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ABSTRACT

The High-Efficiency Crystalline Silicon Solar Cells Research Forum was
held on July 9-11, 1984, in Phoenix, Arizona. The Research Forum addressed
high-efficiency concepts, surface-interface effects, bulk effects, modeling
and device processing. These topics were arranged into six interactive
sessions, which focused on the state-of-the-art of device structures,
identification of barriers to achieve high-efficiency cells and potential ways
to overcome these barriers. The Forum arrangement was intended to enable and
encourage interaction and discussion among participants. Promising technical
areas of future research are presented in these Proceedings.
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FOREWORD

The High-Efficiency Crystalline Silicon Solar Cells Research Forum
was held at The Pointe Hotel in Phoenix, Arizona July 9 through 11, 1984. It
is my pleasure to introduce to you the papers contained in these Proceedings.
All of the papers were invited (not submitted) from the best of a wealth of
suggestions put forward and discussed by experts in the field and the
Organizing Committee.

The objectives of the Forum were to address theoretical solar cell
conversion efficiency limitations, the state of the art of device structures,
jidentification of barriers to achievement of high-efficiency cells, and
potential ways to overcome the barriers, and to provide the opportunity for
unrestricted technology exchange among those attending. The format used to
achieve these nbjectives involved six intensive sessions.

The discussion sections have been edited with the intent of
enchancing the clarity and continuity of each discussion. This procedure
makes these Proceedings a most veluable reference document containing
definitive work by some of the best solar-cell experts in the world.

This excellent collection of papers, and the success of the Research
Forum it reports, result from the efforts of a large number of dedicated
people. I wish to record my gratitude to the Organizing Committee, the
authors, the session chairmen, and many other supporting people for their hard
work and friendship.

Ram Kachare,
Chairman of the Forum
and Proceedings Editor
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PARTICIPANTS

FLAT-PLATE SOLAR ARRAY PROJECT
HIGH-EFFICIENCY CRYSTALLINE
SILICON SOLAR CELL RESEARCH FORUM

ADDIS, F. William

Joint Center for Graduate Study
100 Sprout Road

Richland, WA 99352

(509) 375-3176

ANNAN, R. H. "Bud"

U. S. Department of Energy
Forrestal Building, CE 333

1000 Independence Ave., SW, 5E066
Washington, DC 20585

BACKUS, Charles E.

Arizona State University

Director, Engineering Research Center
Tempe, AZ 85287

(602) 965-1725

BELL, Richard O.

Mobil Solar Energy Corp.
16 Hickory Drive
Waltham, MA 02154

(617) 890-0909

BICKLER, Donald B.
Jet Propulsion Laboratory
4800 Oak Grove Drive, M.S. 512/103

Pasadena, CA 91109

(818) 577-9219

BURGER, Dale R.

Jet Propulsion Laboratory

4800 Osk Grove Drive, M.S. 512/103
Pasadena, CA 91109

(818) 577-9374

CALLAGHAN, William T.

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 5027422
Pasadena, CA 91107 . B
(818) 577-9517

CAMPBELL, Robert
Westinghouse Electric Corp.
P.0. Box 10864

Pittsburgh, PA 15236

(412) 892-5600, X 5364

vii

CHADI, D. James

Xerox Palo Alto Research
3333 Coyote Hills Road
Palo Alto, CA 94304
(415) 494-4136

CHENG, Li-Jen

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 238/343
Pasadena, CA 91109

(818) 354-3068

CISZEK, Ted _

Solar Energy Research Institute
1617 Cole Blvd. M.S. 16/3
Golden, CO 80401

(303) 231-1769

COLEMAN, Michael G.
Solavolt International
P.O. Box 2934
Phoenix, AZ 95062
(602) 231-6455

CROTTY, Gerald

Jet Propulsion Laboratory
4800 Oak Grove Drive, M.S.
Pasadena, CA 91109

(818) 354-6294

2387343

CULIK, Jerry
Solarex Corp.

1335 Piccard Drive
Rockville, MD 20850
(301) 948-0202

DAUD, Taher

Jet Propulsion Laboratory
4800 Oak Grove Drive, M.S.
Pasadena, CA .91109

(818) 354-5782

238/343

DYER, Larry D.
Texas Instrunents
P.0O. Box 84
Shermen, TX 75090
(219) 892-5351

PRECEDING PAGE BLANK NOT FILMED

ey




FLOOD, Dennis

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, OH 44135

(216) 294-6303

FONASH, Stephen

Penn State Univerrsity
Engineering Sciences Programs
University Park, PA 16802
(814) 865-4931

GRUNTHANER, Frank

Jet Propulsion Laboratory
4800 Oak Grove Drive, 198/231
Pasadena, CA 91109
(818) 354-5564
HANOKA, Jack )
Mobil Solar Energy Corp.
16 Hickory Drive
Waltham, MA 02254

(617) 890--0909

ILES, Peter

Applied Solar Energy Corp.
15251 E. Don Julian Road
City of Industry, CA 91749
(818) 963-6581

JOHNSON, Scott M.
Solarex Corp.

1335 Piccard Drive
Rockville, MD 20850
(301) 948-0202

KACHARE, Ram

Jet Propulsion Laboratory
4840 Oak Grove Drive, M.S.
Pasadena, CA 91109

(818) 354-4583

238/343

KARIUS, Siegfried

National Research Council
Montreal Road

Ottawa, Ontario, CANADA K1A OR6
(613) 993-2730

KAZMERSKI, L. L.

Solar Energy Research Imnstitute
1617 Cole Blvd. ‘

Golden, CO 80401

(303) 231-1115

viii

KEAVNEY, Chris
Spire Corp.
Patriots Park
Bedford, MA 01730
(617) 275-6000

KESLER, Matt

Solavolt International
P.0. Box 2934

Phoenix, AZ 85062
(602) 231-6434

KING, David L.

Sandia National Laboratories
Kirtland AFG Base - East
P.0. Box 5800, Div. 6224
Albuquerque, NM 87185

(505) 844-8220

KOLIWAD, Kris

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 238/343
Pasadena, CA 91109

(818) 354-5197

T.AL, Stefan

Intel Corp.

3065 Bowers Ave., M.S. SC1-277
Santa Clara, CA 95051

(408) 987-5655

T.AMBE, John

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 122-123
Pasadena, CA 91109

(818) 354-8238

LAMORTE, Michael F.

Research Triangle Institute

P.0. Box 12194

Research Triangle Park, NC 27709
(919)541-64717

LANDSBERG, Peter T.
University of Southampton
Southempton, England SOG S5N4
(011 44 703) 559122

LEIPOLD, Martin H.

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 507/228
Pasadena, CA 91109

(818) 577-9267



LESK, Arnie

Solavolt International
P,0. Box 2934

Phoenix, AZ 85062
(602) 231-6458

LINDHOLM, Fredrik A.
University of Florida
4406 SW 17th Terrace
Gainesville, FL 32608
(904) 392-4929

LINDMAYER, Joseph
Solarex Corp.

1335 Piccard Drive
Rockville, MD 20850
(301) 948-0202

LOFERSKI, Joseph J.
Brown University
Prof. of Engineering
Box D

Providence, RI 02912
(401) 863-2870

MILSTEIN, Joseph

Solar Energy Research Institute
1617 Cole Blvd.

Golden, CO 80401

(303) 231-7299

MINAHAN, Joseph A.
Spectrolab, Inc.

12500 Gladstone Avenue
Sylmar, CA 91342
(818) 365-4611, X872

MOACANIN, Jovan

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 122-123
Pasadena, CA 91109

MOKASHI, Anant R.

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 238/343
Pasadena, CA 91109 :
(818) 354-6017

NATESH, Ram

Materials Research, Inc.
790 East 700 South
Centerville, UT 84014
(801) 298-4000

ix

NEUGROSCHEL, Arnost
University of Florida
Electrical Engineering
Gainesville, FL 32611
(904) 392-4949

OLSEN, Larry C.

Joint Center for Graduate Study
100 Sprout Road

Richland, WA 99352

(509) 375-3176

PEARCE, Charles W.

AT&T Technology Systems
555 Union Blvd., 323809
Allentown, PA 18103
(215) 439-7711

PHILLIPS, Mary J.

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 502/422
Pasadena, CA 91109

(8i8) 577-9096

PRINCE, Dr. Morton

U. S. Department of Energy
Forrestal Building, CE 333

1000 Independence Ave., SW, SE066
Washington, DC 20585

(202) 252-1725

PRYOR, Robert

Solavolt International
P.0. Box 2934

Phoenix, AZ 85062
(602) 231-6454

RAI-CHOUDHURY, P. R
Westinghouse Electric Corp.
1310 Beulah Road

Pittsburgh, PA 15235

(412) 256-1891

RALPH, Eugene L.
Hughes Airecraft

6445 N. Willard Ave.
San Gabriel, CA 91775
(213) 647-8855

RAO, Hari A
Mobil Solar Elergy Corp.
4 Suburban Park Dr.
Billerica, MA 91821
(617) 893-8826



ROHATGI, Ajeet
Westinghouse Electric Corp.
1310 Beulah Road
Pittsburgh, PA 15235

(412) 256-1905

ROSE, Ben

Sandia National Laboratories
Kirtland AFG Base — East
P.0. Box 5800, Div. 6224
Albuquerque, NM 87185

(505) 846-4516

SAH, C. Tang

C. T. Sah Associates
403 Pond Ridge Lane
Urbana, IL 61801
(217) 384-5205

SAKIOTIS, Nick
Solavolt International
P.0. Box 2934

Phoenix, AZ 85062
(602) 231-6449

SALTZMAN, Dennis
Solavolt International
P.0O. Box 2934

Phoenix, AZ 85062
(602) 231-6441

SCHMIDT, Wilfried .
Telefunken Electronic GmbH
Theresienstr. 2

Heilbronn, West Germany 7100
(07131) 882-665

SCHMIT, Rusty
Solavolt International
P.0O. Box 2934

Phoenix, &Z 80562
(602) 231- 6436

SCHRODER, Dieter K.

Arizona State University
Electrical Engineering Department
Tempe, AZ 85287

(602) 965-6621

SCHUMACHER, Joseph C.
J. C. Schumacher Co.
580 Airport Road
Oceanside, CA 92054
(619) 433-1663

SCHUYLER, Terry W.

Solar Energy Research Institute
1617 Cole Blvd.

Golden, C) 80404

(303) 231-1106

SCHWARTZ, Richard

Purdue University
Electrical Eng'g Department
West Lafayette, IN 47907

SCHWUTTKE, G.H.

GHS Research & Development
8162 East Del Pico Drive
Scottsdale, AZ 85258
(602) 951--0422

SCOLARO, Anthony

U. S. Department of Energy
Forrestal Building, CE 333

1000 Independence Ave., SW, SE066
Washington, DC 20585

(202) 252-5548

SCOTT-MONCK, John A.

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 125/231
Pasadena, CA 91109

(818) 354-7625

SHIMADA, Katsunori

Jet Propulsion Laboratory

4800 Oak Grive Drive, M.S. 507/228
Pasadena, CA 91109

(818) 577-9626

SIRTL, Erhard

Heliotronic GMBH
Johannes--Hess-Strasse 24

8263 Burghausen, West Germany
08677-83-2580

SMOKLER, Melvin I.

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 507/201
Pasadena, CA 91109

(818) 577-9238

SOPORI, Bhushan
Solavolt International
P.C. Box 2224

Phoenix, SZ 85062
{602) 231- 6446



SPITZER, Mark
Spire Corp.
Patriots Park
Bedford, MA 01730
(617) 275-6000

SUREK, Thomas

Solar Energy Research Institute
Program Office Msnager

1617 Cole Blvd.

Golden, CO 80401

(303) 231-1371

SWANSON, Richard M.

Associate Professor

Stanford University, Stanford Elec. Labs
McCullough 204

Stanford, CA 94305

(415) 497-0804

TAN, Teh Y.

IBM Corp. General Technology Division
Z-40E

Hopewell Heights, NY 12533

(914) 894-3140

TODOROF, William

Alternative Energy Systems, Inc.
20442 sun Valley Drive

Laguna Beach, CA 92651

(714) 494-9433

TURNER, Gary B.

ARCO Solar, Inc.

P.0. Box 4400

Woodland Hills, CA 91365
(818) 700-7159

TUSTIN, David G.

Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 502/422
Pasadena, CA 91109

(818) 577-9096

VANN, Hank VB

ARCO Solar, Imc.

P.0. Box 4400

Woodland Hills, CA 91365
(805) 489-7981

xi

von ROOS, Oldwig
Jet Propulsion Laboratory

4800 Oak Grove Drive, M.S. 512/103

Pasadena, CA 91109
(818) 577-9994

WEINMEISTER, Roger
Solavolt International
P.0. Box 2934

Phoenix, AZ 85062
(602) 231- 6427

WOLF, Martin

University of Pennsylvania
304 Moore, D-2
Philadelphia, PA 19104
(215) 898-4822

Y00, Henry

ARCO Solar, Inc.

P.0. Box 4400

Woodland Hills, CA 91365
(805) 484-7981



CONTENTS
SESSION 1

OVERVIEW
(M. Prince, U.S. Department of Energy, Chairman) . . . . . . . . . . 3

Historical Perspective of Barriers to
Achieving High-Efficiency Silicon Solar Cells
(J. Lindmayer, SolareX COTP) . . « v v & v v « = o o o o o + & 7

Some Aspects of the Minority Carriers Lifetime
in Silicon
(P. Landsberg, University of Southampton) . . . . . . . . . . . 13

Review of Recombination Phenomena in
High-Efficiency Solar Cells
(C.T. Sah, C.T. Sah Associates) . . . . . . . + v v v o v o . 37

SESSION Il

HIGH-EFFICIENCY CONCEPTZ
(M. Wolf, University of Pennsylvania, Chairman)

Silicon Solar Cell Efficiency Improvement:
Status and Outlocok
(M. Wolf, University of Pennsylvania) e e e e e e e e e e . 53

Some Practical Considerations for Economical

Back Contact Formation on High-Efficiency

Solar Cells

(A. Lesk, Solavolt International) . . . . . . . . . . . . . .. 77

High-Efficiency Cell Concepts on Low—Cdst
Silicon Sheet
(R. Bell, HMobil Solar Energy Corp.) . . . . v + v v « o o o & 87

High Lifetime Silicon Processing
(R. Swanson, Stanford University) . . . . . . . . . . . . . .. 107

Silicon MINP Solap Cells
(L. Olsen, University of Washington,
Joint Center for Graduate Study) . . . . . . . . . ¢ .« ¢« « & 123

DINNER SPEAKER
High-Efficiency Solar Cell Research for
Space Applications
(D. Flood, NASA Lewis Research Center) . . . . . . . ¢ ¢ v'v o o v . 147

PRECEDING PAGE BLANK NOT FILMED



SESSION III

SURFACE-INTERFACE EFFECTS
(L. Kazmerski, Solar Energy Research Institute, Chairman)

Atomic Structure of the Annealed
Si (111) Surface
(D. Chadi, Xerox Palo Alto Research Center) . . . . . . . . . . 163

Surface and Interface Characteristics
(L. Kazmerski, Solar Energy Research Institute) . . . . . . . . 189

Nitridation of $i0, for Surface
Passivation
(S. Lai, Intel Corp.) . . .« & v & v v v v v e e e e e e e e e 209

Surface Passivation and Junction Formation
Using Low-Energy Hydrogen Implants
(S. Fonash, Pennsylvania State University) . . . . . . . . . . 221

Analysis of Interface Parameters
(C. Bates, Stanford University) . . . . . . . . . . . . . ... 239

Chemical Structure of Interfaces
(F. Grunthaner, Jet Propulsion Laboratory) . . . . . . . . .

SESSION 1V

BULK EFFECTS
(E. Sirtl, Heliotronic Gmbl, Chairman)

Structural Defects in Crystalline Silicon
(E. Sirtl, Heliotromic GmbH) . . . . . . . . . . . . . . . .. 241

Oxygen and Carbon Impurities and Related
Defects in Silicon
(C. Pearce, AT&T Technology) . . . . . . . v ¢ v v v v v v « . 243

Current Understanding of Point Defects and
Diffusion: Processes in Silicon
(T. Tan, IBM COrp.) . . . + . o ¢« + o v v v 4o o v o o o & o o & 257

Defects in Web Dendrite Silicon Ribbon

Crystals and Their Influence on Minority

Carrier Lifetime

(G. Schwuttke, Arizona State University) . . . . . . . . . .. 279

EBIC Characterization and Hydrogen
Passivation in Silicon Sheet
(J. Hanoka, Mobil Solar Energy Corp.) . . . . « v v « « v v & & 299

Measurement of Electrical Parameters

and Current Components in the Bulk of

Silicon Solar Cells : :

(A. Neugroschel, University of Florida) . . . . . . . . . . . . 311

xiv



SESSION V

MODELING

(R. Schwartz, Purdue University, Chairman)

Current Status of One and Two Dimensional
Numerical Models: Successes and Limitations

(R. Schwartz, Purdue University)

Application of Closed-Form Solution
Using Recursion Relationship in

Silicon Solar Cells

(M. Lamorte, Research Triangle Institute)

Phenomena Simulation for Heavy Doping
and Surface Recombination Velocity
(F. Lindholm, University of Florida)

SESSION VI

HIGH-EFFICIENCY DEVICE PROCESSING

(P. Rai-Choudhury, Westinghouse Electric Co., Chairman)

High-Efficiency Large-Area Polysilicon

Solar Cells

(S. Johnson, Solarex Corp.)

High-Efficiency Solar Cell Processing

(F. Ho, Applied Solar Energy Corp.)

Process and Design Considerations for
High-Efficiency Solar Cells

(A. Rohatgi, Westinghouse Electric Co.) .

Processing Technology for High-Efficiency

Silicon Solar Cells
(M. Spitzer, Spire Corp.)

Texture Etching of (100) Silicon

for Solar Cells

(L. Dyer, Texas Inctruments, Inc.)

SUMMARY AND DISCUSSION SESSION .

XV

331

351

371

403

419

429

447

471

485



INTRODUCTORY REMARKS

KOLIWAD: My name is Kris Koliwad. I am from the Flat-Plate Solar Array
Project. It is my pleasure this morning to welcome you all to this Forum
on High-Efficiency Crystalline Solar Cells on bzhalf of the FSA Project
at the Jet Propulsion Laboratory, and of the Department of Energy. 1If
you go through the agenda, you will notice that this is indeed an
impressive gathering, and we are fortunate to have you at this meeting.

I will say a few words about the driving force for this Research Forum
and the other Research Forums we have held covering different subjects
relevant to our Project objectives.

The driving force for this workshop is, of course, the goals stated in the
Five-Year Research Plan of the Department of Energy, which succinctly
states that the five-year goal of flat-plate collector research is to
establish technologies by 1988 that industry can apply to the production
of 15%-efficient crystalline silicon modules. Among other things, this
goal is coupled with $90/m? silicon sheet.



SESSION I
OVERVIEW

M. Prince, Chairman



SESSION 1
OVERVIEW

M.B. Prince
U.S. Department of Energy

PRINCE: I want to thank the organizers for inviting me to attend this meeting.
It has given me an opportunity to get back and read some of the literature
again, which I haven't done as thoroughly, perhaps, as I should have done
during the last few years. 1In fact, I have here a whole stack of reports
that indicate that high efficiency is extremely interesting to many of us
here —- and I see that many of the authors of these reports are here
today. There are a few who are not here, but I am sure that if we need
them we can call upon them for some help.

Before getting into our program, I thought I should make a couple of com-
ments to you about the 1985 budget, which many of you are concerned about.
Two weeks ago, Congress finally got together and compromised on the
recommendations from the Appropriations Committee. They compromised by
going to the lower of the two numbers between the House and the Senate.
So this puts us in a bind this coming year. The Administration asked for
$47.5 million, and the House agreed to the $47.5 million with a provision
that $2 million of that be spent on the Residential Experiment Stations.
The Senate, on the other hand, took what we presented and upped it by $4
million, which would include $2 million on the Residential Experiment
Stations. So the net result is that we have a Program operating budget
of $46.5 million, a capital-equipment budget of $1 million, and a con-
struction budget of $9.5 million for the SMUD project. So we are going
to end up with about $2 million less than we had expected from the
President's budget, and this is putting a squeeze on all three of the
main laboratories, that is, SERI, Sandia, and JPL. We are working this
out now trying to find out how we meet our budget, how we perhaps extend
contracts into the next figscal year so we don't have to reduce as much we
might have to. You will hear more about that from the various labora-
tories over the next six months as we keep revising the budget and we
will finally end up by the first of October or the first of November with
a final budget.

This session will run until 11:55. We have three speakers, and this will
give us plenty of time for discussions, questions, answers, and other
comments that anyone wants to make.

I was originally going to start off the session with a historical review
of the efficiency problem, where it started and where it is going, but on
reading the abstracts, I see there are a couple of other papers on the
subject, so I am just going to let those speakers cover it. Joe Lindmayer
has a little bit in his and Martin Wolf has some in his abstract. So I
thought what I would do today is give some general background so that
those people who are not familiar with solar cells specifically, and there
are several in the audience, would have a reference point as to what the
terminology is that we use. Perhaps we can establish some terminology




that will allow us to talk consistently during the next three days.

On the first slide I show a general schematic of how the solar cell is
composed; we have the material to start with, the diffused emitter or a
p-n junction, and for this particular diagram I assumed n-on-p material.
You put contacts on the back. We usually have some sort of an oxide omn
the top surface and an antireflective coating. We usually have some gort
of a grid metal contact. I used the dimension w as the depth of the dif-
fugsed or emitter region, and d is the thickness of the device.
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BOUNDARY CONDITIONS
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o . FACTORS AFFECTING EFFICIENCY

MECHANICAL FACTORS

Depth of Junction (w)
Thickness of Wafer (d)

Series Resistance (contact geometry)

DEVICE FACTORS

Surface Recombination Velocity (front,
back, under contacts)

Reflecting Back Surface

Front Surface Roughness (light trapping) AR Coating

Contact Shadowing
Operating Temperature

PHYSICAL FACTORS

Base Resistivity
(Tn' Dn.pgns Lns np)
Emitter Impurity Distribution
(Dot Pt Prett.)

Back Surface Impurity Distribution

Recombination and Scattering Centers
in Base and Emitter

I hope this will give you some
can see that there are so many

High Eg Window (oxide, etc)
Series Resistance
Shunt Resistance

Reverse Saturation Current
(1)

idea of the complexity of the problem. I
variations possible, and many of us have

worked on a whole bunch of these, but to my knowledge very few of us have

looked at the overall picture.
couple of papers there that do

That gives you some background
three talks today that we have
tion, and that is that we want
very narrow window for lunch.

In review of the abstracts, there are a
cover a huge number of these parameters.

and I would like to get started with the
in this session. We have only one limita-
to break around 11:55 because we have a
In this period we will be very flexible in

the time that we use for presentations, and for questions and answers,
and I hope we will have quite a few questions and answers from the floor.

We have asked Joe Lindmayer to

give us the first paper this morning,

because Joe made a major contribution in the space program back in the
late 60's and he developed a purple cell that gave us a step-function
increase in the efficiency we can get with space-type cells. He is going
to talk to us on a historical perspective of barriers to achieving high-

efficiency silicon solar cells.
Corp. in Rockville, Maryland.

Joe founded and is still with the Solarex




J. Lindmayer's abstract is presented here. His paper and visual material were
not presented for publication.

HISTORICAL PERSPECTIVE OF BARRIERS TO
ACHIEVING HIGH-EFFICIENCY SILICON SOLAR CELLS

J. Lindmayer
Solarex Corp. Na 5 - 3 1 6 l 6
Rockville, Maryland

Early silicon solar cells were made of metallurgical-grade silicon with very
low efficiency; this was accomplished before the p-n junction theory was
understood. The single-crystal silicon introduced in the mid-50's abruptly
increased the efficiency to the 5% to 10% region. Throughout the 1960s
significant research money was spent to establish the technology of the

2 x2cmor 2 x 4 cm space solar cell with 10% efficiency. At this point a
certain plateau has developed.

In the early 1970s work related to the violet cell upset the status quo and
space solar cells and cells in general became significantly more efficient.
The rest of the decade became characterized by establishing a terrestrial
photovoltaic technology to support the development of a new industry. Costs
per watt became the dominant consideration and frequently the efficiency was
compromised. This mentality is present even today as the terrestrial
photovoltaic indugtry continues to develop. Attempts to introduce new
materials and other forms of silicon dropped the efficiency and it is now a
state of mind that accomplishing 10% efficiency with some alternatxve
combination is regarded as success.

Silicon solar cells are clearly capable of delivering efficiencies much
greater than 10%. As the photovoltaic industry will show signs of
stabilization, the attention will once again focus on achieving the
manufacturable higher efficiency solar cells.



DISCUSSION

PRINCE: As everyone here knows, you have been very forthright in pursuing
semicrystalline silicon, and I am just wondering what your feelings are
as to the ultimate potential efficiency that one can obtain from such
materials? Have you given much thought to this? ‘

LINDMAYER: I think that very frequently the efficiency is somewhat lower than

wy pnormpl oginglB-grystal Czochralski material. In getting into this kind of

%‘% Idﬂszahi?a & gﬁybody who works with it will know that it creates a
whole set of new unanswered questions. But I think the efficiency is just
a little bit, maybe just 5% or 10%, lower than normal single-crystal at

this time.

LESK: Joe, in Kris Koliwad's introductory remarks, he indicated that the
objective was 15% efficiency in a module -~ it wasn‘t on the slide —- but
then he said the price has got to be a lot lower than it is now. His
price projects to $90/m?2 of substrate in the module, if you allow per-
haps half of that for the cast polysilicon substrate. Do you feel it
will ever get to that price, considering that we still lack 15%
efficiency? ‘

LINDMAYER: This is a difficult question. Right now I think we are running a
gap to start with. I think if we had wmuch better personnel, or much
better-educated people in the production lines and among those running
production lines —- there is a gap of maybe 12% to 13% already and that
15% would be possible to achieve. After all, many of us sit down in the
lab and generate solar cells that are 15% or better. But somehow the
production line never does it. So I think the 15% goal is achievable,
definitely in the lab, anyway. But production is something else.

PRINCE: I think we should bring up one other pcint before we go on. In order
to get this 15% module that Kris mentioned, we need to have cells that
are about 18% efficient because you have losses in assembling these cells
into the module, and covering the module with some protection, and lost
area, and so forth. So when we talk about 15% modules, it means about an
18% cell in production, which may mean a 20% cell or a 21% cell in the
laboratory. I do remember from an early experience that if you can do it
in a laboratory, you can transfer to very good production people, then
you can then produce exactly the same quality in the production line.

LINDMAYER: Yes. This is an important point. A 15% panel efficiency requires
very much higher-efficiency cells.

LOFERSKI: I am surprised that you are saying that the problem is with the
education level of people on the production line. It seems to me that if
you have a good production line going, it has to be do-able with all the
kinds of people that you have presently on production lines, basically.
If you want to hold the price down, you can't have Ph.D.'s making solar
cells, so I think it is not in the education of the people but rather in
the industrial engineering that is involved or in manufacturing engineer-
ing, carrying things from the laboratory into production. We have to be
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able to make that transition. After all, when Arnie asked you about the
price at that 15% module efficiency, $90/m?, it means $0.60 per peak
watt and we can't even make the current 10% efficient cells at $0.60 per
peak watt, so there is a lot to be done; there is a big gap between where
we are now and what is required by 1988. But anyway, I would like your
comment on this business of who is on the production line now. I am
surprised at that comment that you need better people.

LINDMAYER: Well, I was merely referring to middle management. True Ph.D.'s
cannot run a production line. They have never succeeded. I am not advo-
cating that there should be more Ph.D.s on the production line. The
workers themselves do routine work, so it is the middle management in
technical capacities that is really missing. But with respect to the
other goal, getting down to $90/m2, I think it is going to be hard.

DYER: It is interesting that in the early 1950s, when Mark Shepard was head
of Texas Instruments' production of semiconductor devices, he wrote an
article, "Ph.D.'s on the Production Line," and the results are evident.
I think what you are saying, Joe, is that in the early stages, that is
what you need. Once it becomes a mature product, you can't afford it.
But to get it going right, there is nothing wrong with it.

PRINCE: Are there any other questions? Yes, Gene.

RALPH: Joe;, I think I see a conflict between what you practice and what you
preach. Not just you but other companies as well. I think there is a
definite feeling that making something cheaper means going to simpler and
less sophisticated approaches, and I put the contacting systems, the use
of the Semix type of materials, in that category. You give away effi-
ciency in the hope of getting lower-cost processing, and of getting
immediate gains that way. But you say now that you agree that the 15%
module goal is really the right thing to go to. Now, it sounds to me as
though your middle management or even your top management has to be edu-
cated then in the difference —— getting immediate cost gains by going to
simple, cheap processing that gives you lower efficiency, versus very
sophisticated processing that has to be automated or robotized or whatever
it is to get the cost down. Are you saying that you are ready, or you
would see management —- see that new approach to 15% being the right way,
or are we going to go back to the old way?

LINDMAYER: Any technology change results in some efficiency drop but can be
mmediately observed as climbing up again in time as people begin to
master that technology and understand its details. So sometimes it is
very difficult to tell in advance that a technology change is automati-
cally compromising efficiency. I think it is just a philosophical point.

MILSTEIN: I would like to comment that in the way our high-efficiency program
has been conducted over the past year or two we have not, as we stated in
the RFP that we issued in 1982, considered the matter of cost reduction.
That is something that we feel is best left to industry. The point of
doing that, though, is that it allows a researcher to investigate tech-
niques that at the present time may be extremely expensive, but that



may lead to understanding or additional capability. They then may be
re-engineered or reconfigured in some way to be done for less expense at
the time you want to put them into production. In that sense, the con-
ception of artificially holding down the cost, if you apply it to
research, may simply prevent you from looking at techniques that you
would otherwise be able to examine. You may miss something.

LINDMAYER: I don't think we have any real conflict here. Dr. Koliwad
carefully put the emphasis on the cost because, as the industry is now,
industry has put in more private money than the government has put into
this program. And it is going to be doing more of this.

LANDSBERG: The discussion has prompted me to ask you a question, Mort, about
the DOE program. You mentioned two figures, the $90/m2 and the 15%
efficiency. Why not just give the $90/m2? Why is the efficiency con-
straint given as well? I mean, you have a very cheap amorphous cell that
does better than $90/m2 but is less than 10% efficient. What do you
say about that?

PRINCE: It is very straightforward, Peter. If you have a 5% cell versus a
15% cell or module, you need three times the area; the land cost, the
wiring cost, and so forth. There are many other costs that go up, and
that is why you need the combination of both parameters.

LINDMAYER: I also believe, if I could add to this, that maybe it is more
appropriaste for DOE to set up technology and scientific goals than R&D
goals and economic goals at this point in time.

WOLF: Joe, you mentioned that it is often advantageous to introduce a somewhat
cheaper process and take a loss in efficiency, and the efficiency may come
back as we gain experience. This in some cases may happen. On the other
hand, the opposite can also easily be the case: you move a step to higher
efficiency, but at a higher cost, and then you are learning as your pro-
duction teaches you how to do this more and more cheaply. 1In fact, it
seems to me if you go the other way, you also have to be very careful in
evaluating whether the cheaper process does not have a limit that doesn't
permit you to get back more efficiency.  You mentioned metallization

- gereen printing. You use relatively expensive metals, but you never get
low resistivity, you always end up with a higher resistivity in the center
of materials, it seems. So you have a penalty. It seems you cannot get
through nartower lines with the screen printing process than you can with
some other processes. You may have to -- toward the beginning -- say yes,
it would give me a cheaper process, but I don't see where it can get me
back to the higher efficiencies. T think you have to evaluate it care-
fully before you make a decision of this sort.

LINDMAYER: I agree with you that there are two sides of this equation.
PRINCE: I think we have to be careful that we don't get off into the cost
aspects of silicon cells and modules. This meeting is about efficiency,

g0 unless you have a gpecific question relating to efficiency and not
cost, please hold them for a discussion during the coffee break.
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SCHWUTTKE: Joe, I would like to pick up on that comment you made, that we need
better education in manufacturing. I look at it in a different way. I
don't think we really need better education in manufacturing. We are
confronted by a situation where you have relatively, and I say relatively,
little or indifferent education on one side, and on the other side, the
Ph.D. side, we have relatively too much education. You really are con-
fronted with a problem; you are dealing with two different types of
people, and this is the problem you have. It is a communication problem;
the manufacturing guy does not respect the Ph.D. guy, the Ph.D. guy does
not respect the manufacturing guy, so what you end up with is the follow-
ing situation (I have seen this over the years over and over and over
again): you have two efforts running parallel and these two characters
never talk to each other, the manufacturing guys want to outdo the
Ph.D.'s, and the Ph.D.'s want to outdo the manufacturing people. I think
what we need is not better education; we need better communication, and
that could save us an awful lot of money.

LINDMAYER: Very good point.

SIRTL: Mort, I come back to your comment about "let's not talk about economy,
let's talk about high efficiency." I think it can be a dangerous atti-
tude, at least in part, because an 18% solar cell, even in space tech-
nology, is not reality today on a 10 x 10 em? substrate, and if we talk
about the best we could do sbout making high-efficiency cells at present,
we have to talk about float-zone material. It may be very nice to explore
the best material available -~ some mechanisms we don't understand — but
I think we should be careful not to emphasize too much that kind of in-
vestigation alone. After all we have learned to date, float-zone material
would not be a good material as a basis for economical production, so we
may be forced to switch too late to other systems that offer a much more
economical background for making the solar cells. I just wanted to bring
up that point because the float-zone defect situation, for instance, is
much different from any kind of polycrystalline material or whatever else
you may choose.

PRINCE: You have a very good point there. In fact, I talked with Ted Ciszek
specifically sbout this problem: can we produce float-zone material at a
similar cost to Czochralski material; he has given me some positive indi-
cation that it is possible. I don't know whether we should make comments
about this at this time, or later.

SCHUMACHER: I would like to know if anyone has ever built a module that would
give you 15% efficiency regardless of whether it was done by Ph.D.'s or
who have you, and if not, why wouldn't that be a good objective -- just
to assemble the best team you could and build the very best module you
ever could — and then you can begin as a second priority to go after
reaching this cost objective. ‘I happen to think that single-crystalline
silicon would be a very nice thing to use in these solar cells. I would
think you would try to get the very most out of it that you could, and I
think that would be the ideal approach.

LINDMAYER: I think that at least small panels have been made that are good,
but not 1 m2. This was really just done in the lab.

11



ASPECTS OF SILICON BULK LIFETIMES

Univerls)::Lf).r Ezngiziﬁimpton, NS 5 - 3 1 6 1 7

Southampton, S09 5NH, England.

Abstract

Following some general remarks about (a) high efficiencies and (b)
recombination lifetimes, two specific questions are considered. First, an
analysis is made of the best lifetimes which have been attained for bulk
crystalline silicon as a function of doping concentrations. This is done by
adopting a separability assumption that the dopants which set the Fermi level
do not contribute to the recombination traffic which is due to the unknown
defect. This defect is assumed to have two charge states: neutral and
negative, the neutral defect concentration being frozen—in at some temperature
T.. It is essential for the higher doping concentrations to include the band-
band Auger effect by using a generalisation of the Shockley-Read-Hall (S.R.H.)
mechanism. We infer single-electron band trap recombination coefficients of
order 1072 cm®s™! and an unknown defect level near mid-gap. Some speculations
concerning its nature are also offered. Secondly, the above-mentioned
generalisation of the SRH mechanism is discussed in detail by giving relevant
formulae and quoting recent comparisons with experiment. This formulation gives
a straightforward procedure for incorporating both band-band and band-trap Auger
effects in the SRH procedure. There are two related questions which arise in
this context: (a) It may sometimes be useful to write the steady-state
occupation probability of the traps implied by SRH procedure in a form which
approximates to the Fermi-Dirac distribution. It is shown how this can be done.
(b) Some brief remarks about the effect on the SRH mechanism of spreading Ne
levels at one energy uniformly over a range of energies will also be made.

~
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1. Introduction

In this talk I want to discuss two topics of importance for the improve-
EEnE cﬁ g}Llcon solar ‘cells. The first (£4), relates to the problem of the
residual defect in silicon. Working backwards from the measured lifetime -
doping relationship, we shall ask if there is some single level with some
capture probabilities which can account for the best lifetimes. The answer
turns out that there seems to be such a level, but to identify its precise
nature requires more experiments. The second topic is the identification of
Auger trap and/or Auger band coefficients by an analysis which closely
resembles that familiar from the Shockley-Read-Hall (SRH) statistics. With
the increasing importance of heavy doping in devices, this rarely used
procedure is worth noting and it will be described in some detail. Although
not new it has been used only once or twice,; and it ought to be more widely
known.

As this is an "overview" talk, the work indicated above is preceded by
general remarks on high efficiencies (§2) and lifetimes (§3).

2. General remarks : efficiencies

The achievement of 18%+ efficient solar cells based on terrestrial
conditions and single crystal silicon hgs recently been reported. A key
element in the design is a thin (20-50 &) Si09 layer to passivate those n¥t
silicon surface regions which are without a contact (1), A first question
to be raised is if one knows that Si0O2 is the ideal layer. One knows that other
layers can be used, for example in MIS structures(2) ; it would be interesting
and important to know their effect on device performance. [There are of course
other ways of attaining high efficiencies, for example by the use of ion
implantation, high resistivity silicon and using surface passivation(3)]. This
is the first problem to which I want to direct attention.

A second potential method of obtaining high efficiencies is to employ
several cells of different energy gaps in one unit (or even in separate units
so that there are four or more terminals). If one envisages black-body
radiation at 6000K and a very idealised model,a two gap tandem cell might push
the efficiency up from a theoretical one-gap value of 31% to a two-gap value
of 42.9%(4,5), Scwe idea of the fall-off of efficiencies for non-optimal
band gaps is obtained from Figure 1(5). More realistically,one can study
tandem cells based on, for example, a combination of amorphous and crystalline
silicon as has been done at M.I.T. Figure 2 shows the results of such a =
calculation assuming optimised gaps, silicon properties for all gaps, one
sun and room temperature cperation. A four-terminal arrangement is seen to be
best, but in this calculation, one finds only a modest improvement of 30%
efficiency over the ideal 27.5% for a single junction crystalline cell. This
makes the additional complication arising from a second junction of doubtful
benefit(6), An additional problem with tandem cells is that an optimal
ad justment of a tandem cell for one spectrum is upset if the incident
spectrum is changed by cloudiness. The investigation of such matters
represents a second problem to which I want to direct attention. Note that
these high theoretical efficiencies for tandem cells have not even been

14
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realised approximately in practice. Presumably surface problems and
recombination at surfaces are among the difficulties which have impeded
progress.

Multi-gap structures entirely based on amorphous silicon have also
been considered. For a three-gap structure in series (Eg = 2.0, 1.7, 1.45 eV)
a 7% efficiency was attained, compared with a theoretical 24% (7). Our main
interest here is, however, in crystalline silicon.

There is an additional step which can be taken, namely to raise the
mobility of the current carriers by confining them to a well in the conduction
band produced by growing different materials on top of each other. 1In this
kind of multi~hetero junction scheme the electrons travel in a two-dimensional
well. They have dropped into it from a region containing the original dopants.
These are thus left behind leaving to the electrons a region relatively free
of ionised impurity scattering. The need to pursue these ideas, is my third
problem. A start has been made with it at the Sandia National Laboratorylgj.

3. General remarks : Lifetimes

Properties of a silicon wafer may be specified by giving details concerning:

Electrical properties (resistivity, conductivity type, lifetime,

etc.)

Mechanical properties (thickness, vacancy and interstitial densites,
etc.)

Chemical properties (chemical impurity concentrations, stoichiometry,
etc.)

Surface properties (surface scratches and roughness, etc.).

Of all these many parameters I shallhere been concerned only with the lifetime
T against recombination. Because it is normally larger than the dielectric
relaxation time Tp one keeps up a non-equilibrium steady state between
electrons and holes and can have lifetimes and diffusion lengths which are
greater than zero. [The opposite situation T &T. characterises the so-called
relaxation semiconductor in which the Fermi levels are locally coincident.]

In order to improve solar cells one has to increase T further.

Lifetimes may be improved by gettering metallic impurities like Au,
Fe, Cu which provide deep recombination centres, using a mixture of 02 and HCL.
Dislocations help to getter most impurities but unfortunately they provide
recombination sites themselves, particularly in the presence of vacancies.

During processing the high temperatures induce the formation of thermal
defects (vacancies, interstitials, etc.) some of which are quenched into the
final material and cannot be annealed out altogether. Particularly when
dislocation-free material is used, and dislocation gettering is therefore not
available, these mechanical defects tend to agglomorate and to give rise to
aggregates of defects (some are known as "swirls") which also shorten life-
times. This problem presents a "point defect dilemma"(9).

16



It should be remembered that a good understanding of lifetimes is desirable
rot only because one wants long lifetimes in solar cells. One additiomnal
reason is that lifetime monitoring is important in device processing. It is
used for example in neutron transmutation doping in which the uniformly
distributed isotope 30Si is converted into phosphorus dopant which is
therefore also uniformly distributed:

30
si - 31P+ Bray.

Lifetime measurements designed to assess the quality of the starting ingot

is also in use(10,11), A second additional reason for understanding lifetimes
is that for some device applications lifetime reduction is required, notably
for fast-switching bipolar transistors. This reduction may be achieved

(after fabrication) by electron beam irradiation, or (during fabrication)

by introducing "killer centres'" such as Au and Pt.

4. The residual defect in silicon

If one looks at measured silicon lifetimes as a function of doping, one
finds the jumble of points shown in Figure 3.

However, one may consider only the best lifetimes for given doping on
the argument that these crystals have attained some ideal lifetime, limited
only by a particular, but unknown, defect. This defect could be mechanical
(interstitial), chemical, or an association of several of these. In this view
the dopants help to set the Fermi level, but do not participate in the
recombination traffic which limits the lifetime. The recombination defects,
on the other hand, although of low concentration, are included in the Fermi
level equation. This is a kind of "separability assumption” for Fermi level
and lifetimes and it will be adopted here. What are the characteristics of this
"residual" lifetime limiting defect?

To answer this question we have added to the separability assumption,
secondly,the hypothesis that the defect has only one recombination level
and that if it is occupied it is negatively charged; otherwise it is neutral.
A third assumption is that the concentration of neutral defects is that which
is "frozen in" at a temperature Tf with an activation energy Ea, so that(13)
b4 3

NT = (5«x 1022) exp (-Ea/ka) cm °.

d (1)

The numerical factor is the atomic density of silicon.
The procedure now is to regard (1) as giving the maximum solubility of

the neutral defect as Tg. This is independent of the location in the material
and of Fermi level. The defect has a negative charge state linked to N§ by

- X _
N, / N, = exp [(F Ed)/ka].
Hence an increase in n-doping, by raising the Fermi level, raises N; and so
raises ‘
X -
= + N._.
Ng = Mg+ 1y
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This leads to a lowering of T _ (Np) with doping. However, increase in p-
doving lowers the Fermi level™ and hence Ng. This leads to longer lifetimes
Th(NA) with doping until these lifetimes are pulled down again by the band-
band Auger effect%14) as shown in Figure 4. Assumption 2 concerning the
charge on the unknown defect enables therefore the model to reproduce the
asymmetric behaviour observed experimentally as regards 1, compared with tp.

The lifetime curves for the correct concentration Ng of defects, as
calculated at Tg, are used at the lower measurement temperature T, assuming
a generalised Shockley-Read mechanism(15),  They follow roughly (Ng)-! with
doping, until they are both pulled down by band-band Auger effects.

The notation for the recombinaticn constant is shown in Figure 5. We use
BS, By, By for band-band recombination and T§, TS, T3 ..... Ty for
recombination involving traps(14). A superfix S"indicates a single-electron
(non-Auger) transition, the other symbols refer to Auger effects. Following
Fossum et al(13,15) gpe can neglect T3, Tos T3, T4 and BS and adopt
B, = 25, = 2x10 " cn® st
1 ° 9 X s .
S

As to T%, T,, one may regard them as fitting parameters, along with Tg¢ and
E;. The inferred values are then found to be

S 9 3 -1

S —
o
2T1 T2 5 x 10 cm s

E

1.375 eV, T_. = 620 K. (2)
a £

Position of defect level : 45 meV above mid-gap.
The resulting fit is shown in Figure 4.

We are left with two matters of controversy : (1) What is Tf in equn.(1)?
(2) What is the nature of the defect specified in (2)?

As to the first question, recall the early quenching experiments on
silicon which led to a relation of the type(17)

1
~ = C exp (-Ea/kTq)

where the activation energy was found to be 0.6 eV, t was the minority carrier
lifetime and Tq was the temperature from which the sample was quenched.
Data enabling one to find C was given later for these thermally generated
recombination centres:

' 13 -

cn 2,13 x 10 s 1, Ea = 0.9 eV.

[18; note that the captions of Figures 8 and 10 should be interchanged]. More
recently a thermally generated donor density

= U -
\V C' exp ( Ea/kTq)

2 - ‘
was found with C'n. 8 x 10 3 cm 3, E, =2.5eV in "pure" p-type silicon.
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The appropriate level was located 0.37 eV above the valence band edge (19),
These results suggest that (1) is a reasonable assumption and that the
freezing-in temperature Tf may be identified as the quenching temperature
for infinitely rapid cooling at least for some heat treatment histories.
This corresponds to the '"perfect" quench. Departure from the perfect quench
by slower cooling should lead to Tg < Tq. This relation between Tg and Tq
needs further study.

The second question is made difficult by the variety of levels found by
different methods in the forbidden gap of silicon. In particular we cite
nine relevant pre-1980 papers on thermally generated and/or quenched-in
centres in silicon (20-28), Thus a donor level at Ey + 0.4 eV was found in
p-type silicon in (19,20) and in boron-doped silicon in (21), but not in
(22) where the boron concentration was heavier. It was again found in (24)
as a complicated defect. The thermally generated defects were found to be
hard to anneal out in (25) and in later work.

In a series of later papers fast ("s'") and slow ("r", "r'", "r'"") thermal
recombination centres were found and characterised. They have formation
energies of 1.0 eV, 1.2 eV and 2.5 eV (26), the slower centres being less
soluble. The high binding energy and the consequent difficulty of annealing
out thermal centres was confirmed (27,28). The slow centres were attributed
to vacancy-Cu complexes and later to vacancy-oxygen complexes (29). The fast
centres were attributed to native defects [(29), Figure 3].

As regards energy level structure, many inconsistencies remain.
Some of the discrepancies between the various experiments have been attributed
to electrically active defects connected with traces of iron in silicon which
may have been present in varying amounts (30). They can be kept down to
below 1014 cm~3 by special treatment. Iron-related deep levels have, in
fact, been studied separately (31) as has the level at 0.45 eV above the
valence band edge (32).

Swirl defects (due to point defect agglomerates, presumably interstitial)
of formation energy 1.3 eV - 1.4 eV were also noted in p-type floating zone
grown heat-treated silicon (33), and their annealing characteristics differ
from those of divacancies of a similar formation energy (1.3 eV).

Two possible interpretations of the defect inferred here and
characterised in (2) will now be proposed. The first suggestion is that it is
a swirl. The A-type swirl, believed to consist of dislocation loops, loop
clusters, etc., occurs in concentrations of typically 106 - 107 cm™3, and is
therefore not a serious candidate. B-type swirls are smaller and are found in
concentrations up to 1011 ecm™3 or so (34). This is of the order (1011 - 1013
cm~3) of defect density implied by Figure 2 of (14). The formation activation
energy of 1.3 - 1.4 eV (33) is also of the right order. If such swirls can
supply an ac¢ceptor level near mid-gap (their energy level structure does not
seem to be well known yet), the swirl B would be a serious candidate. This
interpretation of the "residual' defect in silicon as used for semiconductor
work, if correct, would be of importance for two reasons : In the first place
swirl defects are known to have detrimental effects on silicon, and secondly
the elimination of swirl defects is under active study. One can use slow or
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fast crystal pulling rates, inert ambients during growth, or annealing after
growth to reduce their occurrence.

A second candidate is the "s'" (native, fast) recombination centre (29).
The slow centres ("r, r', r" ") have levels which lie too close to the band
edges, whereas the "s' centre has a level near mid-gap. A recombination
coefficient for minority carriers of ~10-7 cm3 s-1 has beenssuggested (23)
which is 100 times larger than our inferred values of Tf v T A1079 em3 1.
This could, however, be understood in terms of different thermal histories.
It is, of course, possible that the "s"-centre and the swirl B centre are
the same defect. Even a very recent study (35) on the relation between
recombination mechanisms and doping density leaves these matters unresolved.
It is hoped that the above suggestions may, however, stimulate further work.

Deep level spectra are not well known, but some are shown in Figure 6
and it will be seen that they do not apply to the residual defect identified

here.

5. Auger effects in trapping statistics

In the above discussion the Shockley-Read-Hall trapping mechanism has
been invoked in order to arrive at a lifetime. However, the effect of
additional Auger processes was not incorporated in the original version of
1952. This extension was made in 1963 (38) well before device engineers
took an interest in heavy-doping phenomena. Because I believe this
incorporation of Auger effects to yield an important new and useful concept,
I have developed it and applied it from time to time(15,39,40), 1In the
present context the motivation for such an extension of the Shockley-Read-Hall
mechanism is particularly obvious: The reverse diode saturation current J,
should be kept small in a solar cell to reduce loss by recombination. The
minority (electron) carrier recombination rate per unit volume is for the
simplest picture of a p-type layer

Y nEo 12
—_— PO = -1 = = -

- h (exp Gyn ) T (expdy, - 1)
n n A'n

=}

where 6y _ is the electron Fermi level excess over its equilibrium value
divided gy kT. It has also been assumed that the p-type material is non-
degenerate with all acceptors ionised

= 2 = N
npo Ppo By npo A

The bulk recombination can therefore be held down by heavy doping and this
brings in Auger effects as their rate tends to dominate over single

carrier transitions at high carrier densities. [The improvement of the basic
material by identifying and, if possible, removing deep level recombination,
alsc indicated by this argument, was dealt with in section 4].

The need for heavy doping can also be seen from the open-circuit voltage
of solar cells which in a simple theory should increase with doping but in
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fact declines after going through a maximum. An early curve of this kind was
given by Iles and Soclof(41),

Turning to the incorporation of the Auger effects shown in Figure 6 into
the SRH trapping statistics scheme, the simplest way of doing the algebra
may be as follows.

Let Ny and Ny be the concentration of centres or defects without a
trapped electron and with a trapped electron, and let Ng = Ng + Nj be
the total defect concentration. Let n, p be electron and hole concentrations
so that for non-degenerate material we have

Electron capture rate < nNj, (G)
Electron emission rate « N; (Gny)
Hole capture rate « pN, (H)
Hole emission rate < Ny (le)

The coefficients of proportionality, which we shall identify later, are also
shown. All one needs is the steady state condition for the centres, by equating
the nett electron and hole capture rates per unit volume:

G(nN

0" nlNl) = H(le - piNy) (3)

This gives steady-state occupation fractions

N1 Gn + le
ﬁ; N G(n+nq )+H(pt+py) °
so that
N N
ﬁg = 1 - ﬁl (4)
d d

Substitution for Nj and N, from (4) into the left-hand side of (3) gives the
steady-state trap recombination rate per unit volume :
: np - n,P
- — 11 - (5)
(NgH) (n+n1)+(NdG) (P+P1)

U
st.st

This has the general shape of the usual S.R.H. result, except that nl,pl, G,
H need interpretation.

- The factors n, and p, are not interesting; they follow from (3) if
detailed balance is assumed:
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nN n.- n
= 0 _ d ¢
n; (Nl )eq N_e (6)

where n_ and n, are the energies of trap level and conduction band edge,
each divided by kT. Similarly
pN n_-n

- 1 =
P; < (—EG )eq e (7)

where n, refers to the valence band edge. It follows that

n,p. = (np) = n%,
171 eq i

However, G and H are more interesting : we must include all the six
trapping processes of Figure 5, making the electron capture rate per unit

volume
-S +T2
GnN0 = Tl nN, 1n Ng + TznpNo,
ie.G= T + T.,n + T,p. (8)
: 1 1 2
Similarly g v
H =T, + T,0 + T3p (9

The picture is completed by adding the band-band recombination rate per unit
volume

s
Fnp, F =B + Byn+ Byp (10)

(38)

Hence the total steady-state recombination rate per unit volume is

1

U=[F+ ) , ~
(NgH) (n+nf»(NdG) (ptpy)

](np-niz) (11)

We now proceed to some special cases of interest.

Consider now the minority carrier lifetimes. 1In p-type material one
has PPy (the equilibrium concentrations receive now a suffix zero) so that
- G

1 u (n no)p N

— E—— .0 (S = “+.—L
Tn n--n n-n_ [F + ptpy 1= pr ptp !

46+
(12)
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(p-po)n N.H

—U—'ﬁ————[F+—d—]=nF+—E—Nd
T PP, P P, n+n1 n+n

H. (13)

I1f n1 << n, P, <K p, one has, underlining terms liable to dominate,

i

o (B§+Bn+B2p)p+(Ti+T

1

mt T,p) Ny (14)

n

1 S S
—T; o (B1 + Bin + sz)n + (T2 + T3n + Tap)Nd (15)

These formulae were in reascnable agreement with earlier (1962) experiments on
Germanium, when these results were first tested shortly after they were

proposed 42), However, it took a surprising eighteen years before an
explicit test was made (43), Some of the results are shown in Figure 7 and
Table 1. There is reasonable agreement between theory, equation (15) in this
case, and experiment. [The classical S.R.H. results are found if one puts
S = = = = - - .
Table 1

Some inferred values from a fit of equation (15) to the

data of Figure 7 at 300K.Based on reference 43

S -1 S
(Tsz) T3Nd T3/T2A
Au diffusion at .

- -12 - =19 3
850°¢C 15 10 8s 5.3x10 cmBS 1 7.95 10 et
Au Siffusion at -8 -12 3 -1 -19 3
920°C 1.3 19 s 82x10 cm” g 10.7 10 cm

We thus have a method, capable of being applied to experiments, which
is the natural extension of S.R.H. statistics. As Auger effects have often
to be taken into account, this method should rival S§.R.H. statistics in
popularity. The only complication is the need to know the additional
recombination coefficients. But as was seen in {16) some of these may be
put equal to zero in specific cases.

There is a question of a more academic nature which the above results
bring up: The steady-state occupation probability (4) of the recombination
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centres should go over into the normal Fermi-Dirac function in equilibrium:

Nl 1

where Y 1is the equilibrium Fermi level divided by kT and the degeneracy
factor Ras been absorbed in Ng- At first sight it is not easy to see how
this can come about. However, one can rewrite (4) as

N

1 1
— = (18)
Ny h exp(ny -Y6)+1
which solves the problem provided one can show that h > 1 in thermal
equilibrium. This is so. In fact one finds
1
coshfa + = (v =~ v.)
1 o
h = exp[yg o (yé + Yh)] % h
cosh[a + 3 (Yé - Yb)]
(19)
where
expo = Gnl/Hpo. (20)

In thermal equilibrium h > 1, as expected. The results(18) - (20) seem to be
new. They were first found in reference 44,

A question not investigated much (but see (40)), though it could be of
importance for lifetimes, is the following: How is the recombination lifetime
changed if Ny levels at an energy Egq are spread out with constant density
to extend from Eq - € to Eq + €?, This doubt arises occasionally in modelling
situations.. To answer this question one can use the generalised S.R.H.
process, assuming that defect-defect transitions are negligible. This matter
is under investigation. Preliminary results suggest that, depending on the
position of E4 and on the excess carrier concentration, the recombination
rate can move in either direction. For a defect at midgap a decrease is
more likely, while an increase is favoured if the defect is in the upper part
of the gap provided the excess carrier concentration is not too large. More
details will be reported in due course.
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6. Additional comment after the work was completed.

A defect similar to the one inferred here (in section 4) appears to have
been found in swirl-and dislocation-free float zone grown silicon by deep
level transient spectroscopy and derivative surface photovoltage (45). This
dominant recombination level was located at E, + 0.56eV with a capture cross
section for holes equal to twice the capture cross section for electrons:

0'23 = 20’1S = 10-14 sz (21)

in fair agreement with the specification (2), above, of the defect identified
here. If one puts

S

T = £ v 028 (v ~ 107 em/s ~ thermal velocity)

and inserts our value for T, S and relation (21) the factor f (giving a
recombination efficiency) turns out to be

f = 0.05.
The same result is found if Tls and Gls are used. These authors suggest

that the defect may be a self-interstitial or a cluster of these - this is a
third possibility in addition to the two noted in section 4.
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DISCUSSION

SCHUMACHER: Well, Peter, I guess I don't understand the whole story here, but
after all, in the Shockley-Read-Hall treatment of lifetime, the shifting
of the Fermi level is taken into account, and there is an occupancy factor
that tells you how many electrons, how many majority carriers there are
in the centers for recombination. Then, as a result of that, the life-
time in less heavily doped material is higher than the lifetime in more
heavily doped material. Of course, if you change the total number of re-
combination centers, then you can change the lifetime. You are saying
that the number of recombination centers is changing because of the posi-
tion of the Fermi level, not just the occupancy number. 1In order for what
you sayding to be true, it would be necessary for the total aumber of
recombination centers to change. '

LANDSBERG: Right. And so it does. I think I might not have made it clear.
It is entirely my fault. Perhaps what I didn't explain quite well enough
is that these dopants don't act as recombination; a kind of separabiiity
assumption that the defect acts as a recombination center. The dopant is
merely there to set the Fermi level. Now, what happens is, as you said,
the lifetime increases because the total number of defects has decreased.

SCHUMACHER: Then the X is the total number of defects.

LANDSBERG: No. The X is the total number of neutrals. So the neutral defect
density is given by the solubility of the defect in the silicon.

l

SCHUMACHER: Then N§ is not the total number of defects?

LANDSBERG: There is an old paper by Hall and Shockley many years ago that
discussed solubility. There were other people after this. They were
talking largely about the sclubility of the neutral species. That is
always uniform; it is not affected by the p-n junction, and so on,
because it doesn't react in an electric field because it is neutral.

TAN: Peter, I have two simple comments, made in good faith, and I hope you
will accept them in good faith tco. The first one is that in one early
slide you said that in order to specify the material, silicon, you have
something called a mechanical property. Those of us who work in the
material characterization field refer to that as a physical defect. This
is simply a misnomer, not important. The important part is that to my
knowledge, up to today, we do not know how to specify that property in
the same sense as you would with your electrical property.

LANDSBERG: I think it is a very interesting point you are making, because it
is just where I am rather ignorant.

TAN: That is why I mentioned I made these comments in good faith.
LINDHOLM: I will be very brief, but some of the people here might want to

know where some of these things were published. Can you tell us what is
the status of that manuscript? :
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LANDSBERG: We didn't pay any reprint charges because we couldn't afford to.
LINDHOLM: That is a good comment for the sponsors to listen to.

LANDSBERG: Therefore, it is delayed. It is in the Journal of Applied Physics.
The proofs have been seen but as far as I know it has not appeared yet.

LINDHOLM: As a point of clarification in sort of following up Joe Loferski's
question: I think that your Tg on the slide stands for temperature of
formation. You have an activation energy of 1.3 eV, and roughly figuring
that out, that must mean around 600K. Do you remember that?

LANDSBERG: Yes. It was around 620K, something of that order.

SCHWUTTKE: Just a comment in supporting the characterization people on the
previous comment. Looking back to my early years as a student, there was
one hot subject, and you will remember this as well as I do. People were
totally concerned for what we called cclor centers, and they studied this
from a to b to ¢. And every month, almost, they discovered a new symbol.
Then later on, cnce I graduated, they discovered one particle of matter,
another particle of matter and I don't know how many particles of matter
they have discovered by now. And then we were very proud that we defined
crystal perfection by zero dislocation density and so we got accustomed
to zero dislocation density and crystal perfection —- to characterize
crystal perfection by the number of dislocations. And then, I believe, a
lot of nuclear physicists got into silicon, and from there on we have had
this tremendous confusion about crystal perfection. Today crystal per-
fection does not mean that you have zero dislocation. You are really ad-
dressing the state, the point defect state, in the materials. Basically,
you can only talk about crystal perfection if you know the condition of
every atom and what else is floating around. You are faced with some
very difficult problems if you want to calculate something, because we
just cannot provide you with the necessary detailed information that you
need to make the proper calculation. So it is basically cur shortcoming,
not yours, and I would like apologize for that.
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ABSTRACT

The dominant recombination phenomena which limit the highest efficiency
attainable in silicon solar cells under terrestrial sunlight are reviewed. The
ultimate achievable efficiency is limited by the two intrinsic recombination
mechanisms, the interband Auger recombination and interband Radiative recom-
bination, both of which occur in the entire cell body but principally in the
base layer. It is estimated that an upper efficiency of 25.4% at AM1 or BAM1.5
solar illumination can be attained if either Radiative or high-injection-level
Auger recombination in the base is the only recombination loss mechanism in a
cell with 50 micron thick base and at an absorbed photocurrent of G.36 A/W.
Thicker base will increase the efficiency slightly via higher absorbed photo-
current less higher Auger and Radiative recombinations in the larger volume.

At 500 micron, the photocurrent is raised by 10.6% and the open-circuit voltage
is reduced by about 60 mV due to larger recombination volume, giving a net
efficlency gain of only about 0.6% to 26% at AM1. The low-level Auger recom-
bination in the hase gives a smaller efficiency of 24% in 50-micron base cell.
This suggests that an optimum (26%) cell design is one with lowly doped 50-100
micron thick base, a perfect BSF, and zero extrinsic¢ recombination such as

the thermal mechanism at recombination centers (the Shockley-Read-Hall process)
in the bulk, on the surface and at the interfaces. The importance of recom-
bination at the interfaces of a high-efficiency cell is demonstrated by the
ohmic contact on the back surface whose interface recombination velocity is
infinite. To attain the Auger-recombination-limited efficiency in the base
without a minority-carrier-blocking back-surface-field layer, the total
majority carrier density in the base must exceed'101 cm‘z, an impractically
large value requiring a one-centimeter thick cell at a doping concentration of
10! 7em™3 which would increase Auger and Radiative recombination by 200 over a
50 micron cell and reduce the limiting efficiency by 5% to 20%. The importance
of surface and interface recombination is further demonstrated by representing
the Auger and Radiative recombination losses by effective recombination
velocities which are about 0.33 and 3.1 cm/s respectively at 25.4%. Thus, to
reach the ultimate efficiency limit of 25.4%, real interfaces must have recom-
bination velocities less than about 10"!7N_ or 1 e¢m/s at a surface impurity
concentration of Ns-1017cm'3. The paper is concluded by demonstrating that
the three highest efficiency cells (17,18,19%) may all be limited by the SRH
recombination losses at recombination centers in the base layer. To reach the
Auger and Radiative recombination-limited efficiency of 25.4%, the SRH recom-
bination loss in the base must be dec¢reased to §ive a minority carrier life-
time greater than 2x10!*/N; or 2 ms at 10!7cm™> base doping density. This
corresponds to a dark current of 0,2 fA/cm? in the ideal diode Taw.
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I. INTRODUCTION

Energy loss by photogenerated electrons and holes through scattering and
recombination limits the ultimate performance of solar cells. Scattering
reduces the mobilities of electrons and holes, increases the series resistance
and decreases the fill factor (FF). Recombination increases the shunt
conduetance and the dark leakage current and decreases both the open-circuit
voFtdgé (VOC) and the short-circuit current (JSC). Energy loss during these
two collision processes (scattering and recombination) will reduce the
maximum efficiency (EFF) which is given by EFF=FF¥VOC*JSC/PIN at an absorbed
areal solar power density of PIN.

The ultimate efficiency is limited by two intrinsic recombination
mechanisms in an ideal cell structure in which the scattering or series
resistance loss and the extrinsic recombination losses are reduced to
negligible levels. These two intrinsic recombination mechanisms are the
interband (conduction-band to valence-band) radiative process and the inter-
band Auger process. The interband Radiative recombination mechanism poses
the ultimate limit while the interband Auger recombination mechanism may be
reduced by proper cell design via dopant impurity density and layer thickness
control. 1In a silicon p+/n/n+ or n+/p/p+ back-surface-field (BSF) cell design
with 50 micron base layer thickness, the ultimate AM1 (or AM1.5) efficiency is
about 25% at room temperature and both the Radiative and Auger mechanisms

.contribute about equally to the recombination loss.

This paper presents an analysis of the effects of the intrinsiec and
extrinsic recombination mechanisms on the performance of silicon p/n junction
solar cells. Section II provides a review of the recombination mechanisms
and locations and their effects on the performance of solar cell devices.
Section III provides an analysis of the ultimate performance of ideal cells
with no scattering losses. Section IV illustrates the effect of surface
recombination and its large degrading effect on performance. Section V gives
an analysis of the three highest-efficiency single-crystalline silicon solar
cells which -have been reported. It delineates the material factors which may
have reduced their measured performance below that predicted by ideal diode
law. A short concluding summary is given in Section VI.

II. RECOMBINATION MECHANISMS AND SITES

The electron-hole recombination processes can be categorized according
to their origin. They can be further divided by the energy exchange méchanisms
which control the recombination rate. Recombination processes with the
intrinsic origin are those which limit the ultimate performance of a solar
cell. Recombination processes due to imperfections in the crystal lattice,
grouped by their extrinsic origin, such as chemical impurities and physical
defects, can be reduced so that their deleterious effects on cell performance
can be nearly eliminated. A categorization of these recombination processes
are given below [1].
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INTRINSIC MECHANISMS (Interband Transitions) ENERGY EXCHANGE PARTNER

1.1 Thermal Recombination Phonons(Lattice Vibration)
1.2 Radiative Recombination Photons
1.3 Auger Recombination Third Electron or Hole

EXTRINSIC MECHANISMS (Band-Bound Transitions) ENERGY EXCHANGE PARTNER

E.1 Thermal Recombination (SRH) Phonons
E.2 Radiative Recombination Photons
E.3 Auger Recombination Third Electron or Hole

A main fundamental difference between the intrinsic and the extrinsic recom-
bination mechanisms is that the initial and the final states of the electron
are in different bands separated by a large energy gap for the intrinsic
processes. The energy exchange during the transition is much larger than the
largest phonon energy, about 60 meV in solids. While for the extrinsic
processes, the initial or final states is a bound state localized at

a lattice imperfection, either an impurity or defect site, while ¢he other

is an unlocalized band state. The energy exchange covers both the small
energy range of the phonons as well as the large energies near the energy gap.
Thus, the intrinsic processes cannot be eliminated completely, although the
Auger process, 1.3, can be reduced since it depends on the presence of a third
electron or hole and hence will dominate only in regions of high electron or
hole concentration. However, the extrinsic processes can be reduced to
negligible level so that they no longer affect the solar ceil performance.
The reduction of the extrinsic recombination mechanisms requires crystal
perfections and purities in starting silicon as well as stressless and clean
solar cell fabrication processes which exceed the latest silicon very large
scale integrated circuit (VLSI circuit) technology.

Among the recombination processes, the intrinsic Auger and Radiative mecha-
nism pose the ultimate limit while the extrinsic thermal (SRH or Shockley-Read-
Hall) mechanism is the current technology limit. The recombination rate of the
SRH mechanism is proportional to the density of "the impurities and defects.-
These imperfections can be unintentionally but readily introduced during the
cell fabrication procedures and they may also be present in the starting
crystal, having been incorporated during crystal growth. Thus, to reduce the
SRH recombination rate will tax the latest silicon VLSI technology and beyond.

These recombination processes can occur preferentially at certain regions
and locations of a solar cells which suggest device design and technology
innovations to reduce and eliminate them. A schematic illustration is shown
by a cross-sectional view of a p+/n/n+ ¢ell in Fig.1. The recombination
processes can occur in the quasi-neutral emitter p+/, base /n/, and back-
surface-field /n+ layers. They can also occur in the junction space charge
layer of the p+/n junction, as well as at the oxide/Si and metal/Si or
metal/oxide/silicon interfaces on the front and the back surfaces of the cell.

However, they are not all important in all of these regions. For example,
in the highly-doped p+/ emitter layer, only the interband Auger and the SRH
recombination mechanisms may be important. The interband Auger recombination
can be important if the majority carrier density in the quasi-neutral emitter
exceeds about 1.0E17 hole/em? or a sheet resistance of about 0:6 ohm per square
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since Auger recombination rate for the injected or photogenerated electrons in
the p+/ emitter layer is proportional to the square of the hole concentration,
P%2. For another example, the SRH recombination mechanism could also be
iniportant in the quasi-neutral p+/ emitter if the density of the defect
recombination centers is greatly increased due to the heavy doping of the p+/
layer by incorporating a high concentration of boron impurity. Heavy doping
introduces localized band-tail states and broadens the boron impurity level
into an impurity band, both of which give a narrowing of the energy gap for
the minority carriers or an increase of the intrinsic carrier density, n;, or
the minority carrier density. This would increase the minority carrier

or electron recombination rate in the quasi-neutral emitter layer and reduce
the solar cell performance. There has been no concrete evidence showing the
importance of the localized or band-bound Auger recombination process (E.3) in
the heavily doped emitter, although it is anticipated due to both the large
majority carrier density and high density of defect and dopant impurities.

In the quasi-neutral base layer, the interband Radiative, interband
Auger, and the SRH processes may all be important. The Radiative process in
the base layer is the ultimate performance limiting loss mechanism. It is not
as important in the emitter since the emitter layer is rather thin-and hence
has a rather small recombination volume compared with the thicker quasi-
neutral base layer. The interband Auger process in the base layer can be
reduced by not-so-heavily doping the base. Lightly doped base would enhance
the influence of recombination in the back-surface-field layer sc¢ base doping
must be optimized or not so low, resulting in significant loss from the
interband Auger recombination process.

Similar to the emitter, the dominant recombination processes in the
heavily-doped quasi-neutral back-surface-field layer are the interband Auger
and the SRH recombination processes, but their influences are not as large as
they are in the emitter since the emitter is close to the solar source and
the minority carrier collecting p+/n junction than the BSF layer.

Surface recombination can also seriously limit the efficiency of very-high-
efficiency solar cells., Recombination of electrons and holes at exposed
surfaces and interfaces can occur via the various mechanisms just descrlbed.
However, the interfaces, such as the oxide/silicon, metal/silicon and
metal/thin-oxide/silicon interfaces which can be present in a cell, are layers
of high density of defects and impurities. The defects, commonly known as
dangling bonds, and the impurities can form electron and hole bound states and
serve as sites for electron-hole recombination. Generally, the SRH mechanism
at these interface bound states is thought to be the most dominant. However,
for heavily doped emitter and BSF layers, the surface concentration of the
majority carrier is so high that one could also expect the Auger mechanisms to
be important, especially the interband type although the bound-band type has
not been eliminated as a candidate. In silicon solar cells of greater than 20%
efficiency, the recombination loss in the cell must be so low that even a
minute amount of recombination at the interfaces can be very detrimental to
achieving higher efficiency. At the ultimate efficiency of about 25%, an’
effective interface recombination velocity of 1 cm/s or less must be required
to render interface recombination unimportant. This places a severe constraint
on the high temperature processing steps used during cell fabrication to
obtain low recombination velocity interfaces. -Each increase of ten of the
interface recombination velocity will reduce the open circuit voltage by




2.3kT/q or 59 mV at 2U4C and the efficiency by 10%. Fortunately, low
interface-recombination-velocity processing techniques are well advanced in
silicon VLSI technology. However, areal uniformity over the extremely large
areas required of solar cells and stability are still two key unknown factors.

The requirement of low interface recombination velocity for reaching
very high efficiency has motivated innovative cell designs. For example, the
very high (nearly infinite) interface recombinaticn velocity at the metal/Si
contact of the front contacts of a cell has prompted one design to use all
back surface contacts [2,3] and another design in which a thin oxide layer is
introduced between the metal and the silicon surface to take advantage of the
very low interface recombination velocity of the oxide/silicon interface [4,5].
Some of the latest high efficiency silicon solar cells, recently reported,
seem to have the interface recombination loss reduced to a negligible level
compared with the recombination loss in the quasi-neutral base layer [4,5,6].
Some quantitative analyses on these cells are given in section V.

Another important recombination loss originates from impurity-defect
clusters in the bulk of the cell [7] and damaged and at the exposed perimeter
surface of the p+/n and n/n+ high/low junctions of the cell [8]. In prineciple,
these recombination sites can be eliminated by revising processing procedures
and cell structure designs.

III. ULTIMATE PERFORMANCE OF IDEAL CELLS

The ideal cell is one that has only the lowest intrinsic recombination
losses, the interband Radiative and interband Auger recombinatlion losses.
Operating in the low injection level is also desired to further minimize any
SRH recombination losses and in particular, to take advantage of tbe more
box-like current voltage characteristics given by the idezl diode law,
J=J1*¥[exp(qV/kT)-1] compared with the high level law, J=J2¥[exp(qV/2kT)-1]
which has a more rounded or soft shoulder.

In the following subsections of this section, the ideal diode cell will be
analyzed to illustrate the numerical range of the solar cell parameters, JSC,
VOC, FF and a diode parameter, the dark current J1, in very high efficiency
cells, This is followed by an analysis to give projected ultimate performance
limit "if the only losses left are the intrinsic Radiative and Auger processes.
In the next section, section IV, the importance of surface recombination is
illustrated by two design examples. 1In the last section, section V, analyses
of the three highest efficiency cells recently reported are analyzed based on
the ideal diode cell mcdel given here,

3.1 IDEAL DIODE CELL
The d.c. current-voltage equation of a diode solar cell is given by
J = JL - Ji*[exp(qV/kT) - 1}
~ Jm*[ exp(qV/mkT) ~ 1]

where JL is the photocurrent density (areal), J1 is the dark leakage current
of the ideal Shockley p/n junction diode, m and Jm are the reciprocal slope
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and dark current of the nonideal junction diode. m=1 to 2 for recombination
in the space charger layer of the p/n junction [9]. m=2 for recombination in
. the quasi-neutral base layer at high injection level, i.e. when N=P>>Dopant
Density. m=U4 if a surface channel exists across the p/n junction perimeter
such as the inversion channel of a MOSFET [9]. If a shunt resistive path
exists across the bulk or the surface of the junction, m can be greater than
4 [9]. For the interband Auger recombination mechanism, m=1 at low injection
level but drops to m=2/3 at high injection level. This occurs because the
interband Auger recombination rate is proportional to N P + P N while quasi-
neutrality at high injection levels requires_that N=P=n ¥*exp(qV/2kT),
resulting in a current law proportional to N3 or P3 or [exp(3qV/2kT)] .

For high efficiency cells, all the nonideal recombination losses are elimi-
nated except the interband Auger mechanism at high injection levels. Thus, the
Jm term can be dropped except for the interband Auger process. The ideal diode
solar cell equation is then given by

J = JL - J1*[exp(qV/kT) - 11].

The photocurrent, JL, is a weak function of recombination loss for very-high-
efficiency cells. It can be taken as a constant and set to the maximum
available photocurrent for a given cell thickness. In the numerical analyses
to be presented in this paper, JL=36mA/cm? will be assumed for a AM1.5 spectra
at a photon power PIN=100mW/cm?. This closely approximates the photocurrent of
the measured AM spectra which gives 31.49mA/cm? at 88.92mW/cm? photon power

in a cell of 50 micron thick under one pass with no front surface reflection,
presented earlier [10] based on the spectra of Thekaekara. For other condi-
tions and cell thicknesses, only the ratio, JL/PIN=36/100=0.36 A/W needs to

be modified. This photoresponse increases to 0.4594 A/W when the cell becomes
infinitely thick or all the photons are absorbed, a 27.6% increase. To reach
higher efficiency, the cell thickness may be increased to increase the short-
circuit current, but this will increase the recombination volume so that a
optimum thickness will be reached beyond which the efficiency will drop.
Multiple passes using back-surface optical reflector in a thin cell can-avoid
the high recombination loss in the base of a thick cell.

_ The relationship between the short-circuit current, JSC, and the open-
circuit voltage, VOC, is then given by

JSC = JL = J1*[exp(qVOC/KT) - 11].

The maximum power point can be computed, without any approximation by setting
d(J*V)/dv=0. The efficiency, EFF, at the maximum power point is then given by

EFF = PMAX/PIN = JMAX*VMAX/PIN

which is also used to define the fill factor, FF, given by
FF = JMAX*¥VMAX/JSC*VOC,

Thus, the maximum efficiency is given by

EFF = FF*JSC*VOC/PIN = (JSC/PIN)*FF*VOC = 0.36*FF*VOC.
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This is a familiar result which has been used to analyze high efficiency
cell designs. To illustrate the numerical range of the parameters in the-
very-high efficiency cells, a set of values are computed and tabulated in
Table I. It shows that the dark current, J1, must be less than 2E-13 A/cm? or
0.2 pA/cm2 for a 20% cell. It decreases one decade for each efficiency rise
of 2%, reducing to 0.2 fA/cm? at 26%, which is about the ultimate limit for a
50 micron thick cell. The table also shows that for each 2% rise of
efficiency, the open-circuit voltage is increased by 60 mV, consistent with
the simple estimate we made earlier, 58,96 mV.

TABLE I
PERFORMANCE PARAMETERS OF VERY-HIGH-EFFICIENCY
IDEAL DIODE SILICON SOLAR CELLS '
(AM1 or AM1.5, 24.0C)

SOURCE I Js¢ | Voc| FF | EFF

(A) (mA) | (mv) ¢3)
Theory | 2.0x10710 | 36.0 | 840 | 0.8664 | 26.0
Theory | 2.0x1071° | 36.0 | 780 | 0.8588 | 24.0
Theory | 2.0x1071% | 36.0 | 720 | 0.8501 | 22.0
Theory | 2.0x10 13 | 36.0 | 660 | 0.8402 | 20.0

3.2 - ULTIMATE PERFORMANCE

The ultimate performance is limited by the interband Radiative and Auger
recombination mechanisms. The ultimate efficiency is reached when all the
extrinsic recombination lo=<es are eliminated. Tiie numerical results are
obtained by assuming also:tmat all the emitter recombination losses are
negligible, especially the low-level interband Auger recombination loss in the
highly doped quasi-neutral emitter layer. This is achievable by proper design
of the emitter concentration profile so that the total majority carrier
density in the emitter is not much higher than about 1E14 and there is a good
p++/p+ front surface field layer to maintain the high sheet conductance and
low series resistance. Thus, in this limit where only base recombination
dominates, thé dark current, J1 can be readily obtained by multiplying the
position independent base recombination rate to the base thickness. The -
results for both the two intrinsic¢ loss mechanisms and the SRH extrinsic
mechanisms are listed next,
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Radiative Recombination (Interband)
J1 = qCO%xB¥n?

Auger Recombination (Interband)

a* *3 .
J0.6 qC™*XB n; (High Level)
Jg1 = qca*XB*ng*NB (Low Level)
Thermal Recombination (Bound—Band) SRH

J1

]

qTEI*XB*ni/NB {Low Level)

Je

aty
Numerical calculations are performed for silicon cells with base layer thick-
ness of XB=50 microns at 24.0C where n;=1.0E10 em~3, The Radiative recombina-
tion rate of C°n§=0.62E6 is employed while the interband Auger rates are:
C%=2,88~-31 and C_=0.99E31 cm®/s. To illustrate the condition at which the SRH
recombination loss will reduce the ultimate efficiency, a base lifetime of

100 us and diffusivity of 20 em?/s are assumed.

—1*XB*ni (High Level)

The results are tabulated in Table II. This table also shows the results
of two ohmic-contact cells to illustrate the effect of surface and interface
recombination. They are discussed in the next section.

Table II shows that the ultimate efficiency limited by Radiative recombina-
tion alone is about 25%. The Auger limits are computed for the extremes of the
injection levels and both are close to the 25% Radiative limit. The high
injection limit of the Auger case is reached if the majority carrier or doping
impurity concentration in the base layer is less than about 5E16cm=3 for the
50 um base thickness which gives a total carrier density in the base of
2.5E14 om™3. Designing and operating the cell in the high level Auger
range by reducing the base doping may help in maintaining the high SRH
recombination lifetime which is necessary to achieve the high efficiency, but
the sensitivity to surface recombination becomes more severe at this high level
as indicated in the table and discussed in the next section.

Table II also gives the results of SRH recombination loss at both low and
high injection levels. Two design ideas may be drawn. (i) High level
injection should be avoided. This was arrived at previously by a simple
observation that the high level recombination current law, exp(qV/2kT), gives
a softer illuminated I-V curve and hence lower fill factor and efficiency.
(1ii) Table II also shows the condition at which SRH recombination loss will
become important to lower the ultimate efficiency. The example assumes a SRH
recombination lifetime of 100 us to give a 23% efficiency. To reach 25%, the
SRH base lifetime must be greater than about 1000 us or 1 ms which is at the
limit of the state-of-the-art for VLSI grade silicon crystals.,
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TABLE II

ULTIMATE PERFORMANCE OF SILICON SOLAR CELLS
(Including the Effect of Surface Recombination)

SOURCE 9 Js¢ [Voc| FF | EFF | 4 3, /q SEFF
(A) (mA) | (mV) (%) (cm/s)
Radiats) o 16716 | 36,01 817 | 0.8637 | 25.4] 1 | nZ 3.1
Recomb. B i
Auger H| 3.0x107%% | 36.0 | 786 | 0.8968 | 25.42/3 CPxgn? 0.33
AugerL| 2.3x1071° | 36.0 | 776 | 0.8582 | 24.0] 1 CPxgnliy | 14
SRE L|8.0x10°1° | 36.0 | 746 | 0.8540 | 23.0| 1 tphpn2N) |50
ohmicL| 6.4x10713 | 36.0 | 634 | 0.8354 | 19.1] 1 Dxzln2N! | 4000
SRE  H|8.0x10~% | 36.0|666|0.7415|17.8] 2 dxgn, 50
obmic H| 6.4x10°% | 36.0 442 | 0.6645 | 10.6| 2 Dx;'n,  [4000
T=24°C; ni=1010cm-3; Area=l cm2; xB=50 um; NB=1017cm-3; D=20 cmz/s;

‘tB=100 Us; EIN =100 mW(AM1.5); L=Low Level; H=High Level;

C°n§=0.62x106; Ci=Cn=2.8x10-31 =C™+CP=3.8x10 " emb/s.

a

cm6/s; CH

IV. EFFECTS OF SURFACE AND INTERFACE RECOMBINATION

The influence of surface and interface recombination on the efficiency
of high efficiency cells is quite large, which has been both demonstrated
in the laboratory [4,5,6] and recognized from simple device modeling. The
latter will be presented in this section.

To provide a quantitative idea of the importance of" recombination at the
surfaces and interfaces of a solar cell, the bulk recombination losses may be
written in terms of an effective recombination velocity so that its magnitude
can be compared with the surface and interface recombination velocity at the
real surfaces and interfaces of a solar cell. This effective recombination
velneity can be defined both at the low and high injection levels. In the
following two subsections, 4.1 and 4.2, the effect of surface recombination
will be considered for two cases.
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4.1 THE EQUIVALENT RECOMBINATION VELOCITY OF A BULK RECOMBINATION PROCESS

The equivalent recombination velocity of a bulk recombinatiorni process
which occurs in a volume element, such as the base region, can be defined as
that velocity at the minority carrier entrance surface which would produce the
same recombination current. These are illustrated in Fig.2 for several
recombination locations, some of which are the true interface recombination
velocities and others are the equivalent recombination velocities. For example,
SE and SB are the equivalent recombination velocities of the quasi-neutral
emitter and base layers at the minority carrier entrance or injection
interfaces. The true interface recombination velocity illustrated in Fig.2
is SFI, the recombination velocity at the front oxide/silicon interface.
Another equivalent recombination velocity in Fig.2 is SBI which is the
effective recombination velocity of minority carriers flowing into the n+
BSF layer at the n/n+ entrance surface.

These equivalent recombination velocities may be explicitly defined to
give accurate numerical estimates on the importance of true interface
recombination loss. They are defined through the dark current density,

J1 = q¥PB*SB '+ Q¥NE*SE

which, when combined with the dark current expressicn listed in Table II and
section 3.2, gives

SB

(XB/TB) + SBI + SBA + SBO
and

SE

(XE/TB) + SFI + SEA + SEO

Here, XB and XE are the base and emitter layer thickness; SBI and SFI are the
effective and real recombination velocity at the back and front interfaces;
SBA and SEA are the effective recombination velocities from volume

interband Auger recombination in the quasi-neutral base and emitter layers;
and SBO and SEO are those from volume interband Radiative recombinations.
These especially simple expressions are applicable for base and emitter layers
which are thin compared with the minority carrier diffusion length, a
condition that holds well in a high efficiency cell. They are given by

SBT = XB/Tg (All Level SRH)

SBA = Ca%XB*NB2? (Low Level Auger)

SBA = C3%XB¥n2exp(qV/kT) (High Level Auger)
SBO = CO*XB*NB (A1l Level Radiative)

for the base layer, and a similar set for the emitter layer.

The numerical values are computed and listed in Table II. It is evident
that the effective recombination velocities of the limiting loss mechanisms
are extremely low at the ultimate 25% efficiency. The value of 3.1 cm/s
for the Radiative recombination loss to give the 25.4% efficiency illustrates
the importance to have low surface recombination interfaces. Unless the inter-
face recombination velocity is reduced substantially below 3.1 em/s, recombina-
ion losses at the interfaces will seriously reduce the efficiency,
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The rather small value of 0.33 cm/s for the high-level Auger limit shown
in Table 2 illustrates the large carrier density and the very high Auger
recombination rate in the base. This makes the dependence on the surface
recombination even more sensitive.

4,2 EFFECT OF OHMIC CONTACT AND THE BACK-SURFACE-FIELD

Table II gives another example which illustrates the importance of having
a back surface field layer to reduce the effect of back surface recombination
loss. This examp.e arises from the question: Can the back surface field layer
be replaced by a thick base and still have a very high efficiency? This is
a practical question since the BSF layer requires extra cell fabrication
processing at high temperatures which usually reduces the bulk lifetime in the
quasi-neutral base.

Since a thick base means more Auger and Radiative recombination loss, an
ideal device model can be set up to answer the above question. In this mode,
the only recombination in the base is the minute Auger and Radiative
recombination and there is no BSF so that the injected minority carriers face
the full recombination at the Si/metalcontact on the back surface. The
interface recombination velocity at the back Si/Metal interface is assumed to
be infinite or a perfect ohmic. Then, the dark current due to this component
is given by

J1 q*DB¥XB™1 *(nZ /NB) ; SB=DB/XB (Low Level)
and :
N

q*DB*XB™1 ¥(ny ); SB=DB/XB (High Level)

To determine the thickness required to reduce the efect of interface
recombination at the back surface below that of Auger recombination in the
[uasi-neutral emitter, we set the two recombination velocities or J1 equal.
Consider the low level case, we have

XB*Ca*NB*n% = DB*n%/(NB*XB)
or
NB*XB = SQRT(DB/C®) = SQRT(20/2.8E-31) = 1.0E16cm 2

Thus, for a base doping of NB=1.0E17, we need to have a base thickness of
XB=1000um=1mm, an impractical result. This shows the importance of having a
good high-low potential barrier on the back surface to reduce the back surface
recombination loss.

IV. EVALUATION OF THREE RECENT HIGH-EFFICIENCY CELLS

Silicon solar cells with efficiency approaching 20% (AM1) have been

- fabricated in the laboratory. Innovative cell designs have been developed to
reduce interface and emitter recombination losses. In this section,

the experimental data of the best cells of three industrial laboratories are
compared with that predicted by the ideal diode cell theory which was used to
produce Table I. From a comparison of the theory and experiments, it appears
that bulk recombination in the quasi-neutral base via the SRH mechanism is the
limiting loss on all three cells. ' ’
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The experimental and computed cell performance parameters are tabulated
in Table III. The first three rows are for the highest performance cell from
Green [ted and listed in the first row. The computed results are
all higher than the measured values, suggesting effects from several sources.

TABLE III
PERFORMANCE OF THREE HIGHEST EFFICIENCY SILICON SOLAR CELLS AND
COMPARISON WITH IDEAL DIODE CELL THEORY

SOURCE Iy Js¢ |Voc | FF | EFF

(a) (md) | (mV) (%)

Theory | 3.2x10713 | 35.6 | 660 | 0.8402 | 19.7

13 641 | 0.8350 | 19.0

Theory | 6.6x10 35.
GREEN | 3.2x10713 [ 35.6 | 641 |0.822 |18.7

[=,}

Theory l.2x10-12 35.

SPITZER  ~--- 35.

(X

627 10.8340 1 18.8
627 10.800 | 18.0

\0

Theory | 2.0x10712 | 36.2 | 605 | 0.8296 | 18.2

Theory | 2.4x10 12 | 36.2 | 600 | 0.8286 | 18.0

ROHATGT 2.0x10 12 | 36.2{ 600 | 0.793 | 17.2

The second two rows are for the best cell from Spitzer [5]. The theory
is computed using the measured JSC=35.9 and VOC=627mV. The larger computed
fill factor, 0.8340 compared with measured 0.800 suggests possible series
resistance loss in the actual cell which is not accounted for in the ideal
diode cell model.

The third three rows are for the best cell from Rohatgi [6] which is a
higher resistivity cell (4 ohm-cm versus the 0.1 to 0.3 ohm-cm of Green and
Spitzer), The first theory row is based on the measured J1=2E-12 and JSC=36.2
which gives VOC=605mV, FF=0.8296 and EFF=18.2%. The measured VOC and the
theory are quite close, only 5 mV different, and the lower observed efficiency
is mainly due to the lower experimental fill factor which again suggests
possible series resistance losses in the real cell.

In all three cases, the computed and the measured cell performance data
are quite close, indicating that low level recombination in the quasi-neutral
base layer via the thermal or Shockley-Read-Hall mechanism at defect and
impurity recombination sites is the dominant loss mechanism. Further
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improvement t¢ achieve efficiency greater than 20% must depend first on
identifying the base recombination center species and then reducing their
density further. Although emitter bulk and surface recombination are
substantially reduced in these three cells so that they are not important at
less than 20%, these losses may be important again and must be further
reduced at higher efficiencies.

VI. CONCLUSION

Interband Auger and Radiative recombination losses in the ‘base layer limit
the AM1 efficiency to about 25% in silicon solar cells with a base thickness
of about 50 microns. Increasing the thickness will increase the efficiency
only slightly, via higher short-circuit current. 1In order to eliminate the
influence of recombination losses in the base due to the SRH thermal
recombination mechanism at impurity and defect centers, the base lifetime must
be greater than about 1 ms or an equivalent recombination trap density of
less than 1E11em~2. 1In addition, all interface and surface recombination
losses must also be reduced to give a effective recombination veloecity of less
than about 1 cm/s. These very stringent requirements indicate that the latest
state-of-the-art silicon VLSI technology is needed to provide the nearly perfect
silicon crystal and the very clean and jow-stress fabrication techniques which
are necessary to produce very-high-efficiency solar cells that will approach
the ultimate theoretical limiting efficiency.
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Figure 1 A cross-section view of solar cell showing the

dominant recombination processes and locations.
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DISCUSSION

PRINCE: While we have this slide on here, if you remove the very heavy doping
on the surface, how would that affect the efficiency?

SAH: We can do a quick calculation. wvLet me just illustrate this with a view-
graph so you can see how to go about doing that.

TAN: Can I make a comment? I have done a similar calculation by taking the
tail off and I see a V,. goes up by about 20 millivolts. If you start
with 1019 and come all the way down, your V,. goes up by 20
millivolts.

SAH: My model here is based on all of these being from the emitter; then I
can get a good agreement. If the base is not a limiting factor —- suppose
it is not at all, it is just an emitter -- then it is going to make quite
a substantial difference.

QUESTION: Where did the profile come from? Is that an experimental profile?
Did that come from spreading resistance?

SAH: No. That is from SIMS.

LANDSBERG: I have a quick question about the possibility of radiastive-limited
lifetime. If that was ever achieved, or if that ever occurred, one would
obviously have practically 100% radiative converter and although, in one
way of looking at it, it is bad to have some limit on the efficiency by
this recombination mechanism; I could perhaps take advantage of it. Do
you think there is any example where the efficiency is really radiative-
limited? 1It would be quite interesting, it is just a hypothesis.

SAH: I don't know of any example. The highest one that is recorded so far is
still only 19%.

SCHRODER: If you drop the surface concentration more and more, what do you
think happens to the contact resistance? Have you looked at that?

SAH: No. I have not taken any contact resistance.

LOFERSKI: Just what is the difference between the high and the low level
Auger recombination?

SAH: The low-level Auger follows the ideal Shockley diode because the minority
carrier density increases very little compared with base doping.
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INTRODUCTION |

The struggle to improve the efficiency of silicon solar cells has been going
on as long as these devices have been a commercial product. The reason is simply
that efficiency, as well as operating life, is an economic attribute in their
application as part of a system. Fig. 1 illustrates the efficiency improvements
made during the thirty year existence of the silicon solar cells, from about 6%
efficiency at the beginning to 19% in the most recent experimental cells.

Clearly the progress has not been a steady one. In the more stationary periods,
the effort was more oriented towards improving radiation resistance and yields

on the production lines, while, in other periods, the emphasis was more directed
to reaching new levels of efficiency through better cell design and improved
material processing. The last few years were again in suzh an "efficiency push"
period, and encouraging first results have been forthcoming from the recent
efforts. Nevertheless, considerably more efficiency advancement in silicon solar
cells is expecied, and anticipated attainment of efficiencies significantly above
20% (AM 1.5) is being more and more discussed. Whether this goal will be
achieved is an open question, as major advances in material processing and in

the resulting material perfection will be required.

The achievements along the road to efficiency improvement are best gauged
by an analysis of the contributions of the individual principal loss mechanisms
to the overall performance of a given device. Such analyses are presented in
Table I, which Tists the individual performance attributes of the milestone solar
cells of the last fifteen years. Between 1959 and 1978, all solar cell develop-
ment represented in the table was oriented towards application in space.
Therefore, the available performance data are all based on AMO solar radiation,
while the data for the more recent cells are based on AM 1.5 sunlight. To permit
comparison in Table I, the space cell data were converted to AM 1.5 sunlight,
using the spectral responses of the cells.

Table I indicates that the improvements achieved in the 1970s on the space
cells included primarily an advancement of the collection efficiency, and a
reduction of the "secondary" loss factors, such as residual reflectance, or
series resistance Tosses. In the more recent efforts,directed at efficiency
improvement for terrestrial applications, further advances have been made in the
reduction of the impact of these secondary losses, but the main emphasis has been
placed on the improvement of the voltages.

A study of the data in Table I leads to an evaluation of the status of
silicon solar cell technology: the technology is available to decrease all the
secondary loss mechanisms to the level where efforts for their further reduction
will be fairly unproductive; the basic collection efficiency has been improved

53



i
R

to the point where the beginning of its "saturation” with further reductions of
minority carrier recombination has been reached; and further improvements are
primarily to be achieved in the area of voltage increases through reduced
minority carrier recombination.

MINORITY CARRIER RECOMBINATION AND SOLAR CELL EFFICIENCY

A study of the loss mechanisms and of their 1mpacts, as d1sp1ayed in
Tab]e I, reveals that recombination of minority carriers is the major basic
effect wh1ch presently limits the efficiency of solar cells. Thus, a maximum
efficiency value is associated with each level of the recombination rate in the
device. The ultimate efficiency is reached when the only effective recombina-
tion mechanisms are radiative and direct band-to-band recombination.

An investigation of the relationship between recombination rates and
maximum achievable efficiency is most transparent when it is carried out on
the "basic" solar cell (Fig. 2). This device contains only those parts which
are absolutely necessary for its functioning as a solar cell. These parts are:
a volume for the absorption of photons and generation of free charge carriers;
a potential barrier for the device to perform as a generator; and contacts for
the extraction of a current. The basic analysis even considers the contacts
as ideal, and omits a direct consideration of their functioning. The idealized
analysis also chooses those impurity concentrations which, in consideration of
minority carrier recombination, provide the highest efficiency. It then uses
the same impurity density on both sides of the junction.

|

Recombination takes place both in the volume and at the surfaces of the |
device. It is practical to start the investigation with the assumption that all i
surface recombination velocities can be made equal to zero, and that the volume ’
minority carrier lifetimes are equal in all parts of the device. This i
eliminates most influences of the device structure. Also, other device perfor-
mance influencing effects are, at first, assumed to contribute zero losses. 1
These considerations lead to curve 1 of Fig. 3, which represents efficiency as -
function of the minority carrier lifetime in such an idealized device, essen-
tially as an upper 1imit for the achievable conversion efficiencies. The curve
is basically composed of two straight lines in this semilogarithmic piot. Below |
about 1 ms lifetime, where the curve is represented by the straight line with |
the greater slope, the recombination is strictly determined by a varying density ?
of recombination centers as described by the Shockley-Read-Hall theory. The
resulting variation of the lifetime at constant resistivity is indicated by the
vertical part of the dashed line in Fig. 4. Above the value of approximately
1 ms, the lifetime is dominated by Auger recombination, that is direct band-to-
band recombination rather than recombination via centers. From this point on,
to achieve a higher minority carrier lifetime, the impurity concentration has
to be reduced. As maximum solar cell performance is obtained when the contribu-
tions of Shockley-Read-Hall type recombination and Auger recombination are
equal, the dashed 1line in Fig. 4 approximately represents this condition above
the 1 ms lifetime value. In this case, Shockley-Read-Hall recombination is
assumed to be dominated by deep trap levels, which result in the independence |
of the lifetime from the impurity concentration (saturation 1ifetime) up to the :
transition to Auger recombination. Thus, for the 10 and 100 ms_ g1fet1mes, the
impurity concentration has to be reduced to 1.5x1016 and 5 x 101

54



respectively. Also, because of the difference in Auger coefficients, a small
difference in the minority carrier lifetime values for the n and the p region
is obtained in these cases.

- As Fig. 4 shows, the lifetime values in recently obtained FZ ingots fall
well below the Auger line, and are thus dominated by recombination via centers.
For the efficiency improvements expected in the future, it will become necessary
to reduce the recombination center density so far that Auger recombination will,
in effect, become the Tifetime limiter.

The data discussed so far are those typically obtained by use of fully
analytical modeling. Such modeling is restricted to Tow level injection.
Estimation of the excess minority carrier densities injected across the junction
at open circuit voltage shows that the low level injection condition (e.g.,

Np << Pp,o) Starts to be violated between the 1 ms and 10 ms bulk Tifetime
values. " This would not be of much consequence were it not for the fact that the
minority carrier lifetime values have been chosen to be at the edge of domina-
tion by Auger recombination. In consequence, the impurity densities had to
decrease for increasing lifetime values, while the excess minority carrier
concentrations increase. Thus, the effective lifetimes are determined by the
excess carrier concentrations, because of Auger recombination, rather than by
the recombination center density. This leads to an efficiency saturation which
is indicated inFig. 3 by the wavy lines. Such an efficiency 1imitation has
recently also been discussed by Green [1] and by Tiedje et al [2], who both
found this limitation to be less severe for very thin cells, whére it actually
can approach the radiative recombination limit near 30%.

It has been seen repeatedly that the influence of the surface recombination
velocity on the efficiency has the shape of an S-curve (Fig. 5), with practi-
cally no performance impact below a certain value of surface recombination
velocity. Above this value, the solar cell performance falls off rather
rapidly, until it reaches a lower saturation level. It is thus of interest
to determine this threshold value for the surface recombination velocity. Using
a range of surface recombination velocity values for each value of minority
carrier lifetime, surface recombination threshold values have been determined,
defined as that value at which the power output of the device has been reduced
by 2.5%, from its s = 0 value. This process has been carried ocut first for
the back surface, and then for the front surface, leading to a total reduction
in power output of 5%. Surface recombination on the generally narrow edges of
the device has been neglected in this process. The result is curve 2 in Fig. 3.
The surface recombination velocity threshold values themselves are given in
Fig. 6. Two curves are presented, as the threshold values differ for the front
and the base surface recombination velocities for the given device structure,
which has a nominal junction depth of 2 um. It is noteworthy that the surface
recombination velocity thresholds 1ie above 100 cm/s, and in the 30-60 cm/s
range for -bulk 1ifetimes of 100 us and 1 ms, respectively. Such velocity values
are attainable with current technology. However, to achieve the highest
efficiency values, the surface recombination velocities have to be reduced below
the 1 cm/s Tevel.

" In the device geometry chosen, the minority carrier lifetime in the front

region can be less than assumed for Fig. 3. A sensitivity analysis similar to
that carried out for the surface recombination velocities, provides the
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"threshold" value for the front region minority carrier Tifetime. It is defined
as that value at which the power output is degraded by 1%. The resulting 1ife-
time is shown in Fig. 7 for the various efficiency levels. As Fig. 7 shows,

the threshold front region minority carrier 1ifetimes are approximately two
orders of magnitude lower than those required for the base region. These Tlower
front region values are more readily achievable in device fabrication than the
original higher ones.

Finally, there is an optimum device thickness connected with every minority
carrier lifetime value. This thickness constitutes the peak value of a rather
flat maximum. Figure 8 presents the optimum base thickness as function of the
minority carrier lifetime for the efficiency values of Fig. 3. It is seen in
Fig. 8 that a 500 um thick device is best for Tifetime values above 1 ms, with
the optimum thickness dropping off rapidly for Tower lifetime values. The
application of texturing was found to permit the use of a reduced thickness,
as would be expected from it as well as fromother 1ight trapping measures. But
it is also seen that the texturing provides only a small efficiency improvement
at the highest efficiency values,as indicated by the cross in Fig. 3.

To obtain a conception of realistically achievable efficiencies, the values
of curve 2 in Fig. 3 have been reduced by another 10%, in order to account for
the effects of the secondary losses. It is known that these losses, in combina-
tion, are reduceable to this level by application of the best current technolo-
gies. This 10% reduction leads to curve 3 in Fig. 3. It shows that with a
base minority carrier lifetime of 100 us, an efficiency of 19.8% should be
achievable, which is a value not much above the one achieved so far in the best
devices with somewhat Tower lifetimes. It also shows that a Tifetime value near
a millisecond will be needed to achieve 22% efficiency. While millisecond 1ife-
times should be achievable by a combination of today's best technologies in
semiconductor material processing, ‘the achievement of efficiencies above 22%
will require a considerable advancement of the material science of silicon.

CONCEPTS FOR HIGH EFFICIENCY SOLAR CELL DESIGN

Evaluating the current status of silicon solar cell technology (summarized
in Table II) makes it evident that the technology is available to reduce all
the contributions from secondary loss mechanisms to the Tevel of maximally
2 to 3% each. This will be close to the practically achievable limits.
Secondary loss mechanisms are those which are determined by technology factors,
and which have a fundamental Timit of zero, with the exception of the collection
efficiency. These secondary losses include the reflectance, shading due to
front surface metal coverage, Joule losses due to series resistance, excess
junction current, etc.

The evaluation also shows that the (internal) collection efficiency is,
in all modern cells, significantly above 90%. It has also been found that the
collection efficiency increases only slowly with further reductions of minority
carrier recombination, giving the effect of an apparent "saturation."

. In éontrast to the collection efficiency, the open circuit voltage con-

- tinues to increase significantly with continued reduction of minority carrier
recombination. This is the performance attribute which has the largest margin
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for improvement at the current status of solar cell technolo-gy. The curve
factor, finally, increases together with the open circuit voltage, although its
increase proceeds at a smaller rate.

A review of the progression towards the current high level of silicon solar
cell performance indicates that this level has been accomplished only by taking
a global view of the device. The expression "global view" means simultaneously
considering the influence of all loss mechanisms, and reducing each of them to
the lowest possible level (Table III). In fact, where there are several
performance determining mechanisms, which act on the same attribute and which
cannct be reduced to zero, then the optimum performance is generally obtained
when the different contributions are brought to equal, low levels. This rule,
for instance, applies to the contributions to the saturation current from the
base and from the front region. A device where the saturation current is
clearly dominated by one or the other region is not optimized until the higher
contribution is brought down to the level of that from the other region.

The efforts towards efficiency improvement have so far led to a number of
"add-ons" to the basic cell. They include: (1) a grid metallization structure
to reduce the front layer sheet resistance; (2) a single or dual layer anti-
reflection coating; (3) texturing of the front surface to enhance the anti-
reflection effect and to increase the effective internal optical path length;
(4) an- optical reflector at the back surface to increase the optical path
length ("1ight trapping"); (5) passivating layers at the front and back surfaces
to lower the effective surface recombination velocities; (6) potential steps or
drift field regions; (7) isolating layers; and (8) reduced area metallization
(dot contacts)--the last three also primarily for the reduction of the effective
surface recombination velocity. This could lead to a complicated device
structure (Fig. 9). At least part of the purpose of applying the measures (3)
to (8) is to reduce the recombination rates of minority tarriers, and their
effects and limitations will be considered in the following.

The discussions up to this point have shown that the reduction of minority
carrier recombination is the key element in achieving significant further
improvements in silicon solar cell performance. Contemplation of the subject
reveals that there are essentially three principal paths available to the
reduction of recombination (Table IV). The first is the normally considered
avenue of decreasing the density of recombination centers. This has to be
~accomplished in the volume of the device and on its surfaces. The second avenue
is the reduction of the volume of the material, or of its surface area, both of
which contain the recombination centers. For the volume, the concept is to
utilize "thin layers" which means that their thickness is smaller than the
diffusion length, while, for surfaces, it is principally to reduce the total
surface area which contains recombination centers. For solar cells this would
be possible only by using optical concentration. A secondary approach is to
reduce areas of unavoidably high surface recombination velocity in favor of
surfaces with a lower surface recombination velocity. The typical example of
this approach is the reduction of the ohmic contact area ("dot contacts"). The
third avenue, finally, is that of reducing the density of the excess minority
carriers, as the recombination currents both for the volume and for the surfaces
are proportional to the excess minority carrier concentration. The density of
the excess minority carriers can be reduced, e.g., if their flow towards the
outside of the volume in which recombination occurs, can be accelerated. This
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particular approach is available for minority carriers generated by the absorp-
tion of light, which means for the improvement of the collection efficiency. A
second method is to "shield" the areas with higher excess minority carrier density
from the areas with higher recombination rates by steps of the electrostatic
potential in the appropriate direction. This leads to a lower density of the
excess minority carriers within the region of higher recombination rates. The
third approach is to isolate regions or surfaces with high recombination rates,
such as the metal/semiconductor boundaries at the contacts, from the regions
with higher minority carrier density by an intervening "thick layer." The
effect of this "isolating layer" is that the region with the higher excess
minority carrier density "sees" the bulk recombination rate of the intervening
layer rather than the higher surface recombination rate at the other boundary
of the thick layer. The final approach utilizes an increased dopant concentra-
tion. This is particularly effective in the case of injection of minority
carriers across a forward biased potential barrier.

Having recognized the principal concept for the reduction of minority
carrier recombination, the question turns to the implementation of these con-
cepts. A number of device structures and of design concepts are available, each
of which addresses one or two of the principal paths to recombination reduction.

Reducing the volume of the semiconductor in which excess minority carriers
are present, as a means for reducing recombination, is elucidated by considering
the relationship for the diode current (Table V). This current is proportional
to the transport velocity which, for infinitely thick layers, equals the ratio
of diffusion length to minority carrier lifetime. For layers which are thin
compared to the diffusion length, however, the transport velocity approaches the
ratio of the layer thickness to the minority carrier lifetime. Thus, continued
reduction of the thickness further reduces the recombination current. In a
soclar cell in the open circuit condition, where the diode current has to equal
the 1ight generated current, the injected excess minority carrier density is
proportional to the inverse transport velocity, that is proportional to the
minority carrier lifetime and inversely proportional to the layer thickness.
When the lifetimes become very large or the layer thicknesses very small, the
injected excess minority carrier density can exceed the magnitudes required for
the low-level injection condition to hold, as discussed before, and a transition
to Auger dominated recombination can occur. Thus, a reduction of volume recom-
bination may not be achieved beyond the point of transition to Auger recombina-
tion.

For the principle of the reduction of the recombination volume, only a
reduction of the layer thickness has been discussed. An area reduction appears
to be potentially effective only if the device cross section for the light
generated current could be made different from that for the diode current.

A second item for the reduction of recombination is the reduction of sur-
face area which contains a substantial number of recombination centers ’
Table VI). While in principle devices can be made smaller, the reduction of the
"open" surfaces is difficult for solar cells, as the area is needed for the
‘absorption of photons from the incident solar radiation flux. Optical concen-
tration also may not be a remedy to this situation, as it leads to an increased
light generated current density, which again can more easily drive the device
into the Auger recombination regime.
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Surface area reduction can be very effective, however, where the contact
areas are concerned, as these represent surfaces of high recombination rates.
While means seem to be available to reduce the surface recombination velocities
at the open surfaces, particularly if they do not have to effectively pass
incident photons, the contact recombination velocities do not seem to be
substantially reducible in practical devices. Thus the approach is being
pursued to reduce the weighted average surface recombination velocity, by
reducing the area of high s and replacing it with an increased area of low s.
Limits to the method are approached when the spacing between the areas of high
surface recombination velocity reaches the magnitude of the diffusion length.
Also, when the individual contact areas become very small, their spreading
resistance becomes substantial, so that they start to make a significant
contribution to the series resistance.

The next possibility for decreasing recombination rates involves a reduc-
tion of the number of excess minority carriers available in regions of higher
recombination center density. The first approach to this is "shielding" these
areas by interspersing a suitable step in the electrostatic potential, often
called a "high/low junction," or a drift field (Table VII). The effect of
reduced recombination expresses itself in the transport velocity for minority
carriers across a real or imagined boundary within a given region of the device.
The reduction of the transport velocity by the addition of a potential step is
equal to the negative exponential of the height of the potential step or,
expressed differently, to the ratio of the majority carrier concentrations at
the two sides of the potential step.

Such potential steps can be incorporated in a semiconductor device in many
different forms. They may be layers containing a drift field resulting from a
doping gradient. When such layers are relatively thin, they are often called
high/low junctions. Such potential steps may be "accumulation layers" near
the surface of a device, and are present particularly in the cases where an
insulator covers the surface of the semiconductor, particularly when it is
interposed between a metal and the semiconductor. Depletion layers increase
the transport velocity and should, therefore, be avoided. Going beyond deple-
tion leads to inversion layers which act more 1ike floating pn junctions
which also have been proposed for shielding purposes in solar cells. The
floating junctions seem to be most effective when they act as true"emitters,"
which means injection only from the emitter, no recembination current into the
emitter. This may be the only beneficial application of an "emitter" in a solar
cell. The final form of a potential step is achieved in the transition to a
material with a different bandgap, i.e., a wider bandgap. The transition to
the wider bandgap layer is generally arranged so that it results in a high/low -
junction of the proper direction. These wide bandgap layers, when applied to
the open part of the front surface, are generaily designed so as not to collect
a significant amount of current, but to transmit the photons to the active semi-
conductor volume. They are then called "window layers."

The use of potential steps has several limitations. Firstly, the use of
moderately high doping at the Tow side of high/low junctions, in order to
achieve a high open circuit voltage (Vg¢), reduces the available step height.
This condition is further accentuated by the need to avoid the heavy doping
effects on the high side, which can seriously influence the device performance.
Similar considerations apply to accumulation layers, where it is in some cases

59



also difficult to provide enough charge to adequately "accumulate" in a more
heavily doped semiconductor. An item to also watch is the capability for
avoiding "absorption without collection" in window layers. In addition, at the
transition between the active semiconductor and the window layer, a high concen-
tration of interface states can substantially increase recombination.

A third approach is to isolate the active volume of the device from a
region with a high recombination center density by interspersing an "isolating
Tayer." If such an interspersed layer is thicker than the difussion length
within it, then the transport velocity at the interface between the active
volume and the isolating layer is determined only by the ratio of diffusion
Tength to minority carrier lifetime, and is practically independent of the
transport velocity at the other boundary of the isolating layer, which, e.g.,
may be the high effective surface recombination velocity of a metal/semiconduc-
tor interface (Table VIII). The limit to the effectiveness of such an
isolating Tayer is that the L/t ratio has to be adequately high, certainly
higher than the transport velocity at the outside boundary of the.isolating
Tayer. Also, if such an isolating layer is placed in the optical path, it can
severely degrade the collection efficiency.

More and more use is being made of such isolating layers. They appeared
first in connection with the high/low junctions applied in the base of solar
cells, which frequently go under the name "BSF structures." The use of such
isolating layers has also been proposed for the front region of the device,
where they are limited to the area shaded by the ohmic contacts (Fig. 10), while
another recent high efficiency design uses an isolating layer in the base with-
out application of the high/low junction (Fig. 11).

A commonly used approach to reducing the density of injected excess
minority carriers, e.g., np, and to consequently achieving higher open circuit
vo]tages, is to decrease tﬁe thermal equilibrium minority carrier concentration

o (Table IX). is inversely proportional to the majority carrier
concentrat1on and cgﬁsequent1y the dopant concentration. This reduces the
saturation current, and yields a higher Voc. At the open circuit condition,
however, the excess minority carrier concentration is returned to the same
value as present in the case of lower dopant concentration. The limits of
achieving improvements through higher dopant concentrations are reached by the
onset of Auger recombination, and deleterious effects are experienced
through bandgap narrowing.

After all these avenues available through device structuring possibilities
are exhausted, then the only recourse left for the reduction of recombination
becomes the decrease of the recombination center density itself (Table X).

For those of these centers which are located in the volume of the material

(bulk centers), the interest focuses on the original material processing
(crystal growth), and on the further role of these previously introduced centers
during device processing. In the original material processing, attention needs
to be directed to the reduced incorporation of impurities which cause recombina-
tion centers; to the avoidance of crystal defect introduction,

particularly through control of the thermal environment during crysta] growth;
to the roles of oxygen and carbon which are present in the silicon in relatively
high concentrat1ons, and to the formation of defect complexes, and part1cu1ar]y
to their roles in forming or neutralizing recombination centers.
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The second area, device processing, is equally important for the reduction
of the recombination center density in the final device. The first and most
obvious point of attention is the prevention of the introduction of new lifetime
killing impurities. A second approach is to remove existing defects in the
material at various stages during the device process, using treatments which
are generally connected with the name "gettering." One of the major problems
in device processing, particularly during the application of high temperature
processes, is the transformation of existing inactive defects into recombination
centers. On the other hand, it is desirable to foster the transformation of
recombination centers to electrically inactive defects. These transformations
may involve changes in existing complexes, or the formation of new ones. The
transformations are often connected with the name "passivation," and one of
the major open questions in this area is the role which hydrogen can play.

Somewhat related to the question of reducing the bulk recombination center
density is that of dealing with the surface recombination centers. What is meant
here is the actual reduction of the density of recombination centers at the
surface, rather than the effect of a reduced surface recombination velocity
which often is connected with the introduction of a potential step just below
the surface (Table XI). The usual recombination center density of untreated
silicon surfaces is in the 1015 cm=2 range. This number happens to be near
the density of dangling bonds which would be expected to exist at a perfect
silicon surface. If these dangling bonds should actually be responsible for
the recombination centers, then the question arises of how these dangling bonds
interact with other chemical species, and particularly which of these inter-
actions result in a substantial decrease in the recombination center concentra-
tion. In addition, there is the question of which other defects form surface
traps which act as recombination centers. Definitive answers to these questions
may lead to the methods for effectively avoiding the introduction of these
defects, or for their elimination, once they are in existence.

The whole question complex on the reduction of the recombination center
density leads to the conclusion that considerable progress in the silicon
material science is needed, as well as in the technology of crystal preparation
and of device processing.

The preceding discussions lead to the conclusion that a high efficiency
solar cell design will by necessity combine at least several of the methods
known for the reduction of recombination (Table XII). It will further have
to strike the right compromise between the conflicting design requirements, as
a particular method may improve certain attributes of the device, but have a
negative impact on others. And finally, all the second order effects need to
be included in the design considerations, and the best available technologies
for their reduction be applied in order to achieve the highest efficiency
extractable from the silicon solar cell. The general high efficiency design
concept, thus, will pursue the two-pronged approach of decreasing the recombina-
tion loss of minority carriers, and particularly that of the carriers injected
under forward bias, and of simultaneously reducing-all the secondary effects
to near negligible values. Several cell design approaches seem to exist for
each of these performance attributes, and the designer will have to select those
which will yield the highest overall device performance, when applied in
combination. And, of course, this device will have to be fabricated at a
competitive price. '
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CONCLUSION

It has been seen that the achievement of higher efficiencies in silicon
solar cells depends on the reduction of all secondary losses to negligible
values, which is about possible with current technology, and then on the reduc-
tion of minority carrier recombination (summarized in Table XIII). For the
latter, four principal approaches are available, three of which are essentially
remedial, handled through device design, and one is fundamental, namely the
reduction of the recombination center density.

A1l the reduction of recombination via recombination centers will only lead
to the dominance of Auger recombination, which appears to impose the ultimate
practical limitation on solar cell efficiency. As there exist still some doubts
on the magnitude of the Auger coefficients, this ultimately achievable effici-
ency can also not be certain at this time. Some rather fundamental research
will be needed to gain the complete understanding of the band-to-band recombina-
tion effects which carry Auger's name.

Several of the "remedial" methods for reduction of recombination involve
high majority carrier concentrations. The onset of Auger recombination tends to
force the efficiency versus carrier concentration curves towards zero slope,
and the onset of bandgap narrowing then to a negative slope. Again, the bandgap
narrowing effect does not seem fully explained, with the result that the various
bandgap models in existence now lead not only to different solar cell perfor-
mance expectations, but also to different cell designs for optimum performance.
Again, fundamental research is needed.

Outside of these fundamental research needs, substantial silicon material
research, both bulk and surface, will be needed to reach substantially higher
efficiency levels. And then we should not forget the inventiveness which could
bring forward new, more effective remedial design concepts.

REFERENCES

11 Green, M. A., "Limits on the Open-Circuit Voltage and Efficiency of Silicon
Solar Cells Imposed by Intrinsic Auger Processes," IEEE Trans. E1. Devices,
ED-31, pp. 671-678, May 1984.

2] Tiedje, T., Yablonovitch, E., Cody, G. D., and Brook, B. G., "Limiting
Efficiency of Silicon Solar Cells," ibid., pp. 711-716.

62

S i S gy e bl 1 s g




€9

DESIGN pmo CcOML|VIOLET |"BLACK 1s78 1384 EXPER'L CELLS GOALS
PRIMARY: CAUSES OF LOSSES . | space
€ SYMBOL Boaram] cewt | cert | oceee CELL | sPiRe |westincH|macreed 20% |22.6%
BASE:
WIDTH ? 300um | 300 um  [300umiaY 380 um | 375 wm | 280 wml 200um [200um
Tnp 3pus ? ? ? ~40pm | ~23pum| ~25um| 95us [950us
Tp* - - - ? (0N pes}| (O sl O.26us | 26us
BFRONT:
WIDTH | o4 pum pOISum| ~0.2um [~0.2pm|~0.2um [~O3pum |~O3um| 2 um | 2 pum
Tp.n ? ? ? ? ins ~15u8 | 0.1 s Ops
s ? ? ? ? ~<10*ems 140%ems '] 103 cms!|10% ems102 cmy”
TREATM] siO TogOgt  [TEXT'D4$Tog0) TEX TD${TEXT'D 4 [TiO/Si0,| ZnS/ |DUAL AR |DUAL AR
GLASS | +GLASS | Top0s [Si0p4Ti04] Mg Fy
. LIGHT GENERATED CURRENT!
. -2
EUNDAMENTAL LIMIT (am1)] JLte - — _SdmAem™ I

A. OPTICAL SURFACE PROPERTIES (REFLECTION)} (I-R) 0.905 0.90 0.97 0.56 |0.97s 1 0.966 | 0.954 | osr |os9?

B. CONTACT COVERAGE S 0.96 0.95 0.95 0.96 | 0.965 | 0.97(a)] 0.948 |,0966 | 0966

C. INCOMPLETE ABSORPTION (THICKNESS) ogg}.ogo 0.96 0.96(a) 0.956 | 0.955 | 0.973, 11092 {loses

0. RECOMBINATION OUTSIDE DEPLETION REGI oL or2 |0 0.94 0.94 |0.91 0915 | 0.93

{BULK AND SURFACE,INCLUDING CONTACTS)

E. ("DEAD LAYERS") (t-A) 1.0 1.0 1.0 Lo 1.0 1.0 1.0 1.0 _
OVERALL COLLECTION EFFICIENCY: Y 0.63 0.77 0.849 0.84 | 082 0.82 082 | oss | o.89
LIGHT GENERATED CURRENT (AM!) b= vl gtmaem™y 281 34.0 370 37.0 [36.2 36.0 |3s6.0 |[379 [39.2

2. OPEN CIRCUIT VOLTAGE®
FUNDAMENTAL LIMIT: __ [(VF)tung=0.76 0.836V (jor42:107%Aem™ =~ |
A. RECOMBINATION OUTSIDE DEPLETION REGION |] (VF) [
(BULK AND SURFACE, INCLUDING CONTACTS) | HVFhoep VPl ,0q | 0.522 | 0.528 | 0.533 0.555 | 0.565 | 0.57 | 0.59 | 0.60 | 0.63
8. BANDGAP NARROWING
C. "CURRENT LEAKAGE" (Ryp) 1.0 1.0 1.0 1.0 1.0 1.0 1o 1.0 I.O__{
— - — ——— —— . Yt S—— ol — — —— — — e — — S— — it t— a—— — ———— ———
OPEN CIRCUIT VOLTAGE: Voc*{VF)-Eq (V) | 0874 | 0.581 | 0.586 0.610 {0.622 | 0.627 | 0.653 ]| 0.661 | 0.715
3. FiLL FACTOR:
EUNDAMENTAL LIMIT: (CF) tund — ____"__P%L_T“___m_m I

A (CF)»

8. | SAME AS OPEN CIRCUIT VOLTAGE } (CFleenCFlung | 092 | 0823 | 0.823 0.824 | 083 ] 0833 | 0839 } 084 | 085

[ (Rgp) o) | t.c 1.0 1.0 1.0 1.0 1.0 1.0 1.0

D. RECOMBINATION IN DEPLETION REGION {CF)ga" 0.91 0.97 | 0.97 0.97 0985 | 0.98 | 0.982 | 0.97 | 097

E. SERIES RESISTANCE (Rg) 0.96 0.985 | 0.984 0.98(A) 0.98 | 0.98 | 0.984 | 0.98. | 098

FiLL FACTOR (FF) 0.716 | 0.78 | 0.78 0.78 o.801 | 0.800 | 081t | 0.80 | G.a8I
RESULTING CONVERSION EFFICIENCY 7 ne 15,4 17.0 7.6 18. 1e.l 9.1 0.200 | 0.226

(A) = ASSUMED

Table I

ALITYNO ¥00d 40
B1.3IDYd TVNDORO

>




The Historical Development
of Silicon Solar Cell Efficiency.

/
/ Do not believe
50 Space _ Greé) Wt in exponential
e - | extrapolations!

TlllllllllllllTlTl

o Experimental
x Commercial

O JIJ! Lol IL
1954 1964 1974 198420042054

—> Year

Figure 1

The Basic Solar Cell:

Photon Volume for

Flux g ® Photan

— pold Absorption
s

— .

—

y Contacts to
_"IT o Extract
_ Current

LPotential Barrier for

® Collection of Light-Gen'd Carriers
® Generation of Voltage

— i— ——— o — — —— ———— ———— ——" —. T———— —— v———"

Everything Elio

(AR coatings, Hi/Lo Junctions, extra Layers, efc)

to overcome
® Secondary Effects
caused by material, process, or

design limitations F'irgur'e 2

64



ORIGINAL PAGE"[S
OF POOR QuaLITY

STATUS OF Si1 SOLAR CELL TECHNOLOGY

OTECHNOLOGY 1s AVAILABLE T0 REDUCE THE CONTRIBUTION OF EACH

SECONDARY LOSS MECHANISM (REFLECTION, CONTACT SHADING. SERIES

RESISTANCE, ETC.) TO THE MAXIMALLY 2-3% LEVEL.

@ INTERNAL COLLECTION EFFICIENCY
FURTHER REDUCED RECOMBINATION,

IS GENERALLY >90%: “SATURATES” WITH

o0OPEN CIRCUIT VOLTAGE coNTINUES TO SUBSTANTIALLY [ NCREASE witH
DECREASING minoriTY cARRIER RECOMBINATION, up To BASIC RECOMBINATION

LIMIT (RADIATIVE AND AUGER),

o CURVE FACTOR (FunpaMeNTAL PART OF FILL FACTOR) cAN I NCREASE (WiTH v,.)

By A FEW PERCENT,.

Table II

30-‘—"" on p’ Xj=2pm A Text'd
28_uniform doping each region . X
L Tp;n=Tn'p (Auger fesomb’n. (|) /.//
2 20F causes difference at ¥ .3;~.,::J)9,;,,mﬂ
:; " 3 higher values) /./{‘ PG AR
241 v ’”/’.’
o -
i /AL ' D
20 2N EI5|
20 Auger Limit ?
%4 |
|8;./////
7
16 I | N
'0_6 '0—5 |0q4 10-3 Tolt= 10~!
e
Tn'p‘ (S) Figure 3

65




2 !
| | o T vy "5 ’é E ~071
] b= @ 4070
R e [ 45 g -10.69
RECOMBINATION 3 z_) E doe8s
] z 40 & -0.67
G & Jo.66
] e 35 25 q0.65
Exper'l. Polnm-l z ‘ ._\ : EE‘O.G‘l
OWASO-S 1 & sk . Mso ve{30 & o063
XWASO | & W Dt w {oeo
E i \ Z
3 Y of \—> 25 8 Hoel
' 5 \. = 4060
to~? EPRCIENCY 3 % N 420 & Hoso
COMPUTATIONS -+ f 1 L 1 1 < doss
e AR PR SR SRR o 102 10® 10* 105 108
0 10'% 0% 07 10® 10" SURFACE RECOMBINATION VELOCITY
—-NA’(cm‘s) s {cms™Y) _
Figure
Figure 4
28.};= Surface Recombination
26 81025 Velocity Values
[81073s for Curve (2)of
- vs. T, lot.
2418.107% Ui np P

Front (Sg)

| !

>

— OPEN CIRCUIT VOLTAGE Vg .

Te} 102 |03
——> s (cms7)
Figure 6

66



28 T = . e a:
.»n,p Front Region Lifetimes
26 8-10~2s Tpn for 0997 of curve (2)
_ 1810735
»
= 2418.10%s
221
I I-10~%s
201"
In
1811-1075s
161
“ | | | 1
o= 10 1075 0% 1073
: Figure 7
-2
x10 Base Region Thickness W,
6L for maximum efficiency
Pan 5_
=
O
~ 4 Text'dl
;Q
|
2_.
| |
0 I | ! I

07 10 1004 1073 1072 0!

Tn.p (S) Figure 8

67



HIGH EFFICIENCY RequiRes

A GLOBAL VIEW orf e DEVICE., so tHAT
ALL TECHNOLOGY-DETERMINED LOSSES

wiLL BecoMe L OW,

1F ONE LO-SS mecHanisM DOMINATES —> NOT OPTIMIZED
—> REDUCE IT

ob OPTIMIZATION RULE:
CONTRIBUTIONS FROM DIFFERENT COMPONENTS
ARE EQUAL AT MAXIMUM or MINIMUM.

Table III

Photon Flux ¥ ¢ ¥ ¢ ¥+ ¥ ¥ ¢ ¢

.

Contact Grid Structure
Isolating Layer

Textured Surface
_—AR Coating
{ A _——Passivating Layer
bz A AR AR A AR ApNS 7 e 1——Potential Step
| TII 747~ #———Main Potential Barrier

| I
The Basic WEELLLLLLIIZe Potential Step
Solar Cell Optical Reflector
Passivating Layer

v

Isoiating Layer

Reduced Contact
Area

Schematic View of the Solar Cell "The! Has Everything"

Figure 9

68



THE THREE PRINCIPAL PATHS TO REDUCED RECOMBINATION

DECREASE

1, DENSITY oFr RECOMBINATION CENTERS

-3

® IN BULK Ne [em ™1  —> HIGHER T

® AT SURFACES Ng . [em 2]  —> LOWER s
2., VOLUME or AREA CONTAINING RECOMBINATION CENTERS:

® "THIN" LAYERS
® "DOT CONTACTS"

3., DENSITY oF EXCESS MINORITY CARRIERS

® FAST REMOVAL TO OUTSIDE  (FOR ng33)

@ "SHIELDING” WITH POTENTIAL STEPS FOR Ngoyy

® "ISOLATING” FROM HIGHER RECOMBINATION RATE FOR Voo
® HIGH DOPANT CONCENTRATION

Table IV

REDUCE VOLUME:

(1.E.. THICKNESS OF LAYERS)

. L . a
Jg T W, T l'as>r, = 3 = My T | geer,

("THICK” LAYER) (“THIN" LAYER)

IL for Voc: VARIABLE

NO LONGER LOW LEVEL INJECTION
1

Tauger =

< T
2 S-R=-H
Auger(Pp,o*np)

(Rig = A3p)

(AREA REDUCTION COULD BE EFFECTIVE ONLY, IF gd/jL
RATIO COULD BE CHANGED, WITH I4/I; CONSTANT,

Table V
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GENERALLY REDUCES TRANSPORT VELOCITIES (FOR RECOMBINATION CURRENTS)
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DRIFT FIELD REGIONS

HIGH/LOW JUNCTIONS

ACCUMULATION LAYERS (USUALLY UNDER INSULATORS, INCLUDING "TUNNEL CONTACTS"),
"FLOATING" pn JUNCTIONS (OR INVERSION LAYERS),

BANDGAP CHANGES (USUALLY AEg WITH HIGH/LOW JUNCTION. “WINDOW LAYER").

INCREASED LOPING AT “LOW” SIDE REDUCES AVAILABLE STEP HEIGHT,
"HEAVY DOPING” EFFECTS ON "HIGH SIDE” LIMIT USEFUL STEP HEIGHT,
ABSORPTION W/0 COLLECTION IN “WINDOW LAYERS.”

e VII
Tab] INTERFACE STATES AT TRANSITION TO ."WINDON LAYER«"‘
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l l

! ACTIVEL , o= L >HIGH s
| voLuMe |

l I

[ —
ISOLATING LAYER
dzL

LIMITS: ® ADEQUATELY HIGH L/T,

® AFFECTS COLLECTION EFFICIENCY.,
IF IN IPTICAL PATH,

HIGH DOPANT CONCENTRATION
Table VIII
PRINCIPLE: qv
= . L kT , L |
Ja q np T g9 np,o € T '
2
n
V = HI = : = 2
GH IF rnp'° SMALL: np,o 3
P,0
LIMITS:
® HEAVY DOPING EFFECTS.
Table IX

REDUCE VOLUME RECOMBINATION CEMTERFDENSITh

® ORIGINAL MATERIAL PROCESSING:

FEWER IMPURITIES

ROLES OF OXYGEN, CARBON?

FEWER CRYSTAL DEFECTS ~ (THERMAL ENVIRONMENT IN X-TAL GROWTH?)
ROLES OF DEFECT COMPLEXES

® DEVICE PROCESSING:
- NO NEW IMPURITY iNTRODUCTION.
- REMOVE EXISTING DEFECTS (GETTERING)
- AVOID TRANSFORMATION OF DEFECTS TO RECOMBINATION CENTERS
(EFFECTS OF THERMAL PROCESSES?)
Table X - FOSTER TRA}XSFORMATION OF RECOMBINATION CENTERS TO HARMLESS
DEFECTS (PASSIVATION: CHANGES OF COMPLEXES?: ROLE OF HYDROGEN?)

71



ORIGHVAL PAGE'IS
OF POOR QUALITY,
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REDUCE SURFACE RECOMBINATION CENTER DENSITY:

@ PASSIVATION OF DANGLING BONDS.

(WHICH LAYERS ARE MORE EFFECTIVE IN REDUCING Sqg+ WHICH
IN SUPPORTING ACCUMULATION LAYERS?)

® WHAT OTHER DEFECTS FORM SURFACE TRAPS
(HOW CAN THEY BE AVOIDED OR ELIMINATED?)

Table XI

© COMBINES SEVERAL OF THE METHODS FOR REDUCTION OF RECOMBINATION,
® STRIKES THE RIGHT COMPROMISE BETWEEN CONFLICTING DESIGN REQUIREMENTS,

® RepUCES A L L SECOND ORDER EFFECTS,

Table XII

73



e e e e e ——

THE GENERA! HiGH EFFICIENCY DESIGN CONCEPT

[ | AVAILABLE MEASURES
EFFECT - LocaTioN!  PRINCIPLE METHOD
° ?EDUCE RECOMBINATION LOSS OF MINORITY CARRIERS. PARTICULARLY INJECTED CARRIERS
HIGH V
BULK BASE REDUCE N, — PROCESSING
RECOMBINATICN | FRONT REDUCE VOLUME —— APPLY LIGHT TRAPPING
SURFACE OPEN REDUCE Nt,s} —— PASSIVATION LAYER
RECOMBINATION | SURFACE | cu'ei pING DRIFT FIELD
1SOLATION —— WINDOW LAYER
CONTACT REDUCE AREA —— “DOT contACT”

- TUNNEL CONTACT WITH ACCUMULATION LAYER
HIGH/LOW JUNCTION, BSF

o SHIELDING -
e HIGH/LOW JUNCTION, WITH THICK p* OR n*
LAYER, OR WIDE BANDGAP LAYER
ISOLATION ~ —— THICK LAYER ALONE
® SECONDARY EFFECTS
REFLECTION FRONT AR —— MULTI-LAYER AR
TEXTURE —— TEXTURE + SINGLE AR
CONTACT FRONT REDUCE METAL __—— WRAP-AROUND DESIGN
COVERAGE —— FINE LINE GRID
FRONT ~ DEGENERATE SURFACE
Rq BACK KEEP LOW ~——<{'LOW METAL SHEET-RESISTANCE
GOOD INTERCONNECT DESIGN
EXCESS JUNCTION | KEEP LOW  ——— GOOD PROCESSING
CURRENT

Table XIII



DISCUSSION
(WOLF)

SPITZER: Given all the tradeoffs on grid design, passivation, and the other

WOLF:

things that are necessary to make a 20% efficient cell, the question is,
can screen-printed contacts be used for the 15% module, or will they not
offer enough for high-efficiency features?

I have been talking against screen printers at a number of meetings.
The biggest problem I see in them is that in screen printing and sinter-
ing you don't get better resistivity .or better conductivity. Even with
silver it seems you get conductivity only about one-third, in general, of
what you get if you electroplate or deposit silver. You are limited by
how thick you can make the layer in one pass. The sheet resistance
becomes limited by the bulk conductivity you can get. The second problem
is, you cannot make them very narrow. It seems that 5 mils might be
achievable with today's technology. These are the two things I see
against screen-printed contacts.

SPITZER: Then, probably no.

WOLF:

I would think if you go for high efficiency, at least consider a
secondary later. I always find the first thing is to show we can really
make high efficiency, so let's use the best technology we know we can
apply to get to high efficiency, then later let's think of how can we
make them cheaper.

Now I want to introdiuce the next speaker. HKere is a little contradiction.
I have been saying that all the secondary problems are minor, our current
technology is solved; just worry about recombination. Arnie Lesk from
Solavolt is going to tell us about all the problems that still exist in
trying to make low-resistance contacts. So, basically, I guess it is not
easy, and there are still a lot of problems connected with it.
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SOME PRACTICAL CONSIDERATIONS FOR ECONOMICAL BACK CONTACT
FORMATION ON HIGH EFFICIENCY SOLAR CELLS

I. A. Lesk
Solavolt International

Phoenix, Arizona N8 5 = 3 1 6 é 6

Abstract

The back contact can detract from solar cell performance by a number of
means: high recombination, barrier, photovoltage, minority carrier collection,
resistance. These effects may act in a non-uniform fashion over the cell area,
and complicate the analysis of photovoltaic performance aimed at a better
understanding of the effects of device geometry and material and/or processing
parameters.

The back contact can be tested by reproducing it on both sides of a sub-
strate. The dark current-voltage characteristic should obey Ohm's law calculated
using the resistivity of the substrate. Sintered aluminum on p-type silicon
substrates of moderate and low resistivity behaves in this way, and so may be
used as a reference against which other back contact technologies are measured.

The objective is to find a back contact which performs well as a back
contact, can be applied cheaply to large area solar cells, fits well into a
practical process sequence, does not introduce structural damage or undesirable
impurities into the silicon substirate, is compatible with an effective front
contact technology, permits low temperature solder contacting, adheres well to
silicon, and is reliable.

1. HIGH RECOMBINATION :
2. MINORITY CARRIER COLLECTION . N .
3. RESISTANCE ‘
LINEAR
NON-LINEAR P
4. BARRIER
5. PHOTOVOLTAGE

e ) ——

TABLE 1 ' ~ FIGURE 1. Simple solar cell section.
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Introduction

Reduction of the cost of solar cell metallization is necessary if the
projected low prices for modules are to be realiz d2 3Towards this goal,
various new technologies are under investigation. > Bagk contact problems
have begn seen with some material systems, as - fabricated™ or after stress
ageing. Back contact problems that can occur are listed in Table 1.

A Model for Back Contact Studies

Figure 1 shows a simple solar cell cross section. The back contact can
degrade performance of the structure in two ways:
1. by removing carriers (through recombination or collection) which
would otherwise contribute to photocurrent at the P-N junction,
or by generating carriers that increase the diffusion component
of dark current, and
2. by dintroducing resistances or barriers that reduce terminal
voltage.
Barrier effects on overall solar cell performance may be modified by photo-
voltage generation due to light reaching the back contact region.

If we ascribe back-surface minority carrier effects on the P-N junction
to photocurrent losses in the photogenerator and dark diffusion current
increases in the n=1 diode, the rest of the back surface problems (3,4 and 5
in Table 1) may be removed into a separate 2-port network section, as shown
in Figure 2. The top 2-port section is the active one, with J . reduced by
minority carrier recombination and collection at the back contgct, and the n=1
diode having its dark current influenced by minority carrier generation or
injection at the back contact. The n diode contains all the n>l components.
The shunt conductance ZSh may be non-linear.

In the 2-port section at the bottom of Figure 2, barriers of either
polarity, with photocurrents JphB and Jph are indicated as possible parasitics.

B .
The V-I characteristics of these barriers are generally much more conductive
than those of a p-n-junction because they are often low grade Schottky
barriers and, particularly for large area devices, shunted in a non-uniform
fashion, The shunt impedance Z_., may be nonlinear if the ohmic solar cell
current traverses grain regions) this can be particularly prominent if the
back contact region is segmented so lateral ohmic current in the base is
appreciable.

Experimental observations of the parasitic dark characteristics of the
back contact are instructive in determining their cause and helping with their
eliminatica. Figure 3(a) shows a section of a solar cell. Leaving off the
p-n junction and making ohmic contact to top and bottom, Figure 3(b), would
place two of the lower (parasitic) 2-ports. in series. If the top—to-bottom
V-1 characteristic of the structure in Figure 3(b) obeys Ohm's l.aw for the
substtrate material, there are no prominent back contact parasitics. Otherwise,
it will be necessary to use a known ohmic structure. Figure 3(c), with p
contacts, can be entirely ohmic, e.g. for a 0.25 - cm substrate 250 UM thick,
top~to-bottom conductance is 160 mhos/cm” (resistance = 6.25 mfl - cm ). At 36
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ma/cmz, the parasitic bulk drop is less than % mV. For,a 100 cm2 cell, conduct-
ance = 16000 mhos (series resistance = ,06 mQ). This p contact then becomes a
standard against which other technologies are measured. The structure in
Figure 3(d) can be used to measure the ohmic character of the experimental
contact formed on the top side.

Solar cells are sometimes made with segmented back contacts, Figure 4.
In this type of geometry,there isa considerable amount of lateral current flow.
By omitting the P-N junction, back contact parasitics can be tested for photo-
generation. However, the bulk series resistance will be larger, and more
susceptible to grain boundary effects. Quantitatively, consider a solar cell
250uM thick with 5 equispaced contact lines/cm top and bottom, and a substrate
resistivity of 0.25 Q-cm. Conductance between top and bottom contact sets
will be approximately 20 mhos, assuming the average photocurrent induced
majority carrier path length is 0.05cm., half the contact spacing, and no
grain houndary impedance. TFor a 100 em” cell, g=2000 mhos, or series resis-
tance is 0.5 mfl. This resistance is about an order of magnitude larger than
that of a similar cell with full back-surface metallization, but still small
enough to serve as an effective shunt for amn other¥ise severe back surface
barrier (e.g. an npn structure with a network of p back contacts penetrating
to the p-type substrate).

Some Examples

Examples of how parasitic back-surface elements can degrade the V-I
characteristic of an otherwise good cell are constructed by adding voltages
of the 2-port sections at common currents. The upper 2-port V-I characteristic
for a theoretical resistance-free base-dominat th%ck diode is shown in
Figure 5. Eiaameterﬁ chosen are n=1, p=1.5x10""/cm™, L =100uM, u =624 cm [V
sec (J ~10 mA/em”). Under l-sun illumination, assu%ing 36 mAfem , the V-I
characferistic is shifted downward as shown in Figure 6.

Figure 7 shows the effect on a 1 cm2 cell of a series resistance of 1 {;
this would be obtained on a structure as given in the example illustrated in
Figure 4 if the base resistivity were 5 (-cm.

Figure 8 shows the effect of a diode with a polarity opposing the P-N
junction. The diode V-I characteristic is sketched on the left side of the
current axis; when added to the theoretical diode curve the resultant form is
S—-shaped. This diode is on the left side of the,bottom 2-port in Figure 2.
If this diode has a photocurrent JPhB of 2 ma/em”, the resultant solar cell

V-1 characteristic is as sketched in Figure 9,

If the back-surface barrier is directed in the same sense as the P-N
junction, the main photocurrent will drive it in the reverse-bias direction.
Figure 10 indicates the effect of,a very leaky "reverse" barrier, and Figure 11
shows that for a JphB of 10 mA/em”, Voc is increased although the peak power

region is degraded. TFor this polarity of barrier to provide a net increase in
cell power, its photocurrent must be very nearly as large as that of the main
P-N junctionj a thin cell made on high resistivity, high lifetime material
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{i,e. a BSF cell) would be of this type.

Total Back Contact Requireﬁents

The back coantact must be relatively free from the problems listed in

Table 1, i.e., it must be capable of good optoelectronic performance. In
addition, it must have the rest of the characteristics listed in Table 2 if
it is to contribute to meeting the DOE long range cost/performance goals.
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DISCUSSION

CAMPBELL: Your discussion of the gridded back contacts: as I understand it,
the requirement for a gridded back-contact system is more stringent than
for the front contact in terms of coverage and so forth?

LESK: I didn't mean to imply that it was tighter coverage problem. If you
want to measure a system that looks good, you can put full coverage metal
in the front or the back, the same metal or the same contact system, and
it looks ohmic and you've got no resistance problems. You could still be
doing some other things wrong; you could be putting impurities in the
silicon, changing the structure, and so on, so you want to look also any
photoeffects you might have in the back contact.

CAMPBELL: I have a specific reference. You mentioned 10 lines per centimeter
as being optimum for the back grid.

LESK: No, I didn't say optimum. T did the calculation for that; in fact,
that was five of each, five on the front and five on the back, and if you
do that, and if you have a quarter of a centimeter of material, by going
to that geometry where your current is flowing laterally over most of its
path, its resistance is still very small.

ILES: Here is a quick one. Do you have any views about the doubling the
efficiency by using bifacial cells, talking about back contacts?

LESK: Bifacial cells? Well, there is a lot written on that. I really don't
know. If you want to make n-p-n-like structure and pick up the base con-
tact in the middle and pick up two junctions - is that what you are
talking about?

ILES: It seems a pity to spend a lot of time on the back contact and then not
use it for generating additional current, in a sense, but it may be rather
complicated, perhaps.

LESK: All the schemes I've seen are much more complex because you've got to
get the current out somehow, so you are faced perhaps with a double grid
structure and a back, one ohmic and one p-n junction, and you've got to
match your currents coming out of the top and the bottom, and that isn't
the simplest. I have seen some results printed that are pretty good, but
to my knowledge nobody has this in production.

BICKLER: Arnie, I want to ask a question about this back surface you de-
scribed, which would have a diode in the same direction as the main
junction. I guess it relates to what Peter just said: where do you get
the second cathode?

LESK: Like an n—-p-n structure?
BICKLER: Well, if you have the end top cathode and bulk is the anode p what

do you do beneath that? You could put another p as a p* but what do
you do for a cathode for that back layer?
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LESK: Well, no, that's it, if you had —- let's say —- high resistivity and
put a metal on there, you could form a Schottky barrier between the metal
and the bulk. That would be the barrier on the back surface facing in
the same direction as the p-n junction. The back-surface field junction
tends to be in that direction.

QUESTION: Could you tell us a little more about that good cell you've shown,
having V,, of 690 volts?

LESK: A very good cell that's calculated from a lot of the numbers I‘ve seen
in the literature; n = 1. 1t wasn't made; it's calculated, just to show
if you had that in terms of the front, how you can ruin it by what you do
in the back. These numbers are not far from the numbers you were talking
about as state-of-the-art.
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INTRODUCTION

The strongest leverage for reducing the cost of power generated from
solar energy is the efficiency of the solar cell. It is easy to see that given
a target cost for electrical energy there is a minimum solar efficiency that
must be exceeded even if the module cost becomes negligible. This arises
because of the balance of systems cost (land, support structures, power
conditioning, wiring, etc.). For example, for competition with an intermediate
load coal-fired plant, a module efficiency of above 10% must be maintained [1].
As this minimum efficiency is exceeded, the power costs fall rapidly.

Thus, the drive to produce high efficiency solar cells is very strong.
If the technology does not have the potential for realizing this minimum value,
then it will be nmon-competitive for the particular scenario projected.

In this paper we will discuss the limitations on sheet growth material
(primarily with reference to EFG) in terms of the defect structure and minority
carrier lifetime. Using simple models for material parameters and behavior of
solar cells, we will estimate what effect these various defects will have on
performance. Given these limitations we can then propose designs for a sheet
growth cell that will make the best of the material characteristics.

When discussing solar cells, the material is often characterized in
terms of a diffusion length, » whose square is directly proportional to the
lifetime, ©, i.e., L? = Dz, wBere the constant D is the diffusion coefficient.
For a homogeneous material the diffusion length is also a measure of the
distance over which minority carriers are collected. For inhomogeneous
material where the scale of the lifetime variations may be less than the local
diffusion length, the meaning of the diffusion length as a collection distance
breaks down.

When techniques such as SPV or spectral response measurements are applied
to measure diffusion lengths in inhomogeneous material, it must be kept in mind
that the derived quantity, while often referred to as a diffusion length, is
really a charge collection distance. It is a complex average depending on how
the minority carrier lifetime varies with position. Generally it is clear from
the context if we are using diffusion length as a measure of local lifetime or

.as a charge collection distance.

PRECEDING PAGE BLANK NOT FILMED
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I. DEFECIS

The primary defects in silicon that show electrical activity, i.e.,
contribute to the majority carrier concentration or act as recombination
centers, are dislocations, grain boundaries, twins, inclusions including SiC
and.-.silicates, point defects of either a substitutional or interstitial
chapacter and impurities such as transition metals and oxygen and carbon [2].
There are other closely related defects such as swirls, stacking faults,
partial dislocations, etc., but in this paper we will concentrate our remarks
on the more general types listed above.

F. Wald has recently presented a comprehensive review of defects in EFG
silicon with a discussion of the type and number of defects [2]. Rather than.
including figures illustrating the defects, we will simply reference his paper.

A. Dislocations

The classic edge dislocation, which can be visualized as being formed
by removing an atomic half plane, should exhibit a single line of silicon atoms
whose bonding reéequirements are not satisfied. In a simple minded picture, a
dislocation would exhibit a series of dangling bonds, one of which is
associated with each plane. If each of these atoms behaved as a recombination
center, then for a dislocation density of 105 cm—2 with a typical cross—section
of 10-1% cm-2, the lifetime would be of the order of 30 psec whichk correspoands
to a 300 pm diffusion length in p—type material.

In actual fact most of the broken bonds will be reconstructed [2] so the
number of '""dangling bonds” will be substantially less, thus giving a much lower
potential for recombination.

Another possibility might be that recombination occurs not at dangling
bonds but rather at an impurity cloud attracted to the dislocations. If more
than one electrically active atom were associated with each atomic plane, then
the potential diffusion length could be reduced. We should note, though, that
as will be discussed in Section IIB, having the electrically active
recombination centers concentrated around the dislocations may actually result
in a higher efficiency cell than if the same total number of impurities were
uniformly distributed throughout the solid.

B. Grain Boundaries

‘When two grains with different orientations intersect, they form a
grain boundary. First order and higher order twins can be considered &
sub—class of grain boundaries. In the general case, grain boundaries can be
constructed from a series of edge and screw dislocations. In twins a specific
orisntation between the grains exists, but for general grain boundaries this is
nci HUCESSary. ‘

A convenient way to observe the electrical/recombination activity of
dislocations and grain boundaries is by the use of EBIC. By making line scans
perpendicular to the grain boundaries their recombination properties can be
characterized typically in terms of a recombination velocity, v , and diffusion
length, LD [3,4]. Optical techniques, LBIC, have also been used in a similar
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fashion to obtain the same material characteristics [4]. Velocities up to 105
cm/sec have been observed with typical velocities for ""strong boundaries'" being
the order of 104 cm/sec. For such a velocity, the effective grain boundary
width (Ln = 100 ym, ¢ = 1000 cm—*) is about 5 pm. The concept of an effective
grain boundary width is due to Zook, and is defined as the equivalent width of
a region from which no charge is collected. If we have a high density of
strong boundaries (103/cm), the loss in short circuit curreat can become
significant (5%). By no means do all grain boundaries have high recombination,
and in fact many are electrically very weak or invisible.

Also of importance is the contribution that grain boundary recombination
can make to tke reverse saturation current. A reduction of 5% in the current
collected corresponds to a decrease in the diffusion length by 35% for a
homogeneous distribution of recombination centers. This would reduce the
raeverse saturation current also by 35% and produce a decrease in open circuit
voltage of about 10 mV.

Grain boundary recombination can be important if the demsity of
electrically active boundaries is high. Only in the case of small grain size
such as produced by CVD or in silicon with a very high intragranular diffusion
length will they dominate performance. i

C. Inclusions

The principal effect of inclusions is either to physically block the
light or to shunt the junction. Typically, inclusions are found to be SiC or
silicates. The contribution an ideal shunting particle makcs to reverse
leakage depends on its diameter and the sheet resistivity of the surface layer
to which the shunting occurs. It is easy to show that for a circular shunt of
radius, a8, and sheet resistivity, Pg» the voltage drop, AV, for a distance, d,
away from the particle is

- pu Isc

AV 2

[d2(1n(d/a) + 1/2) - a%/2] _ (1)

For a typical I_ of 30 mA/cm2, AV of 0.25V, p. of 50 2/0, the currert
not collected (which 3§ equal to nd2I_ ) is about 5 mA/particle. In most cases
the finite resistivity of the SiC 1inifs the current to less than that
predicted by Eq. (1). The SiC density is generully less than one per cm?, and
experimentally it is observed that such shunting is rarely a problem.

In the unfortunate case, though, that the metallization covers the
inclusion, the cell will be almost completely shunted since in this case p_ is
very small (the order of 5§ mQ}/O). Since only about 5% of the solar cell is
metallized, this is a rare occurrence.

The fractional volume of a silicate particle is so small and the
resistivity is so high that any contribution to losses by light blockage or
shunting can probably be safely ignored.

Measurements of the junction characteristics of EFG solar cells often
show & contribution to the reverse saturation current that has a temperature
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dependence characteristic of tunneling rather than space ckarge recombination
[5]. It has been suggested that this phenomenon could be due to very small
precipitates that introduce charge centers into the space charge region. The
loss in efficiency shows up as a soft knee and is easily measured using the
dark I-V characteristic.

D. Point Defects and Impurities

So far the discussion has dealt with defects that are visible, at
least under moderate magnification with an optical microscope or in an SEM.
Point defects and impurities in sheet silicon are those that occupy either a
single or a few lattice sites and cannot generally be directly imaged. The
defects may be native, such as self interstitials or vacancies, metallic, such
as Fe, Ti, Mn, etc., or non-metallic, such as carbon and oxygen. Dopants such
as B and P are in a sense substitutional defects.

In order for a point defect or impurity to significantly affect the
minority carrier lifetime (for the sake of definitemess we will talk about
electrons in p—type material), its energy level must be located above the
quasi-Fermi level for electromns, but not so near the conduction band edge that
any trapped carriers can easily be excited [6]. Shockley-Read-Hall (SRH)
theory predicts that the most efficient recombination centers are located at
the center of the energy gap.

A large number of eiements have been found to produce centers in the band
gap of silicon. Their characteristics have been the subject of a number of
publications, including those by Weber [7], Sze [8] and Schibli and Milnes [9].
The density of the ceaters must be high enough such that the probability of
trapping a charge is significant. For a 1 psec lifetime with a reasonable
cross—section (10-1% cm—-3), the trapping center density should be 1014 cm-3,
which is a very small number in terms of chemical concentration.

Thus, it is natural to expect that inadvertent contamination can
drastically reduce the lifetime in silicon. In fact, it is surprising how
tolerant EFG is to the level of metallic impurities. Typically impurity levels
range from one to 10 ppm and have little correlation with cell performance.
There is apparently a major difference between the total impurity content and
those that contribute to recombination. Experiments [2,10] show that the
introduction of Fe and Mo at concentrations up to § x 101% ¢cm-? can be
tolerated.

Besides the metallic impurities, other species such as carbon and oxygen
are present in large quantities. The carbon comes from the crucible (if
graphite) and die material, and the oxygen from the crucible (if fused quartz)
and gaseous ambient. Individual carbon atoms in a silicon lattice are not
electrically active but probably express their activity because of interactions
with other defects. Oxygen when interstitial is not electrically active, but
under various heat treatments forms complexes that act as donors or
recombination centers. ‘

Oxygen has been shown to play an important role in producing EFG silicon

with the longest diffusion length [11). The oxygen can be introduced either
from the -ambient or from the crucible. The diffusion length for oxygenated EFG
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silicon is not only higher than in EFG without additional oxygen at low light
levels, but also it shows a stronger dependence on illumination level.

In non-degenerate silicon, including CZ, float zomne, EFG, etc., the
lifetime is dominated by an SRH recombination process. This lifetime is
generally found to decre