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ABSTRACT

Photoelectrochemical and Electroreflectance study on
Organic Semiconductors.
by
Dharmasena Peramunage

Advisor:Professor Micha Tomkiewicz

Techniques, that are traditionaly used to study
Semiconductor/Electrolyte interface of Inorganic Semiconductors, such
as Electrolyte Electroreflectance (EER), Photocurrent Spectroscopy
and Impedance spectral Analysis, were used to study the Organic
Semiconauctor; Electrolyte Interface. Eventhough one expects compli-
cations arising from the special topology of the space charge layer
within the fibre and the possibllity of the film, undergoing chemical
changes in aqueous electrolyte, we could still extract useful data
specific for this interface.

EER of lightly doped Polyacetylene has two peaks.One
at 1.45%ev and other at 1,55 ev. These peaks were assigned tenta-
tively, to an excitonic transition and direct band to band transition.
EER of Neutral Poly-3methylthiophene (P3MT) has one peak at 2.05
ev, which could be fitted to a third derivative lineshape expected
from lowfield EER. Lineshape corresponds to a bandgap value of 2.1
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ev, and it confirms the quasi one dimentionality of the polymer. EER
of moderately doped P3MT showed an additional structure, which
could be correlated to a polaron level 0.15ev below the conduction
band. EER of both trans -(CH)X and PIMT showed evidence for firmi
level pinning.

Relaxation spectra of moderately doped P3MT shows a
flat band of about 0.7 v vs.SCE. Trans "(CH)X and neutral P3MT
gave Impedance spectra which could not be analysed in terms of fre-
quency independent passive elements,

The action spectra observed for trans -tCH)x and
PIMT were analysed, in terms of the Gartner model. Both polymers
were shown to be direct gap semiconductrors. The deposition of Pt
improved the photoresponse with the maximum somewhere around

.'bl:lo'?mol/cm2 .

-jy-



ACKNOWLEDGEMENTS

I would like to express my gratitude to my advisor Prof.Micha Tom-
kiewicz, who suggested the work described here, and providing nec-
essary guidance, with patience and encouragement during it's course.
Special thanks are however due to Professors in my committee, with
special reference to Prof. Seymour Aronson for stimulating conversa-
tions, and other assistance during the course of my graduate educa-
tion at the City University of New York.

I express my deep appreciation and gratitude to
Dr.David C.Ginley, who gave me this opportunity to work on this
project, in collaboration with Sandia National Laboratories, Alberqu-
erque, new Maxico, maintaining a constant supply of painstakingly
synthesised polymer samples, and most important of all financing this
project.

Thanks are also due to Messrs, Ottmar Safferling,
Marty Berman, Sol Colton, Patsy M.Bevilacqua, William C.Knoop Carl
E,Paparella, Vincent R.Pinkes, who always stood behind me with
their support and expert services throughout my work and, in gen-
ersl to all those who created a convivial atmosphere, making my stay
in New York enjoyable.

It was a pleasure to work with my colleagues Drs.
Withana Siripala, Padmanaban Parayantal and Mr.Yuan Renkuwn.

Finally I would like to offer my sincere thanks to my wonderful wife



Wimala for her dedication and encouragement during the course of

this work.

Dharmasena Peramunage.

Feb. 1986

..vi_.



to my parents & parents in law

with love and appreciation

“vif~-



CONTFNTS

Chapter 1 Introduction ... ... ... ... .. 1
1.1 Polymers with linear conjugation in the main chain 2
1.2 Polymers containing aromatic nuclei in the chain of
COMJUEALION .. ... . i ittt e 6
1.3  Electronic structure of polymers. ................. 9
1.4 Deping of organic semiconducters ................ 14
1.5 Is bond theory adequate for Organic
Semiconductors, ... ..., .. ... ... e 18
1.6 Semiconductor/Electrolyte interface :Space charge
effect .. ... . i e e e e 19
1.7 Photoeffect at the Semiconductor/Electrolyte
interface. ............. . . i i e 24
1.8 Layout ........ .. i e 26
Chapter 2 Experimental Techniques ......................... 29
2.1 Electrolyte Electroreflectance Spectroscopy (EER) 29
2.2 Photocurrent Spectroscopy ......... . ... . . . .. 34
2.3 Relaxation Spectral Analysis ..................... 36
2.4 Other Experimental Aspects., ........... e 42
2.4.1 Preparation of samples. ..................... 42
2.4.2 Electrode Configuration ..................... 44
2.4.3 Chemicals . ....... ... ... . i, 44
Chapter 3 trans Polyacetylene/Electrolyte interface. ......... 47
3 : EXPERIMENTAL RESULTS. ...... ... ...t iiiiiiinninnnnn 47
3.1 IR and Photoelectrochemical measurements. ....... 47
3.2 Electrolyte Electro Reflectance (EER)
measurements. ........ .00ttt 55
3.3 Measurements related to achieving homogeniety of

dopPIng. ... e e e 59



3 : DISCUSSION AND CONCLUSIONS. ....... ... i, 63

3.4 IR behaviour of Electrochemically doped

Polyacetylene. .. ... ... ... . . . . ittt 63
3.5 Photoeffect at the Lightly doped Polyacetylene

/Electrolyte interface. . ...........cicienrnnnenens 64
3.5.1 Photoeffect as a function of doping density. . 64
3.5.2 Influence of Scaking on thp Photoeffect of lightly
doped Polyacetylene. ................... ..., 66

3.5.3 Spectral response of Lightly doped
Polyacetylene. . ... ... .. .. . .. . .. i 68

3.6 Analysis of Electroreflectance data on
Polyacetylene/Electrolyle interface. ............... 69

3.7 charging characteristics of Polyacetylene electrode 73

3.8 Summary and conclusions. ................ .. ..... 74
Chapter 4 Poly 3-methylthiophene/Electrolyte interface. ..... 78
4 : EXPERIMENTAL RESULTS ..........ciiiiiiiririnr vnnavnnns 78
4.1 Photoeffects at the PIMT/Electrolyte interface. ... 78

4.1.1 'as grown' and neutral Poly
3-Methylthiophene. . ...... ..., 85
4.2 Impedance MEASUTEMENntS. . ......ooonneennnnnnenns 89

4.3 Quantum efficiency measurements with Pt(0) coated

P3MT electrode. ......... ... iiiiennssirnonnas 92
4.4 Observations relating to the stability of P3MT in
aqueous electrolyte. ................. ... . ... 95
4 : DISCUSSION AND CONCLUSIONS. ... ... ... .....iiieviinann. 97
4.5 Photoeffect at the Poly 3-methylthiophene/Electrolyte
interface ............... T 97
4.5.1 Variation of photoeffect with the doping
density. ... .. i e a7
4.5.2 Photoelectrochemical response of P3MT. ...... 98

4.6 Analysis of EER data on P3MT/Electrolyte
Interface. .. ...... ... . i iiira i 102



4.7 Relaxation spectral analysis of Poly

3-Methylthiophene., ................... .. ... ... ... 110
4.8 Attempts to improve Photoelectrochemical performance

of P3MT through the deposition of Pt. .......... 112
4.9 Stability of P3IMT in aqueous electrolytes ........ 115
4.10 Summary of the discussion and conclusions. .... 116

4.11 Comparison between the trans-Polyacetylene with

Poly 3-Methylthiophene. ....................... 121
4,12 Future work. ... .. ... . i i i 124
REFERENCES ... e e e 127



Number

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

10.

11.

12a.

12b.

13.

LIST OF FIGURES.
Title Page

Molecular Structure of Cis and Trans isomers of Polyace-
tylene -(CH)X ............................................ (4]

(a) Molecular Structure of 'as grown' P3MT with an oxida-
tion level of 25%. (b) Molecular structure of neutral
21, 15 (8]

I band structure of trans Polyacetylene.................. j11]
Schematic representation of (a) p-type Semiconductor/
Electrolyte interface before equilibrium. (b) After equilib-
rium (c) Charge distribution at the interface (d) Electro-
static potential distribution at the interface. ............. [21}
Schematic functional block diagram of EER set up. ....... [33]

Schematic functional block diagram of the set up for pho-
tocurrent measurements. .. ...... ... ... . i e [35])

Equivalent Circuit of the Semiconductor/Electrolyte inter-

- Y o - [37]
Schematic diagram of the experimental set up for tha tech-
nique of Relaxation analysis. ............................ [39]
Schematic representation of the electrode used for Polyace-
L8 L= ¢ - {45]
IR Spectra of Trans Polyacetylene. ...................... {48]

Photocurrent vs. Potential plots for Lightly doped Trans
Polyacetylene with different doping densities, in agueous
0.2 M NazSO4 and 20 mM viclogen Hydrate. .............. [51]

Evolution of the photocurrent with soaking-time, for
Lightly doped Trans-Polyacetylene in aq viologen Electro-
5 [53]

Evolution of photocurrent with soaking-time, for Lightly
doped Trans-Polyacetylene in aq. Sulfide electrolyte,
NaOH:S:NaZS (1:1:1:), Same conditions as in Fig.11.....[53]

Spectral response of the Quantum efficiency of the photo-
current of lightly doped trans Polyacetylene. Same

-xi-



Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

14a.

14b,

15.

16.

17,

18.

18.

20.

21,

22.

23a.

conditions as in Fig.11., Potential 0.0 v vs. SCE. ....... [54]

8

EER of Lightly doped Polyacetylene (Nd = 3.2x101 cm_a. [57)

Spectrum marked 1) shown in the Fig.14a................ [57}

EER peak amplitude of lightly doped trans Polyacetylene as
a function of the electrode potential, in aqueous viologen
electrolyte. . ... . L e [58]

Development of open circuit voltage of trans Polyacetylene/

0.5M Li0104 in Propylene Carbonate/Li cell, with time in

response to the charging under Galvanostatic condi-
L T [61]

Fit of the spectral response of trans-Polyacetylene, with a

doping density of 8 x 10!7 em™3. at 0.0 v vs. SCE to the

theoretical model for a direct band gap semiconductor,
based on equation [17]. ..... ...t [70]

Spectral response of the Quantum Efficiency of the photo-
current, of Poly 3-methylthiophene with different doping
densities. Same conditions as in Fig.11., Pcotential 0.15 v
1T O [79]

Spectral Response of 'as grown' P3MT. Same conditions as
In Fig. dd. et e e [80]

Spectral Response of the neutral Poly 3-methylthiophene.
Same conditions as in Fig.11. ........... ... . ot (82])

Plhiotocurrent - Potential (a) and Dark current - Potential
(b) characteristics of 'as grown' P3IMT. Same conditions as
1T - S 1 (83)

(a) Photocurrent-Potential characteristics of neutral P3MT
in viologen electrolyte. Illumination 410 nm. b) Same as
a., after holding the electrode at -0.35 v vs. SCE for c)
The same as a., after holding the electrode at 0.75 v vs.
SCE for one hour folowing b, ........... .. ... s, [84]

EER spectra of neutral P3IMT in viclogen electrolyte. all

potentials are vs, SCE, modulation amplitude = 0.25 v
modulation frquency = 31 Hz. ......... . iiiniiiiierinas [86])

-xii-



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

23b.

24a.

24b.

29.

26a.

26b.

27a.

27b,

28.

29a.

29b.

EER spectrum of 'as grown' PIMT at U = 0.4 v vs.SCE.
Modulation amplitude = 0.2 v, Modulation frequency = 31
HZ . oo e e e [86]

Variation of the EER peak amplitude of reduced P3MT as a
function of the electrode potential. ...................... [87]

Variation of the EER peak amplitude of reduced P3MT as a
function of the electrode potential. ...................... [87]

EER spectra of P3MT with a doping density of 1.6x1020

cm_3 in viologen electrolyte. all potentials vs.SCE, modu-
lation amplitude 0.15 v, modulation frequency 31 Hz. ....[88)

Impedance Spectrum of neutral PIMT in vioclogen electro-
lyte. Poteuntial +0.4 v vs. SCE, modulation amplitude 20

112 R [90]
Impedance spectra of 'as grown' P3MT. conditions as in
Fig . 2ba. .. . i i i e e [90]
Impedance spectra of partially reduced PIMT with a doping
density of 1.6x1020 cm-:‘l (sample # 3 in Table.6), in viol-
ogen electrolyte. conditions same as Fig.26a. ............ [91]
Mott-Schottky plot for the sample # 3 (Table.6).......... [91]

Spectral response of the Quantum efficiency Of the phcto-
current of Poly 3-methylthiophene coated with different
amounts of pt, in viologen electrolyte, Illumination 410 nm

Intensity 0.35 mW/cm?, Potentisl 0.15 v vs. SCE. Inset:
Variation of Abs.Quantum efficiency at 550 nm, with dif-
ferent Pt content. ... ... ... . ... ... ... [93]

Photocurrent/Voltage behaviour of (1) Fresh P3MT in viol-
ogen Electrolyte, Ilumination 410 nm (2) Same electrode,
after holding at -0.5 v vs.SCE for 2 hours. (3) Same
electrode, after holding at +0.75 v vs.SCE for 3 hours. .[94]

Photocurrent/Voltage behaviour of (1) P3MT electrode
treated with NaBH‘I for 30 minutes. (2) Same electrode

treated with Na,S$,0, for 30 mins (3) Same electrode after

27278
holding at -0.5 v vs.SCE for 5 hours. (4) Same electrode
after holding at +0.75 v vs.SCE for 5 hours. ............ [94]

Fit of the spectral response of Poly 3methylthiophene to
the theoretical model for a semiconductor based on equa-
tlon [17]. ... ittt e et [99]

-xii-



Fig. 31,

Fig.32.

EER response of PIMT, at U=0.4 v vs.SCE and theoretical
fit to the equation [17]. (a) neutral (Reduced) Poly
3-methylthiophene (b) 'as grown' (fully doped) polymer.
{(c) Partially reduced polymer, with a doping density of

h
1.3 x 10°) [104)

Theoretical fit of the EER data for neutral P3MT to the
equation.31l: quantitative evaluation of fermi level pin-

NN, e e e, (107}

-xiv-



Number

Table. 1.

Table. 2.

Table. 3.

Table.4.

Table.5.

Table.6.

Table.7.

LIST OF TABLES.
Title Page

Photocurrent/Voltage data for Lightly doped trans- Polya-
cetylene in Viologen electrolyte. . ..... ... ... it [49]

Evolution of Photocurrent of Lightly doped trans- Polyace-
tylene in Viologen electrolyte, .. ....... .. ... ... ... .. .... [62]

Variation of photocurrent of a trans-Polyacetylene elec-
trode, already soaked for 11 hours in aq.NaZSO4 as a
function of soaking time. ........ .. ... . . i i it [55]
Rejuvenation of the photocurrent of a trans-Polyacetylene

eledctrode after a prolong stay at +0.4 v vs.SCE through
BOBKINME . . .. . e e e et e {56]

Conductivity measurements of trans Polyacetylene doped at
different current densities. .............. ... ... i [62]

Partial reduction of Poly 3-Methylthiophene to achievd dif-
ferent concentrations of dopants. ........................ [81]

Comparision of dopant densities caleculated from Mott-
Schottky plots and coulombic data. ..................... {110]

-XV-



Chapter 1

INTRODUCTION

Until the second world war, solid state and material
scientists paid very scanty attention towards the study of organic
solids as potential electronic materials. But eventually, mechanical
and electrical properties of organic solids were exploited in the quest
for developing a substitute for natural rubber and better insulators.
The most attractive class of organic materials seemed to be polymers.
They particularly captured the world attention because of their amaz-
ing versatility. In the hand of organic synthetic chemists, polymers
could be tailored to an amazing degree to obtain superior chemical
and mechanical properties, to comply with requirements demanded by
millions of applications [1]. Design and synthesis of polymers became
as much of an art as it was a science,

The investigation of electronic and photocnnductive
properties was a natural extension of this situation., Particularly
great prospects have been opened up In the synthesis and study of
organic solids possessing extended conjugation of I electrons or, the
ability to form charge transfer complexes. Such compounds acquired
the name "Organic Semiconductors” [2]. Parallel to the synthetic
efforts, the study of the electronic properties of organic solids
opened up an interesting frontier for solid state physicista too. Con-
cepts developed exclusively for the understanding of inorganic semi-
conductors, either changed or found inadequate [3] for the interpre-
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tation of the experimental results. Concept of soliton transport in
Polyacetylene [4,5] and nature and origin of proposed localized elec-
tronic states in anthracene [6], can be given as examples. On the
practical side, organic semiconductors have established themselves in
a wide spectrum of commercial applications {7]. Potential use of
organic semiconductors in unconventional applications, such as diode
formation [8] and Photoelectrochemical cells [9,10,11] are being

actively investigated.

1.1 Polymers with linear conjugation in ihe main chain

Polyacetylene can be considered as a unique example
for this class of polymers. Many subsitituted acetylene polymers have
been reported. Polypropyne, polybutyn-1, polypentyn-1 and poly-
phenylacetylene |12] are few examples. Being a model for a quasi one
dimensional material, polyace‘ylene aroused a great deal of interest
within the scientific community in the past decade. Acetylene can be
polymerized to Polyacetylene in the presence of va.ious catalysts,
such as metal carbonyls (13] or Ziegler-Natta type [14] systems,
But unfortunately, the products obtained with these catalysts were
either in powder form or spongy masses that were virtually insoluble
in any solvent, This factor alone could have been a major objection to
the exploitation of this material. But a long awaited break through
was achieved in 1974, which resulted in the preparation of Polyace-
tylene as a free standing silvery fllms possessing p- type semicon-

ductive behaviour [15]. This achlevement stimulated & world wide
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activity on this material, te investigate its fundamental properties and
potential applications as well,

Polyacetylene is ideally a planar compound composed of
a succession of CH units joined by alternating single and double
bonds. Bonding orbitals in polyacetylene are the 5P, hybrid of Car-
bon 2s and 2p orbitals and bonding is similar to that of Ethylene,
which results in the formation of a carbon chain bound together by
sigma bonds and NI electron cloud delocalized over it. In chemical
terms, this is a conjugated chain and may be presented as a
sequence of alternating single and double bonds. When the polymer
chain is of appreciable length, there may be a wide choice of confor-
mational structures. The most probable isomers are shown in Fig.1

Cis and Trans content of Polyacetylene is strongly
dependent on the polymerisation temperature. At temperatures as low
as -78°C the film is formed completely as the Cis isomer. Tempera-
tures around 150°C or higher glve exclusively the trans material.
Intermediate temperatures give varying amounts of lsomer contents,
For example, the film is approximately 60% Cis and 40% Trans, if the
preparation is carried out at room temperature {17,18,19]. Differen-
tial thermogram of Cis Polyacetylene exhibits an exothermic peak
around 140°C, which has been assigned to Cis-Trans isomerisation.
In other words the Cis jsomer may be conveniently converted to the
thermodynamically more stable Trans isomer by heating [19]). Infra-
red spectra provide an easy way to estimate the relative quantities of

Cis and Trans isomers, in a8 Polyacetylene sample. Relative intensities
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of trans out of plane hydrogen deformation band at 1015 cm_1 and

Cis out of plane C-H deformation band at 740 cm_l can be used for
this purpose |[17]. Under the electron microscope a Polyacetylene
film is seen as a randomly oriented mass of fibers with diameter of
about 200 A° and indefinite length [18]. The bulk density obtained
from weight and physical volume ranges from 0.3 to 0.6 g/cms.
Considering the floating density of 1.15 g/cma, it is clear that only
one fourth to one half of the bulk volume of the film is really occu-
pied by the fibre [19]. Morphology and density of Polyacetylene
depends on experimental parameters such as the catalyst concentra-
tion, 1he acetylene pressure and the temperature of the synthesis.
Depending on the conditions used the morphology of the final product
may vary from free standing films to a reddish gel [20,21,22]. Radio
quenching techniques have been used to determine the average
molecular weight of Polyacetylene ({23]. This study has shown that,
Polyacetylene made by the standard procedure contains an average of
850 -CH units. In terms of elementary Quantum inechanics, using
simple one dimensional particle in a box, one would immediately antic-
ipate a high carrier mobility and carrier concentration in a conjugated
structure of this magnitude. But in practice, this situation is far
from being a reality. The room temperature conductivity of films of
polyacetylene depends on the Cis/Trans contents of the film ranging
grom 10 2ohm Yem™ for the trans isomer to 10 %ohm lem™! for the cis

material [24), which is quite contrary to our expectations. In any

quasi one dimensional material such as Polyacetylene, bond alternation
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defect tends to set in [20).  As a result of this, alternatively long
and short bonds occur and delocalization becomes self limited. In
quantum mechanical sense, this situation is recognized as Pelerl's
distortion {4,26]. Raman study on trans Polyacetylene suggests the
existence of length distribution for undisturbed conjugation [27].
Cross linking, chain bending also affect the conductivity of the

material.

1.2 Polymers containing aromatic nuclei in the chain of conjugation

This class of polymers is popularly known as Polyaro-
matics. With regards to the conjugation, these polymers resemble Cis
Polyacetylene. In this case, the continuity of the chain of conjugation
is e:tablished by the aromatic rings included directly in the main
chain. A few examples of this kind of materials are, P-Polyphenylene
[28]), Polypyrrole [29)., and Polythiophene and Its derlivatives [30).
These polymers are now conveniently prepared by electrochemical
methods. Chemical preparation is also feasible [#1}. These materials
especially, polythiophenes have aexceptional thermal stability,
200-250°C in air and 700-800° C in an inert atmosphere or vacuum
[32).

Polythiophene has a structure, which is somewhat anal-
ogous to that of Cis _(CH)x containing spzpz carbons in the main
chain, but stabilized by an intrachain sulphur bridge, which cova-
lently bonds to two carbon atoms to form a five membered ring. Elec-

trochemical synthesis of Polypyrrole or polythiophenes results in the
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formation of a polymer oxidized to a certain degree. In the case of
Poly-3methyl thiophene, electrochemically deposited from a solution
containing N(Bu)q‘CFu,‘SOs- supporting electrolyte, oxidation levels of
about 25-30% can be achieved. In other words electrochemically
grafted polymer, consist of a positively charge polymer matrix, inter-
calated with anions from the supporting electrolyte, to preserve the
electrical neutrality. Structure of Poly-3 methylthiophene is shown In
the fig.2, along with that for neutral polymer, which is obtained
from the as grown material by electrochemical reduction or chemi-
cally, by reacting with dilute ammonia.

The morphological structure of electrochemically pre-
pared Poly-3methylthiophene (PIMT) has been investigated by using
scanning and transmission microscopes (SEM and (TEM) [33]. SEM
has revealed that, undoped thiophene polymers have "noodle™ like
structure, as already observed in the case of Polyacetylene [18]. The
diameter of these fibers was of the order of 250 A®, but unlike
Polyacetylene P3IMT structure is fairly compact. Doping process has
shown to be associated with an increase in diameter of these fibrills,
as much as BOOA® and, when the doping density became about 50%,
the fibriller structure could not be detected by TEM [33]. When the
polymers are grafted as thin films, the polymer surface has shown to
be homogeneous, regardless of the anion of the supporting electrolyte
used during the grafting process. Homogeneous films of this type
made themselves very useful in applications, such as electrochromic

materials {34]. Thick films are more likely to produce inhomogeneous
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surfaces. Also the identity of the intercalating anion s also
important in determining the morphology of the grafted polymers.
Properties of the anion such as the size, geometry, polarizability,
and symmetry of the charge play a deciding role in determining the
final morphology. In the case of Poly-3methylthiophene CFSSO3— is

known to give a polymer with the highest homogeniety [33].

1.3 Electronic structure of polymers.

As seen before polyenes consist of a carbon back bone
formed by C-C sigma bonds and Il bonds, originated from 2;:1K orbi-
tals in which the charge density is perpendicular to the plane of the
molecule. In terms of an energy band description this situation cor-
responds to a low lying, completely filled, band formed by sigma
electrons and half filled band originated from N electrons. These 1
electrons coild be metallic provided there is negligibly small distor-
tions of the carbon chain,

Electronic structure of polymers has been the focus of
attention even in early years. In a theoretical study based on Huckel
theory of molecular orbitals J.E.Lennard-Jones {35] concluded that,
in the limit of infinite chain length C-C bonds in polyenes attain a
limiting length of 1.38A°. This study was later supported by Coulson
[36] . But sagreement between their conclusions and experimental
observations seemed not very promising [37]. Application of MO
theory or free electron model to a polyene Iin which electrons are

considered as delocalized over the entire carbon chaln shows that the
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energy difference between LUMO and HOMO decreases with respect to
the Increasing chain length. This rule worked well with lower
polyenes. But experimentaly for the higher polyenes the energy for
the transition to the lowest excited state reaches a limiting value of
about 2 ev [37]. Bond alternation in polyenes has been accounted for
this .imilting wvalue [38].

Higgins and $Salim [25] carried out an in depth theo-
retical analysis and conciuded that the most stable configuration for
an infinite polymer is one of unequal bond length. Although many
people advanced evidences such as optical spectra [39], direct evi-
dence for the presence of unequal bond lengths came from X-ray
messurements. This study showed that the double bond is about
0.03A° shorter. The alternating short and long bonds can be con-
sidered as u Pelerl's distortion [40,41], producing a gap at the fermi
energy. In Trans polyacetylene, two structures having the double
bonds In the two possible positions, are possible (say A & B). The
band structure for any of these degenerate structures is shown in
the Fig.3, where the bond width [42], 4T0=10 ev and the dimerisa-
tion energy gap {43} Eg=26=4t1=1.4 ev.

As stated above, there are two degenerate arrange-
ments of Polyacetylene, A & B. One can now imagine a situation
where A and B coexist in a chain with a transition region or a
domain wall in between, connecting two phases with opposite bond
alternation., In early calculations [44], It was shown that the domain

wall contains a single unpaired spin. Further, the width of the wall
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was assumed to be of one bond length, leading to a large activation
energy for motion. But electron resonance studies [24,45] of -(CH)x
suggest the presence of highly mobile, unpaired electron species even
down to 10°K. In real situations we expect this transition region or
domain wall extending over a8 number of lattice sites [5,46]. This
strongly mobile domain wall is referred to as a kink soliton. It has
been shown that the soliton is associated with a mid gap localized
state [4,5] and this electronic state is a solution of the schrodinger
equation in the presence of the structural domain wall and can there-
for accomodate 0,1 or 2 electrons. Theoretical analysis has shown a
charged soliton represents the smallest possible energy configuration
for an excess charge on a trans -(CH)X chain. Energy for creation

of a soliton is given by [4,5,47]

Eg = (2/M)a [1]

Soliton mid gap states have been invoked to interpret
an extensive body of experimental results. Electrochemical Voltage
Spectroscopy ,EVS [48], combined with in situ optical studies [49]
demonstrated that the charge is stored in the mid gap states. Fur-
ther, EVS data give directly the threshold for charge injection and
removal [50]. Analysis of these data gives a value for the soliton
formation energy Es, in good agreement with the eq.[1] given above.

Vardeny et al [51] and Blanchet et al [52] have observed the pho-
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toinduced absorption originating from the midgap electronic transition
and the associated infrared active modes introduced by the local lat-
tice distortions. Esmad et al [53] observed that the photoconductivity
in trans -((.'.‘H)x turns on below the single particle gap and increase
exponentially above threshold as hv approach 2A., Based on their
results they concluded that the Photogenerated carriers are charged
solitons generated either directly ( threshold 44/} or indirectly,
through the coupling of the lattice to Photogenerated e-h pairs (
hv>234). Infrared spectroscopy studies [54] of lightly doped Trans
-(CH)x have demonstrated spectroscopic features originating from
mid gap soliton states which arise upon doping. Further,these doping
induced absorptions are independent of the identiiy of the dopant
and are therefor identified as intrinsic features of the doped Trans
-(CH)x chain. Topological soliton has been invoked to analyse the
magnetic resonance [45,55,57], and magnetic susceptibility [58,59]
data for undoped Polyacetylenes.

These results and others involving lineshape analysis
[60] indicate that both the photoinduced spectroscopic features and
those induced by doping are associated with the same charge state.
As in any other case there are critics, who argue against the concept
of solitonic midgap levels [61]. But considering all the experimental
evidences that go along with the soliton concept, odds are certainly
against them.

The degenerate ground state of Trans -(CH)x is some-

thing unique. Indeed there exist many polymers analogous to-(CH)x
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with a nearly degenerate ground state. Examples are
poly(paraphenylene) polypyrrole, polythiophene and its derivatives.
For polythiophene there are two chemical structures corresponding to
local minima in the Ground state, as shown in fig.2. but they do not
have the same energy. This situation lifts the ground state degener-
acy leading to the "confinement" of the soliton pairs into bipolorons,
which is the lowest energy charge transfer configuration in such a
chain [50}. Detailed theoretical analysis has been carried out for Cis
-(CH)x [51] and, for Poly{Paraphenylene) [52]. It was found that,
two localized electronic states appear symmetrically in the energy
gap. As in the case of soliton state, these mid gap bipolorons (or
confined solitons) can be readily ionized by charge transfer doping to
give charged confined soliton antisoliton pairs or bipolorons with
charge 2e, In a study on electrochemical voltage spectroscopy of
Polythiophene, in ronjuncticn with variation of optical absorption with
different doping levels, Chung et al demonstrated the presence of
bipoloron energy levels located within the gap [62]). They compared

their results with the well known FBC model on polorons [63].

1.4 Doping of organic semiconductors

The charge transfer interactions between organic semi-
conductors and electron donors or acceptors has been studied exten-
sively [64]. All charge transfer complexes show a marked increase
in conductivity compared with either components. Interest in organic

semiconducting polymers has been stimulated by the successful dem-
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onstration of charge transfer doping of Polyacetylene with associated
control of electronic properties over a wide range. As a result of
chemical and electrochemical doping, the electrical conductivity of
Polyacetylene can be varied over twelve orders of magnitude, starting

1 1 -1

from insulator (o<10- oohm- cm "), to semiconductor, to metal

(03'10301““-11::111_l

), [65]. By the use of donors and acceptors n type
or p type materials can be produced respectively [66-70]. Vapour of
electronic acceptors Brz,12,.—’\31:5,HzSOq,HClO4 have been used to
dope Polyacetylyne, which resulted in a p-type material [65]. The
possibility of using species like (N())f and (NOZ)+ as p dopants in a
solution phase [71] has also been demonstrated.

-(CH)x films may be doped electrochemically to the semiconductor or
metallic regime [72]. This has been the most important and popular
development in the doping process, since it opened up a simple gen-
eral and reacdiy controlable means of doping, with a varlety of spec-
ies, that cannot be introduced by conventional means. In this case p

doping is done anodically via the elactrochemical Oxidation reaction

[70):

-(CH)_+xyLiCIO, —> [-(CH)+y(C104)y]x+xyLi (2]

4

N- type doping of -(CH)x involving electron donating
i.e., "N- type" dopants can be accomplished by using a THF solution

of Sodium napthalate [71]}.
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-(cn)x«o.zlxNa’Npth' ~—> [Na, ,,-(CH)| +0.21xNpth (3]

0.21

or electrochemically, e.g: Electrolysis of a solution of
LAl in THF using a -(CH)x film as the cathode. Considering the dop-
ing of pristine -(CH)x' y values up to .005 are considered as
lightly doped, range of y values .005<y<0.02 ia kn;awn as the pre-
transitional region and at y values beyond this limit, transition from
semiconductor to metal takes place |[72]. Magnetic susceptibility meas-
urements of lightly doped Trans -(CH) X have cast some light into the
mechanism of doping. Below the pretransitional region, the number of
Curje spins does not show any appreciable change with doping. This
has been interpreted in terms of the creation of a pair of charged
solitons thereby keeping the total number of spins at a constant

value.

/N
A

+ 3
Within the pretransitional region i.e., when y>10-3 the
number of curie spins dropped sharply [58,59]. Out of several possi-

ble interpretations , the possibility of anihilation of the neutral
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defects is the most probable one.

. . .
AVAVAVAVAN s 2 AVAV/VAVA
2 12 I (5}

The conversion of a paramagnetic neutral socliton into
diamagnetic charged solilon causes the total number of spins to
decrease. In the case of polythiophene [62], or its methyl deriva-
tive, Poly 3-methylthiophene (P3MT) the story is somewhat different.
Unlike Polyacetylene, which is prepared chemically, these materials
aré conveniently prepared electrochemically under anodic conditions.
The anodic reaction involves simultaneous polymerisation and doping,
and the resulting polymers show reversibility of the doping and
undoping process. They can be reduced to a neutral polymer in a

~athodic process [32].

+
‘*J“‘] +xe + xcrse; 18
s 4 X .{ s 4

The reverse process corresponds to doping
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1.5 Is bond theory adequate for Organic Semiconductors.

Traditional organic semiconductors, such as anthracene
which are made of discrete molecules or, other saturated polymers
such as Polyethylene are not bandgap semiconductors in the same
sense as for example Si,Ge,or GaAs. The basis of this difference
arises directly from the molecular nature of these organic materials.
They interact very weakly through Van der Walls forces. The later
results in small transfer integrals, which in turn results In a narrow
band width. Very high reduced mass m* is the direct result of a
narrow band width. Consequently, transport models which are devel-
oped for inorganic metals and semiconductors may not be appropriate
for organic semiconductors. In addition to this, strong electron pho-
non interactions and spacial variations in the local composition and
structure create additional problems [3].

However, polymeric organic semiconductors with
extended JI system are fundamentally different from conventional
organic semiconductors. Strong interactions within the ]I system
makes the transfer integral to as high as 2 - 2.5 ev. This estimate
implies a band width of the order of B8-10 ev, w = 4t0 [42}. This
higher band width make Polyacetylene and polymeric semiconductors
with extended 11 system more nearly analogous to traditional inor-
ganic semiconductors. However transverse band width due to inter-
chain coupling is very small and the sysiem is regarded as quasi one
dimensional {73]. The fact that the polymeric 11 systems are analogous

to lnorganic semi-conductors, has some favourable consequences. It
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really justifies one's position to try various equations, that are
originally derived to deal with the photoelectrochemical properties of
inorganic semiconductors, even though these relationships originate
from a model based on an abrupt junction between the semiconductor
and the ambient. Since "abrupt junction” is hardly a reality for
organic semiconductors, there must be complications arising from the
static and dynamic disorder and from the porous or diffused nature
of the interphase. But possibility of using equations already avail-
able to extract useful informations is extremely important to investi-

gate otherwise, still an unknown territory.

1.6 Semiconductor/Electrolyte interface :Space charge effect

Space charge region s associated with all the Photoe-
lectrochemical phenomena connected with semiconductor electrolyte
junct'nns [74-77). Because, all these processes primarily depend on
the semiconductor's ablility to separate charge carriers at the inter-
face. Carrier separation takes place in the space charge region.

Assume a liquid junction is created by bringing a sem-
iconductor into contact with an electrolyte containing a suitable redox
couple. For semiconductors, electrochemical potential of electrons is
given by uesc’ which is equivalent to the Fermi level in the semicon-
ductor. For the electrolyte, electrochemical potential of electrons
u:OI is determined by the redox potential of the redox couples pres-

ent in the electrolyte and these redox potentials are also identified

with the solution Fermi level. Since, the initial electrochemical poten-
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tial of electrons in the two phases are different, charge is
transferred from one phase to the other until the electrochemical

potential of electrons in both phases becomes equal i.e.,

w5 =y 7]

The initial Fermi level difference between the semicon-
ductor and the ceclectrolyte is the parameter which determines the
direction of actual charge transfer. In the case of a p-type semicon-
ductor, if the Fermi level of the electrolyte is higher than that of the
semiconductor, electrons will transfer from solution phase to the sem-
feconductor phase. This process will continue until the system attains
equilibrium and at the end, solution phase will carry an excess posi-
tive charge and the semiconductor, an equal but opposite excess
charge. The excess charge In the semiconductor will be distributed In
a region called space charge region. This region is similar to the
electrical double layer in the electrolyte. The distribution of charge
in the space charge region is associated with an electric field which
is represented by bending of bands downwards. As a result of this
band bending, an excess electrons (minority carrier in this case) will
move towards the surface, while an excess holes (majority carriers in
this case) will move towards the bulk. Photoelectrochemical activ-
ity of the electrode depends on this carrier separation process. The

Potential distribution in the space charge region is shown in the
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Fig.4

The potential at which the electric field in the space
charge region vanishes is referred to as the flat band potential, Ufb‘
Bands become flat and excess charge in the space charge region van-
ishes. It was shown [78] that the thickness of the space charge

region is given by

. 1/2
d = (2 cVp/eNp] / (8]

Here N, is the concentration of acceptor impurities and

D

V., is the difference between the galvanic potential at the surface 45

B
and that of the Bulk, ¢B il.e.,

B-% " ‘B (8]

If one measures potentials against a reference electrode such as SCE

the following relationship holds.

U=z -Vge Vo + V

B Vi Vet [10]

Where U, is the potential measured against a reference

electrode, VB is the Galvanic potential drop in the Helmholtz region.
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me is the Galvanic potential difference between the reference

electrode and bulk of the electrolyte. Since VB is equal to zero at

the flat band
Ul‘b = VH ) vref (11)
The last two equations are combined to get the following relation

[12]

If one consider a p-type material, under depletion
layer conditions ( i.e., at very positive values of VB and in the
abrence of surface rtates) Capacitance of the space charge layer is

given by [79]
€€oNa %
Coe = (55T(Va-%0) " 1
or by substituting for VB followed by squaring
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This equation is called a Mott Schottky relationship. A
plot of 1/(:2 vs Potential U should be linear. The potential where the
line intercepts the potential axis yields the value of Ufb and slope

will give the doping level N Purturbating effects such as those

A
attributed to surface states can cause deviations from this predicted
behaviour {B82]. Polymers create additional problems. Polymers consist
of fibrils of about 200A° of width. Since the thickness of the deple-
tion layer is related to the doping density as given by the equation
(8] there is a possibility that the physical width of the fiber could
be¢ smaller than the thickness of the depletion layer. Under this situ-

ation validity of Mott Schattky equation seems to be questionable,

1.7 Photoeffect at the Semiconductor/Electrolyte interface.

As with any other semiconductor, when the organic
semiconductor electrolyte interface is illuminated with light of energy
greater than the band gap, photons are absorbed and electron hole
pairs are created. But as shown before [53], the Photoconductivity
in Trans -(CH)X turns on before the single particle gap and this has
been attributed to the Photogeneration of soliton antisoliton pairs.

The absorption coefficient of the materal as a function

of photon energv is an intrinsic property of the material, and is
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determined by the band structure of the material. It has been shown

that near the band edge the optical absorption coefficient of a semi-

conductor a can be expressed as [81]

o = A _ChY -E,)%
hy

[15])

Where hv = Photon energy, A is a constant, Eg is the band gap and
n = 1 for direct gap semiconductors and n = 4 for indirect gap semi-
conductors. Provided the kinetics of the electrode reaction do not

limit the photocurrent, one can express the Photocurrent J by

T = e}, {._eg%df:u»m} (61

Where e is the electronic charge, ’o is the photon
flux, a is the absorption coefficient U is the applied potential, Ufb is
the flat band potential. Lp is the minority carrier diffusion length
and Wo is the depletion layer thickness for one volt across the junc-
tion. Provided the argument of the exponent In equation ({16] is

small the equations {15] and [16] can be put together to give
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-g—:‘;”- = {L,. + %(U-Un)* ] A (hv- .rs:.])-sl (17)

1.8 Layout

The main objectives of this study are a) Photoelectro-
chemical characteristics of trans Polyacetylene and Poly
dmethylthiophene, P3MT, in liquid junction cell configuration. b) EER
study to investigate the optical properties of the interface.

Three experimental techniques, fundamentally used to
study inorganic semiconductor/Electrolyte interface were employed in
this study. Whenever possible, observations were analysed In terms
of the basic concepts and mathematical relationships, basically devel-
oped to describe the properties of an abrupt interface.

In Chapter two, I will discuss the experimental details
of the three techniques employed in this study. They are, Photocur-
rent Spectroscopy, Electrolyte Electroreflectance Spectroscopy and
Relaxation Spectral Analysis. This Chapter will also include details on
the sample preparation and electrode preparation etc.

Chapter three is entirely dedicated to the trans Polya-
cetylene /Electrolyte interface. Initially, IR measurements related to
the electrochemical doping of trans Polyacetylene will be presented.
The rest of the chapter includes the experimental results of Photo
current measurements and EER measurements. Photocurrent measure-
ments include investigations on the dependence of photoresponse on
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the doping level and effect of soaking of trans Polyacetylene in an
aqueous electrolyte on its photoresponse photocurrent/voltage, and
action spectra. The EER measurements basically include, actual spec-
tra and variation of peak height with the applied potential. Results
on the Photocurrent measurements will be fitted to the Gartner model
to demonstrate the "direct gap" nature of the band to band photoex-
citation. EER data wil be presented and an attempt will be made to
fit them to a theoretical lineshape. This Chapter will also include
some measurements related io achieving homogeniety in doping. Chap-
ter.3 will conclude with a summary and the conclusions resulted from
the observations made on this interface.

Chapter.4 will be dealing with the Poly
3-methylthiop hene, P3MT/Electrolyte interface. Observations on "as
grown", neutral and partially reduced P3MT will be presented. These
observations are based on the application of all three techniques
described in Chapter.2. Variation of the photoeffect with the doping
density will be described. Again, applicability of Gartaer model to
analyse the Photocurrent measurements of "as grown" and neutral
P3MT will be demostrated. EER measurements obtained for neutral ard
partially reduced P3MT will be analysed for their line shape. A sub
band gap response observed in the EER of partially reduced P3MT
will be analysed in terms of the poloron model. The strong depen-
dence of EER signal for neutral PIMT on reverse bias (depletion) will
be discussed in terms of fermi level pinning. A comparison between

the doping densitlies estimated from the coulombic data and, from Mott
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Schottky plots will be attempted Observations on the improvement of
Photoelectrochemical response of P3MT by the deposition of Pt will be
described. Finally, evidence for the possibility of P3MT undergoing
chemical changes in aqueous electrolyte will be reported. Summary

and conclusions will end this Chapter.

As the final feature of this dissertation, a comparison
of the properties of Polyacetylene and P3MT based on the observa-

tions made in this study, will be presented.
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Chapter 2

EXPERIMENTAL TECHNIQUES

Two major experimental techniques have been
employed in this work., These are Electroreflectance Spectroscopy and
Photochemical Spectroscopy. A third technique, Relaxation spectral
analysis was used to a limited extend., Nevertheless all three tech-
niques will be described. Basically, these three are different, with
regard to the basic principles involved in the process that determine
the system's response. EER involves electro optic characteristics of
the system in question. In photocurrent spectroscopy, only the
optical responrse of the system is sought and in relaxation spectra,
electrical response of the cell consisting of the electrode in question,

to a passage of an ac slgnsal is investigated.

2.1 Electrolyte Electroreflectance Spectroscopy (EER)

The relative modulation AR/R impressed onto the
reflected beam of intensity R by, a periodic change of an external
parameter such as an electric field is the basic quantity measured in
Electroreflectance [82,86]. If this external parameter is the electric
field in the space charge region of Semiconductor/Electrolyte inter-
face, the technique is called Electrolyte Electroreflectance (EER)
[87]. EER is a powerful technique to study detalls of electronic band
structure in inorganic Semiconductors [88].

As stated earlier, because of the strong Interac-
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tions along the chain, organic polymers with a backbone of conju-
gated bonds have features of wide band semiconductors. Sebastian
and Wiser [89], docmonstrated the usefulness of the ER method for
such organic polymers.

The fundamental quantity that describes the optical

response of the material is the complex dielectric function [90].

e(w) = tl(w) + icz(u) [18])

For near normal incidence, the reflectivity at the
boundary surface separating the two media can be written using the
Fresenel's equation as [90]

R= (n-n)/(n+n)? [19]

where n2 = £ and na2 = e, and n and n, symbolize
the refractive indices of the material and the ambient, which is in the
case of EER, the electrolyte, respectively. Experimentally, R shows
peaks in the spectrum that can be attributed to direct interband
transitions at points on K space, critical points at which the com-

bined density of states for optical transition has a singularity [90].

s [E (k) - E_(K)] = O [20]
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In EER these critical points can be observed directly.
It is assumed that the dielectric function shown above is uniformly
changed by the modulation by an amount Acl and Acz. As a result of
this R is changed by AR and relative modulation AR/R is measured
with respect to wavelength, At sufficiently low values of modulating
electric field (low field regime} the ER signal for the fully depleted
space charge layer is given by [86,91].

AR/R = -(2eN,V_ /e )L(fw) (21

d

where vsc is the fundamental harmonic component of
the applied voltage across the space charge layer and L is the static
permittivity. The quantity L(hw) 1is a spectral lineshape function
determined by the electric field distribution and properties of the
material

The spectral lineshape for each critical point in the low

field regime is given by [84].
8R/R = Re [Ce’B(E-Egur)'“] [22]

Where Eg, C, and O are the energy gap, amplitude,
and the phase factor respectively, I is the broadning parameter and
n>2 is characteristic of the critical points for simple parabolic models.
n = 3.5 is for one dimensional model, n=2 is for excitones.

EER is a powerful tool to elucidate both the optical
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properties of semiconductors and the nature of charge accumulation
modes at the interface which give rise to the potential distribution
there. By studying the variation of the EER signsal with the bias one
could determine the flatband potential [92]. EER signal changes its
sign at the flatband. Also the potential variation of the EER signal
determines the states of the fermilevel in situ at the semiconductor/
electrolyte interface [93,94]. According to equation [21], for a fully
depleted space charge region, the EER signal must be independent of
the applied d.c bias. But if high density of surface states are pres-
ent at the interface that are fast enough to equillbrate at the modu-
lating frequency, then only a fraction of the modulation wvoltage will
appear across the space charge layer. This results in the strong
dependance of the EER signal on the DC bias [93,94].

Fig.5 shows the schematics of the experimental set up
used for the EER measurements [83,92). The light source is a 150
watt xenon arc lamp (Oriel), In conjunction with a high intensity
monochromater {Heath model EU 700-56). The monochromatic beam of
Intensity Io emerging from the monochromater is focused onto the
sample by a qgartz lens, and the sample is mounted on an appropriate
electrode and is immersed in an electrolyte, which is contained in a
glass cell with a qartz window, The cell is equipped with a refer-
ence electrode , which is usually SCE (fisher), and a Pt counter
electrode. These three electrodes are connected to a potentlostatgGal-
vanostat (PAR model 173). A signal generator (HP 3311 A) con-

nected to the potentiostat, supplies the modulating voltage between
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the semiconductor and the counter electrode. D.C bias is derived
from the potentiostat and is superimposed on the modulating voltage.
The reflected light comming onto the photomultiplier has two compo-
nents, a d.c component IoR and a modulated value IOAR. The dc out-
put of the photomultiplier Is kept at a constant level by the use of a
servo mechanism, which adjust the High voltage to the photomultiplier
accordingly. The ac component IOAR is detected by phase sensitive
detection using a lockin amplifier (Ithaco-Dynatrac 391A Lockin ana-
lyser) with the reference signal from the signal generator. In this
way the Locking amplifier gives an output which is equal to the
relative reflectance AR/R. This relative signal is fed Into chart

recorder.

2.2 Photocurrent Spectroscopy

The measurement of light induced photocurrent is the
basis of this technique. Actual measurements can be taken either
directly or using phase sensitive technique, depending on the magni-
tude of the photocurrent. Photoresponse of a semiconductor dipped in
an electrolyte, depends on several factors such as optical properties
of the semiconductor in question, Its flat band potential, position of
electrochemical potentials in the semiconductor and in the electrolyte,
kinetics of the charge transfer across the Interface, surface states,
recombination mechanisms and most importantly, The energy of the
incident radiation employed. Experimental measurements in conjunc-

tion with theoretical derivation has led to the understanding of the

-34-



-ge_

IS0 Lamp

1

%

el

.@“__-4_ lectre-

—

X-Y
Recorder

Fig.6¢ Schematic functional block disgram of the sat up far
Photocurrsnt Spectroscopy.




nature of semiconductor/electrolyte interface [95,99].

Fig.6 shows the schematics of the experimental set up
[98] employed for the photocurrent measurements. 150 watt xenon arc
lamp (Oriel) is the light source. In conjunction with it is a high
intensity monochromator (Jerrel Ash). The output from the monochro-
mator is chopped with a variable frequency chopper (Ithaco Bentham
218 F). Electrochemical cell is fitted with a gartz window and three
electrode configuration is adopted during measurements. Application
of potential and measurement of the current output from the cell is
done by a combination of PAR 173 potentiostat, PAR 175 universal
programmer, and PAR 179 digital coulometer/current voltage con-
verter. Output from the current voltage converter is fed to a lockin
analyser (Ithaco-Dynatrac 391A), which measures the photoresponse
with reference to the reference signal taken from the chopper. Out-
put from the lockin amplifier is sent to the X-Y recorder (Hewlet-

Packerd T111A ).

2.3 Relaxation Spectral Analysis

This technique is based on the measurement of complex
impedance over a range of frquencies starting from 1-HZ, up to as
high as 13 MHz. This technique [100,101]. has been widely used to
investigate the electrical properties of semiconductor/electrolyte
interfaces [97,100-102]. The basic goal is to evaluate the frequency
Independent passive elements in an equivalent circuit representing

the interface. This equivalent circuit is designed, according to dif-
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Fig.7 Equivalent Circuit of the Semiconductor/Electrolyte
Interface. (see the text for details)
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ferent charge accumulation modes at the interface.

Fig.7 represents the semiconductor/electrolyte inter-
face, in which the total charge is shared among all the charge accu-
mulation modes [100]. Csc stands for the space charge layer capaci-
tance, and Rs is the series resistance associated with the resistance
of the semiconductor plus that of the electrolyte. R’p is the resistance
associated with the faradaic current flow across the interface. Zl is
the impedance of the other possible charge accumulation modes. The
origin of these charge accumulation modes may be surface states or
additional space charge layer with a different doping density than the
main one [100]. Depending on the relaxation time each accumulation
mode, Z1 may contain more than one RC element. Heimholtz layer
capacitance, CH which should be in series with the entire ¢quivalent
circuit is deliberately not shown in fig B8(a). In a general case CH>>
Csc and when CH is in series with C!,‘c one can approximate the
equivalent capacitance to Cy‘c alone. Thus as far as the experiment
is concerned the total capacitance in series can be considered equal
to that of space charge layer, Csc only., But if the inequality given
above is not true, one has to correct the measured capacitance for
that of Helmholtz layer, CH [102,103].

Fig.8 shows the schematics of the experimental set up,
employed for the relaxation spectral analysis. What follows is the
methodology and analysis given In the original paper by Tomkiewicz
[101]. The frequency synthesiser (hp 3320-B) has the capability of

producing an ac signal within the frequency range from 1 Hz to 13
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MHz.

This ac signal superimposed on the dc bias, is applied
across the serial combination of the sample cell and reference impe-
dance circuit. The signal originating at A and B respectively are
input to the two channels of the Gain Phase meter (hp 3575A), which
measures their relative magnitude M and, the phase difference 8, this
measurement is equivalent to the complex voltage ratio between the

two signals at A (EA)and at B, (EB) which can be expressed

& . __ &
EA z‘]+ Z‘l‘

{23]

where Ze and Zr are the hunpedance of the electro-

1

chemical cell and that of the reference circuit respectively.
zel = R + J(X) [24]

and

Z = Rr - J/Cru [23]
Combining the equations [23],[24],and [25]

- Ry [ _ Sin@ _ _ wg,cose] 26

X |+ (WZy)2 “e M M 1261
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Where w is the angular velocity, 8 is the Phase angle, M is the rela-
tive magnitude, and 1 = CrRr is the relaxation time of the refer-
ence circuit. In the actual experiment one measures the R and X as a
function of frequency f. Application of ac signal and measurement of
the electrical response of the cell is done under computer control.
Results are presented graphically as log(2lix) and log{R) against
log(f). In general for sufliciently concentrated ‘electrolytes, the
space charge layer has the smallest time constant RsCsc. Thus at
high frequency, the network that represented in Fig.7(a), reduces to
a serial combination of a single capacitor, Csc and a single resister
Rs' In this frequency range the impedance of the cell can be given

as,
ZHF = RHF - J/"Csc [28]

Thus the real part of the impedance Iis a frequency
independent value which is equal to Rs and imaginary part of the
impedance is Inversely related to w. In other words in this frequency
region log(2Nix) is linearly related to log(f) with a slope equal to -1}
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and an intercept, from which Csc can be derived. In the low fre-
quency range, the real and imaginary part of the impedance has con-
tributions from the other elements of the equivalent circuit. Analysis
of the measured Impedance data can be extended to elucidate these
RC components [100]), which represent various charge accumulation
modes. In the case of polymeric semiconductors Impedance technique
was basically used as a means to measure the value of space charge
layer capacitance and the analysis for various RC elements was not

attempted.

2.4 Other Experimental Aspects.
2.4.1 Preparation of samples.

Synthesis of Polyacetylene and PIMT was carried out at
Sandia National Laboratories, New Mexico, and following js the meth-
odology which was used by them. Polyacetylene samples were pre-
pared by the Shirikawa technique [15], using the catalytic system
(Ets)Al - Ti(Buo)4 in dry distilled toluene at -78%,in order to grow
the Cis isomer. The acetylene was purified by bubbling through two
successive concentrated sulphuric acid columns, then through a KOH
column and a P205 drying column. Films were deposited on the inner
surface of the glass reaction vessel, previously wetted by the cata-
lyst solution, At the end of the polymerisation, the samples were
peeled off the container wall and washed with dry methylene chloride,
thoroughly to remove the excess catalyst. Finally films were treated

at 160 C° for 15 to 20 minutes to effect the thermal isomerisation to
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trans isomer,

Doping of trans Polyacetylene was carried out in 0.3 M
propylene carbonate solution of LiClO4, following the procedure
published by Nigrey et, al. [70] with Li counter and reference elec-
trodes. The doping was done under galvanostatic conditions usually

2 to ensure doping uniformity until

at a current density of 0.1luA/cm
the desired amount of charge was passed.

Poly 3-methylthiophene (PIMT) was grown electrochem-
ically from acetonitrile or propylene carbonate electrolyte onto clean
metallic substrates (Au or Pt) by passing 100 to 300 mA anodic cur-
rent pulse. The total charge passed for the growth run was typically
5 Coulombs, for a film of & cm2 area. The electrolyte consisted of,
distilled, dried, 0.5 M methyl thiophene with 1.0 M Bqu+ 'CFSSOJ
as the supporting electrolyte. 'as grown' material obtained this way
could be reduced by the application of -1.0 V vs, Ag*/Ag reference
electrode in acetonitrile or propylene carbonate containing supporting
electrolyte only, until the current flow becomes sufficiently small to
assure quantitative reduction. In propylene carbonate where Li refer-
ence I8 used, one could bring the potential down s=slowly, starting
from the open clrcuit potential to 2.5 Volts vs Li'/Li and allow to
stand at that potential until the current flow reduced to sufficiently
low values. Most of the time, reduction was carried out in Propylene
carbonate. In order to obtain intermediate doping levels, a fraction of

the total recoverable charge was removed either by potentiostatic

control as given above or alternatively galvanostatically at sufficlently
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low current densities until the desired amount of charge is removed.

2.4.2 Electrode Configuration

special topology of Polyacetylene and its porosity
demand a new electrode design. Preservation of electrode surface
from any mechanical damage is of paramount importance in Photoelec-
trochemical experiments. Details of the working electrode configura-
tion are shown in the Fig.9.

The gold contact plate, rubber pad and the circularly
shaped sample are pressed together between two teflon plates and are
tightened with two nylon screws. All the edges Including the perime-
ter of the sample are carefully sealed with wax using a "hot" wire.
This arrangement prevents the transverse flow of electrolyte into the
back contact. In the case of P3IMT, electrode preparation is done in a
rather conventional way. Film on one side of the metal substrate is
scraped and a copper wire is attached to that side with silver spoxy.
Then all the exposed edges including the perimeter of the sample is
covered with ordinary epoxy leaving an approximately 0.2 sz of the

film exposed.

2.4.3 Chemicals

Propylene carbonate (Fisher) is distilled at 80°C under
reduced pressure using a 3 ft fractionating column. Only the middle
fraction is collected. This fraction is stirred with Linde 4A molecular

slaves (Alfa), activated at 450° under Ar atmosphere for two days,
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followed by filtration and vacuum distillation. Again only the middle

fraction is collected. LIClO, supporting electrolyte is melted in vac-

4
uum before use. Methyl viologen (Aldrich) and NazSQI were used as
received. Analytical grade Li (Fisher) is scraped in dry propylene
carbonate before use and contacts are made with nickel mesh pressed
onto Li. In propylene carbonate Li was used as both reference and
counter electrodes. Water delonized at a millipore deionizing plant
(18 MQ) was wused througout. Al sclutions were purged with Ar
before use. Ar is purified by sending first through a column of
Cu-turnings at 550°C to remove oxygen, followed by drying succes-
sively with drierite (Fisher) and P205. Organic electrolytes are han-
dled in a dry box filled with Ar or high purity N2. Activated neu-
tral alumina (Fisher) Is added to electrochemical cell to ensure purity

of the electrolyte in It and to remove traces of moisture that are

absorbed during the experiment.
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Chapter 3

TRANS POLYACETYLENE/ELECTROLYTE INTERFACE.

3 : EXPERIMENTAL RESULTS.

3.1 IR and Photoelectrochemical measurements.

Fig.10 shows the IR spectra of trans Polyacetylene
along with that of lightly doped material. During the actual experi-
ment, sample was exposed to air, but repeated scans show no visible
change due to absorbed oxygen. Curve 1 is for the undoped pristine
material, Curve 2 represents a sample of undoped Polyacetylene
exposed to air for 15 hours at room temperature. Curve 3 is for a
sample doped electrochemically to an estimated density of the order of
3x1017dopants/Cm3. Curve 4 is for a sample with higher doping con-
centration, Befor taking IR spectra, doped samples were washed
with propylene carbonate and water followed by drying thoroughly in
vacuum. The prominent features of curves 2 and 3 are the doping
induced bands at 1400 cm ! and 887 em™ 1,

Fig.11 shows the variation of photoeffect with potential
as & function of dopant concentration. The doping was carried out
galvanostatically at 100 nA/cmz, until a desired amount of charge was
passed through. The resulting doping density was calculated in terms
of the charge passed, by assuming 100% current efficiency. Each
data point was taken few minutes after the application of the potential
step, to ensure minimum error due to capacitive transients, The
Pristine polymer and the doped material corresponding to Curve 6 in
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TABLE - 1

1

TIME Q-nCICmZI I-PHOTO| I-PHOTO) I-PHOTO)} I-PHOTO) Q-mC/cm?] I-PHOTO
. CATHODIC,; =-1.0V | =0.7V -0.2V { +40.4V | ANODIC | +0.4V
na nA nA | ol na
10 min ¢ 17.03 3.75 4.05 2.55 | 1.5 18.0 | 1.8
25 min 31.0 6.3 | 6.45 3.75 2.86 34.0 1.5
50 min 62.0 7.8 | 10.9 5.5 4.0 64.0 | 1.3
100 min 97.5 14.0 13.5 10.05 10.35 97.0 1.3
11 Hrs* - 57.75 | 49.5 23.0 12.5 - -
16 Hra* - i 61.50 54.0 28.0 15.5 - -
' —, —_— -
24 Hra* - ) 69.0 61.0 34.5 19.0 - -
36 Hre* - ] 69.5 | 3.0 35.5 19.5 -] -
* STANDS FOR "OPEN CIRCUIT"




Fig.11, generally occupied the same position in the figure while the
maximum doping density falls in between,

Table.1 tabulates the photocurrent/volitage data for
polyacetylene in viologen electirolyte. A fresh, lightly doped material
with optimum photoeffect was used here. Originally the potential was
stepped down to -1,0V vs. SCE and allowed to stay for some time
before measuring the photocurrent. The cathodic charge passed at
-1.0V vs. SCE was recorded. Then the potential was shifted to -0.7
v,-0.2 v, and +0.4 v, in successive steps, and the photocurrent at
each step was measured. Finally the electrode was allowed to stay at
+0.4V until the passage of an anodic charge which was equal to the
cathodic charge passed at -1.0V vs. SCE. At the end the photocur-
rent at +0.4V was recorded.

Fig.12a illustrates the evolution of photocurrents in
viologen electrolyte as a function of scaking-time. The electrode was
allowed to soak In the electrolyte for some time and the potential was
stepped up starting from -1.0V vs, SCE to -0.7,-0.2,+0.4V vs. SCE
successively. After a brief pause at each step photocurrent was
measured and the observations are tabulated in Table.2 as a func-
tion of cumulative soaking-time.

Fig.12b illustrates the measurements taken in an
experiment similar to the one described above, but using
NaZS,S,NaOH (1:1:1) as the electrolyte.

Table.3 tabulates the results of an experiment, parallel

to the one used to obtain the results shown in Fig.12a. But in this
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Table.2 : Evolution of photocurrents of lightly doped trans -(CH)X

in viologen electrolyte as a function of Soaking time.

[ T L
| Time | Photocurrent nA/Cm2 at |
| Hours | 1.0 v 0.7 v -0.2 v +04v |
- | : ; i E
| 0.0 E 22.0 | 12.9 | 7.2 | 3.1 |
[ It L | 1 |
| i 1 1 I 1
| 0.5 | 34,5 | 22.8 | 9.2 | 3.4 |
. i 1 1 | |
| ] T § 1 1
| 1.0 | 41.5 | 30.0 | 10.3 | 2.7 |
L. b ] l 1 ]
| T T i T L
| 1.5 | 47.5 | 31.0 | 10.1 | 3.0 |
— i 1 ! l |
I I 1 1 1 1
| 2.5 | 63.0 | 37.0 | 13.4 | 1.8 |
- % % 4 { 4
| 4.5 | 84.0 | 48.0 | 12.0 | 1.0 |
| ] | 1 | |
| T I | T 1
| 6.0 | 100.5 |  46.0 | 10.8 | 1.0 |
: % % } %

l 8.5 | 108.0 | 45.0 | 11.7 | 1.5

~ | 4 % a

| 10.5 | 99.0 | 5.0 | 12.3 | 1.2

- i % % |

|  24.5 | 87.0 | 4.0 | 8.7 | 1.7 |
- | l L l |
| 1 1 T 1
| 26.5 | 82.5 | 34.0 i 9.0 | 1.5 |
L 1 L 1 | |

* all potentials vs. SCE

case lightly doped Polyacetylene already soaked for nearly 11 Hours

in aqueous Nazso was used. Testing for the photoeffect was done

4
in viologen electrolyte. The photocurrent at several potential steps
were measured as described above. Even though soaking in the elec-
trolyte has a favourable effect on the overall Photoeffect, the later
always deteriorated at anodic potentials. For example, photoactivity
of an electrode Iimproved through soaking deteriorated gradully, to
undetectable levels, when it is kept at +0.4V vs. SCE for a pro-
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Table,3 : Variation of photocurrent of a trans -(CH)X electrode

already soaked for 11 hours in ag.Na SO4 as a funetion

2
of time at different potentials.
r T i
| Time | Photocurrents nA/Cm2 at |
| 1 i
i | 1 T T 1
| Hours | -1.0v | -0.7v | ~-0.2v | +0.4v |
) ] L | | ]
1 T i T 1 1
i 0.0 | 55.3 | 33.0 i 14.2 | 2.1 |
i } | i l 4
T T I L T 1
| 1.5 | 62.0 | 33.0 I 13.8 | 2.3 |
t % + } f i
| 3.0 | 57.0 | 31.0 | 13.8 | 2.2 !
} f ~—4 t } i
| 4.5 |  62.3 |  29.0 |  12.9 | 2.1 |
} i | | 1. |
| 8.0 | 59.0 | 30.0 | 13.0 | 2.2 |
L | | 1 i J

longed period. But again the photoeffe<-t could be partially rejuven-
ated just by allowing the electrode to stand in the electrolyte under
open circuit conditions. Measurements taken in this experiment are
tabulated in Table.4. The spectral response of an electrode with
optimum doping density is shown iIn Fig.13. Absolute quantum effi-
clencies are low. The photoresponse, turns on in the vicinity of 800
nm, and then begins to rise gradually till 500 nm and then increases

dramatically towards shorter wavelengths.

3.2 Electrolyte Electro Reflectance (EER) measurements.

EER spectra of lightly doped Polyacetylene taken at
different electrode potentials are shown in Fig.14a. The spectrum 1 is
shown again in Fig.14b for the sake of clarity. Dopant concentration

18

of this sample is of the order of 3.2 x 10 Dopnnts/Cms. Two peaks
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Table.4 : Rejuvenation of the photocurrent of an -(CH)X electrode

after a prolonged stay at +0.4 V vs . SCE, through soak-

ing.

I T |
I Time l Photocurrents nA/sz at |
| -l .|
I T i 1 T )]
| Hours | -1.0v | -0.7v | =-0.2v | +0.4v |
| } - | # =
| o0 | 1.3 | o6 | 0.3 | |
l 4 | 1 1 |
I 1 T T T 1
| 0.5 | 1.5 | 0.8 | 0.4 | |
L H 1 ] | ]
I 1 1 1 1 1
| 1.5 | 2.5 | 1.2 | 0.8 | 0.3 |
| i 1 1 | |
I 1 T 1 1 1
| 35 | 50 | 21 | 1.4 | 05 |
: ; | | - :
| 5.5 | 12.0 | 5.1 | 2.5 | 1.1 ]
| lr % ; |

| 7.5 | 15.8 | 7.5 | 3.1 | 1.6

l 1 1 ] i

I i T T ¥

| 9.5 | 19.2 | 9.0 | 3.5 | 1.8 |
| l ] o i |
I 1 T 1 | 1
| 118 | 187 | 88 | 3.2 | 2.3 |
| a % % % j
| 21,5 | 17.6 | 8.2 | 3.1 i 2.5 |
L | 1 1 ] ]

were observed at negative potentials, one at 1.45 ev and the other at
1.6 ev. But in the region of positive potentials, this simple spectrum
gave way to a fairly complex spectra with a8 very broad structure
centered around 2.1 ev with a width well over 1.5 ev. The peak
height of both EER signals present in spectrum.l varied linearly with
the modulating amplitudes as high as 0.6 volts. Thus the modulation
amplitude of 0.5 Volts used in taking this spectra satisfied the low
field requirement. Variation of EER peak height with potential is
shown in Fig.15. EER signals at 1.45 ev and 1.6 ev started low at
-1.0V vs. SCE and then attained a maximum around 0.0V vs. SCE.
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In the region of potentials positlve to maximum, both signals assumed
a steep decline and finally crossed the x axis in the vicinity of +1.0V
vs. SCE. The peak at 2.1 ev which began to appear at potentials
positive to -0.2V vs. SCE, passed through a maximum around +1.0V
vs, SCE and then decline slowly towards more positive potentials.
Experimental conditions used in the EER measurements were the same

as in photocurrent measurements,

3.3 Measurements related to achieving homogeniety of doping.

One of the factors that determine the electrochemical
behaviour of semiconductor electrodes is their homogeniety. Non lin-
ear Mott- Schottky plots or EER spectra with exsressively broad peaks
and distorted line shapes are often connected with the lack of homo-
geniety. Low conductive materials, especially Organic polymers, are
extremely prone to produce inhomogeneously doped materials. This
problem is even worse for Polyacetylene, because dopants are initially
introduced into a polymer matrix which is almost an insulator. There
is experimental evidence supporting the fact that gas phase doping
often produces an inhomogeneously doped meaterial unless special
experimental procedures are adopted [72). The rate of introduction of
dopants into the polymer is an important factor which determine the
homogeniety of the final product. In the case of electrochemical dop-
ing, the rate of introduction of dopants can be controlled by regulat-
ing the current density. During the experimental procedure described

below, doping is done galvanostatically and evolution of the Cell volt-
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age of Polyacetylene/0.5M LIiClIO, in Propylene Carbonate/Li Cell is

4

monitored as a function of different current densities,

The electrochemical Cell was construrted by using a
sample of Polyacetylene as a working electrode and Li as the counter
and reference electrode. Initial potential was found to be in the
vicinity of 3.1 V vs, Li. Then the doping was carried out by passing
a constant anodic current through the cell. After a certain time
interval the process was interrupted and the cell was allowed to sta-
bilize for some time (about 1 min ) before measuring the cell voltage.
Doping is resumed until the next voltage measurement. At higher
current densities, the cell voltage showed a steep rise at the onset of
doping, and immediately returns to a slowly ascending plateau.
Steep rise of the cell voltage at the onset is indicative of the inhomo-
geneous nature of the doping process. As the current density was
brought down the initial sharp rise in the Cell potential which was
observed at higher densities, became more gradual and the plateau
was reached at higher doping charge. The gradual evolution of the
cell voltage is indicative of a homogeneous doping process.

Fig.16 indicates the results obtained in these measure-
ments. At each current density the cell was doped until the passage
of 21.4 mC/Cm2, corresponding to a calculated doping density of 6.44
X 1018 dopants/sz. At the end of the doping process, resistance of
a film of 0.5 Cm x 0.2 Cm was measured parallel (RAC) and perpen-
dicular (RAB) to the film surface by using pressed platinum con-
tacts. Table.5 shows the results obtained in these resistivity meas-
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urements. The third column of the table shows the open circuit
voltage of the cell after the passage of 21.4 mc/cmz, at the specified

current densities given in the first column of the same table,

Table.5 : Conductivity measurements of -(CH)X doped at different

current densities.

T T T T b

2
! uA/cm | R.n [ Ric ! VOC |
! ' } } :
| 5 | 2.3x10° | 1.6x10®° | 3.43 |
r f } } 4
| 1.25 | 2.5x10° | 3.ix10° |  3.34 |
r } } } :
| 0.5 | 1.7x10° |  ¢.0x10° | 3.327 |
r } - } +
| 0.2 | 2.3x10° |  5.0x10° | 3.28 |
r } } } +
| 0.05 | 2.0x10° | 8.7x10° | 3.19 |
i 1 1 1 J

Diagram.l : Diagram showing the press contacts made to a Trans
Polyacetylene film.
5

.. -
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3 : DISCUSSION AND CONCLUSIONS.

3.4 IR behaviour of Electrochemically doped Polyacetylene.

IR spectra shown in Fig.10 are in agreement with the
published data on Trans Polyacetylene [17]. IR bands at 1000 cm.l
and 740 cm-l are attributed to out of plane C-H deformations of
Trans and cis Polyacetylene respectively. Bands at 1290 cm_1 and
1240 cm -1 are assigned to Trans and Cis , C-H in plane deforma-
tions. Presence of both sets of these bands in the IR spectra of
trans-Polyacetylene used in this study, indicates the presence of cis
material, which was estimated to be around 7%. Cis and Trans con-

tents of a Polyacetylene specimen can be estimated by the use of the

following formula [18].

Cis content (%) = 100[1.3 AL/ (13 A A )] [29]

Where Acis and Atrans stand for the absorbances of
the 740 and 1015 cm-1 bands in the spectrum of a sample respec-
tively. The most important feature shown in the spectra 3 and 4 in
the Fig.10 is the appearance of additional bands in the spectra upon
doping. Bands at 1400 o::mn1 and 887 cm-:l {0.17ev, 0.11ev) have been
attributed to local IR modes of the charged Solitons. The intensity
of solitonic bands increases with the increasing amounts of charge
used during the electrochemical doping. This Iindicates the effective-
ness of the doping procedure adopted in our laboratory. Spectrum 4
in the Fig.10 corresponds to a sample with a Cis content of nearly

11%. This observation is in keeping with the reported observation
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that Cis/Trans isomer ratio of a Polyacetylene specimen is altered as
a result of doping. Another aspect that requires mentioning is the
change in the IR spectrum upon exposure to Air. Again a weak band
appearing at 1400 cm—1 suggests the possibllity of air (oxygen) act-
ing as a dopant also. But no additional bands due to oxygenated
materjal are observed.

Assuming a 100% charge efficiency one can calculate the
Doping density in terms of the quantity of charge used during the
doping process. Assuming the bulk density and the Floating density
of trans Polyacetylene as 0.4 and 1.2 g/cm3 respectively, an anodic
charge of 3 x 10‘4 C used to oxidize a sample of 1 cm2 area and 0.2b
mm thickness would results in a doping density of 2 x 1017 dopants/
cmz. This doping density would correspond to an oxidation level of

0.0004%, which is extremely small and well below the semiconductor-

metal transition region.

3.5 Photoeffect at the Lightly doped Polyacetylene /Electrolyte
interface.
3.5.1 Photoeffect as a function of doping density.

As in the case of Inorganic semiconductors, conductiv-
ity of the polymer increases with, increasing doping density. This
would enhance the photoeffect of the material. But at the same time
additional effects, such as increasing degeneracy of lmpurity levels,
recombination through defects, and decrease in space charge layer

thickness, would accompany the higher doping densities. Higher
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doping densities would alter the potential distribution at the
semiconductor/electrolyte interface in such a way, a significant por-
tion of the potential drop between the semiconductor and the electro-
lyte appear in the Helmholtz part of the interface. This would lower
the electric field within the space charge region, thereby lowering
the effectiveness of the photoinduced charge separation. Because of
the higher resistivity of the pristine (undoped) material organic sem-
iconductors have additional probiems related to inhomogeniety of the
distribution of dopants. As a result of these effects of opposing
nature, photoactivity of a semiconductor generally passes through a
maximum, with increasing doping density. Data shown in Fig.11l are
related to optimising the doping density for the highest photocurrent,
Starting from positive potentials the photoeffect rises towards the
negative potentials. This agrees with the p-type conductivity of the
lightly doped trans Polyacetylene. The turn on potential seems to be
positive to +0.256 V wvs, SCE., Cathodic peak for the cone electron
reduction of MVH, is in the vicinity of -1.0 V wvs. SCE. Unlike
inorganic semiconductors, the photoeffect follows the increase in dark
current towards negative potentials and it goes through a maximum
positive to the dark current peak. This behaviour again is expected
for a p- type semiconductor. Electrode with optimum doping density
showed a photovoltage of B0 to 150 mv.

Overall shape of the photocurrent voltage curves
shown in Fig.11 are indicative of an electrode with a large series

resistance. Because of the low doping levels used, the electrodes
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used are indeed very resistive. The magnitude of the photocurrent
was found to be insensitive to the distance between the counter and
working electrode. This indicates, that the resistance of the electro-
lyte does not contribute significantly to the over all series resis-
tance. Fig.1l1 indicates that there is an optimum doping density for
the photoresponse of the material. In this region of doping densities
electrical conductivity of the material shows a very steep rise [67,69]
This effect when combined with the variation of properties of individ-
ual samples (morphology etc.) would lower the precision of these
photocurrent measurements., Another feature worth mentioning is the
photoeffect in the region of positive potentials. Curve 2 and 3 of
Fig.11 show higher Photoresponse while samples with higher doping
levels show little or no photoactivity. This indicates the influence of
recombination effects in the direction of forward bias, which {8 more

severe when the doping density is high.

3.5.2 Influence of Scaking on thp Photoeffect of lightly doped
Polyacetylene,

As shown in the Table.1, the time spent by the elec-
trode at -1.0 V vs. SCE appears to have a marked influence over the
magnitude of the photoeffect. The cathodic charge passed at -1.0 V
vs.SCE seems to have a favourable effect on the photocurrent. As
shown in Table.1 over all photoeffect within the span of -1.0 V vs.
SCE to +0.4 V vs. SCE is increased. At the same time anodic cur-

rents seem to reverse this gain in photoeffect, regardless of the
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amount of charge involved (column 8, Table.1). This observation is
in agreement with the situation in which, the dopants are mobile and
the doping can be changed by manipulating the electrode potential.
But there is a fundamental problem with this speculation. As men-
tioned before, Polyacetylene acquires it's doping through a process in
which the polymer matrix undergoes oxidation, thereby creating
charge soliton carriers. Fundamentally this kind of a process is
favored only at anodic potentials, which is quite opposite to our
cbservations. Besides, the amount of charge involved is so high, if
used in 100%, efficiency of the resulting material would possibly show
no photoeffect, because of the high doping density. The reason for
this increase in photoeffect at cathodic potentials is not clear, but it
is speculated that, adsorption of a reduced solution species facilitates
the heterogeneous electron transfer across the interface. But the
most interesting aspect shown in table.l is the significant gain in
photocurrent when the cell is allowed to stand open circuit. This
indicates that another factor, which is not taken into consideration
yet, contributes to the photoeffect. Surprisingly, the electrode
receives this gain by just sitting idle in the electrolyte. Results
given in the table.2 are aimed at providing an understanding of this
phenomenon. As illustrated in the Fig.12a and Table.2, soaking
seems to have a favourable influence on the photoeffect. Photocurrent
reaches a maximum value in about 10 hrs of soaking. Since a parallel
effect Is observed in sulfide electrolyte, as shown in Fig.12b it is

obvious, that the increase of photocurrent with soaking-time does not
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depend on the identity of the redox material. Effect of soaking is
further established by the time invarient photoeffect cbserved for an
electrode already soaked in aqueous electrolyte for 10 hrs as shown
in Table.3 The effect of foreign materials adsorbed on organic solids
has been widely studied [104], Soaking of a crystalline polymer sur-
face by a polar solvent is known to increase its amorphous character,
thereby increasing the mobility of ionic carriers in the region soaked
by the solvent. This increase in ionic mobility has a favourable effect
on the heterogeneous charge transport in that region thereby aug-
menting the photoeffect. But still the reason for the deterioration of
the photoeffect at anodic potentials and it's rejuvenation at cathodic

potentials, as shown Iin the table.4 is not clear,

3.5.3 Spectral response of Lightly doped Polyacetylene,

The spectral response of the film is shown in Fig.13.
Absolute quantum efficiences are low. The gross features of the
spectral response agrees well with the work of Yamase et al [11].
Since the photoeffect is produced by the generation of nonequilibrium
carriers upon absorption of light by the semiconductor, the relation-
ship of the photoeffect to the wavelength of the incident radiation
normally follows the characteristics of the spectral distribution of the
absorption coefficient. In particular the photoeffect reaches the maxi-
mum value close to the main absorption edge of the semiconductor
[78). But Polyacetylene seems to be an exception. The only correla-

tion between absorption spectrum and the action spectira is evident In
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the region of the commencement of the photoresponse .

The simplest approximation to a charge separation
across an abrupt interface is based on the Gartner model [105]. The
model assumes, that there is no recombination of minority carriers at
the surface or in the space charge region. Recombination takes place
only in the bulk of the semiconductor and is being represented by
the minority carrier diffusion length. The model predicts that if
ad<<l and uLp<<l where a is the absorption coefficient and d iIs the
space charge layer thickness and Lp is the minority carrier diffusion
length, the photocurrent should be linear with a. Often most systems
obey the linearity even when the underline assumptions of the model
prove to be invalid. Fig.17 shows the fit of the spectral response to
the equation {17] for a direct bandgap semiconductor where linearity
between a and the photocurrent is already used. There iz an agree-
ment befween observed data and the predicted behaviour in terms of
the Gartner model. Linearity is observed with n=1 in a range from
3.5 ev to 2 ev. The intercept of nearly 1.7 ev give the band gap

which is close to the published value of 1,65 ev.

3.6 Analysis of Electroreflectance data on Polyacetylene/Electrolyte
interface.
EER spectra of Polyacetylene shown in Fig.14b has two
peaks, one at 1.4 ev and the other at 1,556 ev. The line shape of
both peaks do not fit the third derivative line shape expected from

low field electroreflectance, although the position of these two peaks

_69_



I

(Photocurrent x Energyf x 10 (A.nvf
’

&

0 e 15
Photon Energy (ev)

Fig.17. Fit of the spectral response of trans-Polyacetylasne,
with a doping density of 8 x 1017 =}, at 0.0 v
vs.3CE to the theorstical wmodel for a direct band

gép nemiconductor, based on the equation.[17]

-70-



remain the same in the range from 0.00 v to -0.5 v vs.SCE. Organic
Polymer/ Electrolyte interface is not sharply defined. Because of the
porocity of the polymer, the electrolyte may actually penetrate the
polymer surface, forming a region, which is usually a composite
between the polymer and the electrolyte. On it's way in and out of
the surface, the reflected light travel this composite region which
might have a highly inhomogeneous distribution of the electric field.
The modulation of reflected light therefore represents a complicated
superposition from a wide spectrum of values of the electric field
strength. This would present a problem for the line shape discus-
sions. This aspect together with the possibility that the modulated
electric field gives rise to periodic chemical changes in the polymer
may seriously distort the line shape. Polymeric semiconductors cften
show electrochromic behaviour. The modulated change of color,
caused by the modulating voltage, creates a modulated change of
reflectance. This contribution, when considered as a function of
wavelengh, is very similar to the absorption spectrum of the material
itself. This noncritical background might deform the line shape asso-
ciated with the transitions at critical points. There is a possibility
that, thg huge peak centered around 2.1 ev, shown in Fig.l14a rep-
resents a noncritical background, resulted from the electrochromic
behaviour of Polyacetylene. This particular peak extending over an
energy span of about 1.5 ev is too broad to account for a transition
at a critical point. Polyacetylene has it's main absorption peak around

2.1 ev and it's magnitude changes with the doping level. When the
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film is polarized to anodic potentials there is a possibility that, at
least the oxidation level of the surface layers fluctuate, in respond-
ing to the modulating voltage, thereby creating a noncritical EER
background. Spectra at negative potentials do not have problems due
to electrochromic effects. But still the experimental line shapes do
not fit to the expected line shape. Under these circumstances only a
tentative assignment of the two peaks in the EER spectra shown in
Fig.14b, can be presented. The peak at 1.55 ev and 1.4 ev can be
assigned to direct band transition and an excitonic transition respec-
tively. This will put an excitonic level 0.15 ev below the band edge.
The amplitude of EER signal changes it's sign at the
flat band. In viologen electrolyte, the flat band poiential of trans
Polyacetylene/Electrolyte interface lies around 1.1 v vs. SCE, as
indicated in Fig.15. As the space charge region is varied from the
flat band into the fully depleted regime the EER signal does not
become independent of bias as required by equation [21], but
decreases dramatically towards the reverse hias. This behaviour is
interpreted to be due to Fermi level pinning, due to surface state
levels that are fast enough to equilibrate at the modulating fre-
quency. This causes a part of the potential drop to fall across the
Helmholtz layer, thus modulating the position of band edges relative
to the reference electrode. This results in a decrease in modulation
amplitude in the space charge layer and hence a decrease in elctrore-
flectance signal. When the fermi level iz completely pinned the signal

intensity goes down to zero.
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3.7 charging characteristics of Polyacetylene electrode

As mentioned earlier, crystalline fibriller morphology of
Polyacetylene makes this polymer prone to non uniform doping. Uni-
form distribution of dopants can be expected, only if the rate of
introduction of dopants is slow enough in comparison to the rate of
charge transfer and the rate of diffusion of dopants into the polymer
bulk. The open circuit potential of a Polyacetylene/Li cell is depen-
dent on the activity or concentration of dopants at the Polyacetylene/
Electrolyte interface. The initial steep rise in the open circuit poten-
tial with the current density of 5\.1:‘\/t:m2 (Fig.16) clearly indicates a
surge of dopants at the interface in a short period of time., After
this initial rise the potential increases very slowly, and it is possible
that during the initial rise of potential, dopsnts f>rm tiny metallic
islands that maintain the potential at the interface at a nearly steady
value. But at Jower current densities the rate of ‘ntroduction of
dopants becomes more and more compatible with the diffusion process.
As a result of this the cell voltage develocps more and more gradu-
ally, According to a recent report, the equilibrium time required to
achieve doping uniformity in a film of 70um thickness would be of the
order of 300 hours due to the slow rate of diffusion of dopants instde
the film. Considering the fact that the film we used was about 250um
in thickness, it is uncertain whether we can achieve true homogeniety
within the time scale of an experiment. Lowering the current density
would help the situatjon as shown in Fig.16. But reducing the cur-

rent density less than O.IuA/cmz,which we normsilly used in our
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experiment is rather impractical.

Even though there are problems with measuring resis-
tance of highly resistive films by using two probe method, the data
shown in Table.5 on parallel and perpendicular resistance of the film,
following the introduction of equal amount of charge (but at different
rates), are consistent with the discussion above. Since the accumu-
lation of charge at the interface (probably forming tiny metallic
islands) is possible at high charging current densities; parallel resis-
tance should be more sensitive to the rate of charging. From the data
presented in Table .5 on parallel resistance, one can see a trend to
increase the parallel resistance with decreasing current density. The
open circuit potential observed at the end of a passage of equal
amount of charge, complements these findings. The lower voltage
resulted at low current densities indicates that the activity of
dopants (concentration) at the polymer electrolyte interface is low,
because at low current densities more of them have enough time to

diffuse into the polymer.

3.8 Summary and conclusions.

Photoelectrochemical and Electroreflectance characteris-
tics of trans Polyacetylene were studied in this part of the work.
The porous nature and reactivity of the film called for special han-
dling and a new design for electrodes used in Photoelectrochemical
experiments. Doping of the polymer can be done electrochemically and

can be verified by taking the IR spectra of doped samples. Lightly
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doped trans Polyacetylene forms a photaovoltaic junction with aqueous
electrolyte containing methyl viologen as the redox material. Even
though the exact photovoliage is sample dependent, it's magnitude
generally falls somewhere around 80-150 mv for an electrode with
optimum photo effect. photocurrent behaviour of trans Polyacetylene
consistent with a semiconductor with p-type semiconductivity. The
turn on potential seems 1o be positive to +0.45 v vs.SCE. The overall
shape of photocurrent voltage curve resembles an electrode with a
ilarge series resistance. Photocurrent is observed in a narrow region
of doping densities with a maximum corresponding to about 1018/cm3.
Socaking of the electrode appears to have a favourable effect on the
Photoresponse of -(CH)x and it levels off in about 10 hours of soak-
ing in an aqueous eletrolyte. Similar effect was observed regardless
the identity of the redox material. The photoelectrochemical behaviour
of —(CH)X is unlike any known inorganic semiconductor and Iis
strongly correlated with the anodic current which causes deterioration
of the photoeffect and cathodic dark current which causes rejuvena-
tion of the photoeffect. The exact reason for this phenomenon Is
unclear, but it may well be connected with the possible chemical
interactions between the electrode and the electrolyte which might
affect the effectiveness of charge separation at the interface. The
quantum efficlency of the photocurrent is low and the fact that quan-
tum efficiencies at various wave length did not correspond to the
absorption spectrum make this material very different from Inorganic

Semiconductors, Only correlation between the absorption spectrum
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and quantum efficiency for charge separation is found in the region
of photocurrent onset. The photoresponse of trans Polyacetylene can
be analysed in terms of the Gartner model, and the findings are con-
sistent with a direct band gap semiconductor with a band gap of
about 1.7 ev. EER of trans polyacetylene at negative potentials con-
sist of two peaks located at 1.4 ev and 1.55 ev. Although both of
these signals satisfy the low field requirement, they did not fit to
the third derivative line shape expected for low field EER. In this
case only a tentative assignment could be made. The peak at 1.55 ev
was assigned to direct band transition and the one at 1.4 ev was
assigned to a excitonic level 0.15 ev below the conduction band edge.
At positive potentials, the EER spectra of trans -(CH)x became more
complex and a broad peak around 2.1 ev with a width over 1.5 ev is
speculated to be a non critical back ground originating from the elec-
trochromic nature of polyacetylene. The amplitude of both EER peaks
change the sign around 1.2 v vs. SCE. This position is identified as
the flat band position for this interface. Variation of EER peak height
with potential indicates that Fermi level pinning occurs as the film
enters into depletion. Considering the question of homogeniety iIn
the doping process low charging current densities seems to promote a
homogeneous doping process. High current densities resulted in a
sample with low resistance parallel to the film surface, which is
interpreted in terms of the inhomogeniety of doping at high current
densities

Conclusions of this part of the study can be wrapped
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up as follows. Techniques such as Photocurrent Spectroscopy and
EER, which are traditionally used to characterize Inorganic
Semiconductor/Electrolyte interface can be used to study the Organic
Semiconductor/Electrolyte interface too, despite the complexity of the
interface, The photocurrent spectra can be analysed in terms of the
Gartner model and the band gap value obtained from this analysis
agrees with the EER data. Amorphous character induced by the
absorption of a solvent by a crystalline polymer seems to favor the
charge transfer kinetics between the polymer and the redox electro-
lyte. Specfic interactions between the polymer surface and the redox
material seems to dominate the processes at the illuminated interface,
because no inorganic redox couple gives photocurrents comparable to
the viologen electrolyte used in this study. High modulation ampiitude
required to observe the EER and possibly the inhomogenlety of the
electric field at the interface due to the porous nature of the poly-
mer, may be responsible for the distortion of the EER line shape to
the extent that no line shape analysis Is possible. Electrochromic
behaviour of the polymer seems to Introduce broad structures into
the EER spectrum that interfere with EER observations. Even though
-(CH)x cannot be considered as a potential candidate for applications
such as solar energy conversion, photoelectrochemical and EER inves-
tigations on these material are fundamentally important to characterise

these semiconductive polymers.
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Chapter 4

POLY 3-METHYLTHIOPHENE/ELECTROLYTE INTERFACE.

4 : EXPERIMENTAL RESULTS

4.1 Photoeffects at the PIMT/Electrolyte interface.

Fig.18 shows the Photoelectrochemical response as a
function of doping. Doping content was varied by removing a fraction
of the total recoverable charge electrochemically until the desired
oxidation level is achieved. Reduction could be carried out either
potentiometrically by lowering the electrode potential down in small
steps, or Galvanostatically at Current densities of 0.27 uA/sz.
Essentially the same Electrical and Optical properties were observed
for films that were reduced by using either method, provided the
cathodic charge Involved was the same. Total recoverable charge was
measured potentiometrically by bringing the potential down with the
starting potential of 'as grown' film at 3.8 V vs. Li, which was
brought down to 2.5 V vs. Li at the rate of 1.7 mv/min and finally
carrying out the reduction exhaustively at 2.5 Volts for another 30
hrs until the current flow becomes small enough to assure complete
reduction. Table.6 represents the data related to the preparation of
six samples with varying doping densities. [Q(6)-Q] indicates the
amount of charge removed. The data tabulated in the last column:
NR/cma, which is the density of dopants remaining in the film, was
obtained by dividing the remaining charge by the volume of the film.
Oxidation level y, corresponding to the formula
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Table.6 : Partial reduction of P3MT to achieve different doping

concentrations
r T T N T 1
| Sample | Q (removed), | Q(6)-Q | mole % /ring | Nd/cm3 |
| # [ C/cm3 } |  (anion) | I
P t 4 1 ] =
I 1 | as grown | 280.0 | 41.6 | l."r'JicIO21 |
F + f } i i
|2 | 34.0 2460 | 36.5 | 1.5x10%1 |
t + — 1 f - I
{3 | 65.0 i 215.0 | 31.9 | 1.3x10%) |
b { f t ] {
| 4 1 95.2 | 184.8 | 27.5 | 1.1x10%! |
b t f f } i
| 5 | 175.3 | 1047 | 15.6 | 6.5%x10%0 |
t f f —1 f {
| 6 | 280.0 | 0.0 | 0.0 | 0.0 |
L 1 ] 1 1 J

[(PSMT)*Y(CFSSOS)_»‘]X can be calculated by dividing the number of
charge carrlers that remain, by the number of thiophene rings in the
film that was calculated from the weight of the film. Fig.19 shows the
spectral response of 'as grown' P3MT measured at 0.0V vs. SCE and
0.5V vs. SCE. Fig.20 illustrates the spectral response of fully
reduced or neutral sample taken at two different potentials 0.15V vs.
SCE and -0.5V vs. SCE. Measurements were taken in viologen elec-
trolyte under monochromatic radiation of 410 nm. Fig.21 [llustrates
the photocurrent potential and dark current potential characteristics
of 'as grown' P3IMT measured under quasi steady state conditions. In
this case after the application of a potential, the electrode was

allowed to stand for some time, long enough to assure quasi steady
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state pholocurrent. Fig.22 illustrates the photocurrent potential char-
acteristics of the reduced (neutral) P3IMT measured under similar

conditions,

4.1.1 'as grown' and neutral Poly 3-Methylthiophene.

Fig.23a shows the EER spectra of neutral P3MT at var-
jous electrode potentials. Again the experimental conditions were the
same as in photocurrent measuremenis. Unlike Polyacetylene, EER of
neutral P3MT showed only one peak within the region of potentials
studied. But the position of the peak maximum shifted towards high
energy, as the potential moved towards the flat band condition,
Fig.24a shows the wvariation of the EER signal with the amplitude of
modulation voltage. The observed linear dependence is maintained up
to, about 0.5 Volts. Therefore, operating amplitude of about 0.2V
vs, SCE satisfied the low field requiremert and the lineshene analyslis
can be performed according to the theory of low field electroreflec-
tance. Fig.24b shows the varijation of EER signal amplitude as a
function of applied potential. Signal starts to rise steeply as the
potential moves away from the reglon of flatband towards the reverse
bias. The signal passes through a maximum at about+0,4V vs, SCE,
But instead of maintaining a signal amplitude at constant value, as
required by equation 21, the signal begins to lose its height around
+0.4V vs. SCE and finally drops nearly to zero as it approach 0.0V
vs. SCE. This phenomenon has been attributed to the pinning of the

fermi level to A mid gap surface energy state.
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Fig.23b shows the EER spectrum of the "as grown"
polymer taken at +0.4V vs. SCE. the EER signal appears at the same
energy as that is observed for the neutral polymer. But the signal
strength does not show a linearity with the modulation ampl-itude.
Thus, the spectrum cannot be analysed in terms of the theory for
low field Electroreflectance. The spectrum shows a strong response
down to energies lower than 1.5 ev,

Fig.25 shows the EER response of a P3IMT sample with
moderately high doping density. Sample was prepared as described in
section 3.2 and it corresponds to the sample 3 shown in Table.6. Two
structures are clearly visible. In addition to the peak around 2 ev
there is another structure near 1.6 ev, which is not present in the
neutral sample and, is different from the low energy broad response
of the 'as grown' sample. Both peaks satisfy the low field require-
ment, by showing a linear dependence with modulation amplitude.
Therefore these two structures can be analysed in terms of low field

EER as an overlap o’ two EER signals.

4.2 Impedance measurements.

Fig.26a and 26b, show typical impedance spectra of 'as
grown' and reduced P3MT respectively. These two samples correspond
to sample 1 and sample 6 shown in Table.6. The high frequency part
of the spectra of highly doped sample (as grown) behave as a pas-
sive RC element for which the Impedance is given by the equation,28,

In this region, log plot of the imaginary part of the impedance spec-
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tra (log 2IIX) relates to log (f) with a slope of -1 whereas the real
part becomes independent of frequency. But the capacitance values
do not vary with potential as required by the Mott-Schottky relation-
ship given by the equation.14, indicating that the passive capacitive
element does not represent a space charge layer. Fully reduced or
neutral sample does not show a region where there is a linearity
between log (2IX) and log(f) with a -1 slope. Sample 2 and 3
(Table.6), both showed a region with a -1 slope in the imaginary
part of their respective impedance spectra and in both cases, the
capacitive eclements varied with the electrode potential according to
the Mott Schottky relation (equation.14) and the straight line graph
can be extraploted to cross the potential axis at +0.71V wva. SCE.
Fig.27 a and b show the impedance spectra for sample 3 at 0.4V vs.

SCE and Mott-Schottky plot for the sample 3 respectively.

4.3 Quantum efficiency measurements with Pt(0) coated P3MT
electrode.

Fig.28 indicates the variation of Quantum efficiency of
neutral PIMT with the area concentration of Pt(0), in viologen elec-
trolyte. Coating of electrode with Pt(0) was done electrochemically,
by potentiostating the electrode, illuminated with intense white light
at 0.1 v vs,.SCE in a solution of 1 mM KthCl6 and 0.1IM NaClO4,
until a desired amount of charge is passed. Testing of the electrode

was done in viologen electrolyte. The basic photocurrent/voltage

characteristics of modified electrode is the same as the unmodified
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one, except high photoresponse. Coating with Pt(0) always improved
the performance of the electrode compared to the naked one with a

maximum amount of Pt(0} in the vicinity of 2:\'10_7 mol/cm2

4.4 Observations relating to the stability of PIMT in aqueous
electrolyte.

Fig [29a] shows the photocurrent/voltage characteris-
tics of P3MT in viologen electrolyte. The scanning was done at 1
mv/sce and iliumination was 410 nm, The fresh sample showed a I/V
curve with a cathodic photocurrent peak in the vicinity of -0.5 v
vs,SCE, consistent with previous results. Then the electrode was
held at -0.5 v vs.SCE for 2 hours which resulted in an 1/V behav-
jour shown in cirve 2. In this case not only the magnitude of the
photocurrent is low, but also the photocurrent peak has shifted
towards positive potentials. This shift became larger with more time
the electrode spent at -0.5 v vs.SCE. If the same electrode is held
at +0.75 v vs.SCE for 3 hours, the resulting I/V character -is similar
to curve 3. After three hours at the anodic potential the photoeffect
has rejuvenated and the photocurrent peak appears close to where it
was for the fresh electrode.

In Fig {29b], curve 1 shows the photoeffect of an
electrode, which was in contact with NaBH4 for 30 minutes. This
treatment resulted in very low photoeffect and a photocurrent peak
shifted to positive potentials, Curve 2 shows the I/V behaviour of

the same electrode after the oxidative treatment with 10% solution of

-95_



N328208. This, increased the photoresponse, an order of magnitude
higher than the electrode treated with NaBHq, and shifted the photo-
current peak towards the negative potentials. Now the same electrode
can be held at -0.5 v vs.SCE and then at +0.75, to observe essen-
tially the same behaviour already described. Curve 3 represents the
situation when the electrode is held at -0.5 v for 5 hours and Curve

4 shows the 1/V behaviour of the same electrode after holding it at

0.75% v for five hours.
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4 : DISCUSSION AND CONCLUSIONS,

4.5 Photoeffect at the Poly 3-methylthiophene/Electrolyte interface
4.5.1 Variation of photoeffect with the doping density.

It is evident from Fig.18 that for Electrochemically
reduced samples the photoeffect increases with decreasing doping
density. This observation is in accord with that of inorganic semi-
conductors, which show a similar reduction of photoeffect when the
solid becomes semimetallic. Variation of the photoeffect can be com-
pared qualitatively with a similar variation of absorption coefficient
with doping density. Absorption coefficient for the band gap tran-
sition decreases with the doping density [62,106]. Thus observations
shown in Fig.18 are very much expected. But there is a major disa-
greement worth mentioning too. When the doping density of P3MT is
increased starting from the neutral sample, ir addition to the
decrease in band to band transition, additional structures begin to
appear in the sabsorption spectrum. The absorption peak appeuaring
around 650 nm becomes the most visible structure when the doping
density is iIncreased to metallic region. This additional absorption
peak has been attributed to the presence of mid gap bipoloron energy
levels [62]. But surprisingly, the photocurrent spectrum does not
have a structure corresponding to this bipoloron absorption at any
doping level investigated, According to Fig.18 the spectral response
of the photocurrent is apparently insensitive to the doping level,

except for its magnitude. This was rechecked by normalising the
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spectra shown "in the Fig.18 to the same peak height. They virtualy
coincide with one another and no additional structure in the region of
600 nm was observed. This observation is in contradiction to a report
published [107] in which a sub-band gap response in the vicinity of
600 nm was observed for the 'as grown' samples. There is no immedi-
ate explanation for this discrepancy. Being defect sensitive systems,
electronic properties of organic polymers may well be influenced by
the differences in the processes and solvent/electrolyte systems used
for the film deposition. Thus the differences in the observed photoe-
lectrochemical properties are not unexpected,

4.5.2 Photoelectrochemical response of P3MT.

As shown in Fig.19 variation of steady state photocur-
rent of ‘as grown' P3MT with wave length, follows closely the
absorption spectrum of the material. Efficiency of the photocurrent is
much higher at -0.5 V vs, SCE compared to that at 0.0 V ve. SCE.
this is expected for a p-type material, since the higher reverse bias
would cause more eflfective separation of photogenerated carriers.
Actual magnitude of the photoresponse is somewhat sample dependent,
but the spectral response is always a replica of the one shown in
Fig.19. Fig.30a shows the fit of the spectral response at 0.0 V vs.
SCE to the equation [17]. From 2.7ev down to 2.lev there is a linear
relation with n=1 and intercept at 2.09 ev.

In the case of reduced P3IMT (Fig.20) the action spec-
trum at positive potential eg.+0.15 V vs.SCE, closely resembles the
one which is shown in Fig.19 for the 'as grown' polymer. The fit of
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the spectral response for the reduced (neutral) film at this potential
using equation [17] is shown in Fig.30b. Similar to the 'as grown'
case, a linear relation is observed for the neutral film from 2.5 ev
down to about 2.1 ev with an intercept of 2,00 ev for n=1, also indi-
cating a direct transition. After potentiostating the neutral electrode
for about 3 hrs at -0.35 V vs.SCE, dramatic change in the spectral
response is observed. As will be discussed later the photoresponse in
this region of potentials deteriorates rapidly. In addition to the
expected reduction in quantum efficlency, a new peak around 630 nm
is observed (Fig.20b). The position of this peak agrees with the
reported position of the low energy absorption peak of Mv** [108].
These results strongly suggest that when the neutral film is kept at
a potential negative enough to cause the reduction of MVH, some of
the reduced MV'  absorbs on the polymer, This absotbed layer is
capable of producing photoelectrochemical response ans that the mv'*
is stabilized on the surface,

It is speculated that coulombic effects play a key role
in the stabilisation of MV'® on the surface. In this case one would
expect only a sluggish absorption of MV'® on to the 'as grown' poly-
mer. Because, as grown material is already oxidized, and contains a
substantial positive charge in the polymer matrix, it opposes the
abscrption of likely charged MV'®. The action spectra shown in
Fig.19 and 20 are consistent with this speculation. The neutral
material shows a weak shoulder even at +0.15 V vs, SCE (Fig.20a),

whereas the action spectra of 'as grown' material shown in Fig.19b,
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taken at more reducing potential -0.5 V vs. SCE, shows a more
pronounced shoulder.

There is yel another important aspect connected with
Fig.30. As stated in Chapter.1l, polymers such as Polythiophene with
nondegenerate ground state, support localized charge defects called
bipolarons, which are the most erergetically favourable charge con-
figuration for those polymer sysiems. When electrons are removed
from the polymer chain during the doping process, bipoloron levels
are created as symmetrically located mid gap levels [109]). Since bipo-
loron states coming in the gap are taken from the VB and CB edges
band gap of the material is widened with increasing doping density.
In the case of Polypyrrole the band gap is known to increase from
3.2 ev in the neutral state to 3.6 ev in the 33% doped state [110]. In
the case of Polythiophene, the band gap transition in the absorption
spectrum shifts blue, as the doping progresses from neutral to som-
imetallic state [106,62]. The observations presented in Fig.30 are
consistent with the observations given above. The fit of the spectral
response of neutral and 'as grown' P3MT to equation [17] ylelds, a
band gap value 2,00 ev for the neutral material and 2.09 for the 'as
grown' material. Eventhough these values indirectly support the exis-
tence of bipoloron states, surprisingly none of the action spectra of
P3MT observed so far in this study show any direct evidence con-
firming their presence.

As shown in Fig.21 reductive peak in the photocurrent

shifts by, more than +0.15 V positive to that in the dark current.
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This 'up hill' reduction of viologen is in agreement with the
p-character of P3MT. But the actual shift in the potential may be
influenced by several factors including possible chemical changes in
the material itself. However at this point i is important to establish,
that the origin of the observed photoeffect is photovoltaic and is not
due to photoconductivity, or photostimulated undoping of the poly-
mer. The fact that we observed a positive shift of about 0.19 V in
the rest polential due to intense white light illumination, demonstrates

that the junction indeed acts as a photovoltic device.

4.6 Analysis of EER data on PIMT/Electrolyte Interface.

Set of EER spectra shown in Fig.23a for reduced P3MT
consists of a single peak with the positicn of maximum shifting to
higher energies as the potential shifts towards the flat band poten-
tlal. Changes of the position or shape of EER with dc bies have
been observed before, for inorganic semiconductors [111]. They were
interpreted to originate from interference effects between the front
surface and either the edge of the space charge layer or the back of
the film. In the case of neutral P3MT no interference fringes were
observed. The four parameters In equation [22] that determine the
lineshape could be fitted to all four spectra. Result of the fit for the

spectra (a) and {d) (Fig.23) are as follows.

spectrum (a) g= 1.97 ev = 0.19 ev 9= 28° n= 3.5

E
spectrum (d) Eg= 2.01 ev T= 0.28 ev 0= 72° n= 3.5
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The value of n is indicative of a one dimensional direct
transition. The value of the band gap agrees well with the spectral
response measurements and it is also in a very good agreement with
optical absorption measurements |[112}. The broadning parameter T
and the Phase factor 0 are sensitive to the doping level. From the
data given above one can see an increase in both of these factors
from spectrum (a) to spectrum (d). This increase may be associated
with a removal of surface defects when the electrode is polarized to
anodic potentials. With reference to the observations given in Fig.22
one can see an increase in photoeffect in the region of positive
potentials as a result of a prolonged anodic polarization of the neutral
P3MT photocathode. This observation is consistent with the removal
of surface defects. In this case the increase in Eg in going from
spectrum (a) to (d) may be significant too, as discussed under pho-
tocurrent measurements. But in view of the complexities of this sys-
tem further consideration of this effect is unwarrented. Fig.3la
shows the fit of the spectral lineshape of the spectrum (c) (Fig.23)

to the equation [22]) with the following parameters.
spectrum (c) Eg= 1.99 ev  TI'= 0.23 ev 0= 242° n= 3.5

Observations given in Fig.24b are consistent with the
Fermi level pinning. As discussed before Fermi level pinning is
observed as a result of the drop of modulation voltage across the
Helmholtz layer when the film enters into depletion. This drop is

associated with a change in the number of ionized surface states N“.
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If the Fermi level of the semiconductor is pinned, then equation [22)

can be modified to yicld [113)

: AR _ & _cNg 0
~ K(I C, du cdu {30)

where CH is the capacitance of the Helmholtz layer, N“ is the area
concentiration of ionized surface states and U is the electrode poten-
tial. The Fermi level will be pinned or partially pinned whenever
dN“>0, in this case part of the modulated potential drop will result
in charging of the surface and will not be available for the modula-
tion of the space charge field. As a result of this EER amplitude will
be decreased. In the llmiting case in which dN“/du is equal to Cn/e
the EER amplitude will be reduced to zero. This situation is shown in
Fig.24b. At 0.0 v vs. SCE the Fermi level anpears to be completely
pinned, Assuming that AR/R attains its maximum value when

dN' l;/t:lu=0 the equation can be modified to characterize the surface

r eNs__[ 2 foe-u s ['rdn?] s
|- Cul@m* expzﬁ(u" +fu.... l) ] i

states responsible for the pinning [113]. Where T stands for 1 -
------- , N. is the total concentration of surface states. U tential
(ammd_ 2 "t t PO

at the maximum surface state density. o is the standard deviation of

surface levels relative to the maximum. The data shown in Fig.24b
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gives an excellent fit to the equation [30] to yleld (following

parameters,

N,/Cy = 7.6X10'%, 6 = 0.21, U = -0.31 v vs. SCE. Assuming the
Helmholtz layer capacitance CH to be 11 uF/sz, which is the value
obtained for polyacetylene, il only the exterior surface is wetted by

the electrolyte {114], Nt can be estimated to be 8x1013, which is
close to a one tenth of a monolayer over a geometric area.

EER spectra for fully doped P3MT shown in Flg.23b
cannot be analysed in terms of the theory of low field electroreflec-
tance. But in the case of moderately doped sample: sample 3

{(Table.6) both EER peaks could be fitted to the equation [22] with

the following parameters,

Peak (a) n=3.5 Eg=1.98 ev 0 =169.8° =0.320 ev

Peak (b) n=2.0 Eg:1'70 ev 9=32.1° I'=0,238 ev

The spectrum 3 (Fig.25) for the sample 3 (Table.8) is reproduced
with the theoretical fit to the equation [22] in Fig.31lc. The parame-
ters: n and Eg evaluated for the peak (a) are identical to those,
obtained for neutral P3IMT., No comparision can be made for © and T
values because of their sensitivity to varlety of surface conditions,
and differences in these parameters are expected for samples with
different doping densities. But Eg value is very much in agreement
with the optical data presented earlier and, since n = 3.5 corre-
sponds to a one dimensional critical point, the peak(a) can be identi-

fied to be associated with the direct band to band transition. The
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question, whether this sub band energy level which give rise to
peak(b) represents a localized impurity state, is yet to be resolved.
The EER behaviour of localised sub band gap impurities has been
reported {115]). In this case EER follows the potential dependence of
the dark current (high near the flat band and low in depletion) and
has been interpreted in terms of the modulated changes in the
absorption coefficient, caused by the current induced periodic
changes in the population of impurity levels. But as shown in the
Fig.25 magnitude of both peaks is very small around +1.0, which is
the region of flat band and increases towards the negative potentials
as the film enters into depletion mode. Both peaks essentially follow
the shift of the fermi level relative tv the band edges. In other
words, the EER intensity of peak (B) coes not follow, what is
expected for localized, sub band impurity states. This situation is
entirely different from that for neutral P3MT for which, the inten-
sity of the band gap transition reduces, as the film enters into
depletion mode, due to unpinning of the band edges as discussed
before. Since we already know that P3MT supports blpoloron energy
levels, an alternative approach is to consider the possibility of a
poloron level located within the gap giving rise to this new sub band
EER response. Depending on the level of population (spin) these
midgap energy levels can be either polorons (spin =1/2) or bipolorons
(spin =0). The polorons are associated with localized mid gap levels,
located symmetrically with respect to to the gap center as shown in

the Diagram.2 [63]
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Diagram.2 Representation of the direct gap and Poloron energy levels

in Poly 3-methylthiophene.

‘ ' Ec
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In the case of Poloron three sub band optical absorp-

tions: EV-EZ, EV-EI, E2-E1 are expected . This situation has been
experimentally observed for C104_ dop2d PPY [109]. In the case of
bipoloron only two optical sbsorption peaks: EV-}.‘J2 and EV-El are
possible. This has been experimentally verified for Polythiophene
[62}, which shows two sub band absorption peaks in the vicinity of
0.6 ev and 1.4 ev. The sum of these two is equal to the band gap as
required by the symmetry of the poloron leveis. Most important fact
is that both of these peaks are induced by doping.

The origin of the mid gap observed in EER for moder-
ately doped PIMT (Peak.B) can be discussed in relation to the polo-
ron model. The peak is induced by doping and neutral material does
not show such transition. It does not represent a mid gap localized
impurity state. Since our EER observation does not extend to the
energy region corresponding to Ev-Ez, which is in the energy range:
0.15 ev - 0.3 ev, the origin of Peak (B), as to whether Ev-El, or
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EZ_EI is uncertain. If peak (B) is associated with the I:‘.Z-E1 tran-
sition, it is seen from the Diagram.2 that huo/h = 0.85. According to
Fig.4 of Ref.|[63] one can cstimate that this hwo/A value corresponds
to either a poloron with the confinement parameter of 0.4 or a bipole-
ron with confinement parameter of 1.5. If the peak (B) is associated
with the Ev_El transition hwo.’ﬁ = 0,707 and this value corresponds to
either a poloron with confinement parameter of zero or bipoloron with

a confinement parameter of 2. With the available data, analysis cannot

be carried out further than this point.

4.7 Relaxation spectral analysis of Poly 3-Methylthiophene.

The MS plots of Sample 3 (Table 5) consistent with an
abrupt junction of a p-type semicond ictor with a flat band potential
of 0.71 v vs SCE. This value iIs consistent with the electroreflectance
data and Photoelectrochemical data reported earlier. From the slope of
the Mott Schottky plot doping density of sample 2 and 3 (Table.6)
can be estimated by assuming the wvalue of dielectric constant as 6.
Table.2 shows comparison of these values with the calculated doping
Table.T Comparision of Doping densities calculated from Mott

Schottky plots and coulombic data.

r T T 1
' sample | NA/cm2 ! NA/crﬂ2 |
| | (coulombic) | (MS plot) |
F t + 1
| 2 I 1.5x10°) | 6.6x10%0 |
t + + 1
|3 | nax102! | 1.ex10%® |
L i L J
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densities based on the charge involved in electrochemical reduction.

The doping density calculated from the slope of MS
plot deserves some comments. In this case the area of the sample was
assumed to be the geometric surface area. Since the degree of pene-
tration of the electrolyte into the polymer is uncertain, there is an
uncertainty as to the true arca. The roughness factor is unknown.
Calculation of doping density based on the charge removed during
the electrochemical reduction, assumes a uniform distribution of
dopants throughout the polymer, following the reduction. On the
other hand, Impedance measurements deals with the interface and the
calculated doping density gives an estimation of the dopants concen-
tration, only in the interfacial region. These fundamental differences
in the two methods of estimating the doping density make this com-
parison somewhat questionable.

The value of flat band was not correct:d for the con-
tribution from the electrolyte. For the Mott Schottky equation [14] to
hold, it is necessory that csc«ch and §>>M'H where AQH is the
potential drop in the Helmholtz layer. But the validity of the second
Inequality is questionable for a semiconductor, such as sample 2 and
3 with high doping density. But even under these circumstances lin-
earity of Mott Schottky plots is preserved, provided there is no
charge present in surface states [103}. Since no Fermi level pinning
was observed for sample 3, there is a possibility that the population
of surface states remain constant within the reglon from flat band to

about 0.0 v vs.SCE. Thus, instead of having a surface state free
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system, one can imagine a system with fixed popuiation in surface
levels, and any error due to this population should be included in
the flat band value. Following the treatment by De Gryse et al [103]
one can estimate a flat band wvalue excluding the contribution from
the electroiyte to be 0.94 v vs SCE, Assuming CH=11}.|F and dielec-
tric constiant of p3MT as 6 one can estimate that the Helmholtz layer
accounts for more than 70% of the potential drop across the interface,
when the electrode potential is +0.4 v vs.SCE. For high doped
materials eg. sample 1 (Table.6) the thickness of the interface domi-
nated only by the elecirolyte. In this case poor Mott Schottky

behaviour is observed as expected.

4.8 Attempts to improve Photoelectrochemical performance of P3MT
through the deposition of Pt.

It is well documented that the medieted electron trans-
fer across the Photoelectrode/Electrolyte interface can be enhanced
by the introduction of electrocatalysts on the photoelectrode surface.
deposition of noble metals, eg. Pt,Au,Rh, the covalent attachment of
a redox mediator to the photoelectrode surface [116] and polymer
films bearing photoelectrochemically deposited Pt [117].

In this study we have already seen that the illuminated
P3MT can be used to effect the up hill reduction of Methyl viclogen

Hydrate.

My2t v e — Mv' [32)
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Since the junction showed a photo voltage of around 200 mv, the
reduction can be effected at least 200 mv more positive than at a
reversible electrode such as Pt. The photoelectrochemical generation
of MV'" has a special significance, because of the following reaction

1118].

amv*tt . 2H,0 —> H,(g) + 20H + 2Mv"’ (33)
This reduction allows the light driven evolution of H2 from H20 in an
up hill sense. The P3MT/viologen system contributes at least 200 mv
towards the 1.23 v needed to split H20 according to the equation

(119].

H,0 — > Hy(g) ¢+ 1/20,(g) [34]

Reduction of MVt o MV'® alone is not sufficient to give improvement
in photogeneration of HZ’ since MV'® does not react with H20 despite

the fact that reduction of H20 is thermoiynamically allowed for =a

24/ 40

o1
wide range of pH (E ( MV ) = -0.6% v vs. SCE). The Pt(0)

incorporation procedure provides a mechanism to equilibrate

(Mv2*/te

), with (}{2/H20). In other words Pt(0) acts as a mediator
for the reaction [33]. The effectiveness of Pt(0) as a mediator has
been demonstrated [117,120]. In the present study, the current den-
sities involved are certajnly not large enough to evolve any observ-
able quantities of Hydrogen. But this factor alone is not sufficient to
rule out the proven role of Pt(0) as a mediator for H2 evolution.

As shown in Fig [28], depgosition of Pt caused an

improvement of the quantum efficlency for the charge separation by

-113-



nearly a decade. In the absence of viologen as the redox material,
naked P3IMT shows only a negligible photoeffect. The platinized P3MT
seems to have an improved performance. But still photocurrent is too
small to make any quantitative evaluation. This situation is very dif-
ferent from the case of Pt deposited p-type Si where, pilatinization
improves the efficiency for the photoelectrochemical generation of H2
compared to naked p-type Si {117a). Considering the absence of any
kinetic limitation for evolution of Hydrogen on Pt and the lack of sig-
nificant improvement of photoetfect of platinized PIMT (in the absence
of vioclogen) indicate that there is no enhanced electron transfer
between the conduction band of P3MT and Pt(0) which is on the sur-
face. This inference is extremely puzzling, because noble metals are
generally used as pra2ssure contacts for organic semiconductrors with
p-type conductivity. But, this difficulty cannot be resolved with the
available data.

The improvement of quantum efficiency shown in Fig
[28] may be the result of effective scavenging of MV'® in the vicinity
of the electrode by the surface Pt as given in equation [33] combined
with the improved heterogeneous electron transfer between the semi-
conductor and the redox material mediated by Pt(0). Naturally both
of these effects would be favoured by increasing amounts of Pt,
thereby improving the efficiency steadily. But as the quantity of
Pt(0} Increases, semiconductor begins to feel the effect of attanuation
of light by the Pt(0) islands residing on the surface. This effect

would cause the quantum efficiency to go through a maximum.
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4.9 Stability of P3MT in aqueous electrolytes

Deterioration of the photoeffect of P3MT is common for
both 'as grown' and 'neutral' polymer, when they are subjected to
cathodic potentials for an extended period of time. The loss of pho-
toactivity may be related to a reduction process or with equal
results, to a compensation of dopants, which is possibly have trig-
gered by reduced viologen species. The neutral P3MT already has a
low concentration of dopants and the effect of compensation (reduc-
tion) even to a smaller degree would be felt quite substantially. This
view is consistent with the fact that, high doped 'as grown' material
suffers only a minor, detcrioration of its photoeffect at negative
potentials. Deterioration of ithe photoeffect is more pronounced with
the neutral P3MT. It is highly probable, that the reduction ¢r com-
pensation, would results in the formation of an insulative over lajer,
on top of photoactive PIMT. This explains the reduction in photoef-
fect in the region of cathodic potentials as shown in Fig [22] and Fig
[29]. But it does not explain the shift of cathodic photocurrent peak
towards the positive potentials. Because, a pure resistance would
shift the peak further to the negative side. One possibility is the
slow diffusion of viologen species through the insulating layer,
thereby creating a premature depletion of redox material close to the
active surface.

But the most important point is, whatever the true
course of the observed reduction of photoeffect in the region of

cathodic potentials and rejuvenation of the photoeffect at anodic
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potentials, we could simulate the same effect chemically, by
subjecting the electrode to strongly reductive and oxidative environ-
ment respectively. This strongly supports the idea, that the P3IMT
is succeptible to chemical changes in aqueous electrolytes and this
chemical change can be related to a reversible reduction and oxida-

tion process »f the polymer itself.

4.10 Summary of the discussion and conclusions.

as grown material is already in an oxidized state and
the doping density of 41.6 mol%/ring, estimated in this study is actu-
ally higher than 25-30 % published in the literature., 'as grown'
material could be reduced electrochemically to achieve a desired dop-
ing level ranging from 'as grown' to neu ral state. T3MT is observed
to form a photovoltaic junction with viologen eiectrolyte with a photo-
voltage around 200 mv.

All three techniques; Photocurrent Spectroscopy, EER
and Impedance Spectra, were used to study this interface. The photo
current behaviour of P3MT is consistent with a p-type semiconductor
with a photocurrent onset in the vicinity of +0.5 v vs . SCE., The
photo response decreases with increasing doping density as in the
case of inorganic semiconductors. Action spectra for P3MT closely
follows the absorption spectrum except in the region of 600 nm,
where, an absorption peak attributed to the transition to a bipoloron

1

level, begins to appear with doping. The action spectra of 'as

grown' material taken at 0,00 v,-0.5 v,and that of neutral material
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taken at +0.15 v vs.SCE could be analysed in terms of Gartner
model. This analysis confirmed that the photoexcitation in P3MT is
due to rect band transition. Further, the band gap value of neutral
material is found to be 2.00 ev and 'as grown' material has a band
gap of 2.09 ev. The difference between these twoe cases can be dis-
cussed in terms of the poloron model. The action spectra of neutral
PIMT at -0.5 v not only has very low current densitic<, but it also
has a peak around 650 nm. It is speculated that, this new peak is to
be due to the reduced viclogen species; MV'® absorbed onto the
electrode at negative potentials. This speculation is based on the fact
that the absorption spectra of MV'® has a permanent structure
around 640 nm. But no explanation is offered for observing a photo-
response due to the adsorbed species,

EER spectra of neutral PIMT has only one structure
located in the vicinity of 2 ev. This signal satisfied the low ficld
requirement and the signal could be analysed in terms of the line
shape expected for third derivative EER. This analysis resulted in a
band gap value; 2,00 ev, which is in excellent agreement with the
photoelectrochemical and published data, The most striking feature of
this analysls is the confirmation of the one dimensionality of P3MT
structure. The variation of EER peak height, with potential showed a
flat band positive to +0.7 v vs.SCE. As the film enters into depletion
the EER peak height deminshed and this effect was explained in
terms of fermi level pinning due to the charging of the electrode

surface by the modulating wvoltage. This effect was quantitatively
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analysed by the use of concepts already available and a surface state
located at -0.31 v vs.SCE, with a population of about one tenth of a
monolayer is found to be responsible for the unpinning of the band
edges (Fermi level pinning).

The EER spectra of partialy reduced sample with an
intermediate doping concentration shows two signals located around
1.65 ev and 1.95 ev. Both signals satisfy the low field requirement
and the line shape analysis can be performed to identify two tran-
sitions, one of which is identified to be the direct band gap tran-
sition. Again this peak can be associated with a one dimensional crit-
ical point. The other signal corresponds to a sub band gap level with
an energy gap of 1.7 ev, which was identified to belong to an exci-
tonic type transition. Considering the facts available in the litera-
ture, we could exclude the possibility of a locallzed, surface impurity
state being responsible for the sub band gap response and this sub
band gap response could be analysed in terms of the poloron model.
Because of the limitations of the available data no discrimination could
be made as to whether this sub band response, represent a poloron
or bipoloron level.

The imaginary part of the relaxation spectra of neutral
P3MT did not have a region with a slope of -1, that could have been
correlated with the fast relaxing capacitive element of the interface;
which is in most cases, the space charge region. The reason for this
may be related to the composite nature of the interface with fre-

quency dependent dielectric constant or limitations with regard to the
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physical size of the [ibre compared to the width of the space charge
region at low doping densities. ln the case of as grown materials,
since the majority of the potential drop appear outside the space
charge layer, no good mott schottky behaviour is observed, despite
the fact thal there was a region with a slope of -1, with the imagi-
nary part of the impedance spetra. Moderately doped materials
exhibited good mott schottky behaviour with a flat band value of 0.71
v vs.SCE which is in agreement with EER observations. The intercept
gives an average doping density which is different from the doping
density calculated from coulombic data, as expected. The photoelec-
trochemical performance of P3MT can be improved by the deposition
of Pt(0) on the PIMT electrode. The maximum amount of Pt(0) is
around 0.2 1.1m~:)i.-:,»’r:n12 and this improvement in photoeffect can be
explained in terms of the improvement of the kinetic of charge trans-
fer beteween the semiconductor and solution phase.

P3MT loses its photoactivity when the electrode is sub-
jected to cathodic polarization and it rejuvenates at anodic potentials.
This behaviour is common for all the P3MT electrodes. But for the as
grown material it is less pronounced. Exact reason for the correlation
of photoeffect with the electrode polarization is not known but the
results can ber simulated by treating the P3MT electrode with reduec-
ing and oxidizing agents.

Conclusions for this part of study can be summarized
as follows.

Poly 3-methylthiophene; PIMT acts as a p-type semiconductor and
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this junction has a photovoltage of at least 200 mv. Similar to
inorganic semiconductors the photoresponse of P3MT decreases with
increasing doping density. The slope of the photo response curve is
insensitive to the doping level except for its magnitude. The action
spectra can be analysed in terms of the Gartner model. This analy-
sis reveals thal P3MT is a direct band gap semiconductor with a band
gap around 2,00 ev. which is In excellent agreement with EER and
published data. The observed difference in the band gap value for
'as grown' and ncutral P3MT can be analysed in terms of the Poloron
model, but no direct evidence for a transition to the poloron level
can be seen in the photocurrent spectra. The photo response of a
neutral P3MT elcctrode, which was kept at a negative potential for a
long time showed a substantial loss of its photoeffect and a new
structure in the action spectra. The latter could be correlated with
the absorption spectra of reduced vio'ngen. The analysis of the EER
spectra of reduced (neutral) PIMT revealed that P3MT is a quasi one
dimensional material with a band gap of 2.00 ev. The variction of
the height of EER signal as a function of potential shows the effect
of fermi level pinning and the later could be quantitatively analysed
by using the concepts already available, The two signals observed
for PIMT with a moderate doping densitiy could be analysed in terms
of an overlap of two EER signals corresponding to two transitions.
One of them is identified to be due to direct band gap and the other
one, could be associated with the transition to a poloron level. But

no discrimination could be made as to the true nature of this poloron
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level. Good mott schottky behaviour could be observed only for the
moderately doped samples. The MS plot corresponds to a flat band
value of 0.71 v vs.SCE. The pholoresponse can be enhanced for
nearly an order of magnitude by the deposition of Pt(0) on the elec-
trode and the maximum amount of Pt(0) is about 0.2umol/cm2. There
is evidence to the possibility that P3MT chemically interact with the

aqueous electrolyte.

4.11 Comparison between the trans-Polyacetylene with Poly
3-Methylthiophene.

* The Polyacetylene has a degenerate ground state, whereas the

ground stale of the P3MT is non degenerate. Because of these differ-

ences, stable charge configuration for Polyacetylene is solitons and

the structure of P3MT supports polorons.

* Both of these polymers belong to quasi one dimensional materials.

In this study, direct evidence in supporting this fact could be

obtained from the analysis of EER data.

* Polyacetylene is synthesised by chemical methods, whereas synthe-

sis of P3MT is done electrochemically. Both polymers are fibrillar,

with each fibre 200° in diameter and indifinite length. Polyacetylene

is a polymer with low compactness. Only 1/3 to 1/2 of the bulk is

acetually filled with the polymer. But P3MT has a fairly compact

structure, which has a porosity of the order of 30%

* The Cis and Trans content of Polyacetylene is temperature depen-

dent and at high temperature trans isomer is the most stable form,
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which has a higher conductivity. In the case of P3MT, the carbon
back bone is locked to a structure similar to Cis Polyacetylene by an
intra molecular sulphur bridge,

** Polyacetylene is reactive towards exposoure to air and other chemi-
cal vapours, and handling of this polymer requires an inert atmos-
phere exclusively devoid of oxygen. But the P3MT has an exceptional
stability towards the ambient.

* The Polyacetylene j§s a neutral polymer and it can be oxidized
either chemically or electrochemically which results in increasing the
conductivity over 12 orders of magnitude, ranging from an insulator
to a one with metallic conductivity. In contrast to this, 'as grown'
P3MT is already highly conductive and generally, it is doped (oxi-
dizd) to an extent of about 30 mol%. This 'as grown' material can be
undoped electrochemically to yield the neutral polymer.

* The absorption spectra of Polyacetylene has peaks which are exclu-
sively attributed to the doping process. In this case dopant-induced
bands aprear at 0.17ev,0.1lev, and 0.5 - 0.8ev, The first two are
due to local IR modes of solitons and the third one represents the
transition to the solitonic level. In the case of Polythiophene which
is structurely similar to P3MT there are two dopant induced bands at
0.65 and 1.5ev. These bands are attributed to the transition to mid-
gap poloron levels,

* Both lightly doped Polyaceylene and P3MT are p-type semiconduc-
tors, and they form a blocking junction with viologen electrolyte. The

Polyacetylene/electolyte junction has a photo voltage of about 100 mv
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and the Junction between P3MT and the electrolyte shows a
photovoltage of about 200mv.

* In the case of trans Polyacetylene, photoeffect is observed only
within a narrow range of dopant concentrations, Above this range
there is no photoactivity at all. The photoresponse of PIMT decreases
with increasing doping densities, as in the case of inorganic materi-
als. Unlike the high doped trans Polyacetylene, the 'as grown' P3MT
shows a fairly high photoeffect.

* In the case of trans-Polyacetylene, the absorption spectra corre-
lates with the action spectra (Quantum efficiency) only in the region
of photocurrent onset. Our study indicates that the action spectra of
PIMT exhibits a good correlation with its 'nbsorption spectra at all
dopant concentrations. This situation contradicts certain reports pub-
lished in the literature. Generally, P3IMT has a higher quantum effi-
ciency for the charge separation compared to that of Polyacetylene.
But compared to most inorganic counterparts they both have low effi-
ciencies.

* The actlon spectra of trans-Polyacetylene and P3MT can be anal-
ysed in terms of the Gartner model. Both polymers show direct band
to band transitions. The higher band gap associated with the ‘as
grown' P3MT compared to neutral P3MT can be attributed to the for-
mation of poloron bands within the gap.

* The EER spectra of lightly doped trans Polyacetvlene has only two
signals at positive potentials, Buth of these signals satisfy the low

field requirement. But none of them did fit to the line shape
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expected for third derivative EER. In the case of neutral P3MT there
is only one EER signal, which can be analysed for its line shape.
The results obtained in this analysis, not only agree with our find-
ings in Photoelectrochemical aspects of P3MT, but also confirm the
quasi one dimensionality of the P3MT structure. The EER of moder-
ately doped P3IMT has a sub band gap signal that could be attributed
to the transition to a poloron level,

* The EER data of both trans Polyacetylene and P3MT show evidence
for fermilevel pinning at polymer/electirolyte interface. Data acquired
for neutral P3MT ccould be dealt with quantitatively by using the con-
cepts developed to understand similar situations in inorganic semicon-
ductors.

* The photoeffect of both trans Polyacetylene and P3IMT depends on
the anodic and cathodic dark currents in a picular way. In the case
of trans Polyacetylene, the photo effect deteriorates at anodic poten-
tials and rejuvenates at negative potentials, But P3IMT was observed
to behave exaclly opposite way. There is a possibility that, the P3MT
film ltself undergo chemical changes under the ordinary testing con-
ditions.

* The photoeffect of PIMT is enhanced when Pt is deposited on the

electrode. No similar study was conducted for trans-Polyacetylene.

4.12 Future work.
As a continuation of the investigations we have per-

formed, following work can be suggested.
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* The present work demonstrates the applicability of EER to
investigate the organic semiconductor/electrolyte interface. Since we
are interested in a contact between a porous material and a liquid
this investigation is plagued with difficulties such as seepage of the
electrolyte into the polymer, chemical interactions involving the poly-
mer itself, electrochromic characteristics of the polymer, change of
reflectance of the electrolyte due to the formation of coloured solution
species. If one can conduct this investigation without an electrolyte
contact, these difficulties can be resolved. In this case the technique
of Photoreflectance is ideal as a substitute for EER. The success of
this technique depends upon the initial bending of the bands, due to
the interaction between the semiconductor and the ambient. In Photo-
reflectance the ambient is generally air, but the possibility of using
an optically thin film of a metal, which has a work function smaller
than the polymer should be examined. Investigations with different
doping densities and different temperatures and atmospheres will
diversify the Photoreflectance investigation.

* Photoelectrochemical study of organic polymers is apparently com-
plicated by the chemical processes involving the polymer itself. It is
worthwhile to investigate the Photoelectrochemical behaviour of P3MT
coated with a thin layer of a conductive polymer such as Nafion. This
will avoid the film being in direct contact with the reaction products
such as Oxygen and reduced electrolyte species which will chemically
attack the polymer. Investigations on light induced photocurrent-

voltage behaviour, without added complications from these chemical
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attacks, would be helpful to understand the nature of light induced
charge separation inside the polymer,

* The improvement of Quantum efficiency through the platinization of
P3MT is encouraging. The nature of interaction between Pt(0) and
the film has to be investigated. Impedance measurements of naked
and platinized P3MT and the resulting Mott-Schottky plots would be
beneficial in this respect. Variation of flat band potential with solu-
tion pH is to be investigated. Influence of mixed catalysts on the
Quantum efficiency is to be included in this study.

* None of the polymers were tested with the intention of using them
as devices for energy conversion. Study involving steady-state
photocurrent-voltage curves in stirred, high concentration viologen
electrolyte is to be conducted. The data can be analysed with regard
to the stability of the device,

¥ At present Organic polymers have acquired immense attention due
to their possible uses such as electrochromic materials and charge
storage devices. The diffusion of dopants inside the polymer and the
composition of the electrolyte are major factors that limit their possi-
ble use. Search for suitable candidates involves synthesis of new
polymers with systematic changes in their structure and testing them

under variety of experimental conditions.,
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