion energy” loss spectroscopy is lost in the elastic background: however,
according to a recent theoretical calculation on the 2 x 1 surface the S0 and Sl
transitions have similar initial states and are therefore directly correlated.

By exposing the surface to oxygen, the S1 and 53 transitions practically disappear
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at a coverage of 0.1 monolayer, while SZ increases. Combination with UPS
data shows that this is probably due to an oxygen transition. At a coverage of
0. 5 monolayer. the plasmon peak splits and this is clearly observable at

0 =0.65 The effect was explained by Rowe and Tbach> as due to an oxygen
transition close to the surface plasmon peak. One also notices a continuous
shift of the bulk plasmon peek towards higher energies at increasing oxygen
coverage. At the same time, a loss peak at 3.3 eV appears and becomes well
established at monolayer coverage. This can also be attributed to an oxygen

transition.

The loss spectrum obtained on the clean disordered silicon (111) surface
is identical to that obtained by Rowe and Ibach. 3 The variation of the spectrum
as a function of oxygen exposure is similar to that on the (2x]l) and (7x7) sur-
faces, except for one important difference, viz. the plasmon splitting is observ-
able at a much lower coverage of ~0.1-0.2 monolayer. According to the die-
electric theory, this is probably due to the larger energy for the oxygen transi-
tion (11.5 eV instead of 11 eV on the 7x7 surface). This is physically reasonable
because both on the (7x7) and (2x1) surfaces, the structures are relaxed to have
stronger back-bonds, leaving a positive weaker potential (due to the silicon ion)
on the vacuum side of the interface. Therefore, ELS ¢‘ves us further information
on the relative potential strengths under different surf: . conditons.

[ 4
Future Studies

From these studies, one observes that on the disordered and the (2x1)
surfaces one monolayer of oxygen is very effective in removing surface states
and the states it introduces are deep in the valence band. The only drawback is
that the Si-O system is not very stable. Stabilization by further oxidation is
possible, but will pose difficulties in making electrical contacts to the surface,
which are necessary in solar cell fabrications. So, we are now diverting our
attention toward the Si-Al system. Aluminum, besides being a conductor and
a dopant, has been used successfully to enhance crystal growth of silicou films

at 600°C, 4 and is therefore an interesting material to pursue.
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At the same time, we are looking into the possibility of using LEED
rotation diagrams as a means of locating surface states, both occupied and
empty in the band structure, by using a recent theory on the effects of surface
states on LEED measurements. > This, together with the results from ultra-
violet photoemission studies will give us a complete picture of the surface states

in silicon, of different surface structures and with different adsorbates.
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Phosphorus Segregation in Single Crystal Silicon

A 1 in. diameter, p-type, 2. 5K Q-cm silicon single crystal wafer was
diffused at 1000° C with phosphorus for 14 hrs. The source was an Emulsitone
spin-on solution providing a surface concentration of about 1020 p/cm3. After
diffusion the wafer was cooled in air, then etched in phosphor-silica etch
(1:1:30, HF:HN03:HZO).

The sample was thereafter placed into an ultra-high vacuum system and
outgassed by heating to 800°C for 1 hr. After heating, the su;'face was sputter
etched at room temperature until the auger spectrum no longer changed with

time (Fig. A). This spectrum shows the presence of SiOz. Si, C, and O.

The sample temperature was raised to 800°C in less than one minute and
held at this temperature for 4 min. Auger scans for phosphorus were taken at
intervals during the temperature treatment (Fig. B). The sample was cooled

and a final auger trace made (Fig. C).

Figure B shows the phosphorus signal as a function of time and temper-
ature. It indicates 1) that phosphorus segregates to the surface and 2) that the
equilibrium concentration of phosphorus on the surface is a function of sample
temperature. Figure C shows the increased phosphorus signal but no other

changes.

647



3219-¢8Z 12X

I
I8

(138
iy

T *334

0ce

11¢

)

648



‘3uod T 31y

5219-45210X

143
1S

649



RELATIVE AUGER IKTENSITY

—
o
3
...
4
- S-
S
*® oo
Q..‘.
f— -
.
[ -
°
»
A -
: 6 2.54
. mao'
. ® o @
° - [
— - & - . .*.. .-o.f.
.. «* . ..."f‘...'“
* PO X 3 .’~
. .o"
o
" Al Rty
P il
. A *®
o o * ., - o” o .
- ee" o s . o g SK
AR PN o * o “
L 4 ® o, »* ve, » . ..... - .o
() - - - @
.o... .’.’. ‘é.. - 0..\.".... .o..-..'. ) o gw
* . hd ® Lot o P N
o ., A ..“d-..'bo % e
* S %o ."o.o'.v’ -
K S
’ c .
- L 2
.
. .
RETRAR
iw - cee l‘ . J ‘ '
-
128

49 69 i}
SPUTTERING THAE, MIN

Fig. 2

650

XBL 7568-6475



RELATIVE AUGER INTEXNSITY

ovn L
> 3 "w.\:"v-
MO8
£ 2
F 4 °
54 .
g %
- L]
. “
. -
o %
> by
. “
: %
o,
<,
. %,
- “‘.‘1’
- L
L)
°
.
° .
= .
e o -
- v..v- bd
-
<. . “
® -
- ets "
- o * <
e * .k K
o o° ™~
hd e e . %.
LI g MK I - . .
.v:‘. ...5 - :; [ .. * .JC' ,
o ...' .:o L) ..,.’.'. 0.,.- ': . .«l_:. .. .
* o9 ‘. . . . “1 [ ]
- . o %" o %% .
[ -V'. w, ® ..' L) .%.. b ] L]
- 0.. oy . . . QQO.c'..'.
L 2™ .:. - (] 0..;.... .‘..:Q
L]

L 8

SPUTTERING TiME, MIN

Fig. 2 cont.

651

XBl. 756-6475
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FIG A.

AUGER SPECTRUM OF SPUTTERED SURFACE

Si
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FIG. B

SURFACE SEGREGATION OF PHOSPHORUS
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FIG'C.

-AUGER SPECTRUM OF SILICON AFTER HEATING

Si0p
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I would like to make a comment on an item listed under proy ‘bjective s:
the influence of surfaces on sheet formation.

EFG - like processes clearly place a very strong emphasis onto an unstable
and little understoo. region: the meniscus, and consequently a majority of
present ERDA decziliines teeter and wobﬁle with the rise and fall of the
meniscus from the High Meniscus Mode ({ HMM) to the Low Meniscus Mode
(LMM).

The form and the stability of the meniscus depend critically on surface
tension, a phenom:+ non delicately depending on surface composition and
chemistry. Surface composition at this point will be fluctuatine nnd un-
predictable, since all the impurities dissolved in the melt v it to
segregate out at this point, where there are but two places t¢ - to
the surface and to the interfaces ( twinning) which the ribbon probably
creates for itself to store away the excess impurities which it cannot
segregate onto ‘he surface, and which it cannot reject into the remaining
liquid through the bottleneck of the capillary.

If my surface ecience perspective is correct, then
1) the sheet suri:ice is high in impurities ( SiC crystals are growing :here)
2) the twinning surfaces are *.gh in impurities ( Dr. Mlafsky's SEM uata
indicate this)

3) significant progréss will come in size stability and sheet crystallinity
if the EFG process 18 run in an atmosphere capable of removing at the
meniscus surface any impurities that might be segregating there, Under
these clean surface conditions . stable surface tension would be established.
It should be easier to produ e a thin( 100 ) film than & thick one, because
the very property of t8 surface, to segregate impurities, has been turned
to a constructive advantage.

I certainly wou' not treat lightly the question raised by Joe Morabito,
whether not 1ny starting mate: ial of higher impurity might wreck the
EFG process entirely, uriess one takes the position that things cannot
possibly get worse than they are,

I make this poiv.; processes and products of high surface to volume ratio

ars cortroliad by surface effects.
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RIBBON STARTS
impurities segregate, but returan to melt is blocked

### in contrast to {‘ochralsky, ribbon impurity concentration=uci: conc.

INPURITIES SEGREGATE ONTO MENISCUS SURFACE
Surface tension changes, Meniscus changes shape. Surfaces saturates
Bulk saturates, zeliefs by creating large number of grain and twin
boundaries oato which impurities can he deposited. And SiC grafns .
Repeat.
### periodic fluctuations in shape, crystal perfection and impur

(Kressel et al.) Boundaries loaded with impurities ( Mlafsky's Kil)

CURE

Zone refining process with impurity removal from surface.
Choose large surface to volume ratio ( 100 ) and MM, and purgpe
with corrosive gas.
Do m .t 3y dirty silicon.
i HMeniscus stable

Purity stable

ERDA stable.

PRI
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Abstract

Most of the work discussed in this report has been performed
during the last three months of the reporting period after receipt of
a reneval grant. At Cyanemid efforts concentrated on reducing the
electrical sheet resistance of sputtered cadmium stannate films, installing
and testing equipment for spray coating experiments, and sputter
deposition of thin cadmium sulfide layers onto cadmium stannate electrodes.
In addition, ahead of schedule, single crystal silicon wafers vere
coated with cadmiunm stannate. The University of Delaware continued
development of the backwall CdS solar cell.

Earlier attempts at sputtering cadmium stannate films with
sheet resistances R; smaller than 1 ohm/square failed because, for thick
filrs, R; did not decrease proportionally to increasing film thickness.
It has now been found that modified post-deposition heat treatment
alleviates this problem and 0.7 ohm/square films have been prepared.
Visible optical transmission values of these samples reach 80-857.
Approximately 5% of the transmission loss is attridbutable to a slight
haziness which is expected to disapvear after refinement of the heat
treating nrocedure.

During the first phase of the spray coating development
different spray nozzles were evaluated and a sonic atomnizer selected
for the current experiments. A substrate heater has been designed
and installed which facilitates fast sample heat-up and a wide-range

temperature control. Coatings properties achieved durinpg last year's
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feasibility study ( ~ 100 ohm/square) can now be reproduc2d at much

lover substrate temperatures (400°C vs. 850°C).

In an effort to reduce cadmium requirements and optical

absorption of backwall CdS cells thin cadmium sulfide lsyers (2-5 p)

wvere sputtered onto CdoSnO) films. A highly oriented, columnar CdS

crystal growth was induced by the Cd,Sn0) substrates. liowever,

micropinholes alon: the grain boundaries caused short circuits and low

cell efficiencies. Attempts to eliminate these pinholes were only partially

successful. Additional work is planned and will include surface treatment

of the CdsSn0), electrodes before CdS deposition.

At the request of Innotech, Inc. n-type and p-type single crystal

Si wafers were coated with CdpSnO). These experiments proved that low

temperature CdoSnO), deposition (300°C) onto Si is possible. Ohmic

contacts formed on n-~type Si. The CdpSnO) sheet resistances were twice

as high as expected indicating lower conductivities and/or the presence

of a resistive interlayer.

Work at the Institute of Energy Conversion led to backwall

efficiencies higher than 5% in CdpSn0),/CdS/CuyS cells. This improvement

has been achieved by advanced cell lamination techniques and lower series

resistances. Heat treatment experiments at 250°C indicate that degradation

in cells vith CdpSnO; substrates is less severe than in standard metal

substrate cells.

1.
2.

3.

The following activities are planned for the next six months:
increase optical transmission of low sine2t resistance CdpSn0) films,
reduce sheet resistance of spray coated CdoSnO), films to 10 ohm/square region,
raise backwall efficiency of CdpSn0),/CdS/Cup8 cells to 6% or higher,

investigate deposition of Cd,Sn0) onto silicon wafers.
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CADMIUM STANNATE
SELECTIVE OPTICAL FILMS FOR SOLAR ENERGY APPLICATIONS

NSF GRANT AER 73 - 07957

AMERICAN CYANAMID COMPANY
UNIVERSITY OF DELAWARE

GRANT PERIOD: APRIL 1, 19756 — MARCH 31, 1976

AWARD: $ 160,000

PRINCIPAL INVESTIGATOR: G. HAACKE
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PROJECT OBJECTIVES

PREPARE HIGHLY TRANSPARENT, ELECTRICALLY CONDUCTING
THIN COATINGS OF CADMIUM STANNATE

DEVELOP SPRAY TECHNOLOGY FOR FABRICATION OF
CADMIUM STANNATE FILMS ON TRANSPARENT SUBSTRATES

EVALUATE PERFORMANCE OF CADMIUM STAMNATE
BACKWALL ELECTRODES IN CdS SCLAR CELLS

DEPOSIT CADMIUM STANNATE FILMS ONTO SILICON SUBSTRATES
AND ASSES POTENTI~. FOR FRONT ELECTRODES IN SILICON
SOLAR CELLS
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PLANNED ACTIVITY TO DATE

OPTIMIZE SPUTTER CONDITIONS FOR PREPARATION OF LOW
SHEET RESISTANCE (1ohm/square) CADMIUM STANNATE FILMS

INSTALL AND TEST EQUIPMENT FOR SPRAY DEPOSITION OF
CADMIUM STANNATE COATINGS

COAT THIN CADMIUM SULFIDE LAYERS (2-5 microns) "NTO
CADMIUM STANNATE ELECTRODES BY SPUTTERING

INCREASE BACKWALL EFFICIENCY OF Cd,Sn0,/CdS/Cu,$S
SOLAR CELLS
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LOW SHFET RESISTANCE ~ILMS
PROGRESS TO DATE

® MODIFIED POST - DEPOSITION HEAT
TREATMENT LOWERS ELECTRICAL SHEET
RESISTANCE

® LOWEST SHEET RESISTANCE TO DATE:
0.. OHM/SQUARE
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SPRAY COATING DEVELOPMENT
PROGRESS TO DATE

DIFFERENT SPRAY NOZZLES EVALUATED

CONTROLLED SUBSTRATE HEATER DEVELOPED
AND INSTALLED

PREVIOUS FILM PROPERTIES REPRODUCED AT
LOWER SUBSTRATE TEMPERATURES (400°C 75 850°C)
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SPUTTERED THIN CdS LAYERS
PROGRESS TO DATE

HIGHLY ORIENTED CdS LAYERS GROW
ON Cd,SnO, SUBSTRATES

DEPOSITION CONDITIONS ESTABLISHED WHICH
MINIMIZE NUMBER OF MICRO -PINHOLES
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CROSS SECTIONS OF CdS FILMS SPUTTERED
ONTO Cd,5n0, SUBSTRATES




BACKWALL CdS SOLAR CELL DEVELOPMENT
PROGRESS TO DATE

e BACKWALL EFFICIENCIES EXCEED 5%

® HIGH TEMPERATURE (250°C) CELL DEGRADATION
APPEARS TO BE LESS SEVERE FOR BACKWALL CELLS
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SHORT CIRCUIT CURRENT DENSITY (mA/cm?)

14

12

-b
@

DEGRADATION OF SHORT CIRCUIT CURRENT DENSITY

WITH HEAT TREATMENT TIME (AIR - 250°C) FOR
METAL AND QUARTZ SUBSTRATE CELLS

ZINC PLATED COPPER SUBSTRATE

4

Cd,Sn0,/QUARTZ SUBSTRATE

1

20 40

HEAT TREATMENT TIME (minutes)
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SUMMARY OF KEY RESULTS

CADMIUM STANNATE ELECTRODES WITH SHEET
RESISTANCES BELOW 1 OHM/SQUARE CAN BE
PREPARED

SPRAY COATING TECHNIQUE MODIFIED FOR LOW
SUBSTRATE TEMPERATURE DEPOSITION

BACKWALL EFFICIENCY OF Cd,Sn0,/CdS/Cu,$
SOLAR CELLS EXCEEDS 5%

LOW TEMPERATURE COATING OF SILICON WAFERS
WITH CADMIUM STANNATE POSSIBLE
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MAJOR PROBLEMS

HIGH ELECTRICAL SHEET RESISTANCE OF SPRAY
COATED CADMIUM STANNATE FILMS

LOW ELECTRICAL CONDUCTIVITY OF CADMIUM
STANNATE FILMS ON SILICON SUBSTRATES
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PLANNED ACTIVITY FOR NEXT SIX MONTHS

REDUCE OPTICAL ABSORPTION OF LOW SHEET
RESISTANCE CADMIUM STANNATE FILMS

REDUCE ELECTRICAL SHEET RESISTANCE OF
SPRAY COATED CADMIUM STANNATE FiLMS

IMPROVE BACKWALL RESPONSE OF CdS SOLAR CELLS

INVESTIGATE DEPOSITION OF CADMIUM STANNATE
ONTO SILICON WAFERS
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N76 12506

TERNARY COMPOUND THIN FILM SOLAR CELLS

L. L. l(ézmerski
University of Maine at Orono

The investigatic .f a group of ternary compound semiconductor
(I-III-VIZ) thin films for future applications in photovoltaic devices is
proposed. The consideration of these materials (CuInSeZ. CuInTe2 and
especially CuInSz) for lorg-range device development i8 emphasized. The
major objectives of ‘his research include: (1) The identification and pro-
duction of device-quality thin films of CuInS2 on suitable substrates; (2)
The demonstration of homojunction viability for CuInS2 thin film solar cells;
(3) The growth and characterization of CuInSe2 and CuInTe2 for photovoltaic
application; and, (4) Possiblc heterojunction demonstration {(e.g. p-type

CuInSe2 / n-type CdS thin film solar cell;.

Much of the activity to date has been concerned rith the growth and
properties of Culn)(2 films. X-ray (Figs. 4-9) and electron diffracticn
analyses, Hall mobility and coefficient (Figs. 10, 13), resistivity and
carrier concentration variations with substrate and film temperature (Fig. 11),
as well as grain size data (Fig. 12) have been determined. Both p- and n-
type films of CuInSo2 and CuInSe2 have been produced. Single and double
source deposition techniques have been utilized. Some data have been

recorde.i "or annealed films. (e.g. CuInS2 in HZS/Ar) .

The physical and electrical characterizations of these films are to continue.
Photoconductivity data and lifetime measurements are scheduled. A three-
source deposition technique is being developed. Films are to be deposited
onto several metal substrates, and a thorough investigation of contacts to the
ternary films is underway. A tentative schedule (Fig. 15) accompanies this

text .
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t)
(2)

@)
(4)
(5)

The key results to date include:

The deposition of Culnsz, CuInSe2
Production of n- and p-type CulnS
substrates.

and CulnTe, films.

2 and CuInSe2 films on alumina
Development of a double source deposition technique for CuInS2 .
Report of electrical properties of Culns2 films.

Report of x-ray and electron diffraction studies on ternary compound

films.
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Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. S.

Fig. 6. .

Fig. 7.
Fig. 8.
Fig. 9.

Fig. 10.

Fig. 1.

Fig. 12.

Fig. 13.

Fig. 14.
Fig. 15.

FIGURE CAPTIONS

Title Page

Objectives

Activity-To-Date

Chalcopyrite Structure

Calculated X-Ray Pattern: (:ulns2

Calculated X-Ray Pattern: CuInSe2

Calculated X-Ray Pattern: CulnTe

Tabulated X-Ray Data: CuInS2

Comparison of Single Phase and Multiple Phase Thin Films of

CuInS2 (X-Ray Diffraction ]?ata)

Mobility Dependence on Inverse Temperature. (a) Single Source

Method, T_, = 280°C; (b) Single Som:ce Method, T_  =160C;

{c) Single Source Method, Ts wb = 400 C. (d) - (i) Double Source

Method. (d) T_ , =180°C, T ulphur = 92°C; (e) Ts . = 220C, .
ur = 92 C; (9) Tsub= 400 C,

Toutphur = 92 G5 0 Tgyy, =320C, T, . .
T =92C; W) T, , =400C, T =102°C; 4) T, =400C,

sulphur
=108"3. Film Thicknesses are 0.51; Substrates are Alumina.

2

Iph

sulphur

Tsulphur
Resistivity and Carrier Concentration Dependence on Inverse Temperaturc

Curves (d') and (d") Correspond to Curve (d) on Fig. 10. ('1‘s ub= 180°C).

Curves (g') and (g") Correspond tc Curve (g) on Fig. 10. (Tsu =180"C).

b
Grain Size Dependence on Substrate Temperature for Various Substrate
Materials.

Hall Coefficient as a Function of Substrate Temperature for Two
Source Method. (.a) '1'sul o 88C; ) T =92 C;

©T =102 C.

ph sulphur

sulphur

Summasy of Film Properties.
Flanned Activity.
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(@)
)
(c)
)
()

TITLE PAGE

TERNARY COMPOUND THIN FILM SOLAR CELLS
University of Maine at Orono

September 1, 1975 - August 31, 1976 (requested)
$34,929. (requested)

Lawrence L. Kazmerski

Associate Professor
Department of Electrical Engineering

Fig. 1.
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OBJECTIVES

1. The Identification and Production of Device - Quality Thin

Films of CuInS2 .

2. Demonstration of Homojunction Viability for CuIn$2 Thin
Film Solar Cells.

3. Growth and Investigation of Other Culnx2 Materials.

4. Possible Heterojunction Demonstration.

Fig. 2.
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ACTIVITY-TO-DATE

1. Culn§,
(@) Development of Single and Double Source Deposition Techniques.
() X-ray and Electron Diffraction Studies.
(c) Initial Electrical Characterization of Films (4, o, n).
(d) Production of n and p-type Films.
() Recrystallization.

2. Q_gl_n_ng. CulnTe

(@) Film Deposition ~rvstallization.
() Electrical Char tion.
(c) X-ray, Electron C.ift ction Analyses.

Fig. 3.

683



‘b *B1g
SO Y@

:UO

684



g *<
: &
i g
o v 2
§ g
R
e g:;-g
g3
5-—4.3
32—
&2
1R
10
§§.—_-"2
28
é—‘.
18
v
3 :
T 3% *

ALISNILNI JALLVIZY

65

20

Fig.



6¢c

.°~ QON .8 .o* 08 .oo .R .8 .8
L J |_ L J — LJ - L ] L J - L J
10t ol __« mm _
800
oor "2y
e o
zee
out
zie
yoz .
oze
YZo'tl= > ]
YZ8L§=D au teguI nD

e maln A ‘= A A e A

]
ALISNIINI 3AILY13Y

=4
o

=)
-]




-0

Ol «0C 0 OF .a_v.n .oaol .o.h 08 06
L J . - e - - [ ] L
00
LY 2 I e 2w |
1] .
L 102
& S0t
] 102z cze “"w
109
800 e
oor ne
4109
4108
. _ wm 9l ozz
Y oell=3 e "”y
o oot
q Y 6L1'9=0 o] to)uind
A - - A A | .- _— =

ALISN3LINI JALLVIY

687



‘g “611

688

| ' T

_ _
- -- “ -- 0z | 822 --  pz-98| 82l
-- ,06°99 | ,26°%9 og | zee’ote .9°621 ¥0°591992°1
1°26 $98°LS | .88°(S or | 22 ,01°26 ,86°45!165°1
91°¢£8 -gz°ss | _oe°ss 09 | om'zIe JLz'L8 _9c£°SS) 99°1
7 “09°9v | J99°9¥ 08 | ¥0z'022 8€°2L .p8°9F| ¥6°'1
"2°89 2Tty | 98P g | sot’ere "2£°89 .2Zv ¥yl 50°2
L2 LS 05728 | ,28°L¢ S ! 1z .82°L8 |98l 6872
p6b 09°2z¢ | ,09°2¢ 0c | ¥00°00z 2y 6Y _89°2€| PLT
Z°vh sz'6z | .82°62 S €01 “L2°%V .8E°62( ¥0°€C
KAt ,81°82 | ,81°82 00t 2u 152y _vetezl 91
.2°L2 .0z°81 | ,91°81 ot 101 12 .8.2“3&
-- - -- 0z |  &200 V6°STj 95°S
-- -- -- 0€ ¢100 ye's | ool

8 “

YO L (e} 10 o3ND |
wiTd | 7opmog Arsueruy Y ez | P
SRS NS sAnIeTeY I S

62
@IAYIS=Io _ aIIvinoIvo

(UOTIBTPRY DY IO pue Py nD)
* SWITId UTUL pue s1opmod “Suind 104

(senyeA TRauswrledxd pue peje[no[ed) eied uonoexId Aei-¥

IT 3TVl



LM
" THIN B
a3

1.

. .
lﬁlh ...

‘h?i!

689



0’

6]
qQé= -05.1 ev

3 4
Fig. 10,

T (10™k)

690




O (a'-em”)

[ 1 1\ \
3 4 3
Fig. 11. 177 (0*°K)

691

n (cm)



GRAIN SIZE (10 A)

ALUMINA

7059 GLASS

Fig. 12. Teub (°C)



R,, (10%-em?/cout)

~
Al -
CulnS, b
) ' r ! ' 5
o 200 400 600
Fig. 13. T (*€)

693



*p1 *Bud

red&i-d Artenru ‘gH ur pezfiteiskioey (p)

- edA3-u ATTensur ‘§°H ur pezimsAiony (o)

(1261 SSYY ‘P ‘d *aey ‘siygd ‘sedsey °H pue (rel‘g (D

(1261) €9¥Z 'F '8 *a8Y *8Ayg ‘1edsey °H pue Aeyg‘( ‘el ()

A 9191 ¢ 10! o0v-8- st 8 d
(0)82°01-1 61015101 008~1°0 {SS° T 00z 0TX¢ 1 u  Fsumo
mﬁ.mn@ ( n..Eo, (wa-y) (Ae) Awonﬂ. s y o« m..Eo, (urd-~13)
n d‘u d & n d'u 4
swird @ .3&30?0 e1buIs

s gonIup [VIsA1D e1BuIs Yitm Apnis STyl uUO SwIT utyl NmE:O peirsodap eyl jo septadoid 3O ursSHIedwod °] erqel

o



. -o
140438 w4 O st Pl

MIIAN WY¥OOUd O
JNO43¥ SSIYO0Yd o NOILVYISNOWIA 23DIA30 %

(4| i ol 6 8 L 9 S 14 £ (4 t

L] L) Ad L]

O o

o
o i
o .

s|oIX ‘spD / SUIND

»
SNOUINNTOWOH

39NIISINIWNIOGOHLYD ‘VIONY ‘AdOISOUDIW NO¥LOIN3

INIWIV3I¥L NOILISOd3Q - 1SOd

ONI¥3LLINGS
S3OINOS dIINW

JT1ONIS

695



PHOTOCHEMICAL CONVERSION OF SOLAR ENERGY
Grant No. AER 72-035979
Grant Period 6/1/73 - 8/31/75

Grant Amount $304,200

Paper Author Principal Investigator
Elliot Berman Norman N. Lichtin
Center for Energy Studies Department of Chemistry

Boston University Boston University

National Solar Photovoltaic Program Review Meeting
July 22-25, 1975 Los Angeles, California
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Objective: Photogalvanic Cell With 5% Efficiency

Past Activity:

An examination of the kinetic and photochemical processes in
the iron/thionine system coupled with optimization of cell performance
has led to a 600 fold improvement in efficiency. At the same time,

progress made in cell design points the way to potential inexpensive
systems.

Current Effort/Future Plans:

The emphasis in the program will now be shifted to studying
variations in solvent, dye and redox couple to improve cell absorbence,

spectrum matching and voltage necessary to a further major improvement
in efficiency.

OBJECTIVE

e FIVE PERCENT EFFICIENCY

e STORAGE (?)

PLANNED ACTIVITY

o DIFFUSION LENGTH
MULTIPLE LAYER
SOLVENT DYE

o SPECTRUM MATCHING
MULTIPLE LAYER

e STABILITY
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DEVICE PARAMETERS

VOLTAGE EFFICIENCY ~ 10%
CURRENT EFFICIENCY ~ 1007

SUNLIGHT EFFICLENCY

SINGLE LAYER 0.032
QUADRUPLE LAYER 0.06%
PROGRAM START 0.0001%
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FUTURE PLANS

e DYES

© SOLVENT
e ELECTRODE
e REDOX COUPLES

RENEWAL REQUEST

GRANT PERIOD JULY 24, 1975 - JULY 23, 1976

COST $181,642
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N76 12507

SEMICONDUCTOR-ELECTROLYTE PHOTOVOLTAIC ENERGY CONVERTER

NSF Grant AER 74-13292
From 2/1/75 to 1/31/76
$49,300

Principal Investigators
William W, Anderson, Dept. of Electrical Enginearing

Larry B. Anderson, Dept. of Chemistry
The Ohio State University
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The goal of this work is the evaluztion of the feasibility and practicality of
a solar cell consisting of a semiconductor surface in contact with an electrolyte.
Preliminary experimental and theoretical work, as well as a literature search, indi-
cates the system merits further study.

Specific semiconductor electrodes and promising electrolytes have been identified
for further study. The systems will first be evaluated for efficient energy conver-
sion at typical solar photon irradiances. They will then be cvaluated for stability,
and finally, for economical and practical solar cell construction.

In Fig. 1 we show the basic components and processes for photovoitaic energy
conversion at the surface of an n-type semicorductor in contact with an electrolyte
which is oxidizing to conduction band electrons. To date, we have studied rharacter-
istics of single crystal CdS, GaAs, CdSe, CdTe and thin film CdS in contact with
aqueous and methanol based electrolvtes. Ue “ave measured open circuit voltages
from Mott-Schottky plots and open circuit photovoltage. We have measured short
circuit current and quantum efficiency as a function of X at low photon irradiances
and as a function of photon irradiance up to 20 mW/cm2. Electrode corrosion as a
function of current and electrolyte composition has been studied by drift of VoC
and Isc with time, by microscopic examination of electrode surfaces and by electro-
chemical analysis of electrode decomposition products.

The quantum efficiency for short circuit photo current of a CdS crystal and a
20 um film is shown in Fig. 2 while the electrical and photovoltaic properties are
shomn in Fig. 3. The highest photon irradiances we have used to date were with the
GaAs cell shown in Fig. 4. Significantly higher conversion efficiencies were ob-
tained with a different electrolyte and at low photon irradiances on GaAs as shown
in Fig. 5. From an analysis of the short circuit current spectral response shown
in Fig. 6, it appears that a significant diffusion contributicn to Igc occurs as
wel} as the drift component due to photoreneratica of carriers in the space charge
region.

As shown in Fig. 1, charge may be transferred from the semiconductor surface
to the electrolytic solution in contact with this surface either by simple electron
transfer or by deposition on or dissolution fror the semiconductor of ionic species.
The latter modes are tasically undesirable because thay inevitably result in changes
in the composition and/or dimensions of the electrode. For example, in cadmium
sulfide in contact with aqueous solutions, charge appears to be transferred in part
by deposition of molecular sulfur and concomitant dissolution of cadmium ion

2h* + CdS + Cd2* + S¢o14d (1)

In methanol solvent, on the other hand, electrolysis of the solvent apparently ac-
counts for a substantial fraction of the current observed.

As a first step in solving the problems of electrode dissoiution, we are de-
veloping analytical methods suitable for detecting dissolution of CdS, CdSS, CdTe,
and GaAs. To do this, it is only necessary to analyze for the level of Cd¢* or
Ga3* in the photovoltaic cell solution. Anodic stripping analysis is ideally
suited for determination of these two metals, and apparatus suitable for this
determination is readily available to us. The steps in this procedure are shown
in Fig. 7. Analysis of 1 x 10-5, (0.1 ppm) Cd2*+ is routine by this technique
with a precision of 5% A typical replicate analysis is shown in Fig. 8.

Suppression of photo-initiated dissolution of the semiconductor electrode will

be attempted. Addition of various redox couples capable of donating <lectrons to
holes at the semiconductor sur’ace will be investigated
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R+h* 20 (2)

When this reaction s more rapid than reaction (1) above, electron transfer will
suppress anodic dissolution. This is apparently the case when the electron donor
is methanol. However, the oxidation of methanol to formaldahyde is irreversible
and causes destruction of the solvent. We are seeking couples R/0 which are
reversible and may be reduced at the counter electrode, making the solvent-
e:::tr?lyte system simply an ionic conductor with no permanent change occuring

w time.

An attempt to demonstrate comparable photovoltaic energy conversion effi-
clency in polycrystalline thin film devices will be made. A system for vacuum
evaporation of CdS and other II-VI compounds has been set up.

We will obtain a quantitative measure of the electrode dissolution problem
for CdS. Cd*2 ion corcentratio. in the cell electrolyte will be measured as a
function of “exposure", i.e., short circuit current multiplied by time of current
flow during illumination at constant intensity. The quantity of interest is in
the number of Cd*2 fons going into solution for each charge transfer event across
the semiconductor-electrolyte interface.

To date, CdS and GaAs have been studied since they were available. Samples
of CdTe and CdSe have been obtained which will be evaluated for efficient photo-
voltaic energy conversion.

It appears that a Becquerel effect solar cell {is capable of conversion ef-
ficiencies of technological s’ .nificance. Our measured external conversion
efficiency of 30% was for low intensity, almost monochromatic radiation, and
so is not directly comparable to commercial state-nf.the-art solar cells.
However, these are preliminary experiments with the simplest electrolytes on
a nonoptimum semiconductor. Use of a semiconductor such as CdTe would optimize
the device spectral response to the solar source and comparable efficiencies
would then be highly significant. GaAs, which is also well matched to the solar
spectrum, gave a 20% conversion efficiency for monochromatic excitation.
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Short Circuit Current Collection Efficiency
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QUANTUM EFFICIENCY

10 T T s 1 1 ] :
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Short circuit quantum efficiency of GaAs-0.1M HC1 cell.

Experimental points are shown along'with theoretical curves for

Lp = 2um with and without current doubling.
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N?6 12508

ORGANIC SOLAR CELL EXPLORATORY RESEARCH

GRANT DUPATION: 1 YEAR

GRANT AMOUNT: $75,000

DR. STEVEN J. VALENTY

CORPORATE RESEARCH AND DEVELOPMENT

GENERAL ETRCTRIC COMPANY
SCHENEC. aDY, NEW YORK

PRINCIPAL INVESTIGATOR: DR. §. J. VALENTY

July 22-25, 1975

LOS ANGELES, CALIFORNIA
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This experimental program is formulated to obtain an
understanding of the principles governing the photovoltaic effect
in organic materials on the molecular level, and to apply these
principles to the design and fabrication of laboratcry devices
having a photovoltaic organic polymer film as their key element.

The initial part of the program seeks to understand the
mechanism of charge generation and separation in extremely thin
(X508) synthetic organic films, in which one side of the film is
a light sensitive electron donor (or acceptor) and the other is an
electron acceptor (or donor). The approach may be thought of as
a way to study the photovoltaic effect of a single organic junction.
By adapting techaiques of surface chemistry, it has been possible to
form such potential photovoltaic junctions. Further, the use of
this methodology provides the capability to vary both the composition
of the junction (donor, acceptor, donor-acceptor distance, orientation,
concentration) and its environment (agueous redox electrodes, metal
electrodes, semiconducting electrodes and bulk organic electrodes).
It is expected that the ability to control these many experimental
variables will allow a more detailed description of photovoltaic
efficiency in terms of light absorption, charge generation, charge
separation and charge collection than heretofore.

Progress to date has been in three areas: (1) materials
synthesis, (2) apparatus development, and (3) ultra-thin film
fabrication. An initizl materials synthesis has provided a variety
of surface active dyes, primary electron acceptors and polymers
needed as prerequisites to film fabrication. Apparatus development
includes the design and construction of devices used: (1) to
cnaracterize the surface properties of materials at the air-water
interface, (2) to fabricate the asymmetric ultra-thin films, (3) to
observe the optical absorption and fluorescence spectra of the films,
and (4) to measure the electrical properties of the films. Both
symmetrical and asymmetrical ultra-thin films of the synthesized
materials have been formed and supported on glass slides for
optical study.

The current effort is directed at achieving reproducible
formation of a free-standing asymmetric film separating two agqueous
redox electrodes.
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For the first six months of the grant award, the main
objective will be a demonstration of the photovoltaic effect in an
asymmetric membrane formed using the surface chemistry methodology
developed in this program.

Contributing Personnel: Dr. G. L. Gaines, Jr.
Dr. S. J. Valenty
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ORGANIC SOLAR CELL EXPLORATORY RESEARCH

CORPORATE RESEARCH AND DEVELOPMENT
GENERAL ELECTRIC COMPANY

GRANT AMOUNT: $75,000
GRANT DURATION: 1 YEAR

PRINCIPAL INVESTIGATOR: STEVEN J. VALENTY
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OVERALL OBJECTIVES OF PROJECT

° EXPERIMENTAL DETERMINATION OF THE MAJOR FACTORS
GOVERNING THE PHOTOVOLTAIC EFFECT IN ORGANIC
MATERIALS ON THE MOLECULAR LEVEL

© THE DESIGN AND SYNTHESIS OF A NEW CLASS OF
ORGANIC PHOTOVOLTAIC POLYMERS AND THEIR FABRICATION
INTO LARGE AREA SOLAR CELLS
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PHOTOVOLTAIC EFFICIENCY IN ORGANIC MATERIALS
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SINGLE ORGANIC JUNCTION EFFICIENCY CONSIDERATIONS
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PROGRES. TO LATE

® MATERIALS SYNTHESIS

® APPARATUS DEVELOPMENT

® ULTRATHIN FILM FABRICATION
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MATERIAL SYNTHESIS

ULTRA-THIN FILM FABRICATION REQUIRES SURFACE
" ACTIVE MATERIALS

® DYES
THIAZINE, AZINE, ACRIDINE

® PRIMARY ELECTRCN ACCEPTORS
QUINONE, VIOLOGEN

® SURFACE ACTIVE POLYMERS
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INSOLUBLE MONOLAYERS AT AIR-H20 BOUNDARIES

HYDROPHOBIC
I — HYDROCARBON CHAIN

SURFACE ACTIVE DYES

"} — HYDROPHILIC CHROMOPHORE

— |
AIR !
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ASYMMETRIC FILM FABRICATION ON SOLID SUPPORTS
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ABSORPTION SPECTRUM: ASYMMETRIC DYE-Q FILM
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ASYMMETRIC MEMBRANE FORMATION
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SUMMARY OF KEY RESULTS

1) APPARATUS DEVELOPMENT -- COMPLETED

ABSORPTION/FLUORESCENCE SPECTROMETER
LANGMUIR FILM BALANCES AND MONOLAYER TROUGHS
ASYMMETRIC FILM TROUGH
VOLTAGE AND CURRENT CLAMPING CIRCUITRY

2) INITIAL MATERIALS SYNTHESIS -- COMPLETED

SURFACE ACTIVE DYES, Q AND POLYMERS

3) SUPPORTED ASYMMETRIC FILMS
SPECTROSCOPIC STUDIES
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MAJOR PROBLEMS

® FABRICATION OF FREE-STANDING ASYMMETRIC ULTRA-
THIN MEMBRANES INTO COMPOSITE FILMS OF
ADEQUATE MECHANICAL STRENGTH

® NEED TO DISCOVER EFFICIENT ELECTRON TRANSFER
REACTIONS TO UTILIZE ALL THE POTENTIAL ENERGY
PRODUCED IN THE ILLUMINATED FILMS
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PLANNED ACTIVITY FOR NEXT 6 MONTHS

DEMONSTRATICN OF THE PHOTOVOLTAIC EFFECT IN AN
ASYMMETRIC MEMBRANE

© MEMBRANE FABRICATION

® PROOF OF MEMBRANZ STRUCTURE

® CHOICE DANDA

® WAVELENGTH DEPENDENCE OF OPEN CIRCUIT EMF

® OPEN CIRCUIT EMF AND DYE FLUORESCENCE INTENSITY
AS A FUNCTION OF DYE, Q, A, D CONCENTRATION AND
pPH

© QPEN CIRCUIT EMF AS A FUNCTION OF LIGHT INTENSITY

® 1-V CHARACTERISTICS

C A=

i

NASA — )PL—~ Com! L A, Colif
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