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LEGAL NOTICE

This report was prepared as aresult of work sponsored by the Caifornia Energy
Commission (Commission). It does not necessarily represent the views of the
Commission, its employees, or the sate of Cdifornia The Commission, the Sate
of Cdifornia, its employees, contractors, and subcontractors make no warranty,
express or implied, and assume no legd liability for the information in this report;
nor does any party represent that the use of this information will not infringe upon
privately owned rights. This report has not been approved or disapproved by the
Commission nor has the Commission passed upon the accuracy or adequacy of
the information in this report.



PREFACE

The Public Interest Energy Research (PIER) Program supports public interest energy research
and development that will help improve the qudity of lifein Cdiforniaby bringing
environmentally safe, affordable and reliable energy services and products to the marketplace.

The PIER Program, managed by the Cdifornia Energy Commission (Commission), annudly
awards up to $62 million of which $2 million/year is dlocated to the Energy Innovation Small
Grant (EISG) Program for grants. The EISG Program is administered by the San Diego State
University Foundation under contract to the Cdifornia State University which is under contract
to the Commission.

The EISG Program conducts four solicitations a year and awards grants up to $75,000 for
promising proof- of-concept energy research.

PIER funding efforts are focused on the following six RD& D program aress.
Resdentid and Commercid Building End-Use Energy Efficiency
Indudtrid/Agriculturd/Water End-Use Energy Efficiency
Renewable Energy Technologies
Environmentally- Preferred Advanced Generation
Energy-Rdated Environmenta Research
Strategic Energy Research

The EISG Program Administrator is required by contract to generate and deliver to the
Commission a Feasibility Analysis Report (FAR) on dl completed grant projects. The purpose
of the FAR isto provide a concise summary and independent assessment of the grant project
using the Stages and Gates methodology in order to provide the Commission and the generd
public with information that would assist in making follow-on funding decisions (as presented in
the Independent Assessment section).

The FAR is organized into the following sections:
Executive Summary
Stages and Gates Methodology
Independent Assessment
Appendices
0 Appendix A: Fina Report (under separate cover)
0 Appendix B: Awardee Rebuttal to Independent Assessment (Awardee option)

For more information on the EISG Program or to download a copy of the FAR, please visit the
EISG program page on the Commission’s Web ste at:
http://Amww.energy.cagov/research/innovations

or contact the EISG Program Adminisirator at (619) 594-1049 or email
e gp@energy.date.caus.

For more information on the overall PIER Program, please visit the Commisson’s Web ste a
http://mww.energy.cagov/research/index.html.




Executive Summary

I ntroduction

This project devised a Copper Indium Disdenide (ClS) deposition method that is smpler, less
expendgve, and more effective than the prevailing methods. The Electrochemical Molecular
Layer Epitaxy (EMLE) method was developed in order to smplify the synthesis of eectronic
grade CIS films and reduce fabrication cogts for large photovoltaic (PV) modules. The project
targeted the energy problem of reducing the capital equipment cost for photovoltaic (PV)
modules production in order to make the cost of PV power systems competitive for California
ratepayers. It developed this new non-vacuum approach to fabricate high quaity thin-film
materidsfor PV modulesthat could lower the manufacturing costs by over 50% and increase the
PV module efficiencies.

The project addressed the PIER subject area of Renewable Energy Technologies. Within that
fidd, this project addresses the cost of manufacturing solar photovoltaic (PV) systems.
Worldwide PV markets have been expanding, with sales projected to exceed $12 billion by 2010.
PV could provide alarge portion of the state’ s dectricity needs without negeative impact to the
environment, but this potentid islimited due to the high initid cost of PV systems. In order to
mitigate costs, subsidized buy-down programs have been introduced so that PV power can
compete in the current energy market.

This EISG project explored a means to manufacture PV devices a lower cog. It created a norn+
vacuum fabrication method, specificaly targeting the commercidly important Copper Indium
Disdenide (CIS) PV cdl. CIStechnology isimportant because when fabricated with complex,
expensve |laboratory scae vacuum methods, CIS cdlls are more rdiable and efficient relative to
other thin film PV types. Unfortunately, currently exigting low-cost non-vacuum methods,
suitable for large-area cell manufacturing result in low-grade films, which require further cost-
intensive vapor phase treatments. The Electrochemical Molecular Layer Epitaxy method
integrates the low-cogt, large area features of €ectrodeposition with the atomic leve, or
nanoscale control of vapor phase epitaxial methods to produce high qudity CIS films at ambient
conditions from agueous solutions. The project impacts both the positively doped CIS (p-CIS)
date of the art solar cdll, aswell as the new flexible, lower cost negatively doped CIS (n-C1S)
solar cell being developed.

Objectives

1. Design, assemble and test new gpparatus and control software for nanoscale-controlled
electrodepogtion that iminates need for vacuum processng.

Identify critical deposition parameters.

Synthesize binary precursor films.

Andyze the thin-films with eectrochemica and surface andyticd characterization.
Extend the investigation to produce ternary CIS absorber layer.

Begin a process of commercia readiness
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Outcomes

1. A new non-vacuum dectrodeposition apparatus, including process control software, was
successfully designed, assembled and tested. The introduction of an unconventiond thin
layer flow cedll was the key eement that facilitated a precise e ectrodeposition process.

2. Theé€ffects of the sandard EMLE deposition parameters of temperature, eectrolyte
compoasition, deposition potentiad, and timing parameters were identified, aong with the
effect of dectrolyte volume,

3. The CuSe superlattice films (binary precursor films) were grown using three different
methods, which enabled the identification of the process parameters.

4. A seriesof samples comprising 500-800 layers deposited on Mo/glass were andyzed and
their composition determined. Film composition was tabulated as a function of the process
parameter values.

5. Thisproject led to a new method to produce a commercidly vauable ternary CISfilm,
CulnSe,. The results offer vauable ingghtsinto the role of process parameters alowing the
identification of a new meansto incorporate less noble metadsin CIS film as required for
high efficdency PV cdls

6. A US Patent was granted on May 8, 2001, based on the concepts underlying the new method.

Conclusions

While afully functioning production line is dill five years away, this project advanced the
science toward using non-vacuum, eectro-depostion for the production of thin film CISPV
cdls.

1. The new dectrodeposition gpparatus and methodology represents an important advancement
in dectro-deposition process technology. It could alow the subgtitution of inexpensive
electro-deposition hardware for the expensive vacuum deposition processng hardware
currently needed to produce CISthin film PV. Mgor gains were made in fine control of the
€lectro-deposition process.

2. The new eectrodeposition methodology, applied to the task of producing CIS thin film PV,
has the potentid to iminate vacuum processing, reduce processing temperature, diminate
the need for multiple eectrolytes, and iminate the need for post annesaling step. These
potential advantages must be demongtrated in a subsequent devel opment phase.

3. Theorigind objective of this project was to produce a binary precursor film of CuSe using
the new EMLE process, however, early success in producing the binary film alowed for the
project to be extended to include the successful fabrication of aternary Cu-In-Se materid
that congtitutes the solar cell absorber layer.

4. Characterization of the fabricated binary and ternary samples confirmed the feasihility of the
deposition process to produce high qudity layers. This result should support the fabrication
of CISPV filmswith converson efficiencies comparable to films produced using the
existing expensive process.

5. Theresults of thisresearch support the conclusion that through the commercidization of the
new el ectrodeposition gpparatus and methodology that the fabrication cost of electronic
grade CIS films could be reduced by at least 50% for large PV modules.

This EISG project has been timely and ingrumenta in launching an dternate thin film deposition
technology with the potentid for lower manufacturing cost. The research team learned how to
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provide fine control of the electro-deposition process. The EMLE method compares well against
other low-cost methods for CI'S deposition that are being developed for the current p-CIS solar
cdl, aswell asfor anew flexible, lower cost n-CI'S solar-cdl. Nearly dl other methods need an
expendgve, hazardous high-temperature selenization second step to produce device quality CIS
films. The results are particularly important for the production of low-cogt, high-volumeflexible
solar cdlls, based on n-CI'S technology.

Further, the results of this project include a new process representing entry into the field of
nanotechnology. This approach of eectrodeposition controlled at the atomic level presentsa
relatively smple, rapid and inexpensgive process to create a broad spectrum of complex
semiconductor superlattices, heterostructures and quantum well devices. The new findings and
their anticipated contribution to photovoltaics and nanotechnology are very important.

Benefitsto California

The project performed R& D on technology that holds many potentid benefitsto Cdifornia
electricity ratepayers and the state economy. The project technology has the potentid to:

Provide Cdiforniaratepayers with a viable cogt- effective PV technology.
Redlize an affordable, reliable, sate-of-the-art, clean and safe renewable energy resource
for Cdiforniaresdents.

Provide atimey codt- effective renewable energy option for distributed generation to
Cdifornia utilities and ensure energy diversity, quality and rdiability in the dectricity
markets.

Lead to new in-gate jobs and higher tax revenues, thus boosting Cdlifornia s vitdity and
the overdl economy.

Provide anew developmenta entry into the high potentia nanotechnology field.
Recommendations

The success of the feasibility study warrants further development of the new deposition method
to fabricate a complete solar cell. The next stage will advance the project to:
Extend the functiondity of the design, build and test a prototype deposition gpparatus and
control system suitable for use in fabrication of a complete n-CIS solar cell.
Advance the EMLE process to optimize the methodology for depositing al components
of nCISPV cdls.
Automate the equipment and process and produce a quantity of n-CISPV cdlsfor
operationd evauation and anayss.
Because there currently exists a complete infrastructure supporting the manufacture and
digtribution of the positively doped CIS (p-CIS) PV cdll, it isaso recommended thet this
project advance the process to synthesize the components of p-CIS PV célls.
Develop apreiminary production readiness plan to produce commercialy vigble PV
module manufacturing equipment.

The EISG project results provide the bases and the directions for future R&D to fabricate a
complete PV device. The method will evolve into an inexpensive, integrated system for large-
scae manufacturing of efficient PV modules. The scale-up will take advantage of the existing
automation and process lines designed for the eectroplating industry. The fina process will be
user-friendly, robust and reedily amenable to scae-up for mass production of PV modules.
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Stages and Gates M ethodology

The Cdifornia Energy Commission utilizes a stages and gates methodology for assessing a
project’slevel of development and for making project management decisons. For research and
development projects to be successful they need to address severd key activities in a coordinated
fashion as they progress through the various stages of development. The activities of the stages
and gates process are typically tailored to fit a specific industry and in the case of PIER the
activities were tailored to be appropriate for a publicly funded energy research and devel opment
program. Intota there are seven types of activities that are tracked across eight stages of

development as represented in the matrix below.

Development Stage/Activity Matrix

Stage 1 Stage 2 Stage 3

Stage 4

Stage 5

Stage 6 Stage 7 Stage 8

Activity 1

Activity 2

Activity 3

Activity 4

Activity 5

Activity 6

Activity 7

A description the PIER Stages and Gates approach may be found under "Active Award
Document Resources' at: http://mwww.energy.ca.gov/research/innovations and are summarized

here.

Asthe matrix implies, as a project progresses through the stages of devel opment, the work
activities associated with each stage needs to be advanced in a coordinated fashion. The EISG
program primarily targets projects that seek to complete Stage 3 activities with the highest
priority given to establishing technica feasbility. Shaded cdllsin the mairix above require no
activity, assuming prior stage activity has been completed. The development stages and
development activities are identified below.

Development Stages:

Development Activities:

Stage 1:
Stage 2:
Stage 3:
Stage 4:
Stage 5:
Stage 6:

Stage 7:
Stage 8:

Idea Generation & Work
Statement Development
Technical and Market Analysis
Research & Bench Scale Testing
Technology Development and
Field Experiments

Product Development and Field
Testing

Demonstration and Full-Scale
Testing

Market Transformation
Commercialization

Activity 1:
Activity 2:
Activity 3:
Activity 4:
Activity 5:
Activity 6:

Activity 7:

Marketing / Connection to Market
Engineering / Technical

Legal / Contractual

Environmental, Safety, and Other
Risk Assessments / Quality Plans
Strategic Planning / PIER Fit -
Critical Path Analysis

Production Readiness /
Commercialization

Public Benefits / Cost
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I ndependent Assessment

For the research under evauation, the Program Administrator assessed the leve of development
for each activity tracked by the Stages and Gates methodology. This assessment is summarized
in the Development Assessment Matrix below. Shaded bars are used to represent the assessed
level of development for each activity as related to the development stages. Our assessment is

based entirely on the information provided in the course of this project, and the fina report.

Henceit isonly accurate to the extent that dl current and past work related to the development

activitiesare reported
Devel Opment Assessment Matrix
Stages 1 2 3 4 5 6 7 8
Idea Technical Technology Product Demon- Market Commer-
. Generation & Market Research Develop- Develop- stration Transfor- cialization
Activity Analysis ment ment mation
Marketing

Technical

Engineering /

Legal/
Contractual

Risk Assess/

Quality Plans

Strategic

Production.
Readiness/

Cost

Public Benefits

The Program Adminigtrator’ s assessment was based on the following supporting details:

M ar keting/Connection to the Market. Thereaction of the scientific and PV industry
communities to this technology has been enthusiagtic. The project has not submitted a

preliminary business plan and no commercializer has been chosen. However, business-planning
information does exist, projecting market share growth to 2.85% in sx years. Further, letters of

commitment of funding from commercidizers are reportedly in place.

Engineering/Technical. The project met the proposed goals. Following early successes with the
deposition apparatus, it was decided that the effort and approach would be extended from a
binary compound to a more complex and technologicaly important ternary material. The ternary
material selected for study was CulnSe, which isused for the solar cdll rather than its precursor
compound CuSe which was initidly studied. The results from this extended effort did affirm the
viability and practicd utility of the EMLE approach to fabricate tangible PV energy converson

devices.

L egal/Contractual. The Awardee holds patents on the EMLE process aswell asonthen-CIS

technology.

Environmental, Safety, Risk Assessments Quality Plans. Although the Find Report

addresses the issue of Quality Planning, drafts of various planning documents are evidently not
available. Initid drafts of the following Qudity Plans are needed prior to initiation of Slage 4
development activity; Reliability Andyss, Failure Mode Andysis, Manufacturability, Cost and
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Maintainability Analyses, Hazard Andysis, Coordinated Test Plan, and Product Safety. This
information can be prepared as separate documents or as a Single document with multiple
sections, and it may be asmall document at this stage, but it should be created. Significant
planning information should be recorded within the Manufacturability, Cost and Maintainability

Analyses section, probably multiple pages of information.

Strategic. This product has no known critical dependencies on other projects under

development by PIER or elsawhere.

Production ReadinessCommer cialization. As previoudy indicated, a commercidizer has not
been selected. There are reportedly multiple candidates whose commitment isindicated by letter

of intent.

Public Benefits. The PIER program has four public benefit gods. The gpplicable god for this

research project is.

Reduced environmentd impacts of the California eectricity supply or transmisson or

digtribution system.

This project potentialy reduces the cost to manufacture PV cells. Lower cost cells could lead to
lower cost PV generation systems. Cost effective PV systems can increase the gpplication of this

technology and thus reduce the environmenta impact of dectric generdtion in Cdifornia

This project researched advancements in science meant to reduce the manufacturing costs of CIS

PV cdls. The Nationd Renewable Energy Laboratory published a paper titled “Issuesin Thin
Flm PV Manufacturing Cost Reduction”, authored by Ken Zwelbd. Table 5 - Modified is
adapted from Table 5 of this paper, after a private communication with the author. It shows
edimated capitd cogts for various thin film semiconductor deposition processes. The
advancements achieved in this project are expected to facilitate semiconductor deposition cost

reductions of CIS, column SE, which are presently about $26/n. These reductions could result

in costs similar to those shown for Electrodeposition CdTe, or about $1.80/nt to $4.00/n.

Table5 - Modified

SE Companies Initial Cost ($M) for
Process (status) ($/m?) 100 MW @ 10% Eff.
Sublimation of CdTe | $4.4 First Solar $31M
(commercial)
Electrodeposition $1.8-%4 | BP Solar $10M - $25M
CdTe (pilot line)
In-Linea-Si GD $30 Solarex, USSC $210M
(commercial)
Box Carrier (Batch) | $4 EPV $28M
a-Si (commercial)
High-Rate a-Si $14 $99M
(experimental)
High-Rate CIGS $26 Global Solar $186M
Evaporation
(experimental)
Silicon-FImTM $24 Astro-Power $16M

(experimental)

Reductions in semiconductor deposition process costs would lead to reduced manufacturing
fadility codts (shown in the right-hand column of Table 5) and, ultimately, reduced PV module

costs.
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The estimated module manufacturing cost drop as the production volume and module efficiency
increase. As seen from Table A, assuming alow 10% efficiency and low production volume for
near term manufacturing, and using the published value of $1.8/n? from Table 5, the anticipated
manufacturing costs are about $80/n¥. Further development to 15% efficient module and
incressed production volume, could lower the manufacturing costs to below $30/n.

Further costs reductions are anticipated for production of PV modules based on n-CIS since it
uses fewer materias and processing steps.

Table A. Manufacturing cost estimate for PV modules based on CIGSfilmsusing

I nter Phases approach
MTauéﬁl:;ng 2MW production 20MW production Higher ity
10% efficiency $80/nY $58/mf <<$50/nf
15% efficiency $52/nt $37/nv <<$30/n?

Note that the above andys's does not place amonetary vaue on the reduced environmenta
impact resulting from utilization of this syslem over dternative manufacturing methods. Neither
does it vaue the improved reiability anticipated from modules produced by this method.

Program Administrator Assessment
After taking into congderation: (a) research findings in the grant project, (b) overal development
status as determined by stages and gates and (c) relevance of the technology to Cdiforniaand the
P ER program, the Program Administrator has determined that the proposed technology should
be congdered for follow on funding within the PIER program.

Recaiving follow on funding ultimately depends upon: (a) availability of funds, (b) submisson
of aproposa in response to an invitation or solicitation and (C) successful evaluation of the

proposal.

Appendix A: Fina Report (under separate cover)

Appendix B: Awardee Rebutta to Independent Assessment (none submitted)
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