
 

 

 

 

N O T I C E 

 

THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 

CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 

INFORMATION AS POSSIBLE 



O%k, ,

5101.276
	

DOEIJPL-1012-110
Flat-Plate
	 Distribution Category UC-63b

Solar Array Project

A Summary Report on the
Flat-Plate Solar Array Project Workshop
on Transparent Conducting Polymers
January 11 and 12, 1985

Ram Kachare
Jovan Moacanin

,NASA —CH-1763)2) A SUMMARY REPORT ON THE	 N86-11669
FLAT — PLATE SOLAR ARt(AY PROJECT WORKSHOP ON
TRANSPARiMI CONDUCTING POLYMERS (Jet
Propulsion Lab.) 51 p HC AJ4 /8F AJ 1

	

	 Uncias
CSCL 10b G3/44 27657T -

MOV 1985
REMOM

mnM
i ammMw

August 1, 1985

Prepared for
U.S. Department of Energy
Through an Agreement with
National Aeronautics and Space Administration
by
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California

JPL Publication 85-60

1	 4



^......... 4

TICMN K/

1. Report No.	 85-60

F

Z- Oovofwrad Aecomlon W. 3. Recipient's Catalog W.

4. Title and Subtitle S. Report Doto

A Sunmary Report on the Flat-Plate Solar Array Au ust 1	 1985
6. Performing Organization CodeProject Workshop on Transparent Conducting Polymers

7. Authors) 8. Performing Organization Report W.
R. Kachare, J. lioacanin

9. PiarWoing Orgonizetksn Nome and Addren 10. Work Unit No.
JET PROPULSION LABORATORY

11. Contract or Grant W.California Institute of Technology
4800 Oak Grove Drive NAS7-918

13. Type of	 nd Period Covered

JPL Publication

Pasadena, California 91109

12. Sponsoring Agency None and Addren

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 14. Sponsoring Agency Code
Vashington. D.C. 20546

15. Supplementary Novas 	 Sponsored by the U.S. Department of Energy through Interagency
Agreement DE-A101-76ET20356 with NASA; also identified as DOE /JPL-1012-110 and as
JPL Project No. 5101-276 (RTOP or Customer Code 776-52-61).

16. Abstract
This report describes the proceedings and technical discussions of a

workshop on Transparent Conducting Polymers (TCP) for solar cell applications,
held in support of the Device Research Task of the Flat-Plate Solar Array
Project.	 The workshop was held on January 11 and 12, 1985, in Santa Barbara
California.	 Participants included university and industry researchers. 	 The
discussions focused on the electronic and optical properties of TCP, and on
experimental issues and problems that should be addressed for high-efficiency
solar cell application.

17. Key Words (Selected by Author(s)) 	 18. Distribution Statement

Power Sources	 Unclassified-unlimited
Crystallography
Solid-state physics

19. Security Clauif. (of this report) 3D. Security Clanif. (of this pope) 21. No. of Pogo 22. Price

Unclassified Unclassified



5101.276	 DOE/JPL-1012.110
Flat-Plate
	 Distribution Category UC-63b

Solar Array Project

A Summary Report on the
Flat-Plate Solar Array Project Woi ksnop
on Transparent Conducting Polymers
January 11 and 12, 1985

Ram Kachare
Jovan Moacanin

August 1, 1985

Prepared for

U.S. Department cif Energy
Through an Agreement with
National Aeronautics and Space Adminis±rat;on
by

M Propulsion Laboratory
California Institute of Techr,oic,91:
Pasadena, Cakiorrna

Jr'L Poblicatior, d^60

y

a	 _

oL+us arasA3w ^^^ _..d> >mr-..-rte....., ...a+^..^., --^..-^c.......^.....^.^s.:.....^> r... +^ 	 _ ,..^era..m*r ^ nap„m^^( 	 , \ ^ ^ t 1



Prepared by the Jet Propulsion Laboratory, California Institute of Technology,
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ABSTRACT

This report describes the proceedings and technical discussions of a
workshop on Transparent Conducting Polymers (TCP) for solar cell applications,
held in support of the Device Research Task of the Flat-Plate Solar Array
Project. The workshop was held on January 11 and 12, 1985, in Santa Barbara,
California. Participants included university and industry researchers. The
discussions focused on the electronic and optical properties of TCP, and on
experimental issues and problems that should be addressed for high-efficiency
solar cell application.
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SECTION I

INTRODUCTION

A Flat-Plate Solar Array Project (FSA) Workshop on Transparent Conducting

Polymers (TCP) was held on January 11 and 12, 1985, in Santa Barbara,

California. Jovan Moacanin of the Jet Propulsion 1 , ;,00ratory (JPL) arranged
the workshop and was its chairman; the format was informal. The attendance,
by invitation, was 23, including eight v:.iversity and two industry researchers.

The objective of the workshop was to assess the status of the electronic
and optical properties of TCP and related technological developments and to

define theoretical and experimental issues and problems that should be
addressed for high-efficiency solar cell applications. Needs for optical

trans=a::ency and electrical conductivity are self-evident, but other properties
are also important. These include surface passivation to minimize surface
recombination velocity, matching the refractive index of silicon, and virtually
zero surface reflectivity for antireflection (AR) coating. Other solar cell
applications include replacement of front-surface and back-surface metal
contacts of silicon solar cells.

Some of the important questions that were addressed during the workshop
were:

(1) Is a transparent highly conductive polymer theoretically and
experimentally possible?

(2) How will a candidate TCP and its processing affect solar cell

surface properties, such as interface density of states and
recombination velocity?

(3) If we understand the mechanisms of polymer conduction and optical

absorption, will it be possible to design structures that optimize

optical, electrical, and passivating properties?

Answers to these questions would help in planning research activities.

For example, although not much is known about the electrical characteristics
of the polymer-semiconductor interface, one may expect that by judiciously
matching a conducting polymer and a semiconductor (e.g., p-doped polymer on
p-type silicon), electrical contact appr.iaching ohmic characteristics should
be obtained; theory indicates that this should be the case.

1
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SECTION II

SUMKARY OF THE PRESENTATIONS AND DISCUSSIONS

Jovan Moacanin of JPL noted, after opening and introductory remarks,
that the objective of TCP research is to prove concept tissibility of using
TCP as an electroactive solar ce.l component. Research activities include
studies of representative systems [e.g., Si/poly,.?yrrole)], conductivity
mechanisms, and new TCP materials.

The key requirements that TCP should meet for various applications to
develop high -efficiency silicon solar cells are:

c^

Spectral range

Transparency

Rrfractive index

Surface recombination velocity

Interface density of states

Conductivity

Contact resistivity

0.4 - 1.0 µm

95%

>1.5 - 2.0

<103 cm/sec

<1011 /eV

>10 5 ohm-1 cm-1

10-3 - 10-7 ohm/cm2

Table 1 shows optical absorption for TCP layers versus sheet resistance.

Kris Koliwad, JPL, discussed the focus of high-efficie :cy research in
FSA in the context of the Department of Energy five-year Plan. He described a
n/p/p+ silicon solar cell structure and discussed the various causes of
carrier losses that contribute to the conversion efficiency degradation. He
pointed out that a polymer can be used as front-surface and back -surface metal
contacts if it has metal -like electrical conductivity. It would be
advantageous if it reduced recombination bases where the contacts formed an

Table 1. Absorption and Conductivity as a Function of Thickness

Absorption Thickness for 90%
coefficient, Transmission, Conductivity (Q),

cm-1 µm 10,000 ohm 1 cm 1

100 10.54 0.095

1000 1.054 0.95

1x104 0.1054 9.50

1x105	0.01054	 95.00

3
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interface with the semiconductor. It was also suggested that if a polymer has

suitable refractive index and good optical transparency, as well as excellent
surface passivation properties, then it can be employed as Alt coating and
surface passivator. Thus, if a polymer possesses suitable electrical, optical,

and surface passivation properties, then it can simultaneously serve as front-
surface and back-surface metal contacts, Alt coating, and surface passivation.

S. Di Stefano, JPL, reviewed available conducting polymers that may be

of interest for solar cell applications. Though the electrical properties of

poly (acetylene), poly ( pyrrole), and poly ( paraphenylene) are known, not much is

known about their optical and interfacial properties on semiconductors. The
primary concerns expressed to obtain good film quality include adhesion,

chemical stability, morphology and density variations.

Initial results of a study on poly (pyrrole) were discussed. An

electrochemical method was used to deposit poly (pyrrole) on a silicon surface

from an acetonitrile solution containing 0.1 mol tetra-butyl ammonium
perchlorate and 1.0 mol pyrrole. A setup to measure quantum yield was
described and preliminary absolute quantum yield data that were obtained in
the 500- to 1040-nm wavelength region on n-Si/polypyrrole /MeOH for various

polypyrrole thickness ( 100, 1000, 2000 and 4000 A) were presented. The

purpose of this study was to prove the feasibility of assessing TCP
performance using a liquid semiconductor interface configuration.

Professor Nathan Lewis, Stanford University, presented his extensive

results from a quantitative investigation of the open -circuit photovoltage

(Voc) at the interface between a semiconductor and liquid electrolyte. In
particular, he discussed the treatment of the energetics at semiconductor/

liquid interfaces as a means of evaluating the intrinsic properties of the

semiconductor (e.g., bulk carrier transport, Fermi level pinning by surface

states, etc.). Experimentally, the open-circuit voltage of a semiconductor/
liquid junction is determined directly by measuring the voltage between a

semiconductor electrode under illumination and a platinum control electrode in

a two-electrode cell configuration. Lower than ideal Voc values were
observed; this may reflect poor diffusion length in bulk semiconductor,

classical tunneling over the barrier, or the effects of surface states. The

same technique can be used to evaluate the properties of semiconductor / polymer

interfaces. Preliminary quantum yield measurements on n-silicon / poly(pyrrole)

ind-&cate that for thin layers of the polymer, absorption of light by the

polymer obeys Beer's law.

Professor A. Heeger, University of California at Santa Barbara, addressed

the issue of the feasibility of achieving good conductivity with acceptable
transparency. He applied the theory of free electrons in metals to conducting

polymers. This approach was used for the first time to interpret the optical
properties of polyisothionaphthene (PITN), which is a highly transparent

conducting polymer (a- z 50 S2- 1-cm-1 ). The polymer has the smallest band
gap of any known conducting polymer: E  z 1 eV.

If one can treat the heavily doped polymer (doped to 20% to 50%) as a
metal with free electrons, the absorption of such a polymer is determined by
the frequency-dependent conductivity (a). In the simple free electron model

0- (m) - 0'0 /(1 + W2-y2)
	

(1)

4
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where QO - Ne 2 y/m is the do conductivity arising from N electrons (mass m)

per unit volume with a mean scattering time y. The corresponding absorption
coefficient can be expressed as

an 21/2(w
/e)

12 + E22- Xj l/2	 (2)

where

E 1 - cc - 47rr(w)	 ( 3) a

E2 - 47r/w	 (3)b

and c c is the core (high frequency) dielectric constant. Equations 2 and 3
imply that for the free carrier absorption to be weak, w y >> 1 in the frequency
range of interest. For PITN, the data of Figures 1 and 2 imply w yl at

h w = 1 eV; i.e., Y z 10 -15 seconds. With this magnitude for the scattering
time (surprisingly long for a disordered polymer such as PITN), the observed
transparency after doping can be understood. Undoubtedly, the underlying
physics is more complex than this simple model. Nevertheless, these ideas
provide a sound !oasis for more detailed analysis of the polymer problem.

In the long wavelength limit (WY < 1), the absorption coefficient is
given by the classical skin-depth expression

a - ( 2 /c)(27rO ) l/ 2
	

(4)

Using Equation 4 and the data of Figures 1 and 2, the expected change in do

conductivity upon doping can be estimated. The long-wavelength data for the
as-grown and the heavily doped films imply an increase in a by much more than
an order of magnitude on doping. These infrared data, therefore, would imply
an increase in do conductivity by more than two orders of magnitude, to values

>103n 1 - cm-1 in the heavily doped samples.

After the above noted theoretical discussion, Professor F. Wudl, University

of California at Santa Barbara, described various approaches to the synthesis

and characterization of poly(isothionaphthene), PITN. PITN is prepared from the

monomer, isothionaphthene, by means of oxidative polymerization from an
electrolyte solution containing tetraphenylphosphonium chloride. The p-type
doping of the polymer was found to be electrochemically reversible (13,000

cycles, no measurable change), but it cannot be reversibly doped using n-type
dopant. The polymer exhibits excellent thermal stability as shown by USC and

TGA measurements. Also, the polymer is stable to electrochemical cycling as
evidenced by the unchanged shape of the cyclic voltammograms after 13,000 cycles.

A most interesting feature of undoped PITN is that its electronic

spectrum consists of an intense intraband absorption with a maximum at

880 nm. A weak second absorption band at 1,350 nm was also observed. The

5	 _!,"
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880 nm intense band of the undoped polymer disappears after doping.

Significant decrease in absorption of the heavily doped PITH polymer was
observed in the visible region. Also, after doping, there was no indication

of an energy-gap variation over the spectral range studied, indicating that
PITH is metallic in this respect. The observed spectral changes are

reversible. These observations should be compared with other doped polymers,
including polyacetelyne and polythiophene, for which the absorption
coefficient remains large throughout the visible range of tilt spectrum.

Although oxidative polymerization by electrochemical means is a method of
choice for the synthesis of PITH, it can also be synthesised by a chemical

cationic polymerization method.

Professor R.H. Grubbs, California Institute of Technology (Caltech),
described a novel synthetic approach for TCP and provided a few examples of a

new class of conducting polymers based on a polyacetylene skeleton. This
process yields high polymers that are transparent and that can be characterized
by various spectroscopic techniques, including NNK, IR, Raman, UV and visible
as well as ESCA. These polymers have been doped with the usual dopants,

including AsFS and 12, to produce high-conductivity metal-like polymers.
The unique feature of the approach is that the synthesis results in a polymer

that is amenable to extensive characterization of the bulk molecular structure.
Another advantage of this approach is that subsequent to synthesis, the undoped
polymer can be stored indefinitely and can be deposited on a surface by
spinning technique, then doped to the required level. None of the other
techniques currently used in TCP synthesis provide purified, characterizable
polymers; hence, establishment of fundamental relationships have not been

possible until now between molecular structure and physical properties,
including optical and electrical. It is intended to exploit this capability
for controlled synthesis for development of a molecular modeling approach.
Initially, ionization potentials (IPs) of small oligomers will be calculated

and then validated by experimental studies of their Us as we'_1 as their
optical and electrical properties. If successful, this modeling will be

extended to polymers. This close coordination of theoretical model
development with the synthesis and characterization studies will help to

provide direction to the synthesis approaches in selecting the polymer with
the best combination of properties.

4
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SECTION III

CONCLUSIONS AND RECOMMENDATIONS

The workshop discussions focused on identifying key issues that must be

addressed to develop a useful TCP for solar cell applications. The concensus

was that, overall, the prospects for a successful outcome are bright. This

optimistic viewpoint is based on developments during the last few years. The

theoretical analysis (Heeger) based on the free-electron Drude model makes the
crucial prediction that the absorption band may shift as conductivity
increases, increasing dopant concentration. Recent results on the newly
developed PITN polymer (Wudl) provide experimental support for this
prediction. This is an important result, because virtually all known
conductive polymers are dark. Advances in controlled synthesis of substituted
acetylenes (Grubbs) provide realistic expectations that preparation of

conducting polymers of well defined structures is at hand. Furthermore, known
oligomer and polymer structures (Grubbs) will provide a unique tool for the
experimental validation of theoretical predictions of polymer work function

(McKoy) which are currently being carried out.

Electrochemical experimental techniques for investigating the energetics

of the liquid-electrolyte/semiconductor interface are well understood
(Lewis). Preliminary results showed that these techniques are applicable to
the TCP/semiconductor interface (Nagasubramanian and Di Stefano). These

results show that interface characterization can be carried out. This area
needs a great deal of attention. There is virtually no published work on

electrochemical interface studies, although research on conducting polymers
has been done for the last 10 years or so. A related issue is surface

passivation of both the front and back surfaces of a solar cell. TCP may have
potential as a surface passivant because only low temperature processes are

required for their application, and considerable latitude is available for
controlling interface chemistry; this can range from controlling surface

eaergetics for Van der Waals bonding to covalent bonding (silane coupling
agents?) for chemical interactions with surface states.

The stability and long-term durability of TCP will have to be studied on

solar cells or at least on test configurations that simulate one or more cell
functions. Work in this area and in those related to manufacturing processes
are essential. to the successful development of a practical TCP technology.

But the first priority should be given to synthesizing new TCP systems that
are better than those currently available, and evaluating their performance in
a way that is meaningful to solar cell performance.

Based on the above conclusions, the following recommended actions for
the next 18 months were developed during the concluding session of the
workshop:

(1)	 The Jet Propulsion Laboratory should set up capabilities for

evaluating TCP on solar cells and in test configurations that
characterize the TCP/semiconductor interface. JPL should carry

out evaluation and characterization of TCP for all the participants
in the program, to ensure a meaningful comparison of the various

TCP systems as they are developed.

9
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(2) Studies on polyprrole as a representative system should be
continued, but PITN should be considered as the next candidate
material because of its promising properties.

(3) The feasibility of predicting theoretically the TCP work function
should be assessed.

(4) Process of the TCP task should be reviewed by JPL in six to eight
months; informal discussions will be carried out with the
participants in the program. One of the purposes of the review
will be to decide on the suitability of planning a research forum
on TCP in the second half of 1987. Recommendation was made to
seek joint sponsorship with another government agency.

rt •,
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I NTRODUCTION
)ET PRC t3ULSION LABORATORY

.010var► ►Jloacanin

FY °I 98 fi-FY 1986

1.5-2 i
< 104 cm/s

< 10 11 eV

PRECEDING PAGE BL;

C1i. ,ctiw e:

Pay r concept foasibility of using TC.P as solar-cell electroactive component

ftee.a ,W^ ActivIrivs:

• HLpresantative :,, ystems (e.g., Si/polypyrrole)

• Depo:.ition on Si
• TCP structure

e Interface characte0zation

j, Lar+ductivi.y mechanisms
* Theory

• Representative model systems characterization

New TCP materials

Requirements

Slracrei range	 0.4 — 1.0 µm

Transparency	 > 95%
	

f_. 1

Refractive index

Surface recombination velocity

Surface states density

Conductivity

Centact resistivity

Ohmic contact
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Synthesis

Representative systems:	 controlled conditions, known
structures, stable

Model structures:	 support theory and mechanisms

Candidate materials: 	 guided by electrical-optical-interface
models

Key Milestones

Workshop	 January 1985

Progress Report 	 July-September 1985

Research Forum	 May 1986

Research Agenda 	 July-September 1986

16



TECHNICAL ISSUES OF HIGH-EFFICIENCY
SILICON SOLAR CELLS
JET PROPULSION LABORATORY

Kris Koliwad

DOE Goal

"The five-year goal of flat-plate collector research

is to establish the technologies by 1988 which

industry can apply to the production of 15%-

efficient crystalline silicon modules..."

National Photovoltaics Program Five- year Research Plan 1984 - 1988 -

Photovohsics: fkorrcity From Sunhght, page 16, U.S. Department of Energy, May 1983

Introduction

• Module efficiency of 15% (NOCT) requires solar cells of efficiencies in the
range of 18% to 20% (AM 1.5)

• Attainment of such levels of solar cell efficiencies using large-area and low-cost
silicon sheet is beyond the state of the art

• Inadequate quality cf the low-cost silicon sheets and the inherent limitations of
the state-of-the-art cell structures are the primary barriers

• Extensive research is required toward improving the quality of low-cost silicon
sheet and extending the understanding of device physics, design and processing

a
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Efficiency Limits

• Based on fundamental physical mechanisms, the absolute efficiency
limit for silicon solar cells is above 30%

• The best efficiency reported to date is 19% (AM1)

• Float-zone silicon sheet

• 2 x 2 cm cell area

• MINP cell structure using tunneling contacts

• The best efficiency achieved to date on low-cost silicon sheet
is 16% (AM1)

• Dendritic web ribbon

• 2 x 2 cm cell area

• n + PP + cell structure

• Carrier recombination losses within the bulk and at surfaces of
the cell largely account for the difference

18



Primary Causes of Losses

V

1.	 Light-generated current:
A. Optical surface properties (reflection)
B. Contact coverage
C. Incomplete absorption (thickness)
D. Recombination outside depletion region

(bulk and surface, including contacts)
E. ("Dead layers")

2. Open-circuit voltage:
A. Recombination outside depletion region

(bulk and surface, including contacts)
B. Band-gap narrowing
C. "Current leakage"

3. Fill factor:
A.

B. Same as open-circuit voltage
C.

D. Recombination in depletion region
E. Series resistance

Conversion Efficiency 10% 17%

1.	 Lrphi Generated Current:

Fundamental limit IAM1) 44 mA cm 2

0.97 0.95 1:0. 021A.	 Optical surface properties Ireflectionl
B. Contact coverage 0.966 0.97
C. Incomplete absorption lihickness)
0. Recombination outside depletion region 	 '

(bulk and suilace, includingg contacts)
E. 1" Oead layers")

0.92

1.0

0.88

Assumed)
1.0

Overall collection efficiency. 0.86 0.81
Light generated current (AM1) 37.9 mA cm -2 35.5 mA cm-2

2. Open Circuit Voltage:

Fundamental Limn: 0.836 V
A. Recombinetron outside depletion region

lbulk and surface, including contacts) 0.60 0.54

B. Bandgap narrowing
C. "Current leakage" 10 1.0

Open circuit voltage 0.661 V 0.594 V

3.	 Fill Factor

Fundamental Limit 096
0.84 0. 84A	 (

B.	 ((	 Same as open circuit voltage
C	 1 10 1.0
0	 Recombnation in 	 region 097 0.975
E	 Serves resistance 0 98 0.975

fill factor 0.80 080

19
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Research Approaches

• Bulk loss cxitrol
• High-quality sheet growth (high T)

• Bulk defect passivation
• Carrier lifetime measurement techniques in heavily doped thin layers

• Surface loss control
• Fundamental understanding of the origin and nature of surface-

interface states and surface recombination mechanisms
• Surface recombination velocity measurement techniques
• Surface passivation

• Process
• Heavy doping effects
• Innovative current collection desig, is (e.g., tunneling contacts,

chargeable transparent conductin{ ), polymers)

• Modeling
• Better phenomena simulation
• Process sensitivity analysis
• Designs for effective loss reduction

Summary

• Achievement of 20% efficient large-area solar cells using low-cost
silicon sheet is a difficult task and it requires:

• Understanding of all aspects of carrier recombination losses

• Innovative designs and processes based on sound modeling

• Research is showing promising results
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WAR	 Ti•Pd-Ag	 Si02, + 100 10 150 APOLY Si In')

300 TO 4

POL Y S' I

300 to 400 A Ti PdAq	 At BSR 1 TO 2 µm

n•, 0.15T00.2pm

CONDUCTING POLYMERS FOR SOLAR-CELL
APPLICATIONS

JET PROPULSION LABORATORY

G. Nagasubramanian

S. Di Stefano

p/n Junction Cell

• Effects of metallization
• Surface loss
• Introduction of surface state (increase recombination velocity)
• Diffusion of metal into bulk

• Polymers are known to passivate surface states



.

Desirable Criteria

• Transparent to light with E >> 1.1 eV

• Should form an ideal interface with Si

• Persistent adhesion to the surface

• Protection of the surface from degradation

• Good electronic conductor

• Refractive index less than or equal to that

• Easily processible

• Mechanically robust

• Electrochemical and chemical stability

• Large electronegativity

Well-Known Conducting Polymers

• Polymers that form highly conducting compositions

POLYMER	 DOPANT	 CONDUCTIVITY

IC - C- In	 Li, C104	=100 - 1000 0 -1 cm-1

POLYIACETYLENEI

N	

n	

BF4	 = 100	 11-1 cm-1

POLYIPYRROLEI

n

AsF5-	 =500	 0-1 cm -I	?

POLYIPARAPHENYLENEI

• Not much is known about optcal properties—absorption
coeff - 10 5 cm - 1

• Much less is known about interfacial properties of these materials
on semiconductors

24
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Primary Concerns for Obtaining Good Film Quality

• Morphology and processability

• Density variations

• Effect of counterion or solvent

• Chemical and electrochemical stability

• Adhesion

Oxidation Reduction Potentials
of Polymeric Species in Solutions

OXIDATION

PPP	 H2O

REOUCTION

PMeT

	

	 I I PP PP	 PPP
PA

^	 11

PMei +	 02

1.6	 1.2	 0.8	 0.4	 0.0	 -0.4	 -0.8	 -1.2	 -1.6	 -1.0

V vs SCE
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Electrochemical Synthesis of Poly(pYrrole)
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BIAS - +0.7 V vs SCE

OXIDATIVE POLYMERIZATION OF PYRROLE: MECHANISM

H
h'	 ^
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N —^ N —^ N H

	

H	 H	 H

-2H'
H	 h'

N O	 H
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n ^-- -	 N

N

H

i
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ECB

10g E

(A+W

4B

Ef
4 Is

1
J

2
0

^fWQ
^I

Ef E

«iai

THE POLYMER/SEMICONDUCTOR INTERFACE
STANFORD UNIVERSITY

N. Lewis

Figure 1. Interfacial energetics for an n-type semiconductor-liquid
junction. At left: the situation at the flat-band cond-
ition, before charge transfer equilibration has taken place
between the semiconductor and the liquid. Right: energet-
ics after charge transfer equilibration with the redox
species A+/A.
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Wcc
VOHO
f

2

s .

4

I

APPLIED VOLTAGE

Figure 2. Schematic of photoelectrochemical cell, based on a semicon-
ductor/liquid junction, for the conversion of light into
electricity. Left: orradiation of the photoanode results
in current flow, but no net change in chemical composition
of the cell. Right: the electrical parameters of such de-
vices and the relationships of the open-circuit voltage,
short-circuit current, fill factor and cell efficiency.
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Open-circuit hotovolta a vs solution redox potential for n-Si and	 SiP	 P	 g	 P	 p-Si
 in 1.0 M KCl/CH3OH solution. The redox couples used

were: (a) cobaltocene +70 , (b) N,N'-dimethyl-4,4'-bipyridinium
dichloride2+/+ , (c) N N'-dibenzyl-4,4'-bipyridinium dibromide 2+1+ (d)
decamethylferrocene+76 (e) N,N,N',N'-tetramethylphenylenediamine+76
(f) dimethylferrocene+'/0 , (g) ferrocene +70 And (h) acetylferrocene^7O.
A tur►nsten-halogen bulb was used to provide light intensities that
yielded short-circuit photocurrent densities of 25 to 30 mA/cm2.
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ELFCTRICAL VERSUS OPTICAL PROPERTIES
UNIVERSITY OF CALIFORNIA, SANTA BARBARA

For a metal (free electron)

EIw) = Ec _ 4xNe2
m w2

E lw ► = Ec	
2w

wp2 = 4^rNe2 = plasma frequency
m

Put in damping
wp2

^Iw) = ec —
w(w + i/r)

I

i

5

i, i;CE' W NG PAGE BLANK NOT FILMED
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W

i

!V

For conductive polymers:

After doping to "metallic" levels

N is relatively small (low density materials,

high molecular wt. of monomer

doped to 20% — 50%

I 

I intramolecular absorptions

For w>wp	 a>0

e=n2=ec

R = n - 1 2
^n + 1)

For w < wp	 e < 0

n --+ pure imaginary

Numbers:

wp = 4wNe2
M*

=2x1O9N

Perfect reflection

R

Thus for

	

N	 hwp

	

1023	= 0 eV

	

1020	- 0.3 eV

	

10 18	- 0.03 eV
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f  = E 1(w) + i E2 (w)

= E 1(wi + i my °Iwl

E (w) ' ec — w(w + ilri

For a metal	 1

s _ w 2r2	 4w 4x wp2 7
E(w1	 Ec	

1 + w r+ i w 1 + w2r2
°(w)

40 W 2 N2+7/M2
°(wl	 1	 w r	 1	 w r

°Iwl	 ^̂
_/

w- 7'

i.r

Criteria for a transparent conductor

fswp < visible 0.5 eV) (low carrier density)

wpr >> 1 (little absorption at higher frequencies)

	

No intramolecular transitions	 (e.g. ° — 6*)

Note: for wpr > 1, conductivity is high.

y
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PO LY( ISOTH IANAPHTH ENE)
UNIVERSITY OF CALIFORNIA, SANTA BARBARA

F. Wudl

The title polymer was prepared by several different approaches.
Electrochemical polymerization of isothianaphthene is strongly
electrolyte-dependent; non-nucleophilic anions produce
poly(dihydroisothianaphthene), whereas nucleophilic anions (Br
C1 ) allow formation of the title compound. The latter, either
in a Bronsted acid (HSO4 • nH2O-doped form or chloride-doped form
is a better conductor than polythiophene by none order of magni-
tude and about as good a conductor as poly(3-methylthiophene).

1 • IH2SO4), • (H2O)y

b

.	
SO4

	 1 . gr=

4	 2

d

	

i - A '203 	 c - Li6r, 1.5 V

	

b - H2 SO4	CH3CN

/ A- LAF4, 1.5 V
CH3CN

S	 )"

3

ISOTHIANAPTHENE

S

1

PRECEDING PAGE BLANK NOT 
FILMED
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SOME PROCESSING AND DURABILITY ISSUES
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

G. Wnek

Processing

1. Direct synthesis (chemical, electromechanical,
photochemical)

• Films

• Fibers

• Gels

• Foams

• Powders

• Composites (blends)

[. Synthesis of processable precursors
Examolas: "Durham" (CH)x

R	 ,R	 R	 R

^	 Q

CA i _#	 ^^ / ^^ yn

^ SSMUBIE	 R

I	 R

^h
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Solubilization of Done! Polymers JPolyelectrolytas ►

i. Allied

t. AsF 3 	_ AsFg 
,x, COM-JC1WES ^IVv --ems BLUE SOLUTION

2. AsF5

e. U. of Minn.

	

12 ILIOI	 12-

I / N \	 CONDUCTIVE FILM

H

in. MIT

HS03C1

ICHIj -----	 GLUE S(X;ITION
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Solubilization of Pristine Polymers

a. Grohs (MIT, Bel laW	 ^^

	_ 	 o /^ oM.

PMMA

('04^

N. AOWCH 2 CH - CH CH2)m CHfC

}
H-CH-CHT-

I
I*8 - 8

-Ti-CH - CH -.,vvI
4

Mh POIYBUTADIENE MM
I

DIX

b. Blocks (MIT. Bell labs)

i. 'Wr CH2 CH li'	
Ti (OBU)q

Ph

I
-vvw CH2 CH-Ti-	 C2H2 IN

Ph

vo--^ CH 2 CH -^ CH - CH+r-WV

Ph

0

_	 II
ii. W, CH2 CH W - MeC C --I

Ph
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