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This report contains the documentation for solar-related research and 
development projects carried out under Program Supplement Agreement No. 3 
of the Treaty of Friendship and Cooperation between the United States and 
Spain. All programmatic activities under the Supplemental Agreement are 
authorized by the United States-Spanish Joint Committee for Scientific and 
Technical Cooperation. United States representation on the Joint Committee 
is under the Assistant Secretary for Oceans and International Environmental 
and Scientific Affairs of the Department of State. The Department of State 
has requested the Department of Energy to provide management and oversight 
for all of the solar-related projects, and the Department of Energy (DOE) 
has assigned this responsibility to the International Division of the Solar 
Energy Research Institute (SERI). 

The five projects included in this program include: 

Project P-3O25 - CESA 1: Testing and Evaluation of Solar Energy Collector 
Systems 

Project P-3O51 - Wind Energy Utilization Program 
Project P-3O2O - Cooperative Program in Solar Energy 
Project P-3OO8 - Illuminated Solar Cells on Both Sides of a New Design 
Project P-3O14 - Methane Production from Anaerobic Breakdown of Urban 

Solid Waste. 

Each of these projects was generated by a Spanish Investigator who then I identified a U.S. scientific counterpart to provide any technical support 
required to achieve the goals of the project. Treaty funds were provided I to both the Spanish and the U.S. investigators to carry out joint activities, 
with the Spanish Government providing additional funds, where necessary, to 

I supplement the joint effort. The funding for Project P-3O25 was provided by 
State to DOE and then directly to the Sandia National Laboratories. The 

I funding for Projects P-3O51 and P-3O2O was provided by State to DOE and then 
to SERI to subcontract for the required work. Finally, funding for Projects 
P-3OO8 and P-3O14 was provided directly to the U.S. investigators by the I Joint Committee. 

- - -- ------~ -Eacri- or'tffe~proJects nas-nacr_a_ quHe differen-f history. The nature -of ~- - ----
1 the required support, the level of effort required, and the time of start-up 

has varied considerab1y among them. The Joint Committee has required each I of the project teams to provide the Committee with a joint annual progress 

I 

- - -- - - - -
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report and a joint proposal requesting continued funding in the next program 
cycle. These joint reports and proposals were submitted at various levels of 
detail and some only in Spanish. Each project did request continued funding. 

This report brings together the available documentation in English which 
defines progress made in the first year of work and proposals for future work. 
Due to the different project histories, the documentation is quite different 
for each project, some relating only to the U.S .. work and some to the work 
of both parties. Following is a brief summary of each project. The indivi­
dual documents then follow as a set of attachments. 

Project P - 3025: CESA-1 Central Receiver System 
The Centro de Estudios de la Energia (CEE, Center for Energy Studies) 

LJuan Temboury_/ is designing, constructing and testing a 1 MWe solar central 
receiver system (CESA-1), using a water/steam cycle. The U.S. technical 
support is being provided by the Sandia National Laboratories, Livermore 
(SNLL) {Alan C. Skinrood, A.F. Baker7. As detailed in the Annual Status 
Letter (Attachment I), the support effort has been concentrated on the fol­
lowing tasks: 

l. Overal 1 project objectives, design and schedule 
2. Receiver design assistance 
3. HELIOS code cooperation 
4. MIRVAL code confirmation 
5. Heliostat test plans 
6. Heliostat alignment 
7. Heliostat controls 

Much progress has been made in the design phase of all components of the 
CESA-1 system, and the. facility at Almeria, where the system will be constructed, 
is in place. The CEE/SNLL collaboration has gone exceptionally well. The 
project has been funded for the next cycle, both the joint effort by the Joint 
Committee and the supplemental work by the Spanish government. 

.... -_. -~ __ =~~ - 0 0 -k~f 'i-l'Wlei-al~ .. swmiar-y--£fuH't~-f€tt'~~~$-235-,-BOO~-prov.iti@<i•cto-=Sffl::b~tt-4rteltided-· ··•­

in the Annual Status Letter. 

Attachment I - SNLL Annual Status Letter 
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Project P-3051: Wind Energy Utilization Program 

This project has been unique within the program in that the Spanish 
investigators, the Institute Nacional de Tecnica Aeroespacial (INTA) /Carlos 
Sanchez Tarif~ have performed much work but have formalized no request for 
U.S. support funding. Thus this has not truly been a joint project. INTA 
has designed a lOOkWe wind turbine, similar to the U.S. Mod-0 model, and has 
selected a site for construction near Tarifa, at the southern-most tip of 
Spain. Though several discussions were held between INTA staff and SERI staff 
lookingtoward providing support for this design effort, no scope of required 
effort was provided by INTA. As such, the $60,000 available for the U.S. effort 
remains unused at SERI. The Joint Committee has provided no additional funding 
for the next cycle, but the Spanish government will continue the effort, with 
plans to call on the support funds when required. 

Attachment [Noni[ 

Project P-3020: Cooperative Program in Solar Energy 
For the Institute Nacional de Industria (INI, National Industrial Institute), 

The Gas y Electricidad, S.A. {Feliciano Fuster Jaumif proposed this project, 
which had three objectives: 

1. A study of the possibility of introducing solar energy for thermal 
processes of up to 1000 C in Spain. 

2. A study of the development of solar system components, based on fixed 
non-concentrating solar collectors, in Spain and implementation of 
demonstration installations. 

3. An energy and economic analysis of heat pumps, in comparison with other 
heat-producing systems, including solar energy. 

The U.S. support for this project was supplied by the Franklin Research Center 
(FRC) {Harold Lorsc.bJ which performed the following set of tasks: 

1. Review of energy and economic data for Spain. 
2. Review of Spanish meteorological data and proposed solar radiation 

model. 
3. Review of Spanish demographic data. 
4. Cost/performance model evaluation. 

5 . . Eva l 1JgtiQrJ. "Qt soJ ar~rna.rket_J:totentJaJ jp _Sp~Jn~- ~- " 
6. Identification and analysis of barriers. 
7. Training of Spanish engineers in economic and technical analysis and 

in solar design. 
8. Assessment of heat pump applications. 
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The work done by FRC is summarized in a Technical Status Report (Attachment II), 
dated September 80. Since the contract to FRC (for $138,000) was not let by 
SERI until February 80, the FRC work was accelerated in order to catch up with 
the INI work which began some months before. As of 3 November 80, $80,288 was 
billed against the contract. In addition to the Technical Status Report, the 
FRC output is contained in a set of working documents deposited at SERI but not 
reproduced in this report. The titles of these reports are: 

Cost Performance Evaluation 
Solar Energy in Spain - Market Potential 
Solar Energy in Spain - Demonstration Plan 
Heat Pump Feasibility Study 

The proposal for second phase funding of this project has been translated from 
the Spanish and is presented ih Attachment III. 

Attachment II - FRC Technical Status Report 
Attachment III- Proposal for Renewal of Funding 

Project P-3008: Two-Sided Solar Cells 
This project was initiated as a continuation of work initiated at the 

Universidad Politecnica de Madrid [Antonio Lopez Luqu~ by the Spanish principal 
investigator and his colleagues on the development of bifacial silicon solar 
cells. The U.S. support was provided by the Department of Electrical Engineering, 
University of Florida [J.G. Fossum, F.A. Lindholm, A. Neugroschel/. The first­
year work of the Spanish group accomplished the following three tasks: 

1. Theoretical analysis of the n+pp+ structure for bifacial illumination. 
2. Technological procedures for fabrication at low cost of such cells. 
3. Simultaneous measurement of surface recombination velocity and 

diffusion length of minority carriers at the base. 

I The U.S. team, during the same period, accomplished the following three tasks: 
·· - - - · - - ·_ -·-· •··· -.c - •

0 -1:=necs0crtprton -of~pnys1cs-~o-f'='ttie uat:1{;:Sl'.n"f ace~ fleTd solar" ce1T~ ~ -··~--

1·. 2. Development of techniques to measure carrier lifetimes and diffusion 
lengths and effective surface recombination velocities. 

I 
3. Identification of the physical mechanisms occuring in bifacial cells. 

I 
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The work carried out by the U.S. team is described in the Annual Progress 
Report (Attachment IV), dated April 80 and entitled 11 Further Development of 
Two-Sided Solar Cells." The request for renewal for second cycle funding is 
included as Attachment V, and a brief evaluation of this renewal request, by 
the SERI Photovoltaic Division, is contained in Attachment VI. 

Attachment IV - Annual Progress Report, University of Florida 
Attachment V - Request for Renewal 
Attachment VI - Request for Renewal Evaluation 

Project P-3014: Methane Production from Anaerobic Breakdown of Urban Solid 
Waste 

This project was initiated to explore the potential for methane fuel 
production from typical urban solid waste generated in Spain. The Madrid­
based company, ADARO {Rafael Fernandez Aller_/,which is involved, among other 
things, in recovering materials from waste products, developed this project 
and requested the University of Illinois {John T. Pfeffer/ to provide support 
consulting. The budget for U.S. support was $10,000. 

The work of the first year of effort under this project is described in 
the Scientific Report, provided by Dr. Pfeffer and appended as Attachment VII. 
Of the $10,000 available, approximately $7,200 have been expended. As noted 
in the Scientific Report, the scope of the project has been expanded to include 
resources beyond urban solid waste. 

Attachment VII - Scientific Report 
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Spanish CESA-1 Project III-P-3025 

The work described in this Annual Status Letter was funded by the United 
States-Spanish Joint Committee for Scientific and Technological Cooperation 
under the auspices of the Program Supplementary Agreement No. 3 of the 
Treaty of Friendship and Cooperation between the United States of America 
and Spain. At the request of the Solar Energy Research Institute and with 
the approval of the Department of Energy, Sandia National Laboratories, 
Livermore has provided technical assistance in areas unique to solar energy 
applications for a 1.0 MWe water/steam solar central receiver project being 
built by the Spanish in Almeria, Spain. Centro de Estudios de la Energia 
(CEE) is responsible for design and construction of the project. 

The technical assistance that Sandia has provided CEE during the budget 
year of June 1979 thru July 1980 has been in support of the following tasks: 

1. Overall project objectives, design, and schedule 
2. Receiver design assistance 
3. HELIOS code cooperation 
4. MIRVAL code conformation 
5. Hel iostat test plans 
6. Heliostat alignment 
7. Heliostat controls 

The work that Sandia was requested to perform in each of these tasks was 
based on the information and data provided by CEE. To the extent that the 
data was available Sandia completed its support in each task. As additional 
data becomes available during the next budget year Sandia will continue to 
support CEE in similar tasks as set forth in the current project budget plan. 
No major problems were encountered in the past year which would cause the 
project not to be successful. 

Details of the work done by Sandia can be found in Appendix l which contains 
bi-monthly progress letters published during the June 1979 - July 1980 budget 
year. 

A financial sunmary of the June 1979 - July 1980 budget year is shown in 
figure 1. There was no equipment purchased by Sandia in support of Project 
III-P-3025. 
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NOTE: 1. Previous reports stated total costs for the month of May 1980 as $64K. Upon 
rechecking the computer reports, it was found that $21K had been erroneously I charged to the CESA-1 Project. A correction his been made. 
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placed until funding is received. 

3. Costs in August 1980 were a carry over of July 1980 activities. 
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Figure 1. June 1979.- July 1980 Financial Sunmary 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
, I 
I -, 
I 
I 

-- ------------- - -

I 
I 
I 

Distribution: 
G. W. Braun, DOE/HQ 
S. Griffith, DOE/SAN (2) 
L. Herwig, DOE/SAN (3) 
R. W. Hughey, DOE/SAN 
M. Goldberg, SERI 
A. C. Skinrood, 8452 
File 32.3 
A. F. Baker, 8452 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

r----~---

1 
I 
I 

APPENDIX I 

Bi-Monthly Status Letters 

for the 

June 1979 - July 1980 

Budget Year 



I ,, 
I 
I 
I 

I I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I , .. 

June - ~ctober 1979 
Technical Assistance Status 

Sandia's CESA-1 effort, which was scoped at the Reston, Virginia meeting 
on March 23-24, 1979 received funding in late June 1979. During the 
week of June 3rd Sandia hosted a series of joint US/Spanish working 
group sessions both in Livennore, California and Albuquerque, New Mexico. 
At these sessions Sandia reviewed technical infonnation from the US 
program which would be applicable to CESA-1. Included was a visit to 
Central Receiver Test Facility in Albuquerque and a review of facility 
operational procedures. Many technical reports and papers were provided 
to the Spanish during this visit including lists of applicable test 
equipment and procedures. During this same period Sandia continued to 
aid the Spanish in the use of the HELIOS computer code. A number of 
shadowing and blocking calculations were made and both the HELIOS and 
MIRVAL computer codes were modified to provide thennal flux maps. The 
first preliminary flux calculations were reviewed with CEE during a 
visit to Madrid and Almeria by J. C. Gibson and T. D. Brumleve, Sandia's 
solar programs department, the week of July 16. Sandia awarded a contract 
to Foster Wheeler Development Company in the US to provide specific review 
·and consulting on the Spanish receiver development contract. During the 
visit in July, the Spanish requested that the review effort by Foster 
Wheeler be increased. Also during this visit discussions concerning 
heliostat design, testing and evaluation continued. 

Since this visit, Sandia has provided a specific list of test equipment 
based on a list of capabilities requested by the Spanish. Also two 
other visits have been planned with one completed. 

Charlie Vittitoe visited Spain in September 1979 to continue his 
consultation on the use of the HELIOS computer code. During this trip, 
several areas were identified where additional documentation or 
explanation is needed and where clarifying corrments in the HELIOS 
computer code output would be helpful to users. A new version of 
HELIOS was transferred to the Spanish. 

Recently Sandia received mirror samples from CEE and both reflectivity 
and absorpti'on measurements are being made. Weatherability tests will 
also be done. Sandia has begun to provide an indepth thennal analysis 
of the Spanish cavity receiver. Analysis so far is based on abbreviated 
and frequently revised design definition from CESA-1. It is hoped when 
these results are presented in Spain that the most recent receiver 
design information will be obtained. 

Sandia's efforts on this project have been slowed by the fact that 
English translations of CESA-1 technical documentation are not 
available from the CESA-1 project office. Arrangements are being 
made by Sandia to award a contract for translation service for CESA-1 

- --- -- ----- -- -- documen~= ccf-t-=fS'hopeEt cthact--tm"5 -wtll=~c=ci-t f)OSS-ibl~fo.r SaM!'ia 
to provide information and guidance more quickly. 



November - December 1979 
Technical Assistance Status 

An Abbreviated Technical Assessment of the CESA-I Project (November 15, 
1979) was completed at Sandia Livermore and provided to the CESA-I 
Project Office. This assessment is abbreviated since all the infonnation 
necessary for a more complete assessment is not yet available at Sandia 
Livermore. As a part of this, a list was prepared of all documents which 
have been received by Sandia Laboratories. A contract for $10,000 has 
been awarded to Language Services, Knoxville, Tennessee for translation 
of documents from Spanish to English. Several of the documents received 
by Sandia written in Spanish have recently been sent to this service. 
In the future any documents Sandia receives written in Spanish will be 
sent for translation. It takes about six weeks for a document to be 
translated and returned to Sandia. 

Carlos Fernandez visited Sandia Livermore (December 11-12, 1979) and 
participated in detailed discussion on the instrumentation used for 
heliostat performance evaluations. Both the backward gazing system (BGS} 
and beam characterization system (BCS) were reviewed and Carlos was · 
provided basic component ordering information. Juan Diez from Technicas 
Reunidas visited Sandia Livermore (November 26 - December 3, 1979) and 
worked with Sandia personnel to perform a cavity thermal analyses of the 
CESA-I receiver. Copies of the computer results from MIRVAL and RAOSOLVER 
for the receiver were given to Juan on an "information only" basis for 
him to take back to Spain. 

On December 21, 1979 a Sandia internal meeting was held to review the 
status of Sandia support activities for CESA-I. Near term activities 
were defined. This meeting was held in preparation for the Sandia/CESA-I 
meeting in Madrid in January 1980. 

Heliostats 

Additional HELIOS calculations (December 20, 1979} using a theoretical 
definition of the SENER heliostats were performed by Charlie Vittitoe, 
Sandia Albuquerque. The results of these calculations with 312 SENER 
heliostats with prealignment set for March 21 at noon and one-dimensional 
facet curvature for the six focal lengths were sent to the CESA-I Project 
Office. These HELIOS calculations were done to compare with earlier 
MIRVAL results (November 29, 1979) and were informative but like the 
MIRVAL results do not represent the actual configuration of a combined 
SENER and CASA heliostat field. When the measured performance of both 
heliostat types and quantity of each heliostat is determined, confirming 
MIRVAL and HELIOS calculations will be made, if necessary. With the 
several heliostat field definition options available, it is becoming more 
and more important that a single drawing set that is updated periodically 
by controlled revisions for all major components be implemented. This-is­
especially true for the receiver and heliostat field since this interface 
is very complicated. Such a drawing control system may be the only way 
that one can determine what plant configuration is or has been analyzed. 
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A test plan for the CESA-I heliostats was received by Sandia (in English 
thanks to the efforts of Claudio Arano). Sandia is preparing comments 
and suggestions and will provide these in January 1980. 

Receiver 

Preliminary thermal analysis of the CESA-I superheater (October 22, 1979) 
based on data from previous MIRVAL calculations (August, September 1979) 
with 312 theoretically defined SENER heliostats was provided to the CESA-I 
Project Office. This thermal analysis and data from the Sandia stress 
analysis was presented to the CESA-I Project Office on October 31 -
November 2, 1979. The results of these calculations show that at the 
design point {10 a.m. winter solstice) fatigue stress are not severe but 
at equinox noon the fatigue stress do become significant. Since these 
calculations were completed the receiver design has been changed and 
Sandia has reconfigured its receiver numerical model (December 17, 1979). 
The results of the thermal analysis using the new receiver (December 17, 1979) 
and MIRVAL (November 29, 1979) calculation including assumptions will be 
sent to the CESA-I Project Office (January 3, 1980). Previous comments 
concerning drawing control will not be repeated but its need is obvious. 

As requested by the CESA-I Project Office, the contract with Foster Wheeler 
Development Corporation for support of the CESA-I project was revised. 
The original scope-of-work (July 1979) emphasized a critical review of 
the receiver design specifications and requirements. The new scope-of-work 
has the following major CESA-I support tasks: 

Task 1 - Design Review and Analysis - critically review the 
instrumentation/hydraulic and structural and materials 
aspects of the design. 

Task 2 - Operational Considerations - critically review the 
receiver instrumentation, controls, and operational 
and safety aspects of the receiver. 

Task 3 - Progress Reviews and Coordination - attended project 
review meetings and report on the progress;and results 
of the design reviews. 

Based on the original scope-of-work Foster Wheeler provided Sandia and 
the CESA-I Project Office (August 1979) a review of the receiver 
specifications and requirements. 

Storage 

Only a general definition of the storage system has been provided to 
____ . Sandia. _Assoon_as the detail storage definition is received at Sandia, -- an ass-essment wnl"be-maae=n·-~neces~sary~- ~ c==---~ =- - -~ -- -- - - -- --

Plant Control and Interface Definition 

No definition concerning plant control, interface definitions, and 
instrumentation has been provided to Sandia. 
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January-February 1980 

Technical Assistance Status 

A CESA-I project design review was held in Madrid, Spain on the 
14, 15, 16 and 17 January 1980. Those attending the design review 
from Sandia Livermore were M. Abrams, E.T. Cull, J. F. Jones, 
C. L. Mavis, and C. S. Selvage. B. Zoschak from Foster Wheeler 
Development Corporation, New Jersey, who is under contract to Sandia 
for technical support was also at the Madrid review. The primary 
subsystems covered during this design review were the receiver and 
heliostats. Both CEE and Sandia issued meeting sunmaries including 
action items and understandings shortly after the Madrid meeting. A 
combined list of those action items and understandings can be found 
in Appendix 1. During the course of the meetings CEE and Tecnicas 
Reunidas (T.R.) provided Sandia drawings and documents pertinent to 
the CESA-I project. A list of the information provided to Sandia can 
be found in Appendix 2. Appendix 3 contains a list of reports and 
papers which have been translated from Spanish to English and provided 
to the technical staff at Sandia. 

On 28 February 1980 a letter was sent to Claudio Arano concerning the 
exchange of proprietary infonnation. The letter identified what was 
required for Sandia to receive proprietary information if it was 
absolutely necessary for the success of the project. Two Spanish 
documents which were understood to contain proprietary information 
were returned to CEE without reviewing their contents. 

Hel iostats 

Based on verbal information presented during the January Madrid review, 
discussions were held with the Sandia materials group about the foam 
cores used in the CESA-I mirror modules. The materials people felt 

· the foam types {PVC and polyurethane) should be good in a mirror module 
application. However, without more information on foam density, blowing 
agent, and chemistry a more definite statement could not be made. This 
information was provided to the CESA-I project on 4 February 1980 by 
telex along with existing concerns about water permeability. dimensional 
stability and long term creep as they relate to the mirror module design. 
This telex contained a request for a set of heliostat drawings so that 
a more meaningful review can be provided. The current status of the 
Sandia heliostat assessment is that: 

I 1. The heliostat structures seem sufficiently rigid and are probably 
======-=-==-=-===· ····~ adequl!te.••=•• l'erti:fata-strou-l d= demonstrat·e=~~;r preferen-ce~ =~-==== == --•--= ---- -•~----

,I 

I 

2. The drive mechanics for the SENER and CASA heliostats are similar 
to those which Sandia has design experience and test data should 
show they function similarly. · 

• '··fi I 
1' ,. 



3. The heliostat field control and heliostat control systems are 
understood to be preliminary. Details are needed defining the 
requirments, interfaces, modes of operation, and software. These 
will be discussed at a CESA-I and Sandia meeting in March. 

4. A recorrmendation has been made to the CESA-I project concerning 
heliostat alignment and canting system. 

5. Meetings have been set for March to discuss the necessary outstanding 
detailed information concerning the heliostat system. 

Receiver 

The January Madrid review covered in detail the current T.R. receive.r 
design. Drawings defining the receiver with controlled revisions were 
supplied to Sandia and Foster Wheeler. As a consequence of the T.R. 
delays in the receiver design and new work to be done, CEE authorized 
Sandia to increase the Foster Wheeler contract. Since the review, 
Foster Wheeler provided the CESA-I project results of their calculations 
of the T.R. receiver superheater power. Foster Wheeler indicated that 
based on conventional boiler experience they recommend that the superheater 
be sized so that the attemperator water flow is not less than two percent 
of the total feedwater flow at any time during normal operation. This 
subject will be further discussed in March when the CESA-I project meets 
at Sandia with Foster Wheeler. 

The current status of the Sandia receiver assessment is that: 

1. Both T.R. and Sandia are in agreement on the basis and results 
of stress analysis for the receiver. Four materials are still 
being evaluated for possible superheater applications. 

2. The radiant flux incident on the receiver are still based on 
312 theoretically defined SENER heliostats. Flux spillage on 
the edge of the receiver aperature has not been studied. 

3. Instrumentation and piping details provided to Sandia are being 
evaluated. This evaluation includes the applicability of the 
instrwnentation for receiver control as defined in the "Conditions 
and Operation Procedure for the CESA-I Solar Receiver" •. 

4. A receiver review will be held in mid-March with T.R., Foster 
Wheeler, and Sandia. 

~tor~ 

Only a general definition of the storage system has been provided as 
part of the CESA-I plant definition received at the January Madri-d 
meeting. As soon as the detailed storage definition is received at 
Sandia, an assessment will be made if necessary. 

I 
I 
I 
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Plant Control and Interface Definition 

Definition concerning plant control, interfaces, and operation has not 
been supplied in sufficient detail for a worthwhile assessment. 

- -- --- ---~_..:__- - __ _::: __ - - -------- --- ---- ----
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7/5 

8/8 

9/6 

l 0/-

Appendix 1 

Summary of Action Items and Understandings 
from Madrid, Spain Meeting, January 14-17, 1980 

Item 

Budget for project Spain-USA 

Final results of tests performed on the SENER 
heliostat prototype 

Final results of tests performed on the 
CASA-2 heliostat prototype 

Final results of tests performed on the new 
SENER mirror modules 

Provide recommendation on BCS/BGS and focus 
and alignment system 

Information on CASA-2 heliostat prototype 
and control (English description) 

Recommendation on heliostat washing system 
equipment and water requirements 

Information including handouts and an audio 
tape of pilot plant heliostat testing and 
analysis 

Information on Heliostat Glass Survey and 
Specifications for second surface silvered 
mirrors 

Final reports of the pilot plant tests results 
of MMC and MDAC heliostats 

Responsible 
for Action 

CEE 

CEE 

CEE 

CEE 

SLL 

CEE 

SLL 

SLL 

SLL 

SLL 

Requested 
Date 

17 Jan 80 

29 Feb 80 

30 April 80 

15 June 80 

25 Jan 80 

15 Feb 80 

1 Feb 80 

l Feb 80 

31 Jan 80 

30 March 80 

Completed 
Date 

23 Jan 80 

// lh•' ·, V 

31 Jan 80 

1 Feb 80 

· 28 Jan 80 

28 Jan 80 



Action 1 

CEE/SLL 

11/­

-/7 

-I-

-I- , 

-/-

-/-

-I-

-I-

-I-

Summary of Action Items and Understandings 
from Madrid, Spain Meeting, January 14-17, 1980 

(continued) 

Item 

Planning Program Cooperation 

Information on how to modify a Cary 171 
Spectrophotometer 

Recommendation on need for more receiver 
superheater surface area 

Receiver convective loss prediction 

FWDC complete their task 2 and 3 

Periodic Receiver Review and Assessment 

Information on mechanical alignment instrument 
explained by Mr. Mavis 

CEE will provide the following 

(l) One line electric diagram 
(2) P&I Diagram, Rev. l (exclude receiver) 
(3) Spec. on tanks, drum, heat exchangers, & pumps 
(4) Plant flow diagram 

(5) Siemens/Bazan turbine steam balance 
(6) Plant thermal balance 

(7) EISA bid for the Field Control System 
(8) Overall CESA-I Project Planning Schedule 

Heliostat field control system functional 
specification 

Responsible 
for Action 

CEE 

SLL 

FWDC 

SLL 

FWDC 

SLL 

SLL 

CEE 

CEE 

Requested 
Date 

22 Jan 80 

25 Jan 80 

25 Jan 80 

June 80 

Completed 
Date 

23 Jan 80 

4 Feb 80 

29 Jan 80 

29 Feb 80 ,, p,i,.,J. '-.., 

l March 80 ,.,_~,.~~.t.."k> 

No date 

31 Jan 80 
31 Jan 80 

No date 
No date 
No date 
No date 
No date 
No date 

15 April 80 

z. r- ,ti,.," I • .J 

/ / , ... , r ' , •l 

I I ll,11 • · '- ~ .. ') 

' ' , .,, ... , - t 

-------------------
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Centro cJe Estudios de la Energia 
Mini~ter io de l11dustria y F.ncrgla 

Appendix 2 

SANDIA LABORATORIES 
LIVERMORE, Ca. 9~550 
U.S.A. 

Att. Mr. Skinrood / ~r. Cull 

10th January 1980 

SUBJE.CT: CESA-I Project - ALaeria (Sr,ain) = Receiver Subsystem. 
r,)n-,a rdi n9 of ne1-., __ TR dra1-., i_'2_~~-~-~ docu;-;1ent s_. _____ _ 

Pll'.J~e find 1,crc,.,,ith t·nclosed t1·10 c,·,ri<'s of c-.-,ch one of the fo­
llm-1in~1 d11cu1.1,,nt~ just i~sucd by Tecnic,1'> Reunidas: 

A 
_,.8'1-8230-300 
so-8230-11s-s 

SD-8230-162 

s 
SD-8230-11$C 

E 
Sjf-8230-190A 

AtJ 
.s-tr-82,30-0lOA 

5(-82)0-110 

0 
0 

2 

0 

0 

2 

2 

0 

0 

Tit 1 e 

-Pl,1nt.1 de Tuberias (Pipe Layout). 
-Estructurc1 de Receptor - Vigas 

(Planta superior), (R~ceiver st­
ructure - Upper Beams) 

-Serpent in dcl sobrecalentador -­
Alzado y detalles, (Reheater coil 
- Elevation and details). 

-Estructura del Receptor - Vigas 
(Planta superior), (Receiver str~c 
ture - Upper Beams). -

-Estructura del R~ceptor - Harque­
sina y aletas laterales (alz.Jdo), 
(Receiver Structure - Outside and 
side protection wings). 

-Diagrarna de tuberias e instrum~n­
taci6n - Subsistema Receptor, 
(P & I Diagram - Receiver subsys­
tem). 

-Oiagrama de tuberias e in5ttru:nen­
taci6n - Subsi!>tema Receptor, 
(P & I Oi~,gram - Receiver Subsys­
tem). 

-E!>tr1J.:turil dcl Rr,c-·ptor - f5quema 
c5tructural, (R~ceivcr Structure 
- Structural Sketch). 



,;· • 1;., 1-. ;:; ,.t,· >:ii,\ 
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Appendix 2 (continued) 

Centro de Estudios de la Energia 
Minii.terio de lndur.tria y Energia 

SANDIA LABORATORIES 
LIVERMORE, Ca. 9~550 
USA 

ATT. Mr. Skinrood / Mr. Cull 

... I ... 

SE-823~-113A 

8 
SE-6230-113.8' 

· SE-8230-1908 

SE-8230-163 

Al;-82 30-487 

Al;-82 30-487 

Without numb..:?r 

\..' i t hnu t n umtw r 

0 

0 

0 

0 

10th January 1980 

-Estructura del Receptor - Secci6n lon­
gitudinal, (Rt>ceiver Structure - Langi 
tudinal st>ction). -

-Estructura de! RE-ceptor - Serci6n lon­
gitudinal, (Receiver Structure - Longi 
tudinal Section - Extended view). -

-Estruttura del Rec~ptor - Marqucsina y 
al<>tas lateralcs - Puerta exterior de 
cicr,c· r,ipido, (Rc,ceiver structure - -
Outside r0of and side prntt>ct ion wing~­
Quicl... clo<.ure ~t>curity doors). 

-Cole~turcs - Sc~ciones y dctalles 
(Manifolds - Sections & details). 

-Hnja 1 de 7, Diagramas de lazes Elec­
tr6nico-., (Sheet 1 of 7 - Diagram of -
Electronic Loops). 

-lk,ja 3 de 7 - Diagrama de lazes elec­
tr6nicos, (Sheet 3 of 7 - Diagram of -
Electrcnic loops). 

-Hoja ~ de 7 - Diagramas de lazos elec­
tr6nicos, (Shl'Ct 4 of 7 - Diagr,1m of -
electronic loops). 

-Hoja 6 de 7 - Diagram~s de lazes clec­
tr6nicos - (~ilcet 6 of 7 - Di,igrar.1 of 
clc·ctr,,nic 1,)t•ps). 

-Hoj., 7 de 7 - Di agr.:1mas de 1.-~zt~s e lc.::c­
t ron i co<., (Sh"·et 7 of 7 - Di.:1gr..im of -
r•lt•crrn,1ic loops). 

-[squcn.,,~ lo(1icns (hoja 1 de 1), (Logi­
c;il sketch (sheet 1 of 1). 

-Ovscripcit>n d~ los l<1zos de instrurncn­
tos y control, (Description of instru­
nic:nt and C(lntrol loop~, 10 rages}. 

-Condicioncs y proc~dimicntos de op0ra­
ci6n dcl rc>Ccptor solar cr:SA-1, (C[SA-1 
Solar Fcccivc-r Cpcr,;ticm Cnnditions ,:;nd 
Procpdur('•). 
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~t~~ xe~ 

Centro de Estudios de la Energia 
Mini1;,terio de lndu~tria y l:nc-rgla 

SMJDIA LABORATORIES 
LIVERMORE, Ca. 9liS50 
USA 

At t. Mr. S1-.inrood I Mr. Cu 11 ----· -··- - . -·--- -------·----·--·--

... / ... 

180-8230-2020 0 lc,ometrica 

130-8230-2025 0 II 

180-8230-2026 0 II 

180-8230-:?022 0 II 

180-8230-2023 0 II 

180-82 30-2021, 0 II 

180-823orA-lOl 0 II 

180-8,30-1021 0 II 

180-6230-20Li2 0 II 

180-8230-2041 0 II 

180-8230-20Lio 0 II 

180-8230-2010 0 II 

180 \.Ji t huut numb. 0 II 

180-8230-2050 0 II 

1eo-e230-2001 0 II 

1 so-s:-3c-20:rn 0 II 

' 1Ho-S230-~ojo 0 II 

£'.?.9Ll 

10th January 

- ( I !'.Orne tr i c) - Sheet of 
II - Sheet of 
II - Sheet of 
II - She-et of 
II - Sheet of 
II - SLeet of 
II - Sheet of 
II - Sheet of 
II - Sheet of 
II - Sheet of 
II - Sheet of 
II - Sheet of 
II - Sheet of 
II - Sheet of 
ti - Shc-et of 
II Sheet of 
II - Shc:ct of 

Without 11,irr1ber /lnc'XO 5 (t,nnc>: Five - Strain at Tul,e 

1980 

1 

1 

1 

Cro1·m 

The ;,!,nw• dn(1J1,1cnt.:-1tic111 \•Jill be Ii.ind delivered in l\ndrid to your Mr. 
··· ······ ......... =ccCuTtc~i.'ff tr,;;n= rJJayi5t,c'ui~'tlJ~se=aTrf~llli.•ccol'.irse·ol''c(nc~,neetllfgs ·to lie·.:: . ··~ ·-·~ 

held at T.R. 0ffict•s. 

Bc-s-t r<:qards 

/ ,l .. ·. ½) ' 
1 

(. 1// . , I 
I -'IL· .. ZU-., 1--t 
'G-: f'tino 
Projt-ct l·'.:rnagcr 



Appendix 2 (continued) 

I 
I 
I 

In addition to the documents listed in your letter of January 10, 1980; 
subject: CESA-1 Project-Almerica (Spain) = Receiver Subsystem. Forwc1rding I 
of New TR Drawings and Docun~nts. 

Ed Cull made available to me the following drawings and documents. I 

S0-8?30-111 

SD-8230-112 

SD-8230-ll4A 

SD-8230-1148 

SD-8230-llSA 

S0-8230-ll6A 

SD-8230-1168 

SD-8230-ll6C 

SD-8230-116D 

S0-8230-116E 

SD-8230-160 

SD-8230-161 

SA-8230-185 

SKC-700-0 

CESA-OM-G-01-1 

Rev~ 

0 

0 

0 

2 

2 

2 

0 

Title 

Estructura Del Receptor Planta Inferior 

Estructura Del Receptor Planta Surerior 

Estructura Del Receptor 
Vigas (Planta Inferior) 

Estructura Del Rr-u~ptor 
Vigas (Planta Inferior) 

Estructura Del Receptor 
Vigas (Planta Superior) 

Estructura Del Receptor 
Soportes Entre Plantas - Panel No. l 

Estructura Del Receptor 
Soportes Entre Plantas - Panel .No. 2 

Estructura Del Receptor 
Soportes Entre Plantes - Panel No. 3 

Estructura Del Receptor 
Soportes Entre Pl antes - Paneles Nos. 4 & 5 

Estructura Del Receptor 
Soportes Entre Plantes 
Fanel Central de Puerta 

Serpentin Del Evaporr.dor 
Panel Central 

Serrentin Del [vaporador 
Paneles Laterales 

[squema Del Receptor 
CESA-1 

[squema De Placas De 
Anclaje Para Estructura 
Del Receptor 

E111plazamiento CESA-1 
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Appendix 2 (continued) 

_prawing No. 

CESA-OM-G-02-0 

Rev.· Title 

Disposicion General 0 

CESA-OM-G-02-0 0 

CESA-Qf-1-A-01-0 0 

CESA-OM-A-02-0 0 

CESA-OM-A-03-0 0 

CESA-OM-A-01-2 

CESA-OM-P-01-0 0 

CESA-OM-P-02-0 0 

CESA-OM-P-03-0 0 

. CESA-OM-P-04-0 0 

CESA-OM-P-05-0 0 

CESA-OM-P-01-2 

(Spanish) 0 
July 1, 1979 

(English} 0 
December 27, 1979 

(Spanish) 
January 14, 1980 

Zuna De Edificios 

Disposicion General 
Campo De Heliostatos. 

Disposicion General 
Sistema De Almacenamiento 
Planta ALA COTA - 1, 20 

Disposicion General 
Sistema De AlmacenJmiento 
Plantas A Las Cotas + 5'30, + 8"30y + 9"80 

Disposicion General 
Sistema De Almacenamiento 
Secciones 

Diagrema T. e I. 
AlGacenamiento Termico M-200 

Disposicion General 
Edificio De Turbina 
Planta A La Cota± 0, 00 

Disposicion General 
Edificio Turbina 
Planta A La Cota+ 4, 50 

Disposicion ~eneral 
Edificio De Turbina 
Plantas A Los Cotas - 3, SO+ 7, 50y + 10, 00 

Disposicion General 
Edificio De Turbina 
Seccion 11 A11 

Disposicion General 
Edificio De Turbina 
Seccion 11 8 11 

Di agrama T. e I. 
Vapor-Condensado Y Aqua De Alimintacion 

~ --_::..::--- --=-=---:_-_::- -:.M---=l-00=-=-::....::..:: __ --:_-:_-_:_·:_-,_-:::-- __ -----:--- -- :_- _: __ - --=---..::-_:.::::_- _ _:-----=:-_---:_-:_·_-:---:_:__::_--:_-_=- :-_:_--:__::- -----_-::-·_--:::--------_--_---- --_-----_- --_-----=---

[studio De Los Modes De Operacion 
De La Central ' 

Conditions and Operation Procedures for 
the CESA-1 Solar Receiver 

Analisis De Flujo YAP 



·. 

Drawi ng ___ N_Q_. 

(English) 
January 13, 1980 

K-Number 
(Spanish) 

·Appendix 2 (continued) 

Rev. 

NA 

0 

Title 

Evaporator Flux Analysis 

Information concerning instrumentation 
(multiple pages) 

s~por~ W S-ob, ... c,.__/c....._J~J.,,/ 

,,,., 7· I {J·c- CJ,-..'-c,;;"' ..., u~,<Jr 
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Appendix 3 

Reports and Papers Which Have Been Translated to English 

1. Report on Heliostat Prototype Tests. 

2. Data on the Site - Revision 3. 

3. Study of Diffuse and Specular Reflectance of Mirrors Used in the 
Design of Heliostat Prototypes Based on Information Furnished by 
the "Daza De Valdes" Institute. 

4. General Plant Specifications - Revision 0. 

5. Specifications for Solar Receiver Order. 

6. "Selected" Instrumentation "K" Drawings. 

7. Diagram of General Scheduling - Revision 3. 

The following reports have not yet been received from the translating 
service. 

8. Descripcion De Los Lazos De Instrumentos Y Control - Receptor 
Solar - CESA-I. 

9. Estudio De Los Modes De Operacion De La Central - Rev 0. 

10. Pruetas De Calification De Los Prototipos De Heliostats. 
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March - April 1980 

Technical Assistance Status 

Members of the CESA-1 project visited the U.S. during March to attend 
a CESA-1 project review, the CRTF Workshop, and the DOE Solar Central 
Receiver Semi-Annual Meeting. Those attending these meetings from 
Spain included, Carlos Ortiz and Fernando Sanchez (CEE}, Loek De Gruijter 
and Jesus Cruz (TR), Jose Ramirez (EISA), and Carlos Garriga (SENER}. 
The CESA-1 project review was held at Sandia Livermore on March 11-14, 
1980 while the CRTF Workshop and semi-annual meetings were at Albuquerque, 
New Mexico on March 17-18, 1980 and March 19-20, 1980, respectively. The 
primary subsystems covered during the project review were the heliostat 
field control and heliostat control, receiver, and heliostats. 

On April 24-25, 1980 Al Baker (SNLL) visited the CESA-1 project office 
at CEE and the CESA-1 heliostat test facility at I.N.T.A. in Madrid, 
Spain. The main purpose of this meeting was to establish with CEE a 
joint GEE/Sandia budget and work tasks for the time period between l May 
1980 to 30 April 1981. The work for the next year is similar to last 
year but with less emphasis on the receiver design and more on the 
heliostat and storage subsystem design. 

Sandia has recently completed a "Technical Assessment of the CESA-1 
Project - 15 April 1980" which is now being typed, This assessment 
covers the information supplied to us thru 15 April 1980. The results 
of the reviews mentioned in this status letter are included in that 
Technical Assessment and have not been duplicated in th1s report. 

Helios tats 

During the March review meeting CEE provided a verbal description of 
their Group l - Optical, Group 2 - Mechanical, Group 3 - Ambiental, and 
Group 4 - Controls tests from the CESA-1 heliostat test plan. CEE 
delivered to Sandia several reports on their test results for the SENER 
heliostat from Groups l and 3. They also orally presented a description 
of both the SENER and CASA heliostats including the mirror modules, 
structure, and drive mechanism. When Al Baker was at CEE in April, he 
was given a complete set of SENER structure and gear box detailed 
drawings for Sandia to review and comment, however, mirror module 
drawings were not included in the drawing set. The results of Sandia's 
review of these SENER drawings will be included in the next status letter. 
The current status of the Sandia CESA-1 heliostat assessment is that: 

1. All of theheHostafrelated reports CEEsuppiied -at the March 11-14, 
1980 meeting have been reviewed. 

2. Sandia in in the process of reviewing the detailed design drawings 
of the SENER structure and gear box supplied in April 1980. 



3. Sandia will review and provide comments to CEE on the revised 
heliostat test plan which is currently being prepared by CEE. 

Receiver 

The Sandia assessment of the CESA-1 water/steam receiver is based on a 
complete detailed drawing set and documentation of controls and 
instrumentation provided by CEE. Sandia has had a contract with 
Foster Wheeler Development Corporation (FW) to provide a detailed review 
and comments on the CESA-1 receiver. The Sandia and:Fw receiver evalua:ions 
have been based on solar heat flux distributions calculated by Sandia 
using an artificial 312 SENER heliostat field. The heat flux distribution 
is therefore the greatest uncertainty in the receiver assessment. The 
current status of the Sandia receiver assessment is that: 

1. The contract Sandia has had with Foster Wheeler was completed and 
a draft of their final report was supplied to Sandia and CEE. 

2. Sandia and FW will visit CEE in Madrid, Spain on May 21, 1980 for 
an oral presentation of the FW final report results. 

Heliostat Field Control and Heliostat Control 

Specifications for the heliostat field controller and heliostat controllers 
and the EISA bid for the heliostat field control system have been provided 
to Sandia. During the March review meeting Jose Ramirez, EISA, and 
Duncan Tanner, SNLL, had very detailed discussions on EISA's approach to 
meeting the heliostat field control requirements. The current status of 
the Sandia heliostat field and heliostat control assessment is that: 

l. All of the reports on the heliostat field and heliostat controls 
have been reviewed by Sandia. 

2. Sandia will review and provide comments to CEE on the response 
of their proposal for the supply of the heliostat controller when 
it is available. 

Storage 

CEE has provided Sandia with reports covering the storage system 
equipment sizing, data sheets on pumps, and a storage subsystem heat 
exchanger study. The current status of the Sandia storage subsystem 
assessment is that: 

1. All of the reports on the storage subsystem have been reviewed. 
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May-June, 1980 

TECHNICAL ASSISTANCE STATUS 

Representatives for Sandia and Foster Wheeler visited the CESA-1 
Project Office in Madrid during May, 1980. Those attending from 
Sandia included Al Skinrood, Ed Cull, and Bob Carling. Bob Zoschak 
attended from Foster Wheeler. The primary topics discussed at the 
meeting were final results of the receiver design review, status of 
heliostats and the storage subsystem. 

The recently completed Sandia 11 Technical Assessment of the CESA-1 
Project" was given to CEE and major points were discussed. CEE is 
satisfied with Sandia's overall project support and expressed their 
appreciation. Since Sandia's current funding for CESA~l support was 
spent during May, Al Skinrood discussed with CEE interim funding 
needs until the May 80-April 81 budget is approved by the U.S./Spanish 
joint committee. Bob Goeckerman, Scientific Attache at the U.S. Embassy, 
informed Sandia that $SOK interim funding has been approved and a 
telegram was sent to the U.S. Department of State requesting them 
to provide the funds. Sandia will continue to support the project 
but will make no outside commitments until we receive written 
confirmation of the funding approval. 

Hel iostats 

On April 25, 1980, CEE provided Sandia with a set of SENER heliostat 
drawings, except the mirror module and mirror module support structure 
were not included. SENER is in the process of redesigning their mirror 
module since CEE test results of its optical performance showed it did 
not meet the CESA-1 specifications. Sandia has completed its review 
of the SENER structure and drive machanism. SENER's heliostat is very 
s imi 1 ar to the Mc Donne 11 Douglas (MDAC) Barstow prototype hel iostat 
which has been extensively tested by Sandia. The Sandia review of 
the SENER heliostat included comparing like design features with the 
MDAC prototype and commenting on areas of concern. During the May 
meeting in Madrid~ CEE provided Sandia with the CASA heliostat 
drawings including mirror modules. This drawing set did not include 
all piece part drawings; thus, only the major assembly drawings are 
being reviewed. CASA's heliostat is similar to the Martin Marietta 
(MMC) Barstow prototype, so the s~me 9'~~of r~yje\•f1_eyc~c~qm12arJ~,aJ;he . __ ...... . 
~neTiosfat=aesign-tolhe~llMC'tieliostat ·{where Sandia agafr1 has-
test experience). is being done. The CASA review is almost complete. 
Results of these reviews will be sent to CEE in several days. 



• 

Using the CASA-II heliostat design definition, C. N. Vittitoe, SNLA, 
has begun some HELIOS calculations to determine the acceptable beam 
quality errors which are necessary to meet the CESA-1 hel iostat 
specification. Heliostats with the shortest and longest slant ranges 
are being considered. Also, three focal lengths for a given slant 
range are being evaluated to determine how beam quality errors change. 
Preliminary results show that heliostats with the shortest slant range 
cannot meet the CESA-1 specification, even with very small beam 
quality errors. Since for the short slant range heliostats all of 
their energy does enter the cavity aperture, the impact of them not 
meeting the specification may not be that important on receiver 
perfonnance. 

Mr. Vittitoe plans to use the acceptable beam quality error he 
determines from his analysis, and predict the beam target image 
that CEE would measure at their INTA hel iostat test facility for 
the CASA-II heliostat if it was tested at equinox noon. Beam 
pointing errors have not been considered at this time. Once beam 
pointing and beam quality errors are measured, they will be included 
in the field performance calculations. CEE will be making the HELIOS 
field performance calculations which will be compared to selected 
HELIOS and MIRVAL Sandia calculations. The current status of the 
Sandia CESA-1 heliostat assessment is that: 

1) SENER and CASA-II heliostat structure and drive mechanism 
drawing have been reviewed. 

2) CASA-II mirror module drawing review is in progress and 
results will be included with structure and drive mechanism 
review. 

3) Sandia has not received test results from the Group !~Optional, 
Group 2-Mechanical, or Group 3-Environmental test from CEE for 
either CASA-II or SENER. Reports of the SENER tests with the 
mirror module that was not accepted by CEE were provided to 
Sandia earlier • 

. 4) Single heliostat HELIOS calculations, using the current CASA-II 
heliostat definition, have been started. The calculation will 
be finalized after Sandia receives test data. 

Receiver 

The May meeting in Madrid was the final design review meeting prior 
to CEE placing the contracts for receiver fabrication and instru­
mentation. This meeting concluded Sandia's contract with Foster 
Wheeler (FW) for the CESA-1 receiver design review and included a 
presentation of the results in their final report. Recommendations 
by Sandia and FW were discussed with CEE and Technicas Reunidas {TR), 
the receiver ~esigner. Since the biggest uncertainty in the receiver 
assessment is the heat flux distribution, based on an artificial 
312 SENER heliostat field, TR has added provisions so that additional 
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superheater tubes can be added if necessary. TR has modified their 
design of the central panel inlet manifold to provide for corrmon 
orificing for groups of five tubes. Sandia and FW had recorrmended 
the possible need for tube orificing to improve the tube-to-tube flow 
distribution. and this TR change is an improvement over the original 
design. The CEE project manager, supported by TR, decided not to 
follow the Sandia and FW recommendation to use Type 316 stainless 
steel for the last three passes of the superheater; TR will use 
X20CRMOV12. The recommendation to use 316 stainless steel was based 
on the United States experience with fossil and solar "fired'' boilers. 
The current status of the Sandia CESA-1 receiver assessment is that: 

l} Sandia will provide an introduction for the FW final report 
and FW will combine their reports on Tasks 1, 2 and 3 into one 
overall report. 

2) Sandia will provide CEE with the results of our limited fatigue 
testing at 600°F on a sample of X20CRMOV12 material, supplied 
by TR, when the testing is completed. 

3) Sandia will perform receiver heat flux calculations using the 
heliostat field layout and measured heliostat performance data 
when it is provided by CEE. 

Storage 

The two tank HITEC storage subsystem uses three U-tube heat exchangers 
for charging and three U-tube heat exchangers for discharging. There 
are two hot HITEC pumps and one cold HITEC pump. The storage subsystem 
uses an inert nitrogen atmosphere to keep the HITEC stable at temperature. 
During the May design review meeting, CEE provided Sandia with a list 
of questions concerning salt handling, hardware, and heat exchangers. 
Discussion on the storage subsystem included operation methods, 
selection and suppliers of equipment, and requirements for trace 
heating or draining of the storage components. CEE requested that 
Sandia subcontract Badger Energy Inc., similar to what was done on 
the receiver with FW, to provide support on answering these engineering 
type of questions. This i"dea of having Sandia subcontracting an 
engineering finn experienced in salt equipment was also discussed in 
April when we were establishing the May BO-April 81 budget, so funds 
were included in the budget for this activity. The current status of 
the Sandia CESA-1 storage assessment is that: 

1) A scope of work has been drafted and sent to Badger Energy for them 
to quote on costs. No contract will be awarded until written 
assurance of funding authorization is received. 

2} ~Reports Oft-cHJTECproperties ,~=eompattbilitywi·thmetals; acntt safety' C.C. ~ 
were provided to CEE. 
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July - August, 1980 

TECHNICAL ASSISTANCE STATUS 

Sandia National Laboratories has still not received official auth­
orization from DOE that either the $SOK interim funding or the 
$185K May 80 - April 81 budget funding is available to support 
the CESA-1 project. Both the interim and May 80 - April 81 funding 
have been approved by the United States/Spanish Joint Conmittee. 
Sandia reluctantly temporarily stopped its support of the CESA-1 
project at the end of July, 1980 until additional funds are available. 
Attempts to expedite the process within DOE have been made but 
Sandia has no commitment for when the procedure will be completed. 

Hel iostats 

The preliminary assessments of both the SENER and CAS~-II heliostats 
were completed and sent to CEE during Jul½ 1980. These assessments 
are considered preliminary since Sandia has not yet received any 
of the current SENER or CASA-II heliostat test data from CEE. 
General observation reported in the assessment covering the SENER 
and CASA-II heliostat designs are as follows: 

SENER 

The use of a harmonic drive system for azimuth rotation and a linear 
screw-jack to drive the elevation mechanism are design features 
which indicate similarity of the SENER design to McDonnell Douglas's 
(MDAC) prototype design. A particularly unique feature of the SENER 
design is the employment of a four-linkage system to accomplish a 
full 180° elevation travel (face-up to face-down stowage) with only 

·a single linear actuator. 

The SENER general arrangement drawings define a sophisticated and 
complex design. The SENER design has already been built and tested, 
and verbal reports from CEE indicate satisfactory operation. How­
ever, the complexity of the design is of concern because of the 
possible reduction in reliability. 

CASA II 

~ .... ~neral .,cenee,tc&f=t-he~SA-II desi§Jt•ts~h~}'½ff.theMam-R• ~ .. 
Marietta Corporation (MMC) Barstow design, but specific features 
are significantly different. A split torque-tube flange is mounted 
to each side of the AZ-EL drive mechanism, in contrast to MMC's 
through torque-tube with its offset connecting anns. The CASA 
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concept has considerable merit in that mass/CG offset of the mirror 
assembly can be kept to a minimum, thus reducing the torsional 
load requirements on the gear drive mechanism. Additional benefits 
can also be realized in the logistics of assembling and installing 
the complete heliostat in the field, since the split torque-tube would 
permit preassembly of smaller, easier-to-handle reflector assemblies 
for each half of the heliostat. 

Another area of notable difference between the CASA-II and MMC 
designs is the applied operational and survival specifications. 
Although the reasons for these differences are not fully understood 
at this time, it was deemed necessary to point them out as they 
affect the comparative capability of the two designs. 

The HELIOS calculations by C. N. Vittitoe, SNLA, which were begun 
in the last reporting period were completed in July, 1980. Results 
from these calculations were sent to CEE. 

· A single CASA-II heliostat was analyzed to determine an acceptable 
beam quality error which would meet the CESA-I heliostat specification. 
The heliostat was located at four different positions within an early 
version of the CESA-I heliostat field layout. Based on the results 
of that study, predictions were made to obtain beam target images 
that CEE might measure at their I.N.T.A. heliostat test facility. 
The beam quality error for the CASA-II heliostat to meet the CESA-1 
requirement for all but the close-in heliostats location was predicted 
to be .9 MRAD. This value is slightly less than that which has been 
measured for the MMC #1 Barstow prototype at CRTF which was .98 MRAD. 
CESA-1 close-in heliostats, even with small beam quality errors, 
cannot meet the heliostat specification. 

The predictions of the target images for I.N.T.A. were very sensitive 
to heliostat canting time. To be able to determine the beam quality 
error from the I.N.T.A. test results, the exact cant time will have 
to be known. Also, the time it takes to cant the heliostat must be 

· as short as possible. 

Sandia is waiting to receive from CEE test results for the SENER 
and CASA-II heliostats from the Group I - Optical, Group II -
Mechanical, and Group III - Environmental tests, so that the helio­
stat assessment can be continued. 

Receiver 

The only activity on receivers during this reporting period was 
the completion of our limited fatigue testing on a sample of 
X20CrMoV12 material supplied by Technicas Reunidas (TR). This 
material is used in the superheater of the CESA-1 received. The 
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results of our test were sent to CEE. The important feature of this 
test was that, after the initial test cycle, the relaxation of 
X20CrMoV12 appeared to be complete within several minutes. This 
behavior is similar to 316 stainless steel in which the relaxations 
have been complete within an hour of the start of the hold period 
and significantly different from relaxations on Alloy 800 which are 
not complete after 5.9 hours. 

Storage 

At the May, 1980 design review meeting in Madrid, Spain CEE requested 
that Sandia subcontract Badger Energy Inc. to provide support by 
answering engineering types of questions on the salt storage system. 
A scope of work was drafted and sent to Badger Energy for them to 
quote on the cost of this support. Based on Badger's quote a 
revised scope of work was written so that the cost would be within 
the desired value of $10 K. This revised scope of work was sent 
to CEE for their concurrence. No contract to Badger has been 
awarded since funding for further CESA-1 project support has not 
been authorized by DOE. 
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TECHNICAL STATUS REPORT 
Project IIIP - 3020 

Franklin Research Center 
September 1980 

TASK 1, ENERGY AND ECONOMIC DATA 

ATTACHMENT 2 

We obtained Spanish energy and economic data from AUXIN!. We re­
viewed them and made suggestions which were transmitted to AUXIN! in 
June, 1980 while their personnel visited here. This task was subcontracted 
by the Franklin Research Center (FRC) to General Electric Co. (GE). 

TASK 2, METEOROLOGICAL DATA 

We obtained meteorological data for Spain from AUXIN!. We re­
viewed the proposed solar radiation model, noted certain deficiencies 
in it, and developed a revised model that is to be used. Comparisons 
with measured data verified the validity of this radiation model which 
permits an approximate determination of solar radiation from other 
meteorological data at locations where no measured solar radiation exist. 

TASK 3, DEMOGRAPHIC DATA 

We obtained Spanish demographic data from AUXIN!, reviewed them, 
and made suggestions pertaining to the presentation of data and to voids 
in the data which should be filled. This task was subcontracted by FRC 
to GE. 

TASK 4, COST/PERFORMANCE EVALUATION 

Computer simulation programs available in the United States were 
reviewed as to their applicability for Spanish conditions and as to the 
practicality of their use by the equipment available to AUXIN!. The 
programs initially selected were TRNSYS and f-Chart, both developed under 
U.S. Department of Energy sponsorship at the University of Wisconsin. 

. S AA'!i~h=meteor_oJpgtcal data . .tor_ f iy~J~tt011s _a.nd. _Span;ish ,p~s ica.Land .... - - _ --·- -
monetary units were entered into the f-Chart program. Tax credit rou-
tines applicable to the U.S. were eliminated. This modified f-Chart 
program readily usable for Spanish conditions was then transmitted to AUXIN!. 
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TASK 6, BARRIER ANALYSIS 

Real and potential barriers to the utilization of solar energy 
were identified. Possible actions to overcome these barriers were in­
vestigated, and pertinent recommendations were made. This task was sub­
contracted by FRC to GE. 

TASK 7, TRAINING PLAN 

A training program was conducted for two groups of Spanish en­
gineers in the United States. One group was familiarized with analytical 
methods used in economic and technical analysis. This included data pre­
paration, data verification, and data use. The second group contained 
training in solar design, both passive and active, energy storage, and 
the use of the TRNSYS and f-Chart computer programs which were delivered 
to AUXIN!. This group was also taken on an extended tour of U.S. solar 
research and test installations. During that tour, this group also saw 
a considerable number of solar passive residential installations. 

TASK 8, HEAT PUMP APPLICATIONS 

The applicability of heat pumps to Spanish conditions was investi­
gated. Data on the cost of installed conventional heating and heat pump 
equipment and on different fuel costs were obtained from AUXIN! for both 
present conditions and escalations through the year 2000. AUXIN! also 
furnished heat loss data for typical multi-family residential units. 

FRC then determined operational performance of the heat pump and 
the conventional systems in five geographical locations in Spain. 
Based on these, payback periods and return on investment were determined 
for the period from the present through the year 2000. 
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A complete set of TRNSYS tape, User 1 s Manual, and printout was 
delivered to AUXINI in June, 1980 when their personnel visited FRC. 

The OPSIS program developed by AUXINI was reviewed. Computer 
simulations for buildings at five locations corresponding to five Spanish 
climate regions were performed. The data obtained by AUXIN! using OPSIS 
and the data obtained by FRC using TRNSYS were compared. It was found 
that the OPSIS simulation of solar radiation on an inclined surface pro­
duced results which were significantly different from those produced by 
TRNSYS. Apart from this shortcoming, the results obtained by OPSIS agree 
reasonably well with TRNSYS results. Recommendations for modifying OPSIS 
to overcome these shortcomings were made. 

Computer simulations for different buildings and for the utiliza­
tion of solar energy for industrial process heating were performed. These 
data were transmitted to AUXIN! for use in Task 5, Market Potential. 

Performance and cost analyses were performed for different solar 
systems for different applications and at different locations in Spain. 

Copies of all the work performed by AUXIN! on this task were sent 
to FRC by AUXIN!, and the report covering this entire task was produced 
in Philadelphia and was mailed to AUXIN! for inclusion in their report 
to the Joint Committee. 

TASK 5, MARKET POTENTIAL 

The market potential of solar energy for both residential and com­
mercial and industrial applications was evaluated. It was found that most 
of it is in the residential sector concentrated in the Madrid and Barcelona 
regions of the country. A preliminary demonstration plan to accelerate 
the commercial development of solar energy utilization in Spain was 
prepared. 

This task was subcontracted by FRC to GE. 
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1. Background: 

PROPOSAL FOR ASSISTANCE FOR COOPERATIVE 
RESEARCH PRESENTED TO THE ADVISORY 

COMMISSION FOR SCIENTIFIC AND 
TECHNICAL RESEARCH CHARGED TO THE 

THIRD COMPLEMENTARY AGREEMENT 
OF THE TREATY OF FRIENDSHIP AND 

COOPERATION BETWEEN SPAIN AND 
THE UNITED STATES OF AMERICA 

COOPERATIVE SOLAR ENERGY PROGRAM 
III-- P - 3020; 2nd PHASE 

ATTACHMENT 3 

: I In 1978 a proposal of assistance of cooperative Research for the devel-
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opment of a solar energy project to which was given the name and legal reference 

cited in the title of this document was present to the Advisory Commission for 

Scientific and Technical Research charged to the Program of the 3rd Compli­

mentary Agreement of the Treaty of Friendship and Cooperation between Spain 

and the United States of America. 

Said project to be done in collaboration with the FRANKLIN RESEARCH 

INSTITUTE LABORATORIES of Philadelphia had an anticipated duration of 3 years 

and basically concentrated on the following activities. 

1. Study of the possibility of introducing solar energy in thermal 
process of up to 100° C in our country. 

2. Study of the developments of solar system components, based on 
fixed non-concentrating solar collectors, and the implementation 
of demonstration installations. 

3. Participation in research programs on heat pumps and an energy 
and economic analysis of the heat pump in comparision with other 
heat producing systems, including solar energy. 

This project was approved by the Advisory Commision for Scientific and 

..... ·cTechni.cal . .Resear-Cb .. and Jn .July. t979 began .. its f'i.rst Yea.¥' of .. ac.ti \l.i t_y .. 

The evolution of said project has been, in general terms, as it was 

expected as can be seen in the Reports presented up to now to the joint 

1 



Spanish-North American Committee for Scientific and Technological Coopera­

tion, despite the late incorporation of the U.S. part to the Project due to 

the delay of the corresponding contract signature between Franklin Institute 

Research Laboratories and the Solar Energy Research Institute of the United 

States. 

Currently two months from completing the first cycle we present a pro­

posal, the purpose of the document, for the materialization (realization, imple­

mentation) of the 2nd phase of activity to begin starting August, 1980 main­

taining the general terms of the original proposal but introducing certain 

changes recommended by the experience acquired in the period which we are now 

completing. 
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2. Proposal for Phase II of the Project 

2.1.1. Updating of energy and economic data 

The constant evolution of economic factors, price of combustibles, 
etc., and the appearance of energy data corresponding to the 
most recent years make it necessary to update the work package 
developed in the 1st phase of this project. 

2.1.2. Finalization of the cost efficiency evaluation of the systems 

This task contemplates the development and/or acquisition of 
computer programs for the simulation of the functioning of 
solar energy systems and the materialization of the past 
computer simulations necessary for assuring the knowledge of 
the efficiency relationship - cost, or in other words, the cost 
of energy produced by solar energy, in different applications 
and in different regions of our country. 

This task was developed almost totally in the 1st phase, never­
theless the changes that may be introduced on the conditions of 
departure (energy and economic data, improvements of solar systems 
and their components, etc.) can compel and updating of the con­
conclusions of said study. 

2.1.3. Updating of the market studies 

Just as the previous one, this task which contemplates the analysis 
of the possibilities of introducing solar energy in the market, 
will be practically finalized in the 1st phase of the project. 
Nevertheless, it will be right to proceed with the updating in 
view of variations in costs of components and performance of 
solar systems. 

2.1.4 Finalization of the heat pump analysis of applicability 

For the reasons cited previously it is suitable to do an up-date 
of the study done during the previous year. Besides, given the 
evaluation that this equipment are currently undergoing, the per­
manent contact with the American side is completely justified for 
the analysis of new types and concepts that may continue appearing 
on this• theme, whether they be already in the American market 
or at the prototype stage. 

2.1.S Demonstrationplan for solar heating and air conditioning for the 
residential sector, steam production and industrial and commercial 

... · .. c .. c.=~· tnermal process·es · ancltffe TmpTenierttat'ioti of ffie neat pump: · ·= 



The realization of a plan for demonstrations that may serve to 
test the technical and economic viability of the solar systems 
in the specific areas disclosed is a fundamental task for this 
second year of the project. 

This task includes the following sections: 

a) Plan for heating and air conditioning demonstrations 

Once the technical and economic viability of solar energy 
is demonstrated for the purposed, the most adequate number 
of demonstrations will be determined in terms of the division 
of the country in climatic zones and in terms of the influence 
that said number of demonstrations can have over the results. 
The characteristics should join each one of the demonstrations 
planned ought to be prepared, a function of the different 
possibilities of the advisable solar systems; an evaluation 
criterion of the conditions of the demonstration candidates 
out to be done in order to select those most adequate ones; 
the types of buildings in which the demonstrations will be 
implemented ought to be selected and lastly a definite demon­
stration plan ought to be prepared. 

b) Plan for demonstrations of industrial and commercial thermal 
processes. 
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In this case, the first task consists in identifying the industrial 
and commercial users who may utilize low temperature hot water or steal 
Later the solar systems adequate to the necessities cited 
for analysing the influence over the market potential of the 
number of demonstrations ought to be defined and then a process I 
similar to that described for the previous case ought to be 
repeated; that is: to determine the number of demonstrations, 
to analyze characteristics of the demonstrations to be done, I 
and evaluation criteria for selecting candidates and an im-
plementation plan. 

c) Plan for heat pump demonstrations I 
As with the previously mentioned ones, this plan for demon-
strations requires a selection for cities in which to install I 
the demonstrations, a selection of types of heat pumps to use, 
an analysis of the influence of the number of demonstrations 
to be made selection criteria for candidates, technical and I 
economic analysis of the installations to be done, and the 
preparation of a plan for demonstrations. 

2.1.6 Implementation of two demonstration installations I 
With the objective of beginning the implementation phase of the 
demonstration installations as soon as possible, allowing at the I 
same time the acquiring of necessary experience for the imple-
mentation of large-scale installations, the materialization of two 
installations, one in the residential sector and the other in the I 
commercial or industrial sector is proposed during the next 
phase. These will form part of the plan for demonstrations to 

I 
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to prepare during the same period of time. 

In the beginning these demonstration installations will be con­
sidered pilot installations for the seasons explained and there­
fore ought to be small size. 

2.1.7. Study of manufacture of vacuum collectors 

The objective of this study is to determine the possibilities 
for the manufacturing of vacuum flat-plate collectors 
in our country and includes, therefore, an analysis of materials 
fabrication processes, identification of suppliers, determination 
of the size of collector series to be manufactured, the par­
ticipation of U.S. technology in the process and an analysis 
of cost and technical and economic viability of the layout. 

This study will be conditional, as far as size of the series 
and its evolution in time, on the study and updating of the 
market analysis, cited as a task in this same description of 
activities. 

2.1.8. Training plan 

2.2 

Just as was done in the first phase of this project, the develop­
ment of the actvity ought to be accompanied by a training plan for 
Spanish people in the specific tasks to be developed. 

During the first year of activity the training plan was of a 
general type and related mainly to software (studies of computer 
programs, methodology of market studies, etc.) while in this 
second year it ought to be more specific for design and imple­
mentation of solar installations and heat pumps as well as fab­
rication analysis. 

Plan for Activity corresponding to the Second Phase of the Project. 

The following diagram summarizes the tasks and subtasks cited 
in the activity description and places the materialization during 
the proposed 2nd phase proposed. 



2.3 Distribution of Costs 

The following table shows the cost distribution by task and 
by participants, that is the National Industrial Institute and 
the Franklin Research Center (new name for the old Franklin 
Institute Research Laboratories. 

Translated from the Spanish.Solar Energy Research 
Institute (December 1, 1980} 
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A. INTRODUCTION 

This cooperative program of scientific research involving the United 

States and Spain was initiated to advance the development of double-sided illu­

minated (DSI) solar-photovoltaic cells. These cells differ from conventional 

ones in that they are designed to be used in solar concentrators that illuminate 

both the front and back surfaces of the solar cell. The primary goal of this 

program is to extend the theory and the technology for DSI cells to the point 

where high efficiencies ( >11% at AMl on both sides) can be achieved. 

The United States (University of Florida) involvement in the program is to 

provide technical assistance to the Spanish investigators who will do the actual 

fabrication of the high-efficiency DSI cells. Three U. S. tasks were accordingly 

defined: 

(1) Develop experimental techniques to measure carrier lifetimes and 

diffusion lengths in the quasi-neutral base regions, and effective 

surface recombination velocities at the p-n and low-high (L-H) junc-

. + + + + tions of the basic DSI solar-cell structures, i.e., n pp , p nn, 
+ + + + n pn, and p np. 

(2) Identify and characterize the physical mechanisms occurring in DSI solar 

cells that limit their conversion efficiencies. 

(3) Based on the results of Tasks (1) and (2), propose and evaluate cell 

design modifications for improving the DSI cell efficiency. 

Section B of this report describes the essential completion of Task (1). 

New experimental-theoretical methods are presented and illustrated that enable 

accurate determinations of the minority-carrier diffusion length in the narrow base 

region of basic DSI solar-cell structures. Thesemethods are unlike more con­

ventional diffusion-length measurements in that they enable the evaluation of 

diffusion lengths longer than the base width. For back-surface-field (BSF) cells, 
. ++ ++ . f i.e., n pp or p nn structures, these methods enable also the determination o 

the effective surface recombination velocity at the L-H junction. 
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J Using the methods described in Section B, and relying on a recently developed 

description of the physics underlying the performance of BSF solar cells 

[reported in our semiannual report], we present in Section C results of our 

work under Task (2). The work is concerned primarily with tandem-junction, 

front-surface-field, and interdigitated-back-contact cells, all of which are 

basic DSI cell structures. A unifying view of the physics underlying the per­

formance of these cells is presented. Special emphasis is given to qualitative 

treatments of the important multi-dimensional transport problems introduced by 

these cells, treatments which can be applied directly to the study of solar 

cells being illuminated on both sides. 

Task (3), and related, necessary work described in our request for renewal, 

will be undertaken during the second year of our involvement in this program. 

In Section D, we describe briefly the U. s.-Spain technical interaction 

supported by this program. Exchanges of technical information during the first 

year and plans for additional exchanges during the second year are described. 

The current financial report is given in Section E. Because the Annual 

Progress Report has been requested early, the financial report does not account 

for the total annual budget, which will not be completely spent until July 1980. 



SECTION B 

DETERMINATION OF LIFETIMES AND RECOMBINATION 
CURRENTS IN p-n JUNCTION SOLAR CELLS AND DIODES* 

(Arnost Neugroschel) 

Abstract 

New methods are presented and illustrated that enable the accurate 

determination of the diffusion length of minority carriers in the narrow 

regions of a solar cell. Other methods now available are inaccurate for the 

desired case in which the width oft.he region is less than the diffusion 

length. Once the diffusion length is determined by the new methods, this 

result can be combined with measured dark I-V characteristics and with 

small-signal admittance characteristics to enable determination of the re­

combination currents in each quasi-neutral region of the cell--for example, 

in the emitter, low-doped base, and high-doped base regions of the BSF 

cell. For BSF cells, this leads to a value for the effective surface 

recombination velocity of the high-low junction forming the back-surface 

field. 
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I. INTRODUCTION 

The minority carrier base diffusion length is an important material para­

meter determining the performance of solar cells. Very long diffusion lengths, 

longer than the base width, are desirable for the successful operation of 

BSF, IBC, FSF, and TJ cells [1] - [4]. Such long diffusion lengths are 

necessary to achieve large values of the short circuit current J , to 
SC 

minimize the base dark current, and thus lead to large cell efficiency n 

A long diffusion length is also necessary in the emitter of the HLE cell 

[5] for similar reasons. 

Numerous methods exist to measure the base diffusion length LB [6,7]. 

These methods are based on the measurement of some device parameter, such as 

current, capacitance, etc., which is dependent on LB. To measure LB accurately, 

LB has to be smaller than the base width WB, i.e., LB< WB. In this case, the 

minority carriers recombine within the base without interacting with a back 

contact. If, however,~~ WB the minority carriers interact with the back 

contact and the measured parameter is dependent on a slowly varying (hyper­

bolic) function of WB/LB [7]. If LB> WB, the measured parameters depends on WB 

only, and is independent of LB. Thus, existing methods of measurement do not 

work well for cells with LB> WB. 

An accurate knowledge of LB is still very important even if LB> WB, 

since the dark base recombination current QB/TB can still significantly contri­

bute to the total dark current of the device. 

In this paper, methods for the accurate measurement of Lin a narrow 

region Win cells for which L >Ware described. The methods are applicable 

or in the emitter. 

The first method, described in Section II, is based on basewidth-modulation 

of n-p-n or p-n-p transistor-like structures. The method involves measurement 

of the low-frequency small signal conductances which arise from the basewidth-
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modulation by a small ac signal. TJ cells are directly applicable for the 

method, since they are, in essence, transistor structures. For other cells, 

transistor-like structures can be obtained by modification of the cell struc­

tures done at low temperature. The method requires only a knowledge of the 

base width WB and the base doping, and the accuracy is better than about+ 10%. 

The method applies for both high and low levels of carrier injection. 

Section III discusses the small-signal admittance method. This method 

can be applied to practically any cell with a narrow region either in the 

I 
I 
I 
I 
I 

base, or in the emitter which is the case for the HLE cell [5]. It also leads I 
to determination of the recombination velocity at the back of the narrow region. 

Section IV describes a simple method to determine the diffusion length, which 

is based on measurements of de currents on two related structures. 

Based on an accurate knowledge of L, a simple analysis of the cells can be 

I 
I 

made. This analysis, described in Section V, uses measurement of dark currents and I 
small-signal admittance, and leads to determination of the recombination currents 

in each region of the eell. Section VI shows illustrative examples of the analysis 

of three cells: 
+ + + + + + 

n -p-n TJ cell, n -p-p BSF cell, and p -n-n BSF cell. 

Section VII discusses the accuracy of the measurements. 

II. BASEWIDTH-MODULATION METHOD 

A. Minority carrier lifetime 

The basewidth-modulation (BWM) method for determination of the minority 

carrier base lifetime of junction transistors was recently published (8). This 

method is applied here for the case of very wide base regions in solar cells. 

The method is also extended to determine the recombination currents in the 

quasi-neutral emitter and collector regions of the cells. 

The basewidth-modulation effects arise from voltages appearing 

across the base-collector junction of the transistor. Any change in the base­

collector voltage will produce a change in the width of the junction space-
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charge-region (SCR) which, in turn, produces a change in the width, WB, of the 

+ + quasi-neutral base (QNB) region, as illustrated in Fig.l for an n -p-n 

transistor. The change in the base width, 6WB, produces three effects: 

a) the amount of excess minority carrier (electron) charge QB stored in the 

QNB changes by 6QB; b) the component of the base current due to recombina= 

tion within the QNB changes by 6QB/,B; and c) the collector current changes 

because of the change in the slope of the excess minority electron distribu­

tion N(x) in the base. 

The BWM effects can be detected by measuring a low-frequency small-signal 

output conductance G and a reverse transconductance G [2] of the device: 
o r 

G 
0 

G 
r 

i 
C =--

= 

V ce 

ib 

V ce 

(1) 

aIB awB 
(2) = --·--

awB avcB 
V = 0 be VBE 

G and G result from modulation of the base width by a small ac signal 
o r 

applied between the collector and emitter terminals with base-emitter voltage 

VBE kept constant. For an n-p-n transistor (for example) with a uniform base 

doping NAA, under condition of low-injection and negligible recombination in 

the QNB (Ln >> WB), the charge-control minority carrier (electron) lifetime 'n 

is [8] 

where 

G 
0 

T = -T -
n F G 

w2 
B 

'F = 2D 
n 

r 
(3) 

(4) 

is the minority-carrier transit time across the QNB and D is the electron diffu­
n 

sion coefficient. The minus sign in (3) results from the fact that G is negative. 
r 

G
0 

and Gr are both proportional to exp(qVBE/kT) [8]. The minority carrier lifetime 

in the base can thus be determined by measuring G
0 

and Gr and calculating 'F 

from the base width and base doping. 



This method can be extended for use under the condition of high­

injection occuring in the p-type base. In high injection [9] 

qVBE 
N(O) = n exp·-­

i 2kT 

Using (5), we obtain for the collector and base currents: 

ABE2qD n. qVBE 
I = n 1 exp 

C WB 2kT 

~ ¾EqniWB qVBE 
1B - 2• exp 2kT 

H 

where TH= T + T is the high-injection lifetime [9]. n P 

Using (1) and (2) we obtain: 

G 
0 

F G 
r 

8 

(5) 

(6) 

(7) 

(8) 

This expression is similar to (3) for the low-injection case except for a fac­

tor of 1/2. Note also that G
0 

and Gr are both proportional to exp(qVBE/2kT) 

in high-injection [9]. Equation (6) is valid if W <Land if the recombination 

current in the emitter is negligible [9]. This will apply to many devices with 

a wide low-doped base region. If the above conditions do not apply, then a more 

general solution is required to obtain TH [9]. 

Our treatment was restricted so far to the case for which Ln > WB, 

resulting in a linear dependence of N(x) on distance within the base. The method, 

however, is applicable also for L ~ w
8

• It can be easily shown that for this 

general case: 
WB 

cosh G L o n -=-----
Gr WB 

sinh 21 
n 

This expression converges to (3) for WB/Ln < 1. 

(9) 

For W /L = 1, the difference 
B· n 

between Ln determined from (3) and (9) is only about 8%, i.e., for WB = Ln, 

(3) can be used with only a small error. 
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Conductances G and G are due only to changes in the QNB region provided o r 

VCB is low enough to make the generation currents in the collector depletion 

layer negligible. They are independent of the recombination currents in the 

emitter and in the base-emitter space-charge region, since VBE is held con­

stant. Therefore, G
0 

and Gr will follow the ideal exp(qVBE/kT) dependence in 

low-injection and exp(qVBE/2kT) dependence in high-injection. This ideal 

exponential dependence of both G and G on voltage serves as a very convenient 
o r 

self-consistency measurement check of the method. This check also assures 

us that series resistance is low enough, mainly in high-injection, to validate 

the assumptions underlying the method. 

B. Determination of the emitter current 

Once the base lifetime,, , is measured using the BWM technique, the emitter n 

contribution to the base current can be· easily found. The total measured base 

current IBT for forward-active operation in low-injection 
Q 

QB E QSCR 

IBT = 'n + 'E + 'scR 

is [10,11] 

(10) 

where QB, QE and QSCR are the excess minority carrier charges in the base, emit­

ter, and SCR, respectively; and 'n''E and 'scR are the respective charge-control 

time constants. The SCR recombination current QSCR/'SCR can be removed from 

the measured IB-VBE characteristic by an appropriate subtraction[l0,11]. The 

remaining base saturation current, IBO is then 

QBO __ QEO 
=--+--

'n 'E 
(11) 

where QBO and QEO are the minority charges at equilibrium: QB~ QBO exp(qVBE/kT), 

QE ~ QEO exp(qVBE/kT). 

The ideal common emitter current gain is given by [11] 

hFE (ideal) = '(12) 



Solving for QE
0

/'rE and combining with (3), the recombination current 

occuring within the quasi-neutral emitter is 

(13) 

10 

QEo/'E is thus found by combining the small-signal ac measurements (G
0

/Gr) with 

de characteristics of the transistor (hFE). 

For a transistor with negligible recombination losses in the emitter, 

QEO/'E << QBO/'B' note that 

h (ideal) 
FE 

(14) 

in accord with conventional transistor theory. The minority carrier base lifetime 

is then simply, =, h (ideal). This provides a method for finding 'n that 
n F FE 

is an alternative to that based on (3). But finding hFE(ideal) requires sub-

traction of the SCR current component from IBT" This subtraction is subject to 

errors depending on magnitude and voltage dependence of components in (10). 

Thus, the method based on (3) is the more accurate method. 

+ 
The current due to recombination in then -collector quasi-neutral region 

can be measured by reversing the roles of collector and emitter and using 

(13) again. 

III. SMALL-SIGNAL ADMITTANCE METHOD 

A. Minority carrier lifetime 

The BWM technique described in the previous section is directly applica-

I 
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ble for TJ cells, since the TJ cell is actually a transistor-like structure. It I 
cannot, however, be applied directly to some other cells with a narrow base or 

emitter region which are diode structures only, without a collector. In these I 
cases, a different measurement method has to be used. In this section we 

present a method applicable to all cells with a narrow base or emitter region. I 
I 
I 
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Fig. 2 shows two different cells with either narrow base, BSF cell--Fi3. 2(a), 

or narrow emitter, HLEcell--Fig. 2(b). In both cases a high-low junction exists 

in the narrow region of the cell, and is characterized by an effective surface 

recombination velocity Seff for the minority carriers. Fig. 2(c) shows the basic 

structure of the IBC, FSF, and TJ cells [2,3,4). + In this structure both then -

region and the + p contacts to the base are on the bottom nonilluminated surface. 

+ The p · regions cover only a small portion (~10%) of the total area. The top 

illuminated surface is left floating and is characterized by the surface recom-

1 11 + . . ( ) + bination ve ocity S for the IBC ce . If a p -p Junction FSF cell or an -p 

junction (TJ cell) is used on the top surface, then the surface region can be 

characterized by an effective surface recombination velocity Seff" Due to 

structural similarities which are evident in Fig. 2, the cells shown in Fig. 2 

will all have a similar treatment for the narrow region small-signal admittance. 

+ + The treatment shown below is done for an -p-p BSF cell as an illustration. 

Consider, for example, a n+-p_p+ BSF cell, Fig. 3, with a base width W 
p 

and minority carrier base lifetime, corresponding to the diffusion length 
n 

L = rn-:r-. n n n The electron current at the high-low junction (x = W) is [12) 
p 

J (W) = qS ffN(W) n p e p 
(15) 

where Seff is the effective surface recombination velocity for electrons at 

x = W. By solving a continuity equation [13] in low-injection for an ac signal 
p 

-superimposed on a steady forward bias, and using boundary condition (15), we 

can derive the expressions for the small-signal quasi-neutral base capacitance 

CQNB and conductance GQNB valid for a low frequency signal with w,n << 1: 

••. ~•·~· ·r 2 - -,-

W D L W S ff D ~J 2 ___p_..!!_ n E e 
- seff1n -!l+ seff coth AqD n. L D L L n qV 

CQNB 
_ _g_ Ill n n n 

§xp (kT) - kT 2NAAL 
2 W (" 

w s.ffr 
+ ' D w n 

n 2 sinh __E -!l coth LP+ n coth ......E. + seff L L L L n n n n n 

- ½ (1( 



D w 
2 2- + 8eff coth 'f AqD n. L 

Gxp(Ii) - ~ GQNB 
...S.... n 1. n n 

(17) = kT LnNAA D w 
n coth -f + 8eff L n n 

The expression for CQNB can be simplified for the following conditions: 

W /L ~ 1 
p n 

S eff "'100 cm/ sec 

(18) 

(19) 
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These conditions are not restrictive for an actual device, with good performance I 
and a narrow base. Under these conditions the first term inside of the 

parentheses in (16) can be neglected and combining 

• ::: 2 CQNB 
n GQNB 

(16) and (17) yields 

(20) 

This ex-press ion for T is similar to that valid for WP >> L [14]. n n 

To determine CQNB' we measure the capacitance at two frequencies: CLF at 

W1" << 1 and CHF at W1" >> 1 to obtain [14]: n n 

CQN::: CQNB = CLF - CHF (21) 

h 1 b h + d+. . h h T is resu ts ecause t e n base an p emitter regions are muc narrower t an 

W and the amount of minority-carrier charge in these regions will be negligible 
p 

compared to that in the wide base, giving CQN::: CQNB' 

To determine GQNB' we measure a total conductance G at the terminals which 

consists of a few components [10]: 

G = GQNE _+ GQNB + GSCR (22) 

where GSCR is the conductance from the bulk and surface base-emitter space-
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charge region, and GQNE designates the contribution of the emitter quasi-neutral 

region. GSCR can be eliminated from the data by a subtraction technique 

to give 
(23) 

If GQNE < GQNB' thenGQN= GQNB and Tn can be then determined from (20). This 

condition will apply for many devices made on high resistivity substrates 

(~1-10 Qcm) with wide base. If GQNE is not negligible, an independent 

method is required to determine it before we can calculate T from (20). 
n 

One simple method involves thinning the base region to assure W < L and 
p n 

providing an ohmic contact to the base instead of a high-low junction. 

The narrow-base current can then be calculated using a conventional formula and 

subtracted from the total measured diode current to give the emitter current 

or GQNE" 

For the case of the HLE cell of Fig. 4, we note that then-type enitter is 

the narrow region of interest, with a minority carrier (hole) lifetime T . To 
p 

determine T , we proceed as follows: we measure the electron diffusion length 
p 

in a wide base by an X-ray technique, [15] or some other suitable method, and 

calculate CQNB and GQNB" These two values are then subtracted from measured 

CQN' GQN to give CQNE' GQNE' and 

= 2 CQNE 

GQNE 
T 

p 
(24) 

The small-signal admittance method can be also applied for conditions of 

high-injection in the narrow region. Following the derivation of (16) and (17) 

for P = N we obtain for high-injection lifetime: 

= 4 CQNB 
TH GQNB 

(25) 

Equation (25) is similar to (20) except for a factor of two which results because 

the electron diffusion constant D is doubled in high-injection [9]. This 
n 



equation is valid for the common case of a negligible emitter current and 

W /L < 1 (9]. 
p n 

14 

A more complicated, but accurate way to determine both G and, in the 
QNE n 

BSF cell and other structures of Fig. 2 is to use the BWM technique described 

in the previous section. In order to do that, we have to first create a modified 

transistor-like structure from the actual cells. This can be done quite easily 

as shown in Fig. 5. + + + 
For the case of p -n-n BSF cell, then region on the back 

can be etched-off from about 90% of the area and Al can be evaporated on n-type 

l 
I 
I 
I 
I 
I 

base to create a Schottky barrier collector; the remains of n+ BSF region serve I 
as a contact to the base, see Fig. S(a). This procedure can be also used for 

+ + + 
n -n-p HLE cell from Fig. 2(b). In the case of an -p-p BSF cell, Fig. S(b), 

an n+-diffusion is performed simultaneously from both sides of the p-type sub­

strate. Emitter can then be a mesa-type and the p+ region for the base contact 

over about 10% of the area can be done by a standard method used to create a BSF 

region. Schottky barrier collector using Al cannot be used on p-type substrates 

because a metal-semiconductor junction on p-type substrates is usually very poor. 

Similar transistor-like structures can be made also from the FSF and IBC cells. 

B. Determination of S (Seff) 

Once the minority carrier lifetime in the narrow region is found, then 

I 
I 
I 
I 
I 
I 

S(Seff) can be determined either from small-signal quasi-neutral conductance 

1 - or capacitance of-this region. The capacitance.is, however, a' much better choice 

because of reasons discussed earlier (see also Section VIC). This procedure is 

strictly valid only if S(Seff) is constant, independent of applied voltage. This 

condition will be satisfied at low-injection for BSF, FSF, and HLE cells (12], but 

may not be satisfied for TJ and IBC cells. If S(Seff) is not constant, then using 

(16) or (17) will result in an average value. 

I 
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+ BSF and for n -n-p HLE cell shown in Figs. 3 and 4, which also show distribu-

tion of minority carriers in these cells. The analysis is based on independent 

measurement of T by one of the three methods described before. The effec-n 

tive surface recombination velocity is determined from a small-signal capacitance 

using (16). This allows us to calculate N(x) [9] and the recombination currents in 

+ the p _and p portions of the base. The SCR current, ISCR is determined graphi-

cally (10], the recombination current in the emitter region can be obtained by 

the BWM technique or using the de method. The sum of all currents recombining 

within the cell has to be equal to the total measured dark current I. This serves 

as a self-consistency check of the analysis. Another check for dark current I 

results from measurement of the short circuit current ISC and open-circuit voltage 

VOC through kT Isc 
voe = q ln -I-

o 
(29) 

where I 0 is the dark saturation current corresponding to I. 

+ The analysis of then -n-p HLE solar cell, Fig. 4, starts with the wide 

p-type base. The electron diffusion length is measured by the X-ray method (15], 

and the base dark current and small-signal quasi neutral capacitance 

(14] are calculated. The hole lifetime 'p and Seff at the n+-n ju~ction 

are then evaluated as was described in Section 3A,·3B. The rest of the analysis 

follows the BSF case above. 

For high-injection conditions in the low-doped part of the base in the BSF 

cell or low-doped part of the emitter in the HLE cell, we again measure 'Hin 

these regions as described in Sections IIA, IIIA, and IV. The value of Seff increases 

with applied voltage in high-injection ~2]. The analysis has to be then made for 

a certain . voltage, for example V = V QC corresponding to a certain illumination 

level; Seff can then be calculated based on its low-injection value provided that 

the voltage drop in the quaoi neutral low-doped portion of the base is negligible 

[12]. The high-doped regions of the cell will rcanin in low-injection. The analy­

sis then follows the low-injection case. 
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IV. MINORITY CARRIER BASE LIFETIME FROM DC CURRENT MEASUREMENTS 

An alternative method, suitable for TJ cells or the transistor-like struc­

tures, Fig. 5, is proposed. This method requires only de current measurements 

on two related structures. The first structure is the actual TJ cell (for 

example), Fig. 6(a). The other structure, Fig. 6(b), is created by removing 

+ then layer on one side of the cell and replacing it by an ohmic contact. 

I 
I 
I 
I 
I 

We will neglect the contribution of the SCR, which can be removed by an 

experimental procedure [10]. The base saturation current of the transistor-like I 
structure is given by (11), the collector saturation current is ICO = QB

0
/,F. 

The saturation current I
0 

of the narrow-base diode from Fig. 6(b) is 

QBO QEO 
IO= - +-­

'F 'E 

Combining (11) and (26), we obtain for, : 
n 

'n =IBO+ Ico - Io 'F 

In (27) all currents are measured and 'F = w!/2Dn is calculated. 

(26) 

(27) 

The disadvantage of this procedure is that the separation of SCR current 

components [10] is subject to errors. This will limit the applicability of this 

method, mainly if IBO+ ICO ~ I
0

, which is the case when the emitter dominates the 

current. The recombination current in the emitter is simply found from (26) 

(28) 
-- ----- - \ ___ --

An expression similar to (28) can be derived for 'H' differing only by a 

factor of 1/2 on the right side of (28). Note that in this case the currents in 

(27) are proportional to exp(qV/2kT). Also note that a highly-dop_ed emitter will 

remain in low-injection. 

V. ANALYSIS OF DARK CURRENTS IN THE CELL 

+ + 
The analysis of dark currents in the cell is demonstrated for an -p-p 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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+ BSF and for n -n-p HLE cell shown in Figs. J and 4, which also show distribu-

tion of minority carriers in these cells. The analysis is based on independent 

measurement of T by one of the three methods described before. The effec-
n 

tive surface recombination velocity is determined from a small-signal capacitance 

using (16). This allows us to calculate N(x) [9] and the recombination currents in 

+ the p _and p portions of the base. The SCR current, ISCR is determined graphi-

cally [10], the recombination current in the emitter region can be obtained by 

the BWM technique or using the de method. The sum of all currents recombining 

within the cell has to be equal to the total measured dark current I. This serves 

as a self-consistency check of the analysis. Another check for dark current I 

results from measurement of the short circuit current ISC and open-circuit voltage 

= kT ln 
1sc voe q r 

0 

v
0
c through (29) 

where r
0 

is the dark saturation current corresponding to I. 

+ The analysis of then -n-p HLE solar cell, Fig. 4, starts with the wide 

p-type base. The electron diffusion length is measured by the X-ray method [15], 

and the base dark current and small-signal quasi neutral capacitance 

[ 4] Th h f d h + . . 
1 are calculated. e ole li etime Tp an Seff at ten -n Ju~ction 

are then evaluated as was described in Section 3A, ·3B. The rest of the analysis 

follows the BSF case above. 

For high-injection conditions in the low-doped part of the base in the BSF 

cell or low-doped part of the emitter in the HLE cell, we again measure TH in. 

these regions as described in Sections IIA, IIIA, and IV. The value of Seff increases 

withap-p-1!-ea voltage in hi-gh-injection-ll2J •.. ~- _aaalysis bas -tQ " than .made .. fQr -

a certain . voltage, for example V = V OC corresponding to a certain illumination 

level; Seff can then be calculated based on its low-injection value provided that 

the voltage drop in the quaoi neutr.11 low-doped portion of the base is negligible 

[12]. The high-doped regions of the cell will rcar.iin in low-injection. The analy­

sis. then follows the low-injection case. 
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VI. ILLUSTRATIVE EXAMPLES 

To demonstrate the various methods for analysis of the cells, we have done 

measurements on three different types of cells. The Complete analysis for these 

devices is summarized in this section. 

A. + + n -p-n TJ cell 

15 -3 This cell is fabricated on 6 Qcm(NAA= 2 x 10 cm ) p-type substrate. The 

top illuminated n+-layer is about 0.3 µm deep, the surface is texturized and 

covered by an • .:\R coating. + The bottom n -layer is about 0.7 µm deep. The base 

width is 160 µm. Measured performance at one-sun AMO illumination at 25°C with 

top junction floating was: 2 v
0

c = 577 mV, Jsc = 30.5 rnA/cm. 

An ohmic contact to the top junction was provided after removing the AR 

coating. The measured de and ac characteristics for this transistor-like struc­

I 
I 
I 
I 
I 
I 
I 
I 
I 

ture are shown in Fig. 7. The data were taken with the bottom n+-region serving I 
as an emitter. The BWM conductances were measured at 2kHz using a Wayne-Kerr 

B224 admittance bridge. The dependencies of I , G and G are proportional to 
C O r 

exp q(VBE/kT), which confirms that the BWM effects alone are responsible for G
0 

and Gr. For VBE < 0.4 V the leakage of the base-collector junction may dominate 

G
0 

and Gr' in some devices, giving almost constant values independent on VBE. 

These values can be then subtracted from the measured G and G to extend the 

range of the exponential dependence on VBE. 

From Fig. 7 we have for the low-injection case: 

hFE(ideal) = 13. Using (4) and (13) we then obtain: 

o r 

G /G = T /T = 13; o r n F 

T = 50 µsec (L = 410 µm) 
n n 

and QEO/TE = 0, i.e. QEO/TE << QBO/ Tn. Examination of the IB-VBE dependence 

in Fig. 7 shows that the base will be in high-injection for VBE > 0.6 V. The 

base current follows an exp q(VBE/2kT) dependence in accord with (7), provided 

that the effects of series resistance Rs are negligible. Because QE/'E << Q8/,8 , 

, 8 can be found from (7): TH= 200 µsec. Further analysis of the cell, 

described in Section V, with the top junction left floating leads to determination 

I 
I 
I 
I 
I 
I 
I 
I 
I 
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+ of recombination losses in the top n -layer and in the p-base region. A summary 

of all results obtained for this cell are shown below~ The dark currents are 

12 2 
given as a fraction of the total dark current density J = 3 x 10 A/cm mea-

sured at V = V = 577 oc mV. The results are: 

T = 50 usec 
n 

L = 410 um n 

TH = 200 µsec 

5eff = 350 cm/sec 

JE = 0.52 J 

JB = 0.42 J 

JSCR = 0.06 J 

JC « JB • 

The measurements of G and G in high-injection were not possible, because 
o r 

the collector current in this region exceeded the maximum allowable current of 

the 

B. 

bridge for the large area (4 cm2) device used. 

+ + n -p-p BSF cell 

16 -3 
This cell was fabricated on 1.5 ncm(NAA = 1 x 10 cm ) substrate. The 

n+-region is about 0.3 um deep, sheet resistance is about 55 Q/square. The BSF 

high-low junction was created by an Al-paste alloying (16]. The cell was 220 µm 

thick and has a Ta2o5 AR coating on the top. The parameters measured at one-sun 

(AMO, v
0
c = 617 mv, 

2 
25°C) illumination are: Jsc = 38 mA/cm. 

The values for Tn and QE/TE were measured by the BWM method on a modified 

5 (b) h b · . h d + . structure shown in Fig. • Te recom ination currents int e pan p -region 

were then measured on the actual BSF.ce~l, ~eff was determined from the dark base 

current using (17). The inspection of the dark I-V characteristic showed that 

this cell is in low-injection at one-sun illumination level. 

The results are: T = 120 usec n 

L = 600 um n 



S = 380 cm/sec 
eff 

JE = 0.4 J 

JB = 0.15 J 

JB+ = 0.4 J 

JSCR = 0.05 J 
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where J = 3.8 x 10-
2 A/cm

2 is the measured total dark current density at 

v = v0
e = 617 mv. 

c. + + 
p -n-n BSF cell 

This cell was fabricated on about 7 ncm (NDD= 
14 -3 

6 x 10 cm ) float zone 

silicon wafer. The p+-emitter is about 0.25 µm deep. + Then -layer on the 

back is about 1 µm deep. Thickness of the cell was 320 µm. The details of the 

fabrication process are in Ref. 17. 

The one-sun (AMO, 25°C) data were: 
2 

v
0

e = 605 mV, Jsc = 39 mA/cm. 

We will demonstrate here the use of the small-signal admittance method, described 

in Section III. Fig. 8 shows the measured dependencies of e and G on voltage 

V. The low frequency capacitance eLF and conductance GLF were measured at 500 Hz, 

CHF was measured at 100 kHz using a Wayne-Kerr B224 bridge. Subtraction of these 

two dependencies yields CQN = c1F - eHF which follows the exp(qV/kT) dependence for 

about 2 decades. Similar procedure is used to extract G [10]. 
QN 

Using a simple test described in Section IIIA we found that G << 
QNE 

The hole lifetime is then obtained from (20) and Seff froo (16): · 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Tr = 200 µsec, Scff = 80 cm/sec. Using these values for \, and Seff' we find that-·-·1-

the first term in the parentheses in (16) is indeed small compared to the second 

term, which then validates (20). These results are consistent with measurements 

+ + on p -n-n cells reported by others [17, 18]. 

The advantages of calculating Seff from CQN (instead of from) GQN are 

clearly evident in F1.·g. 8. The measu de h · 1 "d re LF c aracteristic is a most an 1. eal 

one; the correction by subtracting C is very small. On the other hand,the 
HF 

correction due to G to obtain r, is very substantial. 
SCR '(")II 

I 
I 
I 
I 
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For V > 0.6 Volts then-region of the base is in high-injection as shown 

by GQN ~ exp(qV/2kT) for V > 0.6 Volts, which was o~tained by subtracting GSCR 

from G. The CLF dependence on voltage for V > 0.6 Volts is also expected to 

be proportional to exp(qV/2kT). The c
1

F in Fig. 8 shows, however, an excessive 

bending due to the contact resistance between the cell and the measurement 

probe~. The CLF was measured using only 2 probe~, however 4 probe me~surcments 

are necessary to eliminate the contact resistance. Such capacitance measurements 

are possible. The series resistance Rs will have a negligible effect on c
1

F (19]. 

The G-V curve was taken using 3 probe arrangement, effectively suppressing R 
s 

for V < 0.7 Volts. Due to the difficulty with the high-injection value of CLF' 

TH could not be found using the admittance method. The estimate of TH follows 

from recognizing that GQNE < GQNB at V = 600 mV, Wn < LP and Seff is small. 

will result in a nearly flat profile of P(x) in then-base, and 

~ = AqniWn/TH ~xp(qV/2kT)],which yields TH= 320 µsec. The fact that 

This 

GQN « exp(qV/2kT) indicates that the low-doped portion of the base dominates the 

dark current at V = V • 605 mV. OC 

The results for this cell are summarized below: 

T = 200 µsec; p 

L = 500 l,lm p 

TH = 320 l,lsec 

s eff = 80 cr:i./sec 

JB = 0.8 J 

JSCR = O.Z J 

JE << JB 

JB+ « JB 

(low injection) 

where J = 2.9 x 10-2 A/cm2 is the measured total dark current deisity at 

v = v
0
c = 605 mv. 
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VII . SUMMARY 

This work presented new methods for determining the minority-carrier life­

time in narrow regions of solar cells. This leads to_a simple analysis 

which results in determination of recombination currents in each region of 

the cell. Such an analysis was demonstrated for three different types of cells. 

The basewidth-modulation (BWM) and the small-signal admittance method involve 

measurements using very accurate admittance bridges. The accuracy of the 

BWM method depends on the accuracy with which TF can be determined from (4). 

This can be done very accurately for wide regions with a uniform 

doping. No other material parameter is required to obtain the lifetime from 

I 
I 
I 
I 
I 
I 
I 

(3) or (8). Additional reasons for the high accuracy of this method are that it is I 
independent of the currents not associated with the region in which the life-

time is measured and that it has a self-consistency check. 

BWM method is estimated to be about+ 5%. 

The accuracy of the 

The lifetime measured by the small-signal admittance method, as determined 

from (20) or (25), does not require knowledge of any material parameter of the 

cell. The high frequency capacitance CHF can be measured at relatively small 

frequencies ( ~lOOkHz) because of very long lifetimes in the measured cells. 

This allows measurements on large area devices ( ~lcm2) using comm~rically 

available bridges. This method also has a self-consistency check. The total 

I 
I 
I 
I 
I 

accuracy of this method is estimated to be about+ 10%. The de current method I 
is less accurate than the previous two methods, mainly if the emitter current 

is dominant. 

The determination of lifetimes and recombination currents in the cell allows 

identification of regions that limit cell efficiency. Tt will also allow mon-i­

toring of fabrication steps and material properties. 
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Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

FIGURE CAPTIONS 

Basewidth-modulation effects in n+-p_n+ TJ cell. 

Schematic illustration of (a) n+-p_p+ BSF solar cell; (b) n+-n-p 
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HLE solar cell; and (c) the basic structure of the TJ (with floating 

front surface), FSF, and IBC cells. 

+ + (a) Schematic diagram of an -p-p BSF cell; (b) Qualitative sketches 

of minority carrier distribution in dark. 

(a) Schematic diagram of a n+-n-p HLE cell; (b) Qualitative sketches 

of minority carrier distribution in dark. 

+ + (a) p -n-n BSF cell and a modified transistor-like structure 

with a Schottky barrier collector, (b) n+-p_p+ BSF cell and a modi-

f . d + + · l"k ie n -p-n transistor- i e structure. 

+ (a) Schematic diagram of TJ cell; (b) Schematic diagram of an -p 

diode structure obtained from the TJ cell. 

+ + 
Measured IC' IBT' G0 , and Gr versus forward bias VBE for n -p-n 

TJ cell. The base quasi-neutral current components are indicated 

by the dashed lines, ISCR is the extrapolated SCR current component. 

+ + Measured capacitance and conductance versus forward bias V for p -n-n 

BSF cell. The quasi~neucral components are shown by the dashed lines, 

GSCR is the extrapolated SCR conductance component. 
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SECTION C 

A UNIFYING STUDY OF TANDEM-JUNCTION, FRONT-SURFACE-FIELD, 

A...'ID INTERDIGITATED-BACK-CONTACT SOLAR CELLS 

(J. G. Fossum, A. Neugroschel, and F. A. Lindholm) 

ABSTRACT 

A theoretical-experimental study of tandem-junction, front-surface­
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I 
I 

field, and interdigitated-back-contact solar cells is presented. The study pr~vides 

a unifying view of the physic~ underlying the performance of these cells. 

The important physical mechanisms that occur in these cells are described, 

and cell-design considerations .are discussed. 
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I. Introduction 

The purpose of this paper is to anal?ze the performance potential of the tan­

dem-junction (TJ) solar cell [l], and to compare it with that of more conventional 

cells, for example, the back-surface-field (BSF) solar cell [2], [3]. Because 

the structure of the TJ cell has much in common with that of the front-surface­

field (FSF) [4] and the interdigitated-back-contact (!BC) [5] solar cells, the 

development of an understanding of the TJ cell is helped by comparing it with 

the FSF and !BC cells. The paper will provide this comparison as well. 

One of the major problems in dealing with the TJ, FSF, and IBC cells is that 

their structure emphasizes two- and three-dimensionalcurrent flow; boundary-value 

problems in more than one space dimension are difficult to treat rigorously. 

Throughout the paper, we focus on a simple analysis yield~d by reducing the 

multi-dimensional boundary-value problem to a one-dimensional boundary-value 

problem or to coupled one-dimensional problems. 

Section II of the paper considers the short-circuit current Jsc· Our treat­

ment here reviews the work of others, but gives more complete attention than was 

given previously to the multidimensionality of the current flow. Intl~ TJ cell, 

one has the option of using a second junction for collection. But, this advantage 

is compromised by the increased grid shadowing that results when the front surface 

is used as a collector. Thus a design trade-off exists, and this is discussed. 

The TJ, FSF,and IBC cells have a potential problem, not present in the BSF cell: 

the reduction of JSC by edge-recombination effects. This problem is discussed 

in terms of experimental observations. 

The physics governing the spectral response of the TJ cell is somewhat dif­

fer~nLJ~om tltat und~r!-y!ng_J£C~ _In Appendix A we mo<igy our treatment of JS-C ·- _ 

described in Section II to provide a physical explanation for the spectral 

response and its observed dependence on light bias. 
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Section III contains a main new contribution to the theory of TJ cells: a I 
sound description of the op~n-circuit voltage Voe· Previous performance projections 

ignored the degrading effects of heavily doped regions. Being based on classical I 
p-n junction theory, they projected maximum open-circuit voltages far in excess 

of that which we believe can be achieved. Our treatment takes the degrading 

effects of heavily doped regions into account. The treatment involves a 

reduction to a one-dimensional boundary value problem, but the neglect of the 

two-dimensionality of the current flow and of the excess carrier distribution 

receives careful attention. We base our modeling approach on charge control, 

. + + which reveals the importance of the heavily doped n and p regions in terms of 

I 
I 
I 
I 

simple pictures. To make the analysis quantitative, we focus on the dark current- I 
voltage characteristics, and use a first-order model for the heavily doped regions 

which assumes that the quasi-fields produced by a space variation in the effective I 
intrinsic carrier density just balance the drift field~ arising from the gradient 

in the net impurity concentration. This simple model has proved highly useful in 

our previous studies of the mechanisms underlying the observed values of VOC' and 

we have conside~able confidence that despite its simplicity, it is accurate 

enough for the purposes of engineering design. Both high-level and low-level 

injection conditions in the base region are considered. The main conclusion 

stemming from this work is that the performance projections previously given 

were far too optimistic; our analysis indicates that no particular advantage 

in v0C results from the TJ structure, in the form it has been presented up to now. 

Using our analysis of the dark current-voltage charac·teristic of the TJ cell 

developed in Section III, we discuss the physical mechanisms controlling the fill 

factor FF in Section IV. This discussion ide~~~fies possible ~~nefits of high­

level injection occurring in the base of the cell and of the associated base 

conductivity modulation. 

I 
I 
I 
I 
I 
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1 
I 

A thorough understanding of a solar cell, sufficient to enable systematic I 

I 
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improvements in the design and performance, must contain methods for measuring 

I 

the important material and structural parameters. In Section V, new experimental 

methods particularly suited to the TJ cell are presented and illustrated for 
determination of the low- and high-injection.carrier lifetimes in the base region 

of the cell. We also present and illustrate methods for determining the various 

components of recombination current in the cell, and thus the d8grading influence 

of the heavily doped regions. The experimental results also provide corroboration 

for o~r theoretical modeling of the TJ, FSF, and !BC cells . 

I 
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. The combination of the theory and experiment thus provided furnishes a 
framework for considering the relative performances of the TJ, FSF, IBC, and 
BSF solar cells. The work also suggests design trade-offs for these cells. 

II. Short-Circuit Current The basic structure of the TJ cell is illustrated in ~igure 1. Generally, 

the front junction is left floating and hence serves only as a minority-carrier 

barrier to reduce the effective surface recombination velocity. In this con­
figuration, the cell is not a tandem-junction cell in the strict sense of the 

term since no current is collected by the front junction. The analytic description of the short-circuit current density JSC of the 

TJ cell is complicated by the three-dimensional nature of the problem. The 
collecting n+p junction on the back of the cell is interdigitated with the p+ 

I 
I 
I 

ohmic-contact diffusion to reduce lateral ohmic drops in the base region. Conse-

quently the current flow and the carrier density gradients in the base are not 

one-dimensional. 

A worst-case condition is illustrated in Figure 2. We have assumed that 
-+--,--- _,_ 

(a) ~he electron diffusion length Ln in the base is greater than both ae-p -region 

I w~dth wp+and t.he-cepacing ws between th~ n + and p + regions, and (b) the electron 

--~-----, 

I surface recombination velocity Sn is large in tpe spacing regions. Because the 

+ 

-

P P junction results in a low effective reco.mbination velocity for electrons, all 
I 
I 



37 of the electrons generated in the regions directly above the~+ contacts, as well as those generated above the spacings, recombine predominantly at the spacing surfaces and do not contribute to Jsc· Only those electrons generated directly above then+ regions contribute co Jsc· Note that when the cell is delivering power, the n+p junction is forward-biased (V > 0), ana the electron-density gradient at the junction decreases. Thus, even more electrons are diverted toward the siacing surfaces where they recombine, as shown in Figure 2. This ef­fect, if significant, invalidates the current-shifting approximation (6], and reduces FF and Voe· 

If S is sufficiently small, and w + and w are both much smaller than L , the 
n 

p s 
n electron flow is still two-dimensional· as indicated in Figure 3. However, all electrons generated throughout the base can potentially be collected by the n+p junction, and the problem can be solved approximately in one-dimension. 

Rigorous one-dimensional solutions of the short-circuit carrier-transport problem in the base region have been published [7]-[9]. _ These treatments yield evaluations of JSC and the cell spectral response in terms of the cell geometry and device parameters like carrier lifetime and effective surface recombination velocities at the front and back junctions. The studies are parametric and offer little physical insight, and no indication of how the effective recombination velocities are determined. 

To provide a basis for estimating the effective front surface recombination velocity, we qualitatively discuss the behavior of the photo-generated electrons and holes in the short-circuited TJ cell. Consider the instant immediately follow­ing the application of the illumination. Photo-generated electrons near the front p-n junction space-charge region will diffuse to that space-charge region where the large electric field present there will force them toward the front n+ quasi-neutral region. Because the front junction is open-circuited, the excess electrons thus directed toward then+ region cannot leave the region, and hence Coulomb forces. restrain them to the space-charge-region edge. There they par­tially compensate the charge of the donor ions, thereby lowering the potential 
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barrier height. 
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Thus the junction becomes forward-biased, resultina in the 
. Qt 

+ 
steady state, in net equal fluxes of electrons and holes to then region where 

the carriers recombine. 

A critical parameter in the determination of J
5

C_in the TJ cell, and in the 

FSF cell, is the effective surface recombination velocity at the front junction 

for minority carriers in the base region. Under conditions of low injection, 

this effective recombination velocity, SE, is given by 

(1) 

where N(WB) is the electron (minority-carrier) density at the edge of the front­

junction space-charge region in the base, and VJE is the forward bias developed 

across the junction. In writing (1), we have neglected the junction space-charge­

region recombination current, which is a reasonable assumption for calculating 

Jsc· The justification of this assumption, and its necessary modification in 

the analysis of the cell spectral response, will be dis':ussed in Appendix A. 

This assumption allows us to equate the electron current at WB, which is equal in 

magnitude to the hole current at WB' to the hole recombination current in the 

emitter JE: 

(2) 

Implicit also in (1) and (2) is the assumption that JE is not strongly 

influenced by the optical generation occurring in the emitter. Since the emitter 

junction depth is (should be) shallow, the generation current from the emitter 

2 
is small(= 1 mA/cm at AMl), and this assumption is suitable for estimating SE 

to an accuracy sufficient to avoid sizable errors in.the calculation of Jsc· It 

follows f~om this assumption that ~Ell is th~" e~_itter saturation current density 

in the non-illuminated cell whose evaluation is discussed in Section III. 

In (1), if we assume quasi-equilibrium in the junction space-charge region, 
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(3) 

where NAA is the dopant density in the base. Combining (1) and (3) yields 

(4) 

Note that SE is proportional to NAA for the assumed low-injection conditions. 

Knowledge of SE for the TJ (and the FSF) cell enables direct comparison of the 

achievable value of JSC with that of the IBC cell in which we focus attention 

on the actual front surface recombination velocity. 

Regardless of the complexity of the general problem of characterizing JSC' 

we can discuss the current collection of TJ and FSF cells by referring 

to previous theoretical and experimental work involving BSF and IBC cells. A 

I 
I 
I 
I 
I 
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I 
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p nn BSF cell has been recently developed in which extremely long carrier diffu-+ + I 
sion lengths (~ 700 µm) have been achieved, resulting in nearly 100% internal 

quantum efficiency [3]. These results have been ascertained by comparing experi- I 
mental results with a charge-control analysis (10] of the BSF cell. Although the 

optical carrier generation in this cell occurs predominantly near the collecting I 
(p+n) junction, these results, supplemented by computer-aided numerical and experi- I 
mental analysis of the current collection in an IBC cell [11], suggest that high 

values of quantum efficiency can be achieved with the TJ and FSF cells. This con- I 
clusion has been corroborated experimentally with an IBC cell whose fabrication 

1 + + evolved from the p nn BSF cell process, and resulted in very long carrier diffusion 

lengths and small·effective surface recombination velocities [11]; ·Neglecting 

losses due to recombination at the edges of this IBC cell, which we discuss later, 

the internal quantum efficiency of this cell, in which the carrier generation I 
occurs nearly 300 µm away from the collecting junction, is about 93% [11]. Numeri-

1 in the IBC cell cal solution of the basic differential equations describing JSC 

indicates that to attain quantum efficiencies this high, the front surface recom- I 
bination velocity cannot be much greater than 10 cm/sec [11]. 

I 
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40 
Based on these results, we conclude that if Ln > 2W8 , then the internal quan-

" tum efficiency of the TJ cell can approach 100%, at least in those regions directly 

above the back n+ diffusion. 
+ + + If the p contact stripes and then -p spacings are 

sufficiently narrow, and if the spacings are passivated to reduce the surface recombi­

nation velocity, then virtually all the carriers generated in the cell can be collecte 

In that case, if the front surface is texturized such that the reflection loss is 

negligible after the anti-reflection coating is deposited, then 

w 

q~ 
0 

G (x)dx , 
0 

(5) 

where G0 is the optical carrier generation rate, and Wis the "optical thickness" 

of the cell which can exceed WB because of the refraction of the light at the 

front surface and the reflection at the back surface. If WB is increased to 

about 300 µm from its value in present cells [l] of about 100 µm, and if L is n • + + improved to values comparable to those achieved in the p nn BSF cell, (5) implies 

2 J -+ = 40 mA/cm SC (6) 

for the AMl spectrum with an insolance of 100 mW/cm
2

• To indicate the feasibility 

of achievin~ this limit value of JSC' we note that an IBC cell (without texturizing) 

has been fabricated that delivers 37 mA/cm
2 

(corrected for reflection loss) [11]. 

This result suggests that the TJ and FSF cells cannot offer large advantages over 

the IBC cell with respect to Jsc· 

In a TJ cell, the attainment of the limit value of JSC given in (6) requires 
+ + + (a) sufficiently narrow p contact strips and n -p spacings, (b) sufficiently long 

carrier diffusion lengths in the base region, (c) sufficiently low surface recom­

bination velocity in the spacings, and (d) sufficiently low effective surface 
+ -·· + - - --. ·-- recombination velocfties at both the front n p and the back p p junctions. The 

+ + latter requirement calls for proper design of the heavily doped n and p regions 

to suppress minority-carrier recombination. The designs of these regions, and the 

physics underlying the recombination in them and their effective surface recombina­

tion velocities, will be discussed in detail in Section III. 
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A possible technological problem that tends to limit JSC to values less 

than the limit value stems from excessive recombination that can occur at the 

edges of TJ, FSF, and IBC cells (11]. In these cells, carriers are photo­

generated near the front surface, aw~y from the collecting junction. It is 

difficult to passivate the edge of a silicon chip, and consequently, if L is 
n 

I 
I 
I 

long, significant losses can result from generated carriers moving to the cell I 
edge and recombination there. 

cells discussed earlier (11]. 

This limi;ation on JSC has been observed in the IBC 

1 In a 1-cm IBC cell, the recombination loss at 

the edge has been experimentally determined to be about 20% of the actual value I 
of JSC (11]. This loss obviously becomes less significant as the area-to-perimeter 

ratio of the cell increases. Hence, with proper geometrical design, the recombina- I 
tion loss at the cell edge might be made negligiblea 

I 
Based on this discussion, and the likelihood of attaining the limit value 

+ of JSC given in (6), we conclude that the use of the front n p junction as a 
I 

seconci collecting junction is not advantageous in the Tj cell. If (5) and (6) are I 
applicable to the cell when the front junction is floating, which permits no 

electrode shadowing, then a second current-collecting junction will provide no 

benefit. Even if (5) and (6) overestim~te JSC somewhat, the benefit of the 

second collecting junction is not obvious since it requires a front electrode 

that would shadow the cell and produce a direct reduction in J 
SC 

Our studies 

indicate that in good TJ cells, i.e., cells in which the carrier lifetimes in 

the base are sufficiently long to allow acceptable values of Voe·• any increase in 
-- ·- --- ---

J s c provided by the second collecting junction is negated by the required front-

electrode shadowing. 

I 
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I 

Without the necessity of the second current-collecting junction, new TJ cell I 
design concepts, based on the underlying physics, can be considered. The sole 

purpose of the front n + p junction is now only to provide a minority-carrier barrier I 
to reduce the effective surface recombination velocity. This can be done alterna­

+ tively with a pp hi1h-low (H-L) junction (FSF cell structure [4]) or with direct 

surface passivation (IBC cell structure [5]). 

I 
I 
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III. Open-Circuit Voltage 

The study of v0C of the TJ cell is greatly facilitated by the cu~rent-shifting 

approximation, 

(7) 

where I(V) is the current-voltage characteristic of the illuminated cell, and 

ID(V) is the characteristic of the non-illuminated cell, neglecting nonlinear 

effects like ohmic drops [6]. The validity of (7) is based on the application 

of the superposition principle to the TJ cell, which requires linearity of the 

describing boundary-value problem [6]. As suggested by the discussion of Figure 2 

in Section II, the bending of the carrier flow lines that occurs as V increases 

produces a nonlinear effect that may invalidate (7). This effect becomes stronger 

as the illumination level, or V, increases. Note therefore that the following 

analysis of VOC' which is based on (7), may be inaccurate for high values of Voe• 

for example, those resulting from high illumination levels. 

From (7), v0c is given implicitly by 

1sc - 1n<voc> = 0 (8) 

To identify and characterize the fundamental limitation~ of V , we now analyze 
QC ' 

We base this analysis on the one-dimensional model of the TJ cell shown in 

Figure 4 for which the following are sufficient conditions for its adequacy: 

(a) 

(b) 

The surface recombination velocity S at the spacings between the 
n 

n+ and p+ diffused regions is no larger than the effective surface 

recombination velocity S + at the low-high junction between the p-type 
PP 

base and the p+ diffused region. 

The diffusion length L for minority electrons is large enough (i.e., n 

L >> w + 2w) that the fringings of the electron flow lines at the ed~es n p+ s -

of the back n+ diffused regions overlap, and the flow lines are predominant-

ly in the vertical (x) direction throughout the-entire quasi-neutral b~se 

region. 
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+ + The lateral communication between then and p diffused regions is 

negligible because their junction depths are much less than W + and 
n 

because S + is low. pp 

(d) Ohmic voltage drops that result from majority hole flow supporting recom-

bination in the cell are negligible; these drops will be included later 

as a perturbation effect in the treatment of series resistance and 

fill factor. 

I 
I 
I 
I 
I 

For simplicity, we assume low-injection conditions, setting aside for now discussiol 

of possible benefits that may result from designing a TJ cell for operation at 

high-level injection. I 
Because of these conditions, the recombining minority-carrier charge is locate' 

throughout the entire volume of the cell, and is not defined by the edges of the 

back n+ diffused regions, as might be inferred from Figure 4. The following analyst, 

based on Figure 4, yields expressions for important components of current densitv, 

which can properly account for minority-carrier recombination through considerationl 

of the cell geometry. 

In Figure 4, we ~ave included three terminals, labeled the emitter, the base, I 
and the collector in accordance with the terminology of the bipolar transistor I 
whose intrinsic structure is identical to that of the TJ cell. We will study 

ID(V) both for the common terminal configuration in which the emitter is left floatl 

ing (IE= 0) and for the tandem-junction configuration in which the emitter and thel 
collector are tied together (VE= Ve). We then will analyze the FSF structure 

in which the front n+p -junction has been replaced by a floating·p+p junction·,- and--,­

we will compare the results of this analysis to those of the TJ cell studies. 

Finally, we will discuss V of the IBC cell. oc 
+ 

I 
Consider first the case in which the front n p junction is floating. This 

terminal configuration is shown in Figure 5 where we also illustrate the minority- I 
I 
I 
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carrier storage in the three quasi-neutral regions of the cell. We neglect recom­

bination in the junction space-charge regions. This does not limit the usefulness 

of our analysis since these components of current are rarely important at forward 

biases near v0C in good silicon solar cells. 

We assume low-level injection in the base. Using a charge-control represen-

tation for r
0 

[10], we write 

I = (QN + ~PE) A + (QPC) A + 
D T TE TC n n p p 

(9) 

where A is the total area of the cell and An+ is the area of the collector; TpC 

and TpE are effective hole recombination times in the collector and emitter respec­

tively. The physical interpretations of TpC and TpE will be discussed later. 

To describe minority-carrier transport in the heavily doped regions, we use 

a first-order model based on the assumption that the quasi-field resulting from 

the gradient of the bandgap narrowing, influenced by Fermi-Dirac statistics, nearly 

offsets the built-in field resulting from the gradient of the actual doping den­

sity [12]. The application of this model to the collector region, in which the 

surface recombination velocity is very high because of the ohmic contact, yields 

= 

2 qn. 
l. 

NDC(eff) 

where NDC(eff) is the effective doping density [12] in the collector. 

(10) 

Applying the model [12] to the emitter region, in which the surface recombinatio 

·velocity SpE can be made relatively small by properly passivating the surface, we 

obtain 

2 
QPE qni 
-- = 

_ NDE(ef f) TpE -
(11) 

where NDE(eff) is the effective doping density in the emitter, Tp is the average hole 

lifetime, and T is the hole transit time given by [12] tp 
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(12) I 

The voltage VBE in (11) is the forward bias developed across the base-emitter I 
junction to satisfy the IE= 0 constraint. It can be evaluated by equating the 

hole recombination current QPE/'t'pE to the electron current from the emitter: 

(13) 

To express JN(WB) in terms of the junction voltages, we assume that, in the base, 

(14) 

As discussed in Section II, the inequality in (14) is a requirement of good TJ 

cells. With (14), we find that typically the hole and electron quasi-Fermi 

I 
I 
I 
I 
I 

levels are nearly flat across the base region provided the effective recombination I 
velocities at surfaces bounding the base region are suf!iciently small [10]. 

Consequently, neglecting ohmic drops, we have 

(15) 

(11) and (15) now define QpE/-rpE' 

Since the quasi-Fermi levels are nearly flat across the base, N(x) is nearly 

constant and is given by 
2 

N(x) 
ni s.Y 

= N exp(kT) = constant 
AA 

(16) 

I 
I 
I 
I 
I 

for low-injection conditions; NAA is· the doping density in the base. Consequently, I 

(17) 

For a set of sufficient conditions analogous to (a) - (d) stated earlier, but 

I 
I 

appropriate for high injection, the preceeding one-dimensional analysis can be regal 

as general. For high injection levels in the base, i.e., P = N, the assumption 

I 
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of nearly flat quasi-Fermi levels can remain valid for common operating condi­

tions [10]. Therefore, the base recombination current becomes [10] 

(18) 

if we neglect ohmic drops. 

+ The open-circuit voltage of the TJ cell with the front n p junction floating 

is then given implicitly by the combination of (8), (9), (10), (11), (17), ·and 

(18) for low- and high-injection conditions in the base. To maximize VOC' the 

three components of ID must all be minimized. Depending on the cell design, any 

of the three components can be significant. Note that under conditions of high 

injection, the relative significance of the base recombination current (18) 
I 

diminishes because of its slower increase with increasing V. This means that at 

very high injection levels, v
0

C is limited primarily by recombination in the 

heavily doped surface regions. 

Consider next the case in which the emitter is shorted to the collector pro­

ducing two current-collec~ing (tandem) junctions. We thus force the condition (15), 

and ~he results of the pr~ceding analysis of ID(V) are directly applicable to this 

case. Fundamentally then, to first-order accuracy, the open-circuit voltage of the 

TJ cell is the same whether the emitter is floating or is shorted to the collector! 

Let us now consider the FSF cell configuration pictured in Figure 6, which 

also indicates the minority-carrier charges stored in the quasi-neutral regions. 

The p+p junction floats, constraining the front-terminal current to zero. 

For this case, we write, analogously to (9), 

(19) 

for low-injection conditions. Referring back to our analysis of the TJ cell, we see 

that QPC/TpC is identical to the collector recombination current given by (10). 
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We once again use our argument that the quasi-Fermi levels are nearly flat across I 
the base region [10], and thereby obtain (17) for the base recombination current. 

When the injection level becomes high, this current component is described by (18). I 
Finally, applying our first-order model for minority-carrier transport in heavily 

I + doped regions [12] to the front p layer ("emitter"), we get 

QNE 

-rnE 
= _q_n_i_2_ (-s_l_ + - 1 )-1{1 + :tn~)exp (~~) 

NAE(eff) nE Dn/WE \ n / 

in which the parameters are defined analogously to those in (11). 

(20) 
I 
I 

The open-circuit voltage of the FSF cell is given implicitly by (8), (10), (17)1 

(18), (19), and_ (20). Comparison of this result 

that there is no obvious advantage, with respect 

with those for the TJ cell indicatei 

to Voe' of the FSF structure over 

the TJ structure, or vice versa. The only significant difference between the analy-1 

tic characterizations of v
0
e for the FSF and the TJ ~ells is due to the different 

descriptions of mino-rity-carrier recombination in the front surface layer: (11) I 
describes the hole recombination in then+ emitter of the TJ cell, and (20) describei 

the electron recombination in the p+ "emitter" of the FSF cell. 

There are-fundamental reasons why it may be technologically easier to suppress I 
electron recombination in p+ regions than hole recombination inn+ regions [13]. 

These reasons involve the difference between the effective density of states in the I 
conduction and valence bands in silicon, or, equivalently, the difference between I 
the electron and hole effective masses, as well as the difference between the Auger 

recombination coefficients for electrons and holes. We have experimental evidence ·1 
that, for similar p+ and n+ doping profiles, the electron current described by 

(20) can be less than the hole current described by (11) by a_factor as high as 

ten (14]. + + This fundamental advantage favors the p pn FSF structure over the 

+ + n pn TJ structure. + + It furthermore suggests that a p np TJ cell could yield 

a higher v0e than either of these structures. 

I 
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The analysis of V for an IBC cell is similar to the preceding charge-

OC 

control analysis for the TJ and FSF cells. The only difference is t~at the 

front-surface recombination current is given by the product of the surface 

recombination velocity and the excess carrier charge-density at the surface. 

This product replaces QPE/TpE in (9) and QNE/TnE in (19). Using again the 

approximation of nearly flat quasi-Fermi levels across the base region, we find 

that this surface-recombination current is proportional to exp(qV/kT) for low 

injection and exp(qV/2kT) for high injection. This current, as well as the 

base recombination current, tend to become insignificant as V increases, and 

v0C is limited primarily by recombination in the heavily doped regions at the 

back surface. This result, together with our earlier discussion, suggests that 

+ an np IBC cell may yield the highest v0C for this class of solar cells. 
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IV. Fill Factor 

The fill factor of a solar cell, defined as 

FF (21) 

depends on, in add~tion to ISC and.Voe' parameters that describe the I(V) charac­

teristic of the cell, i.e., series resistance, shunt resistance, and reciprocal 

slope factor of the I
0

(V) characteristic, excluding ohmic drops. Generally, in 

silicon cells, the shunt resistance is"so high that it can be neglected. 

From our descriptions of I
0

(V) for the TJ, FSF, and IBC cells developed in 

Section III, we see that, because of the possible occurrence of 

high-level injection in the base and the consequent variation of the functional 

dependence of the base recombination current on V, I
0

(V) can appear to vary with 

Vin the following manner: 

(22) 

where 1 < n(V) < 2 [10]. The reciprocal slope factor n -is largest wh~n the base 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

recombination current, under high-injection conditions, dominates the I 0 (V) 

characteristic. Since the cell fill factor FF decreases as n increases [16], this I 
dominance results in low values of FF. 

This physical mechanism that decreases FF is less significant in cells opera- I 
ting at high values of V, for example,cells with high v0C or concentrator cells. 

I 
The base recombination current, increasing as exp(qV/2kT), becomes a less signi­

ficant component of I
0

(v) since the collector and emitter components are increasing I 
faster with Vas exp(qV/kT). At sufficiently high values of V, n = 1, and FF 

attains its ultimate value, limited only by series resistance [16]. At one-sun I 
illumination, this degradation of FF can be eliminated by suppressing the base 

rcconbination current. Tltis demands increases in carrier lifctir.1es and/ or-a 
I 

reduction in the base width (and, in the IBC cell, a reduction in the front surface I 
recombination velocity). This effect can also be eliminated by increasing 

the base doping level, thereby decreasing the excess carrier charge stored in I 
I 
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the base, as well as extending the onset of high-level injection to higher 

values of V. The benefits of higher base doping levels, however, are compen­

sated by the associated lower carrier lifetimes [15] and, in the TJ and FSF cells, 

by the higher effective surface recombination velocitjes indicated in (4). 

Ohmic drops in the solar cell also degrade FF. It is therefore necessary to 

minimize the series resistance RS of the cell. One distinct advantage that TJ and 

FSF cells have over conventional cells is the apparent relative ease of doing this. 

With the electrodes on the non-illuminated side of the cell, shadowing is not a 

concern, and large areas of metal can be used, thereby reducing the contributions 

+ + 
to RS from the metal and the back n and p layers. This leaves only the base to 

contribute signif±cantly to RS. 

The design of the cell then must focus on the back contact geometry and the sheet 

resistivity ¾s of the base. Simple quasi-two-dimensional ohmic-drop calculations 

will imply satisfactory geometries yielding sufficiently small R
5 

for given values 

of ¾s• provided ~Sis sufficiently small. 

+ + 
Under low-injection conditions, RBS of then pn TJ cell is determined by the 

base doping level and the base thickness: 

(23:, 

where µpis the hole mobility. A possible advantage of the FSF structure over the 

TJ structure now becomes obvious. With a p+p junction at the front surface, lateral 

+ 
conductivity in the p-type base is supplemented by the conductivity of the p 

"emitter". The effective sheet resistivity of the base in the FSF cell is given by 

. + 
the parallel combination of ¾sin (23) and the sheet resistivity of the front p 

layer, ¾:s= 
-. - (24) 

The reduction in ¾s implied by (24) can be quite significant. For example, in 

a 1OO-µm-thick TJ cell with a 1O-n-cm base, (23) yields RBS= lOOOn/a. In the FSF 
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counterpart, with a typical RES= l00Q/•, (24) implies RBS(eff) = 90n/• ! 

For conditions of high injection in the base, the ambipolar conductivity 

results in lower values of ¾s; both holes and electrons contribute to the conduc-

tivity. With P = N = n.exp(qV/2kT), as discussed in Section III, 
l. 

1 
¾s = q(µ + µ )n.WBexp(qV/2kT) 

p n l. 

(25) 

For the cell described above then, at V = 700 mV, which may correspond to an 

I 
I 
I 
I 
I 

intermediate concentration ratio, (25) yields RBS= 40fl./o at 25°C. The conduc- I 
tivity modulation due to high injection in the base can reduce the series 

resistance of the cell substantially, and thereby significantly enhance the fill I 
factor, provided the base recombination can be suppressed (n = 1). This result, 

together with the benefits of nearly complete metal coverage on the back of the TJ, I 
FSF, and IBC cells, make them candidates for high-efficiency concentrator solar celll 

The accuracy of (25) and the benefits of high injection to FF are threatened 

by the possibility of current-crowding effects in the base region. The study of I 
current crowding involves the solution of the three-dimensional carrier transport 

I problem in the base, as do rigorous treatments of the overall performance of TJ, 

FSF. and IBC solar cells. I 
I 
I 
I 
I 
I 
I 
I 
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V. Experimental Characterization of a TJ and an FSF Solar Cell 

The experimental characterization described in this section has the following 

purposes: 

(a) to determine material and structural parameters basic to the theoretical 

models described in the previous sections; 

(b) to determine the relative importance of the various recombination 

currents modeled; and 

(c) to assess the validity of the assumptions used in the modeling. 

The geometry of the TJ cell used in this study is shown in Figure 7. After an 

+ ohmic contact to the top n layer (emitter) was made, as indicated in Figure 7, the 

de current-voltage characteristics of the cell were measured in the transistor 
-

configuration of Figure 8. The measured dependencies of IE and IB on VBC (inverse-

active region of operation) are shown in Figure 9. The data were taken at 24°C 

wlth the base-emitter junction shorted. As expected, IE follows an 

exp(qV B/kT) dependen.ce. The total measured base current, (I) exhibits B total' 

a large leakage current that probably originates at the edges of the cell. This 

large leakage current can possibly decrease the a~curacy with which th~ quasi-

neutrai base current IB can be separated from (IB) 1 [17]. This separation, tota 

illustrated in Figure 9, estimates the base saturation current density to be 

-12 2 
JBO = 1.0 x 10 A/cm 

The emitter saturation current density is found from Figure 9 to be 

and 

-11 2 
JEO = l. 7 x 10 _ A/cm 

f3(ideal) ~ 

Ille base doping density can be determined fr~m _.IE0 : 

2 
qn. D 15 3 

N = 
AA 

i n = 2.1 x 10 cm-
3EOWB 

(26) 

- ·- ( 2 7) ---- - - -- - - --

(28) 

(29) 

which corresponds to a base resistivity of 6 n-cm. (The base width WB was measured 

with a dial-gauge indicator and was found to be about 160 µm.) 
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To determine the minority-carrier (electron) lifetime in the base region, 

we use a method involving the measurement of base-width-modulation conductances [18]. 

The small-signal output conductance G and the reverse transconductance G were meal o r . 
sered using a Wayne-Kerr B224 admittance bridge at a frequency of 2 KHz. The base-emi 

ter junction was reverse-biased (1-2 V) during this measurement. Since WB = 160 ).lml' 
which is large compared with the modulation of the base width, the ac measurements I done with -VBE= 1-2 V will be consistent with the previously described de measure-

ments done with VBE = 0. The dependencies of G and G on V 
o r BC 

are shown in I 
These ideal depen-Figure 10. Both G

0 
and Gr are proportional to exp(qVBC/kT). 

that they are due predominantly to base-width I dencies of G
0 

and Gr on VBC confirm 

modulation (18]. For VBC < 0.4 V, the leakage of the base-emitter junction dominat1 

in determining G and G, resulting in almost constant values of the conductances. o r 

For VBC > 0.4 V, however, the intrinsic parts of G
0 

and Gr due to the base-width I 
modulation prevail, and the ideal exponential dependencies extend for about two 

orders-of-magnitude variation in the measured conductances. 

From Figure 10, we obtain [18] 

G 
0 

G r 
= = 13 

where "t'F is the minority-carrier base transit time (TF 

electron diffusion len8th in the base is 

(30) 

From (30), the 

I 
I 
I 
I 

w2 1/2 

L = (Tn B) 410 iim n 2TF = (31) I 
The experimental determination of L involving base-width modulation requires L > if n n 

the result (31) is self-consistent with this requirement, and also validates 

assumption (14) of our theoretical modeling. From (31), the electron lifetime 
? L .. 
n 50 (32) T = -= ).ISec n D . ' 
n 

and 

"t'F = 3.9 µsec (33) 

is I 
I 
I 
I 
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The base saturation current density JBO' whose value is given in (26), 

consists of components due to recombination in the quasi-neutral base region, 

+ QB/-rn, and in the quasi-neutral (n) collector regioa, QPC/Tpc· To relate 

these recombination currents to our previously described modeling, we note 

that Q3/-rn is approximately one-half of QN/Tn given in (17), and QPC/TpC is the 

current described in (10). From charge-control transistor theory, we know that 

QB/TF 
S(ideal) = Q / + Q / 

B Tn PC TpC 
(34) 

Using the measured values of S(ideal), TF' and Tn in (34), we determine that 

QB QPC 
-> 
Tn TpC 

(35) 

Thus, the dark ID(V) characteristic of the TJ cell in this configuration (Figure 8) 

is determined primarily by base recombination. 

Examination of the IB(VBC) characteristic of Figur~ 9 for VBC > 600 mV 

reveals a portion varying aD exp(qVBC/2kT). This variation yields an esti~ate 

of the high-injection lifetime TH appearing in (18). We find TH = 200 ].!Sec. 

Consider now the TJ cell in the floating-emitter mode illustrated in Figure 11. 

As discussed iq Section III, when the base-collector junction is forward-biased, the 

base-emitter junction becomes forward-biased to constrain the emitter current to zero. 

As concluded previously on theoretical grounds, the front and back junction voltages 

are nearly equal [see (15)]. By direct measurement of these voltages, we find, for 

example, with VBC set at 578 mV, VBE = 573 mV. 

We show in Figure 12 the measured (IB)total(VBC) characteristic with the emit­

ter floating, and we compare it with the (I8)total(VBC) characteristic for the tran­

sistor ctrrtf1:gura.tion with cne base;;.;em:i.tter jU:rictiori shorted. Subfraciing the space­

charge-region current components from the measured currents (as illustrated in 

Figure 9), we find 

(36) 

Since VBE = VBC when IE= 0, (36) implies 
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Hence, although recombination in the heavily doped collector region is 

negligible in this TJ cell [see (35)], the recombina~ion current in the emitter 

region is comparable to the base recombination current and therefore limits Voe· 

Consider now a companion FSF cell biased as shown in Figure 13. The 

fabrication processing of this cell is the same as that of the TJ cell except 

for the front-surface junction formation. In Section III, we concluded, from 

a theoretical standpoint, that the only possibly significant difference between 

the dark ID(V) characteristics of the FSF cell and the TJ cell would result 

from fundamental differences in the minority-carrier recombination currents 

from the heavily doped p+ and n+ emitters (provided Tn' NAA' and WB are the same 

in both cells). 

The measured dependence of (I) 1 on VBC for the FSF cell is illustrated in 
B tota 

Figure 14. Graphical removal of the space-charge-region recombination current 

components yields 

-12 2 
JBO = 2.3 x 10 A/cm (38) 

This value is questionable because of the high leakage current in this cell, 

exhibited in Figure 14. Nonetheless, comparison of Figure 14 with Figure 12, 

and of (38) with (26), suggests that recombination in the p+ emitter is in-

significant. + This is consistent with the theoretically implied advantage of p 

over n+ layers discussed in Section III. 

I 
I 
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VI. Summary 

A theory describing the performance of TJ, FSF, and IBC solar cells has been 

presented. Careful attention has been given to the ~hree-dimensionality of carrier 

flow in these devices. Qualitative discussions of possible degrading effects of 

the three-dimensional flow have been given. However, arguments supporting quasi­

one-dimensional theoretical modeling were presented, and the quantitative analyses 

were based on one-dimensional models. 

The study of JSC in these cells indicates that, with proper design, values 

of JSC approaching the theoretical limit are possible. In the TJ cell, this can be 

approached more readily without collection from the front pn junction. The analy­

sis reveals that the physical mechanisms governing JSC differ from those governing 

the spectral response. This difference is discussed in Appendix A. 

The theoretical study of v0C is based on a quasi-one-dimensional charge-control 

model of the dark current-voltage characteristic. It reveals the possible importance 

of recombination in the heavily doped surface regions and the possible benefit of 

high-level injection in the base region due to the effective suppression of the 

base recombination. 

The treat~ent of FF is based in part on our analysis of the dark current-vol­

tage characteristic, which reveals that high injection can also be beneficial to 

FF. This can occur because of higher values of v0C and lower values of R
5 

due to 

base conductivity modulation. With regard to FF, a possible advantage of the FSF 

cell over the TJ and the IBC cells derives from the shunt lateral conductance 

provided by the high-doped side of the front H-L junction.· 

+ + . + + 11 Experimental studies of an n pn TJ and a companion p pn FSF ce yielded 

results that are consistent with our theory and that provided evaluatiOt\S
0 

of material 

and structural parameters. In particular, T in the base was determined to be 
n 

about 50 µsec, and TH(= Tp + Tn) was estimated to be 200 µsec. Although these lifetime 

are respectable, the base recombination current n~vertheless contributes to the 
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dark current-voltage, characteristics, and limits v0e to about 600 mV. If I 
the cell designs are improved to yield values of v0e comparable to those being I 
achieved in more conventional cell structures (~ 620 mV), then the recombination 

currents from the heavily doped surface regions will limit Voe' consistent with 

our theoretically based anticipations. 

Based on our theoretical and experimental studies of TJ, FSF, and IBe cells, 

we note the following observations concerning optimal cell designs: 

(a) The base recombination current can be decreased, and v0e increased, by 

decreasing w
8 

(with possible sacrifice of J
5
C), by increasing the 

minority-carrier lifetime (by impurity gettering for example), by 

increasing the base doping density (with possible decrease of 

carrier lifetime, and, in the TJ and FSF cells, increase of the 

effective front surface recombination velocity), and/or by designing 

the cell to operate at high-injection levels in the base • 
• 

(b) The recombination currents in the heavily doped back surface regions 

can be minimized by maximizing the p+ area and minimizing then+ area; 

these design criteria require an n-type base. 

(c) To minimize the recombination current in the front surface region, 

+ + + either a p layer (forming a p np TJ structure) or a surface-passiva-

ting film, e.g., a thermal Si02 layer (forming an IBe structure), should 

be used. 

I 
I 
I 
I 
I 
I 
I 
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I 
I 
I 

(d) All non-metallized surfaces should be covered with a surface-passivating I 
film, and the metallized areas should be minimized. 

(e) To reduce ohmic power loss, e.g., for concentrated-sunlight applications, I 
several design options exist: increase WB, increase the base doping 

1 clet1siity, rely on conductivity modulation due to high-level injection~ use 

an H-L junction at the front surface (FSF structure), and of course proper' 

+ + ly define the back p and n geometries and diffusions. 

I 
I 
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Generally, device design involves trade-offs, and the design of TJ, FSF, 

and I~C cells is no exception. Thus, we note that the design considerations 

listed above are not necessarily all compatible. 
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Appendix A. Spectral Response 

It has been experimentally observed that a white-light bias considerably 

improves the spectral response of the TJ cell [19]. In this Appendix, we modify I 
our previous treatment of JSC to provide a physical explanation for this observation. 

Consider first the portion of the spectral response originating from hole- I 

I 
I 

electron-pair generation in the p-type base region, i.e., the long-wavelength 

1 portion. As was discussed in Section II, the application of a white-light (solar-· 

spectrum) bias to a TJ cell in which the top junction (emitter) floats leads to I 
a forward bias VJE across that junction. In contrast to the treatment in Section II, 

we now include the influence of the top junction space-charge-region recombination I 
current JSCR on the effective surface recombination velocity SE seen by the minoritl 

electrons in the base: 

(A-1) I 
in which JPE' the hole recombination current in the quasi-neutral emitter, and N(WBI 

are both proportional to exp(qVJE/kT), whereas JSCR is proportional to 

where 1 < n < 2 according to the Sah-Noyce-Shockley theory [20]. Thus 

exp (qV JE/nkT)I 

SE is of the 

form 

SE - A exp t:: (~ -1~ + B (A-2) I 
From (A-2), it follows that SE decreases as v3E(and the intensity of the light biasl 

increases. Thus, the spectral response is poor for zero or low light bias and 

increases when a sizable light bias is applied. This result is consistent with 

experimental observations. 

Consider now the portion of the spectral response due to carrier recombination 

in the front (floating) n+ region (emitter) of the TJ cell, i.e., the short-wave-

I 
I 

length portion. 

monochromatic illumination level is small. 

In the absence of white-light bias, VJE is nearly zero since the 

Upon the generation of a hole-electron I 
pair in the emitter, the hole will be forced into the base by the built-in electric I 

I 
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field of the junction, but the electron, which must be collected at the back n+p 

junction to contribute to the photocurrent, is forced toward the front surface. 

Since there is no means by which the electron can easily enter the base (since 

VJE is so small), it will probably recombine with an.optically generated hole 

in the emitter. 

If, however, the front emitter-base junction is fon.ard-biased, for example 

by the white-light bias of a comm~n solar-spectrum insolance, the optically 

generated electron can be injected into the base where it becomes a minority 

carrier and can possibly contribute to the photocurrent. Thus, the forward bias 

of the front juntion is critical in determining the short-wavelength response 

of the TJ cell, and any effect by which VJE is increased will enhance the TJ-cell 

spectral response. 

Note that the effects discussed in this appendix do not occur in either the 

FSF or the IBC cell. With regard to the FSF cell, space-charge-region recombina­

tion is not significant in the high-low junction, and t~e minority carriers in the 

(p+p) base are always repelled from the front surface by the built-in field of 

the high-low junction; the effective front surface recombination velocity is 

cons:tant for low-injection conditions. . In the IBC cell, there is no front 

junction (buil~-in field), and hence no separation of the optically generated 

holes and electrons occurs near the front surface; the front surface recombina­

tion velocity is constant for all injection levels. 

The theoretical discussion in this appendix is consistent with an experi­

mental study by Schwartz, et al. [21] of the influence of the front surface 

potential on the short-circuit current of an IBC cell. 
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Figure Captions 

Basic structure of the TJ cell with the front junction floating. 

Influence on electron flow of surface recombination between the 
p+ and n+ fingers. The solid flow lines are for V = O; the dashed 
lines are for V > O. 

Electron flow when surface recombination is negligible. 

One-dimensional model of the TJ cell. 

One-dimensional model of the TJ cell, with the emitter floating, 
and the corresponding minority-carrier storage in the quasi-neutral 
regions. 

One-dimensional model of the FSF cell and the corresponding minority­
carrier storage in the quasi-neutral regions. 

Cross-section and top view of the TJ cell used in the experiments. 

Transistor configuration (inverse-active mode) used in the experiments. 

Measured (IB)total and IE dependencies on VBC· The graphical determi­
nation of IB is indicated by the dashed lines. 

Measured base-width-modulation conductances. 

Bias configuration of the TJ cell in the floa~ing-emitter mode. 

Measured (IB)tota1(VBc) characteristic with the emitter floating 
compared with the (IB)total(VBc) characteristic with the base-emitter 
junction shorted. 

Bias configuration of the FSF cell. 

Measured (IB)tota1(VBc) characteristic for the FSF cell. The 
graphical determination of IB is indicated. 
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D. EXCHANGE OF TECHNICAL INFORMATION 

In addition to mail and telephone communication, the U.S.-Spain techni­

cal interaction supported by this program involves visits by the principal 

investigators to the facilities of one another. Professor Antonio Luque spent 

six weeks at the University of Florida during the sunnner of 1979. Technical 

discussions during this visit benefited work that eventually was presented as 

"Bifacial Transcells for Luminiscent Solar Concentrators" by A. Cuevas, 

A. Luque, and J.M. Ruiz, at the 1979 International Electron Devices Meeting 

in Washington, D.C. in December. 

In March 1980, Professor Jerry G. Fossum visited the Universidad Politecnica 

de Madrid for one week to discuss current topics of interest in this program, 

including the request for renewal. Professor Fossum presented a seminar to 

the Institute de Energia Solar on the work discussed in Section C of this report. 

Professor Arnost Neugroschel plans to visit the Spanish facility during the 

summer of 1980. 
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E. FINANCIAL REPORT 

The following is the projected financial status of the U. S. grant as 

of May 1, 1980. 

Salaries and Fringe 

Of the total amount of funds budgeted for salaries and fringe benefits 

($5139), approximately $3100 will have been expended by May 1, 1980. Ors. 

Fossum, Lindholm, and Neugroschel are currently devoting time to this program 

and the remaining funds will be expended during May and June 1980. 

Consultant 

Dr. Alan B. Kuper carries out his functions independently and to date has 

asked for reimbursement of only $455. 

Equipment 

Requisitions in the amount of $30,000 have been placed for the procurement 

of equipment, and early delivery is anticipated. The equipment procured con­

sists of a Hewlett-Packard computer and associated instrumentation for automated 

electrical characterization of solar cells. There are no uncommitted funds 

in this category. 

Operating Expense 

Our operating expense budget includes $3600 for travel. Dr. Fossum recently 

made a trip to Madrid (cost ~$1100), and Dr. Neugroschel plans a visit in the 

near future. The balance in other operating expense funds budgeted for expen­

dables, publications, and computer time is programmed for spending during May 

and . June---1-980. 
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In summary, the $45,000 granted to support University of Florida personnel 

and activities will be spent before June 30, 1980, except for a portion of 

funds budgeted for overseas travel. The $7000 for Dr~ Kuper is being paid as 

invoiced by him. These consultation funds are principally for support of 

Dr. Kuper's travel to Spain and payment for his time while in this travel 

status. His trips have not been scheduled at this time. 
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PREFACE. 

The project proposed here is a continuation of the first year of 

activfties conducted within the frame pf the Friendship and Cooperation 

Treaty bett:een the U.S. and the Spanish Governments, and whose manr.gement 

has been assigned to the Joint Spanish-1\merican Corrmittee. The present 

project was given number· lll-P-3008 during its first year. 

It \·1as foreseen that a s~cond year, as a minimum, would foll ow to 

complete the research star~ed Lhe first year. 

ABSTRI\CT. 

The objective for the second year is to elaborate a general analysis 

of surface field bifacial cells, considerifig high injection effects in~the 

base region, high doping effects in the surface region and surface recombi­

nation effects, and bidimensional effects of current transport. 

We also intend to develop an economical technology to make the above 

mentioned cells with at least 12% efficiency. 

The task of the Spanish te~m would be primarily concerned with the 

development of the technology and study of high injection phenomena. The 

task of the American team will be mainly, out not exclusively, the analy­

sis of high doping and surface recombination phenomena, giving also prio­

rity to providing the Spanish team v1ith U.S. research env·i•ronment. 
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l . Ilff P.ODUCT ION. 

. The Spanish team at the Polytecnic University of Madrid has developed 

the bifacial illuminat.ion concept ijS a means to make high concentratio11 

levels and static systems compatible. Recently, it has developed the theo­

retical bases for the concepts involved in bifacial concentration. It has 

developed, as well, several structures that c0Yld be used as bifacial ctlls. 

The American team is well recognized for its contributions to the unders­

tanding of the physical ~ech~nisms limiting the efficiency of monocrysta~ 

lline silicon solar cells. This group is also evaluatiiig the technical ca­

pabilities of ce·11s (non bifacial) with similar structures .to the ones 
. 

developed by the Spanish group. The global objective of this cooperation 

is to provide the Spanish team vith counseling and assistance about the 

procedures needed to obtair, high efficien·cy bifacial cells. Conversely, 

the American team will benefit from the bifacial concerit"ration systems 

cfeveloped by the Spanish team. 

In a more detailed way the American team emphasizes research in 

the analysis of the physical mcchunisms involved in the working of bifa­

cial cells, while the Spanish team emphasizes a specific design of bifa­

cial cells, in which all phenorr:ena that limit the efficiency are taken 

into account, as in the technological de~elopment of the cells. 

2. FIRST YEAR ACCOMP!..ISHMENTS OF THE SPP-.NISH TEAM. 

2.1. Objectives. 

During the first year these propo~e<.l primary tasks were accomplished: 

(1) a theoretica.1 t1nc1lysis of_ the n+pp+ structure developed by the Spanish 

team for bifacial illumination, {;:d t~e i.echnological procedure to fabri-• 

cate at low cost the above cells was developed and (3)the development of son.~ 

menns for simultan~ous measurement of surface recombination velocity and 

diffusion length of minority carriers at the base. 

2.2. Theoretical annlvsis. 

+H-tn resi}ect to. { l). our tcchntc::aJ c1rialysi s has been di reeled tc~·:ards 

a generul treatment of V , J ai1d the curve factor oft.he Sti~uc:iu-re in 
oc -;c 

order to be able to appraise tli2 possibilities of the cell. 

This view ·j!; complci~1entary to the view held i..,y the U. of Florida team, 
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which is centered basically in the ~nalysis of the fundamental reco~bina­

tion mechanisms in the cell, whose main influence is carried into the Isc 

and V values. We have emphasized the bidimensional flm·1 of majority 

oc 
carriers which influences-the series resistanc~ of the cell and its curve 

factor, having used the results of the U. of Florida team;· adapted to the 

aforementioned global analysis for Isc·and V
0
c values. 

In this way we were nble to design optimized contact masks. 

Besides, we developed a fonnal way to make a general analysis of 

bifacial structures which can be adapted to back contact interdigitated 

structures and other related 

way pn and pp+or nn+low-hi9h 

bl i shed [1] and shows as a 

stru~tures that allow us to treat in a unified 

junctions. This unified analysis has been pu-

+ + + + . 
result that~ pp or n np structure5 (obJect 

. of our present research) are potentially superior to any other bi facial 

structure, among those studied, and that their behaviour could be eveil St•­

perior to that of conventional monofacial cells. · 

2. 3. Measurements of L and Seff" · 

We have develop~d a metho~ of simultaneous measurement of the diffusion 

length Lin the base and of the effective recombination velocity at the 

L-H junction. i~e made some preliminary mec1.surements with this method. Its 

basis has been used to evaluate the behaviour of Ai-alloy techniques to 

make pp+ junctions. This method, which has the advantage of giving simul­

taneously the diffusion length and the effective recombinution velocity, 

loses precision when both parameters a;·e very high.and very small, respec­

tively. Since these are the needed conditions to obtain a good bifacial 

cell, this method wili not be interesting when we improve our technology. 

In that case we will us~ in our L !'!'leasurel!lents the method developed by the 

Florida team, which is specially valid for these conditions, limiting our­

selves to estimdte Seff through indirect mensurements. For this reason, 

and in spite of the advantages or this method for other applications (mea­

s~ring the absorption constan~ of high wavelengths),we will concentrate 

our efforts (in relation to the budget that we can reasonably expect) in 

actions moi~c specifically direcfed·to\·1ai-cls obtaining cheap and 

efficient bifaci51 cells. 
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+ + + + b"f . l 11 b . d . n pp and n np 1 ac1a ce s were o ta,ne using five different tech~ 

nologies, which can be classified in two groups: 

a) technologies with more than one therrnic step 

b) technologies with only one therrnic step. 

In the first ones then+ region has been made by phosphorous diffusion 

and the p+ region has been made (a) by Al alloy, (b) by ionic implantation 

of boron or gallium, {c) by conventional diffusion of boron, (d) by pyrolysis 

and (e) by centrifugation of paints made from silicon organic compounds {Emul­

sitone). The second ones, ideally preferable because they maintain a long 

base lifetime and reduce the cost of fabrication, use simultaneous diffusions 

to form the p+ and n+ regions. The p+ region was diffused in both cases from 

boron tribromide in an open tube and then+ region was diffused from oxides 

doped with phosphorous deposits. 

The best results have given intrinsic efficiencies of 12% and 10%, with 

no anti-reflection coating, for n+p and p+p junctions, respectively {bifacial 

efficiency of 11%) using ionic implantation technology (b). At present we_ 

have br:?en able to make a conclusive evaluation of alloy technology [2], using, 

a~ \·:e have already mentioned, our method of simultanecus P.18asurc:11ent of L ·and 
+ 

Seff" We made a model of the pp junction and we concluded that in order to 

achieve- the hc:>st pos!iible results we need to deposit an Al coating (of at l~a~t 

25 p:.i) by thick coatir!9 techniques and to make the alloy at 800°C. Ii, this way 

gcod r.:onofacial cells can be obtained, but not good bif~ciul ones. To get 

the:sc it WOi.Jld b~ necessary to greatly-reduce the surface recombination velo­

city, ,-:hich does not appear to be easy or. the su:-face resulting after this 

process. Our exprrimcntal ,~esults are ,;rell interpreted by our rr.odel, which also 

reflect~ the r~sults of ot~er authors. Tl1is work is bein~ prepared for pub11ca­

tion. 

\-!i'!.h resp2ct to oth~r technologies, a f11ll evaluation has not been made 

yet, h":Jt the first resu1tz show t:chn,1logies (b)(ionic implantationj and (d) 

(µyroiytic dcpos"ition) as l;eing very good, but both are rather e.vper:sive, at 

lel!.st at the: present tiff,i.!. The ch~apP:;t .is te:chnology (c) (organic silicon 

cc.:,po,,nds) \·:hie'.. is also very gcoci ·idcully, but our results are not yet very 

P·•~iLivr.!v 

-
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. 3. FIRST YEAR ACCOi·iPLISHMENTS OF THE U.S. TE/ii·~. 

3.1. Objectives. 

D~ring the first year of this U.S.-Spain cooperative research program, 

the United States (University of Floridci.) team accompli~hed three primary 

tasks. 

3.2. Physical b~ses of B~S~F. ·cells. 

First, a description of the physics of the ba:l;-surface-field (llSF) so­

lar cell \·1as developed, in which several key approximations, valid fer effec­

tive BSF c_ells, were used to express the results of +.he an~lysis in ways that 

make them useful in understanding the performance of high efficiency BSF 

cells [3]. This analysis is directly applicable to OSI solar cells. Measured 

current-voltage characteristics of BSF cells, together with the analysis, 

were used to describe the important physical mechanisms that control the per­

formance of the BSF solar cell. For exampie, the analysis enabled the deter­

minations of the carrier lifetimes in the base region and of the effective 

surface recombination velocity at the low-high (L-H} junction. 

3.3. Techniques to measure diffusion lengths. 

Second, techniques to measure carrier lifetimes and diffusion lengths 

in the quasi-ne1 1tral base regions, and effective surface recombination velo­

cities at the p-n and L-H junctions of the basic OSI solar cell structures, 

+ + + + + + + + 
r] . 

,.e., n pp, p nn, n pn, and p np, were developed L4. The experimental-

• 

theoretical methods enable accurate determinations of the minority-carrier 

diffusion length in the narrow base region of basic OSI solar cell structures. 

These methods are unlike more conventional diffusion-le:ilgth measurements in 

that they enable the evaluation of diffusion lengths longer than the base 

width. Once the diffusion length is determined by the new methods, this 

result can b~ C<J1nbined with measured dark I-V characteristics and with small 

signal admittance characteristics to enable determinution of the recombination 

currents in each quasi-neutral region of the cell, for examplt:, in the emitter, 

le~ dop2d base, and high doped base regions of the BSF·cell. For BSF cells, 

. ++ ++ . 1 .f:. 

1.e., n pp or p nn · stn.:ctures, this leads to a vn ue for the e.-rect1ve sur-

face recombination velocity at the L-H junction fon::ing the bacl~-surfuce 

field. 
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3.4. Identification of the physical mech;in·isms in bifocial cells. 

Third, to aid in the identification and charucterization of the physi­

cal merhunisms cccurring in DSI solar cells that limit their conversion 

efficiencies, a theore:ic~l-experimental study of tandem-junction, front 

surfac~ field,_and interdigitated back contact sol_ar cells was completed 

[s]. The study pi4 ovided a unifying view of the physics underlying the per­

fonnance of these cells, all of which are basic OSI cell struc:tures. The 

important physical mechanisms that occur in these cells were d~scribed, 

and cell-design trade-offs ~ere defined. Special emphasis was given to 

qualitative treatments of the important multidimensional transport problems 

introduced by these cells, treatments which can be applied directly to the 

study of solar cells being-illuminated on both sides. 

4. OTHEP. RECENT RESULTS THJ\T WIDEN THE INTEREST OF THIS RESEARCH. 

The bifacial cell was suggested by the Spanish team in 1977 as the most 

appropriate photovoltaic structure to ~ork under concentration in systems with 

great angular aperture. We are developing systems with concentration 6X which 

are able to "see" the sun the whole year around. 

In a recent work [6] we fixed the thermodynamic 1 i mi ts of static concen­

tration for a given angular aperture. The results are extremely promising in 

that they permit us to achieve concentration values of 17X for direct beam and 

of 6.29X for isotropic diffuse radiation. A concentrator systew with a gain 

in the 6X range for direct and diffuse radiation is also possible. 

This type of concentrators, whose handling and appearance are similar 

to those of non-concentrating flat panels, has been na1iied by us Flat Panel_ of 

Limited Aperture. Such device could be made soon at a cost of about 1/3 of the 

cost of a conventional flat panel. A projection of the cost of mass producing 

these devir.es shows that it would be around 0.5$/Watt. 

+ + + + 
In the c~lculition of these costs. we assumed that n pp or p nn bi facial 

cells would be used. These cells are being developed with this grant. 
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5. SECO:m YE/\R Ji'1,,·11~,1 ,,_,... __ 

5.1. High injection theor_y. 

The fact of having increased from 6X ti) 17X the possible concentratfon 

level in a static conc.entration systc:n [G], and the possibility of using 

bifacial cells in high concentration systems imply , that tl11~se cells are 

going to work-at high concentration not only ~n open-circuit conditions 

{which could happen even at 6X} but also under conditions of maximum power 

Pxtraction and possibly under ~hart-circuit ~onditions. 

As \•.1a~ pointed ot.:t by Fossu.n et al. this working condition reduces the 

cell reco:nbinc1tion, as well as the transit time, which fr,creases the V
0

,:; 

and Jsc values. 

At the high current density levels implied by the above-mentioned 

concentration lev~ls there exists a modulation of the cell conductivity which 

reduces the ohmic drop due to majority-carrier flow. We intend to center 

our theoretical study in a general treatment of the base phenomena in high 

injection of the bifacial structure, embracing also the analysis of its con-

tribution to Voe' Jsc' the curve factor and the series resistance, studying 

the effect on the latter ones. not only of the unidimensional effects but 

of the structure's bidimensional effects as well. 

I 

11 
11 

As far ~s the effect of the highly doped regions not in high 

injection, we will continue to use theory developed by the U. of Florida 

team, whose results \·Je plan to employ for our theoretical analysis and also 

define the appropr·iate technology. 

to I
I 

The experimental verification of this theory is also part of the present 

task. 

G.2, Tc::hnoloqy definition. 

During the first year we were able to discard the technology of Al­

alloy, \"✓hich was valid, under ,:ertain conditions, for BSF cells, but not for 

i.,i fnci al ones. 

For the ionic implantation technology, which h~s produc~d excellent ex­

perimental results, we do not have i:, M;idrid the necessary equipment {ionic 

impl~:1t:?r} (present c~pedwcnts were conducted by .J. Eguren during his 45 

days stay at the U. of Illino·is) ._Qn the other hand, and in spite of the 

. 
---

fact that with ;: net•/ conc11pt of ionic impianters they could be promising 

for lcw cost solar cell 11roduction (i·cscarch done at Spire Corp., Mass.)~ 

they arc not yet uidely accepted as low cost technology. 
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As a consequence of all thjs we wi11 conc:ntrate our efforts in the I 
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double diffusion convGi1tional technnlo9y, using solid soui·c-~_.;. for dop·ing 

depos i tcJ by various techni qt!CS. 

Together with the diffusion technique we will develop a compatible 

technique of depositi'Jn of anti-reflection coatin~s tind sur-:-uc~: passiv,1-

tion. Among rhe techniques to be analyzed is the d~l-'ositiori of organic 

silicon compounds charged with titanium ox·;de or t:nttilum oxid,?, the dry 

oxidation of silicon at low temperatures. the formation of t·in oxide at low 

tempcr~turcs with formation of passivating natiye hydroge~ ~r others. 

\·Jc h:ve essentially ali the equipment we netd for ou1~ rcsea!"ch plans, 

except some minor items for m(?asurements or special arran~i::i:ents or connec­

tic.1s. There is an exception with respect to pyrolytic deposit i en of doped 

oxides, this technique being, after ioni~ implantation, the one to give 

best results up to the present. The experiments up to nm·1 \·:2re done by J. 

del Alamo in Piher Semiconductors {Barcelona), but an exhaustive rese~rch 

cannot be conducted in this manner. This iTieans thut we nc~d to acqu"! re 

equipment for pyrolytic deposition, and this explains the increase in the 

budget for the second year. 

5.2. Non bifacial structures. 

There are several non-b·ifacial structures which are very similar to 

our bifacie) ones. The theoretical analysis as well as (in a lesser way) 

the technology that w~ might develop could be applied to thcs0 structures. 

We refer, particularly, to bact-contact interdigitaterl structures (IBC} of 

Schwartz~nd his collaborators, to Texas Instruments tandem-structures and to 

front surface field structures (FSFf. 

\-!e s~.all rllso apply the high injection theory to conventional cells 

which, although better studi~d, have not been thou~oughly analyzed under 

high inj~ction conditions. 

6. sccor:o YEAR u. s. TASKS. 

6.1. Assi~tance. 

Hith the p:--imary objective of proposing and evalunting de:sign modifi­

•-- e.aticn,:JQ ,r,1prove tbe pm-12r-convcrsio11 efficicr:cy of DSI soli!r cclis, nnd 

iii pnrticular the- ~fficier\C}' of DSSF ce11s, i~e~,"1/111/ or il"f~p+b'ifi1t1J.'t 

cells, the U.S. team will µrovide technic~l assi~t~ncc to the Spanish tca~1 
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by studying the follm·ring fondJ1;:2ncu1 pro~l,•ir.5: 

6.2. Transport phenom~na in surface ~eqions. 

Mi nori ty-carri er transport in hcavi ly do~1ed di ff used regi ens of 
silicon cells. Tl1is study should leau to optimal designs of the diffused 
surface regi~rz, ~ncluding simple surface passivation techniques, yielding 
reduced rec~mbi nation currents in these reg·i ons. an.:! hence higher values 

of open-circuit vcltage. 

6.3. Physical phenomena in high injection. · 

C~rrier transport in BSF (and DSSF) cells expcsed to concentrated 

sunlight, including th~ possible condition of hiqh injecticn in the base 
region. This study will extend the ~nalysis of [l] to account for finite 
gradients of the quasi-Fermi lev2ls in the base region and the consequent 
effect on the fill factor. This extension, together ~,i th a proposed study 
of the fundamental relationship bet\'ieen carrier lifetimes and doping density, 

should lead to the sper.ification of an optimal base doping_ density. 

6.4. Analysis and desiqn of a IBC cell as bifacial cell. 

Analysis and desigr. of the interdigitated-back-contact (IBC) cell 

as a OSI ·solar cell. This study will extend the analysis of [5] to acc~unt 
for illumination on both sides of the IBC structure. Since the IBC cell is 
a planar devic~, it could possibly yield an effe~tive OSI solar cell whose 

fabrication is relatively simple. 

7. PROGRAM OF TECHNICAL VISITS. 

During the second year of the cooperative program we foresee two trips 

of Spanish investigators to the UoS. \•!her~ they will visit the University 
Qf Flcrida a~j other places yet to b~ determined and will attend profes-
sional meetings in their field. Besides, e~ch U.S. investigator will spend 

one week at the Institute de Enzrgfo Solar in the Ur.iversichd Politecnica de 
l·iddrid. Durin9 these visits, exch~nges of information concerning the theory 

and technology of OSI sola~ cells will occur. 

These activities, together ~ith po~tal correspondcnc~will provide a 

gocd cao~din~tion bct~ecn the two groups • 
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8. CURPICULl\ VITARUi·l. 

8.1. Introduction" 

Since in the first year grant application there were included exten­

sive curricula vitarum of all participants in the project, this time only 

brief resumes wi 11 be given, except for Dr. A. Cuevas, who is a new addi­

tio1i and of ·\·1liom an extended curriculum is incfuded. 

8.2. ~panish investigators. 

Dr. Antonio Luque. Dr. Luque received the Ingeniero de Telecomunica­

ci6n degree from the U. Politecnica de Madrid in i964, the Physics Diµloma 

from the U. of Toulouse in 1955 and his doctorate from the U. Politecnica 

de Madrid in 1967. He has conducted research in Spain, France, Italy and 

the U.S. 011 lasers, physical aspects and semiconductor tPchnology and 

-solar cells and has pu~lished over 50 papers and two book~.-ln 1970 he 

became Full professor at the U. Politecn-ica de Madrid. In 1969 he founded 

the Laboratorio de Semiconductores and has since obtained more than $1.000.000 

in research grants. He is Director of the Instituto·de Energfa Solar and 

IEEE Senior Member. He received the 1978 Garcia Cabrerizo Prize arid the 

1980 Master Prize for his work on bifacial cells and his general contribu­

tions on photovoltaic effects and th~ir applications to industry. 

· Dr. J.M. Ruiz. Dr. Ruiz received the Licenciado e~ Ciencias Fisicas 

degree from the U. Complutense of Madrid in 1906, the doctor degree on 

Solid State Physics from the U. of Toulouse in 1968 and the doctor degree 

in Ciencias from the U. Complutense of Madrid in 1977. From i966 to 1968 

ht> wo,ked on alkaline halides at the Physique des SolidPS Lab, U. of Tou•· 

louse. In 1969 he bec&me a member of the Lab. de Semiconductor2s, U. Poli­

t 6cnica de Madrid and he is Research Associate and Associate Professor 

there since 1970. Me vmrked on semiconductor physics with special interP.st 

in dynamic bidimensicnal models. At present his research is centered on 

solar cells for appiications in photovoltaic conc~ntration systems. 

Dr. A. Cuevas. Dr. Cuevas was born in Spain in 1953. A detailed curriculu~ 

will be fo~nd at the end of this application. 

J. Ec.•:;rr.n. RecC:!·ived his Ingenicro de Telecomunicacion degnie in 1977 

fi•w.tbc U_~ tgli-t:Gsn"i_r;~ de Madrid. In nis seco11d year of studies he became 

a co 11 a bo ra tor at th:.: Lilb. de S~ll1i r.o~duct-orcs, u~- Pol itccn fc.a-ac T·lactrtct -Sine~ _c 

1Y77 is working on surf~ce field bifacial cells, this being his doctor's 

thesis i.op·ic. ~:e published 8 papers and has attended numerous international 

rnngresses. 
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ca de Madrid. Student visitor at the U. of Edinbourgh (Scanning Electron 
Microscopy Dept.) in 1978; his \·mrk there received the Antonio Fernandez 
Huertas Prize from the Spanish section of IEEE. Visited the Katholieke U. 
Leuven in 1979. Also in 1979 he worked in Piher Semiconductores on solar 
cell fabrication from oxide depositicn by cvn. In 1980 he received First . .. . 

Prize in th~ IEEE Undergraduate Student Paper Contest. He was for two years 
collaborator in the Lab. de Semiconductores, U. Politecnica de Madrid and 
since 1979 is research member at the !nstituto de Energia Solar. He published 

four papers. 

8.3. U.S. inv~stigators. 

Dr. \lerry G. Fossum. Dr. Fossum received his doctorate in Electrical 
Engineering from the U. of Arizona. He has )ectured on electronics for over 
a decade and received an associate professorship at the u .. of Florida in 1978. 

Dr._Fossum has held several consult1ng and research positions, including a 
.seven year staff position with Sandia Laboratories where he researched semi­
conductor devices and developed silicon solar cells. Dr. Fossum has published 
over 50 papers on semiconductor device physics and technology and on silicon 
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solar cell .develof)ment. 1 
Dr. Fredrik A. Lindholm. Dr. Lindholm received his doctorate in ~lect~cal 

Engineering from the U. of Arizona. He has lectured on electrical engineering 
for nearly two decades and received a professorship Jt the U. of Florida in 
19~6. He has consulted for private industry, including four years with Moto­
rola Semiconductor Products, Inc. Dr. Lindholm has been awarded a total of 
nearly $2.000.000 research funding as principal investigator for ~arious pro­
jects, and has published extensively, including.three books, four manuals 
and dissertations, and over 100 articles on transistors, modelling and solar 

cells. 

I 
I 
I 
I 
I Dr. Arnost Neuq~oschel.Dr. Neugroschel received his doctorate at the 

Technion Israel Institute of Technology. His thesis topic dealt with the 
interface properties of doped silicon. He served with Tesla, Inc. in Czechos-
lo-.,ukk for two years, doing work in bipolar transistors and microwave diode:, I 
properties. He has lectured at the U. of Florida for four years and received 
c:.n associate professor:;hip in c.lectdcal engineering in 1979. He published 

more than 20 Rapers on solid-~tate electronics and solar cells. 
I 

and spent two years at the U. of Illinois studying semiconductor interface 
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9. i~UP~~1 S. 

·9 .1. -~•t1.:''-",r,::...-e_t_f;.._r:._,r_l!1~_s_p_nni sh team. 

Per'.:-Cn rosition Per~ertaae of time 
worked o~ this project 

f,. Luque 

J.M. Ruiz 

/\. Cui:?v::s 
J. Egur~n 

erincip~l investi~ator 30% 
30% 

100% 
100% 

J • de 1 /, lr: no 

M. Rodri!,JO 

I nvcs ti g.::. tor 

Ir,vesti c1tor ., . 

Collaborc1tor 
Collaoorntor 

Laborer 

Fringe l:c1.efi ts, 10~: 

63% 
SOX 

U.S. trips (2 for one week) 
Er.pcnd:1blc 1:'.::iterinls (200 v1;;fcrs at 50$ each, processed) 

Co:nputr;r time 

Publicutioi!S* 

Equ .•1nr··-n'· (C1"lo"'' I .,._ I.. • _, " } 

I1~dircr.t cost:; 10·;: 
TOTAL: 

L 

Amount$ 

7 .337 
5.150 

14.220 
12.170 

6.660 
4.100 

49.637 
4.963 

54.600 

3.000 
10.000 

1.500 

40.000 
109.100 

10.900 

$120.000 
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·A, Direct lauor (salaries) 

J.G. Fossum (J.F.) Principal investigator . 
F.A. Lindholm (F.L.) Principal investigator 
A. Neugros~hel (AN) Principal investigator 

8. Direct labor (OPS) 

5% for 12 months 
5% for 12 months 
5% for 12 months 

Graduate student 50% for 12 months 

C. Fringe benefits 16% of direct labor (salaries) plus· $42/man/ 
month of direct l~bor (salJries) for State Health Insurance 
plus 1% of direct labor (OPS) for workman's and unemployment 

com!)ensation 

D. Expendable materials 
Si wafers, gases, etc • 

. E. Travel· - 3 one week trips to Spain 

i F. Publications 
.Reports, page charges for journal papers publi~hed 

G. Computer time 

1 hour at $500 per hour 

H. Total direct cost less equipment 

I. Equipment 
Instruments for electrical characterization of solar cells 

J. Total direct costs 
K. Indirect costs each 44.4% of direct cost· less equipment 

L. TOT AL COST 

.. 

.. 

$1,841 
2,744 
1.444 

7,134 

1,112 

1,000 

4.000 

1,000 

500 

20,775 . 

15,000 

35,775 

9~224 

$ 44.999 
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ncfc,·cr.c:cs. 

1. A. Cucv:~, A. Luque, J.M. Rufz. Bifacial Tra~scells for Luminiscent 
Soldr Concentration. Records of the I.E.D.M., p. 314, 1979. 

2. J. del Alrnno, J. Eguren, A. Lun,ue. Operating Limits of Al-alloyed 
High-Low Ju~cticns f~r BSF Solar Cells. Sent for public~tion to 
Solid State Electronics. 

3. J.G.Fossum et al., Physics Underlying the Performance of Back-Surface-· 
Field Solar Cells, IEEE Trans. Electron Devices, vol. E0-27, April 1980. 

4. A. Neugroschel, betermination of Lifetimes and Recombinat~on Currents 
in P-1~ Junction Solar Cells and D~odes, Annual Progress Report, Spain­
U.S.A. Cooperative Research Grant (III-P-3008), April 1980; also s~b­
mitted to IEEE Trans. Electron Devices, Jan. 1980. 

5. J.G. Fossum, A. Neugr9schel and F.A. Lindholm, A Unifying St~dy of 
Tandem-J~~ction, Front-Surface-Field,and Intcrdigitaterl-Back-Contact 
Solar Cells, Annual Progress Report, Spain-U.S.A. Copperative Research 
Grant (III-P-3008), April 1980; also submitted to Solid-State Electro-
nics, Jan. 1980. 

6. A. Luque~ Principles of Optimal Photovoltaic Concentration, submitted 
to Solar Cells, for publication. · 
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Andres Cuevas 

Born: August 23, 1953 in Ponfcrrilda (l.e6n). Spain 

Address: ~anzana:·es 11, Madrid 5, Spain. 

Educati :m: 

1969 High School Diploma, Ov~edo, Spain 

1975 Ingeniero de Telecornunicaci5n, Universidad Polit~cnica, Madrid 

1980 Doctor Ingeniero de Telecomunicaci5n, Univcrsidad Polit~cnica, Madrid 

Honors: 

1976 Awarded Matricula de Honor for his Project for the Ir.geniero Degree I 
1980 Awarded the highest grade on his doctor's thesis: Sobresalier.te,cum laude I 
Experience: 

1975-76 Research Associate in the Advanced Semiconductor Technology Project 
under C.A.I.C.T. In charge of the fabrication of a monolitic integra­

ted c.irc11i t R. F. 

1976-77 Research Cc,llaborator in the Technical Possibilities of Thin Coated 
Silicon Solar Cells Project, under C.A.I.C.T. 

1977-80 Research Collaborator in the Silicon Solar C~lls for Low Cost Bifa­
cial Stiltic Conr.er;tn.1tion Project, under C.A.I.C.T. In charge of 
the de~elopment of the sol~r transcell. 

Publications: 

- Disefio y fabricaci5n de un circuito int?grado 1nonolitico amplificador di­
ferencial/cascodo de R.F. Lab. SemiconductorPS Internal Report, E.T.S.l.T. 

No\'ernbP.r i976, Grcidu&tion Project A. Cuevas, C. Dehe:sa, G. SnL .• 

_ C6lul~s solares bifacialcs: un nuevo c~ncc~to en conversi6n de en~rgfa so­
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lar. Records of Meeting on Solar Energy, Madrid, March 1977. UPM/LS/E.T.S.I.T. 

0477. A. Luque, A. Cucvas, J. Egurci1, J.M. Gomez Agost. I 
· - Convers i 5n di rec ta de energia con concentradores est.a ti cos tiutorrefri gerados 

y celulas bifaciv.les. t-k:eting on So1nr Enei~gy, r,~adrid, March 1977. A. Luque, 

J.:'i. Gomez /\~;o:t, A. Cu~vas, J. Egu,cn. 

- Tra~scel1: A Nov~l ApproJch for Improving Static Photovoltaic Conc~nt~ation. 

l:eco1~ds UPM/EEIT /LS/08n. A. Luque, _A. _Cucvas, J. Egurcn, J.M. Gomez f"gost. 

- Cod:h: Sirlecl (l;n Solvr C<\1ls to l:;;nrove Stc1.tic Concentr;it·ion. 1977 E.C. 

Photc·:oHcic ::olar Ener9y Confcrer.c~. Luxemuo11rg, Sept. 1977. A. Luque, J.i1 • 

l?ui z, A. Cuev,1~, J. Egurcn, J.M. Gomez f1gost 
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A. Luque, A. Cuevas, J. Egurcn. 
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- Tran~cell, a Hovel Approach to Improve Static Photovoltaic Concentration. 
!SES International Meeting, New Delhi, 1978. A. Luque, J.M. Rufz, A. Cue­
vas, J. Eguren y J.M. G6mez Agost. 

Quasi-Static Concentratci Array for Double Sided Illuminated Solar Cells, 
!SES Meeting, Atlanta, May 1979. A. Luque, J.M. Rufz, A. Cuevas, J. Egu-
ren,- ,J. Sangrad:,r, G. _Sala, J.M. Gomez Agost, J. del Alamo. · 

High Efficier.cy Transcells and Vertica.l Multijunction Cells for Double 
Sided Concentrated Illumination, Proceedings of the 2nd E.C. Photovoltaic: 
Solar Energy Conference, 808, Berlin 1979. A. Cuevas, J. 3angrador, A. Lu­
que, J.M. Rufz, G. Sala. 

- Bifacial Transcells for Luminiscent Solar Concentration. IEDM, Washington, 
December 1979. A. Cuevas, A. Luque, J.M. Rufz. 

- A n+pn+ Cell for Optimal Double-Sided Concentration, 14th IEEE Photovol­
taic Spec. Conf., San Diego, January 1980. A. Cuevas, A. Luq~e y J.M. 
Rufz. 

- Expcrimenta·! Behaviour and Performance of.the n+pn+ Double-Sided Solar 
Cell. Submitted to the IEEE Transactions on Electron Devices, UPM/ETSIT/ 
LS/1779. A. Cuevas, A. Luque, J.M. Rufz. 

- Double-Sided n+pn+ Solar Cells for Bifacial Concentration. Submitted to· 
Solar Cells, UPM/IES/LS/1580. A. Luque, A. Cuevas, J.M. Ruiz • 
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ATTACHMENT 6 

Inter-office Memorandum 

To: 

From: 

Date: 

M. D. Goldberg 

Rodger Hardy(},\} 

November 21, 1980 

5 -~1~ - 111[)11 - ~ Solar Energy Research Institute 

Subject: Technical Review of Extension of U.S./Spain Joint Project 
on Bifacial Solar Cells 

The review of this Request for Renewal has been completed. The proposed 
research has been deemed to be technically meaningful and the funding 
level to be reasonable. 

In the opinion of this reviewer this program has great relevance to the U.S. 
Photovoltaics program. Since balance of system costs are so great in the 
U.S. it has been pointed out by Martin Wolf of the JPL Advisory Group 
that high cell efficiency is worth some extra cost for material and 
processing. By the same reasoning a non-tracking concentrator (for which 
the bifacial cell is being designed) is quite attractive if problems with 
the dyes can be resolved. Hence this approach is believed to have the 
potential of meeting long-range cost goals. 

In reading reference 1 cited by this proposal it was not at all clear that 
the unique situation of a bifacial cell immersed in a concentrator was being 
fully exploited. Usually a crystalline silicon cell must be made fairly 
thick to absorb the incident light. A trade-off must be made between that 
effect and minority carrier recombination when the carriers must travel too 
far through the thick base region. However in this unique situation a 
photon passing completely through the cell is not lost, but has the 
possibility of being utilized in another 'cell in the concentrator. Similarly, 
the outside of the collecting grid could be made reflective so that 
instead of "shadowing losses" the light would merely be reflected back 
into the concentrator. 

RH/jms 

cc: Don Feucht 
Jack Stone 
Tom Surek 

Form No. 800-03 (6-80) 
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Attachment 7 

U.S. - Spain Joint Committee for Scientific and Technical Cooperation 
Cooperative Research Project No. 3014 

Methane Production from Anaerobic Breakdown 
of Urban Solid Wastes 

Scientific Report 

r~thane production from urban solid wastes is but one source of this 

fuel gas. In order to evaluate the full potential of the nonconventional 

energy source, an inventory of the quantities of possible feed stock must 

be made. In addition to urban solid wastes there are many other sources 

of waste organic material that are potential candidates for this process. 

One characteristic of the methane fermentation process that makes it an 
• 

efficient energy producer is the ability to recover energy without first 

having to dry the material. Consequently, when evaluating the various 

feed materials, the moisture content becomes an important parameter. Dry 

material will generally have a higher energy yield when the energy is 

reclaimed by direct combustion. Conversely, a material with a high moisture 

content will generally yield more energy if the methane fermentation process 

is applied. One other factor to consider in methane fermentation is the 

biodegradability of the material. Certain residues are very resistant to 

microbiological attack. Consequently, these materials do not provide a 

suitable substrate for methane fermentation. 

An inventory of organic residues of various types was compiled by Adara. 

This inventory included all regions of Spain and residues originating from 

urban areas, including industrial wastes and sewage sludges, residues from 

~grj_c;:;ultural activitie5.5n_cllJding animal wastes and residues from forests 

and forest related industries. This inventory clearly illustrated that 

there is a limited number of cities that generate sufficient urban solid waste 

to justify the installation of this process. A production of at least 100 



2 

tonnes per day is required for this system. Consequently additional economic 

justification is necessary for installation of methane fermentation plants 

in the small cities. Incorporation of certain industrial solid waste and 

sewage sludge can significantly alter the economics of methane producing 

facilities. 

The role of the U.S. counterpart in this study was one of technical 

support. This support was provided in two forms. First, one week was 

spent in Spain (March 24-30, 1980) working with Adara engineers in 

evaluating the data being collected. Second, various technical reports 

and papers relating to similar studies in the U.S. were obtained for Adara's 
• 

staff. This provided supportive data for the evaluations of the residues 

generated in Spain. 

There was a shift in the scope-of-work. This is justified for the 

following reasons. First, knowledge of the quantity of energy that can be 

produced by this process must be available in order to properly assess the 

role of this energy source in the Spanish energy program. Identification 

of the sources of organics available and their associated quantities is 

essential to plan for future studies on the use of this process. Secondly, 

the funds allocated for the first year were totally inadequate to initiate 

new laboratory research. Had this money been available when Adara's labor­

atory facilities were equipped for these studies, they would have been 

adequate. However, the long delay in awarding these funds resulted in 

the laboratory activities being changed. Laboratory work has been proposed 

for the coming year and adequate funds have been allocated for these studies. 
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