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Abstract

TRANSPORT PROPERTIES OF PHOTOEXCITATIONS 
IN STRETCHED TRANS-POLYACETYLENE

t y

Ardie Darnel Walser

Advisers: Prof. Robert R. Alfano
Prof. Roger Dorsinville

The temperature, sample orientation (ID and 3D), intensity, and optical 

field polarization dependence of the picosecond photoconductive response of 

highly oriented stretched trans-polyacetylene has been measured . The results 

of these experiments strongly suggest that solitons and polarons are the main 

mobile charged carriers in this quasi one-dimensional organic semiconductor. 

The main results are summarized as follows:

i) The fast component of the photoconductivity parallel to the polymer 

chains (ID configuration) is temperature independent for both above- and 

below-gap photoexcitation.

ii) The fast component of the photoconductivity perpendicular to the 

chains (3D configuration) decreases exponentially with 1 /T  for both above- 

and below- gap excitation each with an activation energy of 48 meV and 63

meV respectively.
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iii) The ID and 3D cw photoconductivity decreases with 1/T  exhibiting 

approximately the same activation energy of = 0.15 eV.

iv) The fast component of the photoresponse is roughly three orders of 

magnitude higher than the cw response with a decay time of about 400 ps. The 

transient mobility |Ll is approximately 0.04 cm^/V-s along the chain. The mean 

drift distance of the photogenerated charge carriers <x> along the chain is 

estimated at 13 angstroms.

v) The I-V characteristic curve of the ID picosecond photoconductive 

response is superlinear for both above- and below gap excitation, while the I-V 

characteristic curve for the 3D picosecond photoconductive response is linear.

vi) The intensity dependence of the picosecond ID and 3D 

photocurrent varied linearly with the laser intensity, independent of the 

polarization and wavelength (0.53 pm and 1.06 pm) of the incident beam.

vii) The anisotropy with below gap excitation is constant at 2.4, while 

with above gap excitation it decreases from 7.4 to 4.5 as the laser intensity 

increases. It has also been found, that the photoconductive response is 

greatest for below gap excitation independent of the optical field polarization.

These results were accounted for by a combination of a direct 

interchain generation model, which was derived from an extended tight 

binding model, laser heating and bimolecular recombination. Solitons 

dominant the ID picosecond photocurrent and polarons dominant the 3D 

picosecond photocurrent.
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I. Introduction

Over the past three decades, the scientific community

has expressed considerable interest in conducting organic materials 

for the ir unique applications in a variety  of fields (ie.

photoconductor, battery, nonlinear optics, etc.). The past 16 years

have seen the level of activity  grow rapidly as new and

unanticipated phenomena were observed which were not found in 

nonconducting organic materials and were rarely found in inorganic 

materials. The prediction that superconductivity might occur in 

organic solids at technologically feasible temperatures stimulated 

this field further. Unfortunately, this prediction has not been

fu lfille d , a lthough  som e organic m ateria ls  have shown

superconducting properties at very low temperatures (T< 5 K). The

field is highly interdisciplinary involving the skills and expertise of 

chemist, m aterial scientist, and theoretical and experim ental

physicist and engineers, whose interaction has produced new 

chemistry, physics and technology. When using the term "conducting 

organic materials" we are referring to a large class of polymers each 

having different structural features (varying from simple to

complex) and conducting properties.

The interest in polyacetylene stems from its expected

applications as well as the simplicity of its structure. In fact it

appears to behave as a quasi-one-dimensional conductor showing a

Peierls transition to a degenerated ground state which may give rise
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to the formation of localized intrinsic defects such as solitons and 

polarons. Due to its chain structure, polyacetylene may be doped 

with a variety of chemical substances. These dopants interact with 

the molecular chains of the polymer, as electron donors or acceptors 

increasing the conductivity of the sample more than twelve orders of 

m agnitude, up to 103 £2 - 1 cm - 1 at room  tem perature for 

concentrations of about 10%. Hence, this materials conductivity 

ranges from  insulating to m etallic levels1*2*3. Since the doped 

molecules are weakly coupled to the chain they may be introduced 

and removed electrochem ically allowing for storage of electrical 

en e rg y 4 . The possibility of doping with donors (reducing agents) or 

acceptors (oxidizing agents) allows the construction of p-n junctions 

and Schottky barriers which exhibit a photoresponse to light. 

Undoped polyacetylene has a photoconductive response as well.

This very versatile material has numerous technological 

applications, several of them being:

1) Polyacetylene may serve as an organic conductor replacing 

conventional metals.

2) Reversible electrochemical doping of polyacetylene allows 

for the construction of light-weight, high-energy-density batteries.

3) The photovoltaic effect in heterojuctions with polyacetylene 

as one com ponent, may be used to produce low -cost solar 

photovoltaic cells. It is conceivable that the heterostructure could be 

fabricated entirely of polyacetylene. Where each component of the 

heterostructure is a polyacetylene sample doped appropriately for 

the purpose it is to serve. This would apply similarly to integrated 

circuit technology.
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4) Polyacetylene high third order susceptibility makes it an 

excellent candidate for use in nonlinear optics.

5) Poly acetylene may be used as an picosecond optical switch 

due to the short life time of its photocarriers.

Before we can effectively exploit polyacetylene and other 

conjugated polymers (as well as the entire family of conducting 

organic materials) for technological applications, we must first have 

a better understanding of their fundamental properties. A theoretical 

picture of the elementary excitations in conjugated polymers was 

developed by Su, Schrieffer and Heeger5, the SSH model. In this 

picture, the excitations are quite different from the electron-hole 

pairs of conventional semiconductors. Instead of electrons and holes, 

the proper description of the quasi-particles in conjugated polymers 

is one-dimensional (ID ) domain walls, or kinks, or solitons, which 

separate degenerate ground-state structures. In view of this theory, 

solitons are responsible for the transport of energy along the 

polymer chains. There has been considerable interest in testing just 

how applicable this model is to real materials. Much of the attention 

has focused on polyacetylene, whose two isomers, trans- and cis-, are 

expected to represent all the conjugated polymers. Dopant molecules 

may act as electron donors (ie. Na, K) or acceptors (ie. I3, AsFs, FeCls) 

distorting the trans-polyacetylene chain and thus introducing 

polarons or solitons to the chain. Solitons and polarons may also be 

created by optical excitation. Su and Schrieffer employed the SSH 

model and showed that an electron-hole pair excited at the band gap 

relaxes to a soliton-antisoliton pair within 100 fs. An electron
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electron-hole pair excited higher up in the band had to pass a more 

com plicated process. There is also a channel of direct soliton- 

an tiso liton  pair generation as concluded from  the onset of

photoconductivity for excitation below the band gap. Once created, 

these excitations could be probed through measurements of their

e ffec t on op tical absorp tion , e lectron  spin resonance and

conductivity. Photoexcitation of solitons and polarons is a convenient 

way to investigate these entities without the influence of impurities 

in pristine trans-polyacetylene and even cis-polyacetylene, where 

doping inevitably would initiate isomerization.

In spite of the considerable attention received by the 

conjugated polym er trans-polyacetylene in terms of theoretical

models and experimentation, it is still not clear that solitons and

polarons are the main charge carriers. The question to be addressed

here is: are they the main charge carriers (soliton and polaron) and

w hat ro le  do these ex c ita tio n s p lay  in the p icosecond

photoconductive response of polyacetylene?

1.1) Thesis Statement

The objective of this research is to determine the nature 

and character of the photogenerated charged carriers in the highly 

orien ted  organic sem iconductor stretched  trans-po lyacety lene , 

trans(PA); to determine whether or not solitons and polarons are 

these charge carriers and if so, their behavior under given conditions. 

A picosecond optical switch will be used to detect these charge
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carriers and scrutinize the effects of, temperature, electric field 

orientation, and optical excitation energy and polarization on the 

picosecond photoconductive response of trans-(PA).

1.2) Thesis Outline

In chapter II, I will review the basic background of 

trans(PA). Here, the physical structure of trans(PA) and the SSH 

model inspired by it will be discussed. In the second and third 

sections a brief discussion of the techniques used to fabricate, 

isomerize and orient the samples used in this study will be given. 

And finally, a brief summary of some of the experimental results 

used to prove the validity of the SSH model will be dicussed.

In chapter III, I discuss the experimental technique and 

apparatus used to investigate the picosecond photoconductive 

response of trans(PA). A description of the laser system, and 

sampling scope are given, as well as, some of the fundamental 

principles of picosecond photoconductivity.

In chapter IV, I report on the investigation of the 

tem perature dependence of the ID and 3D picosecond 

photoconductivity of trans(PA) with above gap excitation. These 

experiments dem onstrate for the first time the two distinct 

behaviors of the mobile charge carriers (solitons and polarons) in 

highly oriented trans(PA). I find that the picosecond photoconductive 

response in the ID configuration (a long the polymer chain) is
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independent of tem perature, while the response in the 3D 

configuration (perpendicular to the polymer chain) is temperature 

d ep en d en t.

In chapter V, I report on the investigation of the 

tem p era tu re  dependence o f the ID  and 3D p icosecond  

photoconductive response of trans(PA) for below gap excitation. I 

find that the picosecond photoconductivity of trans-(PA) has the 

same relationship with temperature for below gap excitation as it 

does for above gap excitation, strongly suggesting that the charge 

carriers are one in the same.

In chapter VI, I investigated the ID  picosecond 

photoconductive response of trans-(PA) as a function of polarization 

(the angle between the optical electric field and the polymer chain) 

for both above and below gap excitation. The anisotropy ratio for the 

picosecond photoresponse for both above and below gap excitations 

was investigated. I report that the above gap anisotropy decreased 

from 7.4 to 4.5 as the laser intensity increased and the below gap 

anisotropy remained fixed at an approximate value of 2.4. These 

results dem onstrate the photoproduction of nonlinear charged 

carriers (solitons and polarons) at energies below the principle 

interband absorption edge. The possible application of several 

models such as interchain excitation and bimolecular recombination 

in explaining the results of this study is discussed.



C hap ter V II sum m arizes the  m ajo r re su lts  and 

conclusions drawn from this thesis.

Chapter V III discusses possibilities for future research 

and applications.
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11. Polvacetvlene

2.1) Introduction

This chapter is a synopsis of the prevailing school of 

thought on the structure, properties and models of poly acetylene.

2.2) Structure and theory

Polyacetylene is a linear polymer; it consist of weakly 

coupled chains of CH units forming a quasi-one dimensional lattice. It 

is one of the simplest polymer chains. Three of the four carbon 

valence electrons are in sp2 hybridized orbitals (mainly a mixing of 

the 2s and two of the 2p atomic orbitals of the carbon atom, 

Appendix A), where two of the a  type bonds connect neighboring 

carbon atoms along the one-dimensional (ID) backbone, while the 

third (2p) forms a bond with the hydrogen atom side group. The 

optimal bond angle of 120° between these three bonds can be 

achieved by two possible arrangements of the carbon atoms, trans- 

(PA) and cis-(PA), with four CH monomers per unit cell respectively 

(Figs. 2.2-1(a) and 2.2-1(b)). While a cis-bond changes the direction 

of the chain by 60°, a trans-bond does not alter the chain direction. 

The remaining valence electron for either isomer has the symmetry 

of a 2pz orbital with its charge-density lobes perpendicular to the 

plane defined by the other three. It is this orbital which causes the 

peculiar physical properties of polyacetylene. The sp2 hybridization
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Fig. 2.2-1: Structure diagram for polyacetylene
a) Trans-(PA) b) Cis-(PA)
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leads to one unpaired electron (2pz) per carbon atom. Hence, the 

chain symmetry determines the electronic structure (ie. the size and 

type of the repeat unit), with the result that polyacetylene can 

exhibit semiconductor or even metallic properties with the band half 

filled. Because of the strong intrachain bonding (and weak interchain 

coupling), the K electrons tend to delocalize along the polymer chain. 

Therefore, these systems are basically one dimensional.

An early consideration by Peierls6, has shown that a 

one-dim ensional system is energetically more favorable to distort 

spontaneously such that the spacing between successive atoms along 

the chain is modulated with a period of 2k, where k = nJ2a  is the 

Fermi wave number and a  is the lattice constant. When the band is 

half-filled, the tendency toward spontaneous symmetry breaking is 

particu larly  strong, and the distortion leads to a pairing  of 

consecutive sites along the chain, or dimerization (Fig.2.2-2). This 

dim erization (the pairing of pz orbitals thru % bonding) opens an 

energy gap at the Fermi surface, thereby lowering the energy of the 

occupied states and stabilizing the distortion. The com petition 

between the lowering of the electronic energy and the increase of the 

elastic energy of the polymer leads to an equilibrium , a Peierls- 

dimerized ground state. Thus, the lattice instability removes the high 

density state at the Ferm i surface. And since the electronic 

properties are governed by the gap near the Fermi energy, the 

system is a sem iconductor as opposed to the m etallic behavior 

expected of three dimensional systems with half filled bands.



(a)

/ = \ = / = W =

Fig. 2.2-2: a) The two degenerate ground states of trans-(FA).
b) The two nondegenerate ground states of cis-(PA).
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Chemically speaking, polyacetylene is an unsaturated polymer chain 

with conjugated double bonds.

The dimerized trans-polyacetylene has two dimerization 

patterns or degenerate ground states (Fig. 2.2-2(a)) which allow the 

formation of defects in such a way that the chain approximates one 

ground state on one end and the other ground state on the opposite 

end (Fig. 2.2-3). These bond alternations have many names such as, 

Pople W alm sley7 defects, misfits8*9, domain walls, kinks or solitons. 

We will use the word solitons to describe these defects, which arise 

from the dangling bonds of the electronic pz orbitals. The degenerate 

ground state is essential for solitons to arise. In cis-(PA), no such 

symmetry relates the two possible dim erization patterns (Fig. 2.2- 

2(b)), since the ground state is nondegenerative.

2.3) Su Schrieffer and Heeger (SSH) Model

i) Soliton Excitation

It was the prediction of Su and Schrieffer10, of soliton 

photogeneration that stimulated the work on photoexcited (PA). We 

wish to give a brief description of this calculation, which serves as a 

framework for subsequent work, both theoretical and experimental. 

We have already acquainted the reader with the ground-state 

structure of (PA), in section 2.2. Illustrated in Fig. 2 .3 -la  is an 

alternate representation of the isolated segm ent of a perfectly 

dimerized chain of the trans isomer of (PA) shown in Fig. 2 .2-1(a). 

The chain consist of a "zig zag” array of carbon atoms which are



Fig. 2.2-3:2pz orbitals of the C atoms a) in a metallic structure 
(e.g. benzene) b) in a structure dimerized by n bonds 
(Peierls insulator)



  o-Bond
pz- orbital

(b )
n-2 n-1 n n+1 n+2

Fig. 2.3-1: a) Sketch of the planar "zigzag" structure of a chain of
trans-(PA). b) Idealization of the structure shown in a). The 
zigzag array is replaced by a linear chain in which the o  
bonds are conceived of as springs of force constant K.
In this uniform chain the springs have lenghth a. c) Ground 
state structure of the electron-phonon coupled chain. The 
uniform chain spontaneously distorts to form a "dimerized" 
structure in which the springs become alternately stretched 
and compressed (Orenstein, J.)
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connected by strong s bonds which lies in the plane. In addition, each 

carbon atom is bonded to a hydrogen which also lies in the plane, but 

has been omitted for clarity. And finally as stated in section 2 .2 ,

associated with each carbon is a pz orbital which projects normal to

the plane of the zig zag. For neutral undoped (PA) there is one

electron for each pz orbital. Theorist have preferred to work with a 

further idealized model, ignoring the zig zagging of the structure as 

illustrated in Fig. 2.3 -1(b). In this model the planar structure is 

replaced by a linear chain. This is justified only when the carbon 

atoms occupy equivalent sites. To describe the ground state and the 

low lying excitations of the chain, only the weakly bound n  electrons 

are considered. For these electrons move readily along the chain by 

tunneling between nearest-neighbor pz orbitals. The tightly bound s 

electrons form strong bonds between adjacent carbons which are 

conceived of in this model as springs of force constant K. A

hamiltonian to describe this system was proposed by Su, Schrieffer 

and Heeger5*11>12. It consist of two terms

HSSH = E t n ,n + l(ana n+ l + c c -) + y Z K(un+ l " u n>2 (2 .3 -1 ) 
n n

where tn>n+i, is the intersite transfer matrix element, and an+ creates 

an electron on the nth site. The first term describes nearest-neighbor 

tunneling of the n  electrons, and the second the elastic energy of the 

springs. The coordinate un measures the displacement of the nth C 

atom from its position on a uniform (equal bond length) chain. The 

utility of this Hamiltonian is that the coupling of the electron motion 

to the vibrational dynamics of the chain can be incorporated in a
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simple yet realistic way by allowing the tn,n+i to depend upon the 

intersite separation as

*n,n+l = l 0 " a ( un+ l " u n) (2 .3-2)

The major assumptions in the model is that the electron-phonon 

in teraction  dom inates the physics and that electron-electron  

repulsion can be taken into account by simply adjusting the 

parameters in H s s h * Equation (2.3-1) describes a one-dimensional 

electron-phonon coupled system. Illustrated in Fig 2 .3-1(c) is the 

ground-state structure of the electron-phonon coupled chain. The 

uniform chain spontaneously distorts (Peierls effect) to form a 

dimerized structure (with a degenerate ground state) in which the 

springs become alternately stretched and compressed lowering the 

total energy of the system. Solutions of the ground state of H s s h  are 

consistent with these general ideas. An useful representation of the 

chain structure is through an order parameter (}>„ defined by <t>n = (- 

l ) n(u n/uo)» where uo is the amplitude of the displacement in the 

ground s ta te 5’10*11. The two degenerate ground states then 

correspond to <j>n = -1 or +1 for all n.

For a long chain, a soliton (anti-soliton) corresponds to a 

phonon field configuration that approaches the (j)n = -1 phase as N 

goes to -a , approaches <j)n = +1 phase as N goes to +(X, and minimizes 

the total energy, where N is the number of monomers in the chain. 

Illustrated in Fig. 2.3-2 is such a configuration. The width of the 

soliton is dictated by the competition of two effects. 1) If <j)n should
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so lito n

a n tiso lito n

Fig. 2.3-2: S o liton  or b on d -a ltem ation  dom ain  w a lls  
in  (PA): a) Schem atic form  o f a neutral 
soliton  on  a trans-(PA) chain, b) T he order 
param eter for a so liton  and antisoliton .
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abruptly change from -1 to +1, for example at n = 0 , the electronic 

energy will be very large due to the uncertainty principle. 2) If <f>n 

should change very slowly from -1 to +1, there will be a large region 

surrounding n = 0 where the energy per site is greatly reduced,

again raising the energy. Hence there is an optimal width ^ of the

soliton that minimizes the total energy. Numerical calculations5-11 

show that the form of <j)n that minimizes the adiabatic energy with 

these boundary conditions is

<|>n = UQtanhj(n - n 0)a /^ | (2 .3-3)

where ^ is approximately 7a for the SSH set of parameters, and no is 

the location of the soliton center. With the above parameters

(assuming an energy gap, 2A, is 1.4 eV.), the energy to create a

soliton at rest ( Es ) is approximately 0.42 eV, which is less than one 

half the assumed single-particle gap A. Since the chemical potential is 

midgap for the undoped material, this result shows that a soliton is 

less costly to create than either an electron or hole. It is for this 

reason that solitons spontaneously produced when electrons and/or 

holes are injected by doping, by thermal generation or by 

photoexcitation. Using the the same parameters, but interchanging 

the dimerization phase of the lattice, the form of (j)n becom es

<J>n = - UQtanhjna /$] (2-3-3)

representing an anti-soliton.

Su and Schrieffer performed a numerical integration of 

the SSH Hamiltonian (equ. 2.3-1) to describe the dynamical response
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of the trans-(PA) chain to the injection of an electron/hole pair. 

Illustrated in Fig. 2.3-3 is a pictorial representation of the results of 

this calculation. Shown on the left is the response of the ID lattice in 

terms of the order parameter <|>n, on the right is the corresponding 

change in the electronic energy levels. Their simulation begins with 

the promotion of an electron from the highest occupied state to the 

lowest unoccupied one at time t = 0, as shown in Fig. 2.3-3 (a). 

Assume that initially the chain is in one of its degenerate ground 

states, for example <j)n = +1- Within one vibrational period, C io '1* 

ap p ro x im ate ly  1 0 -1 3  sec, the lattice will distort in the manner 

illustrated on the left in Fig 2.3-3(b). Associated with the localized 

distortion is a pair of electronic states which begin to split off 

symmetrically from the valence and conduction bands. At times, t »  

f io * 1, the localized distortion develops into a pair of !D domain 

boundaries, or solitons, which separate the two degenerate structural 

ground states with (j)n = +1/-1. This is shown in Fig. 2.3-3(c). In the 

electron energy state diagram of the chain, which now contains a 

soliton/anti-soliton S/S. pair, there are two mid-gap states, \J/S and \|/&, 

spatially localized at the position of the solitons. These two states 

combine to form a pair of states on opposite sides of the midgap, 

approaching it as S and S separate to distance d large compared to 

Each level can accommodate 0, 1, or 2 electrons due to spin 

degeneracy, corresponding to a net charge of + 1, 0 , or - 1,

respectively, for the soliton. As first pointed out by Ball et a l.13, the 

electronic state depicted in Fig. 2.3-3(c), when projected onto these 

site basis states, can be written as
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Fig. 2.3-3: Response of trans-(PA) to the creation of an electron-
hole pair, showing the dynamics of soliton formation, a), b), 
and c) are snapshots of the system at t = 0, t = W0_1, and 
t »  W0_1, respectively. The left-hand side illustrates the 
structural relaxation of the 1-d lattice in terms of the order 
parameter Fn defined in the text; on the right-hand side the 
corresponding changes in the electronic level spectrum are 
sketched. (Orenstein, J.)
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(2.3-5)

where P is the permutation operator and N is the total number of CM 

units in the chain. This wave function is a linear combination of 

states in which two electrons reside in the either \|/s or \j/a; there is 

zero amplitude for one electron to be in each of the two localized 

states. Therefore photoexcitation, in this model, leads to the 

generation of a pair of spinless charged solitons, either S.+/S- or £.*/S+. 

The SSH model of (PA) predicts a type of photocarrier which is 

entirely new to solid-state physics.

The charge spin states of the soliton are shown in Fig

2.3-4 along with the localized chemical-bond representation. The 

neutral spin-1/2 soliton is analogous to a neutral free radical, and 

the charged species S '/+ may be viewed as spinless "ions". However 

the solitons move freely unless pinned, unlike the chemical analogs. 

An important point to note, is that the soliton has reverse spin- 

charge relations when compared with conventional electron hole 

carriers, i.e., charged solitons S*/+ are spinless, while electrons and 

holes have spin 1/2. Moreover, the neutral solitons S° have spin 1/2. 

Another important property of a soliton is its mass Ms. If the soliton 

is slow ly translating  M s is approxim ately 6 mc for the SSH 

parameters, with me the electronic mass. The smallness of the mass 

arises from the width of the soliton (2^ » a )  and the smallness of the
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Fig. 2.3-4: The electronic structure leading to various charge 
and spin states of a soliton. A schematic 
representation of these localized structures. 
(Heeger et al. Rev. Mod. 60 July 1988)
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nuclear displacements (uo compared to the lattice spacing a), so that 

the nuclei gain little kinetic energy as a soliton passes.

ii) Polaron Excitations

The photogeneration of solitons depends a great deal on 

the degenerate ground-state property of trans-(PA); however most 

conjugated polymers lack this property. These polymers have a 

lower symmetry structure than the zigzag in which the C atoms do 

not occupy equivalent sites. The other isomer of polyacetylene, cis- 

(PA), typifies this class of polymers The structures of cis- and trans- 

CPA) are compared in valence bond diagrams shown in Fig. 2.3-5. In 

the cis-(PA) structure adjacent C atoms, for example, those labeled a  

and P, occupy unequal sites. Looking to the left, one can see that the 

relative position of the third nearest neighbor is different for a  and

P-
Brazovskii and Kirov14 have extended the SSH model to 

include the broad class of polymers typified by cis-(PA). In their 

theory the effect of the lower-symmetry backbone is impose by an 

external potential, A ext, which has spatial wavelength 2a. The 

external potential acts together with the Peierls instability  to 

determ ine the am plitude of d im erization  in cis-(PA ). M ost 

importantly, the presence of Aext lifts the degeneracy between the (j)n 

= +/- 1 structures, as illustrated in Fig. 2.3-5. Changing the phase of 

the bond alternation pattern by 1800 now requires a large energy, of 

tenths of an electron-volt per monomer unit15.

The photoexcited  state predicted for cis-(PA ) by 

Brazovskii and Kirova can be understood by again referring to Fig.
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Fig. 2.3-5: The structures of trans- and cis-(PA) compared in 
conventional valence bond diagrams. Also shown 
is a sketch of the total energy of the electron-phonon 
coupled system as a funtion of On. a) The zigzag trans 
structure, in which all sites are equivalent, has a two­
fold degenerate ground state, b) In cis-(PA) nearest 
neighbors, for example, a and b differ in the relative 
position of their third nearest neighbors. This lifts the 
degeneracy of the On = +/-1 structures. (Orenstein, J.
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2.3-3. Just as for trans-(PA), a localized lattice deformation occurs 

within approximately Q o -1 following the creation of an electron-hole 

pair. However, in chains with a nondegenerate ground state the S-S. 

pair cannot separate because of the energy required to extend a 

segment with the wrong structure, <t>n = -1, between them. Instead, 

the pair reaches an equilibrium  separation with a final lattice 

deformation and electronic level spectrum as in Fig 2.3-3(b). The 

equilibrium separation of the S-S_ pair is determined by the energy 

difference between the <j>n = +1 and -1 structures. For example, a 

large difference would lead to a strong confinement of the S-S. pair, a 

small amplitude deformation of the lattice, and energy levels which 

are only slightly displaced from the band edges.

The prediction of this model is that photogeneration of 

charge carriers on a single chain is absolutely unique to degenerate 

ground-state structures like trans-(PA ). For all other conjugated 

polymer systems the photogenerated charges are bound in an overall 

neutral excited state. It is important to note that the binding is not 

due to coulombic forces as in conventional exciton pictures, but 

instead, results from the effects of electron-phonon coupling in one 

dim ension.

Up this point we have only discussed the ideal case of 

the photoexcitation of a single isolated chain of (PA). Real (PA) 

polymers do not consist of isolated chains. Rather, they consist of 

chains packed in a crystalline array in which the distance between 

neighbors is approximately 4.25 angstroms. Excitation of this crystal 

with photons o f sufficient energy can transfer electrons between 

chains. To describe the final state of the system we have to consider
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the response of a neutral (PA) chain to the addition not of an

electron/hole pair, but instead to a single electron or hole.

It was observed in early molecular dynamics studies by

Su and Schrieffer 10 that the injection of a single electron or a single

hole leads to the formation of a polaron. This nontopological 

excitation corresponds to the order parameter <j>p(x) with a dip at its 

center but not changing sign ( in contrast with the order parameter 

(j)s00  of a kink or soliton), as shown in Fig.2.3-6. Thus one has the 

sym m etries

(J)p(-[x - x0]) = <|>p(x - xo), (2 .3-6a)

<(>s(-[x - x0) = -<j>s(x - xo). (2 .3-6b)

Polarons are well known in polar insulators and in semiconducting 

materials, acting as quasi-particles arising from phonon dressing of 

an electron or a hole.

Independent of the molecular dynamics studies of Su 

and Schrieffer 10, polaron solutions by Brazovskii and Kirova 14 in 

1981 and Campbell and Bishop 16* 17 in 1981 and 1982 were 

discovered using the relation of the mean-field approximation to the 

continuum model and the Gross-Neveu model 18 of quantum field 

theory. In the continuum limit, the order parameter <J)p(x) describing 

the polaron centered at the origin is given by

<()p(x)=uo+(uo/2/ 2){tanh[(x-xo)/V2’|]  - tanh[(x + x 0) /V2£|} (2.3-7)



n
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Fig. 2.3-6: Order parameter and band diagram for a polaron: 
a) the staggered order parameter On as afunction 
of n for a polaron; b) two states symmetrically split 
off from the band edges for a polaron. An electron 
is missing from the upper state for an electron 
polaron, and only a single electron occupies the 
lower state for a hole polaron. (Orenstein, J.)
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where xo = (^ /2 1 /2)ln( 1 + 21/2) which equals approx. 0.623^. Since a

soliton located at yo is described by

<l>s(x ) = u 0tanh[(x ' y o ) /S ]  (2 .3 -8 )

one can roughly describe the electron or hole polaron as a bound 

soliton-antisoliton pair ( one charged and one neutral) with centers

separated by 2xo = ^ .  The factor 2*1/2 in Eq. (2.3-8) implies that, due

to the interaction between two solitons, their width is somewhat 

greater than at infinite separation.

The Su and Schrieffer calculation is illustrated in Fig. 2.3- 

7. At time t = 0 a single electron is added to a neutral trans-(PA) 

chain. In response, the lattice distorts by locally diminishing the 

difference between single and double bond lengths, as in Fig. 2.3-3. 

Notice that in Fig. 2.3-7b the occupancy of the localized levels is

different than in Fig 2.3-3b; the level which splits off from the

valence band is now doubly occupied. It is clear that a structural 

distortion which proceeds further towards a S+-S.0 pair well raise the 

total energy. As the incipient S+-§_° pair separates and the levels 

move toward mid-gap, two electrons are raised in energy, while

only one is lowered. Instead of a separated S+-&.0 pair, the lowest 

energy state is the bound-pair configuration shown in Fig. 2.3-7c.

While the soliton has a single bound state associated 

with it, the polaron has two bound states split off from the

continuum. Each of these states can accommodate one electron of 

each spin orientation. Starting from the charge-neutral case in which
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Fig. 2.3-7: Response of trans-(PA) in its ground state to the 
addition of an electron, illustrating the dynamics of 
polaron formation. In contrast to soliton formation, 
polarons are expected in systems with a 
nondegenerate ground state. (Orenstein, J.)
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the lower state is filled, n. = 2, and the upper state is empty, n+ = 0, 

the conventional polarons are as follows:

electron polaron n. = 2, n+ = 1

hole polaron n. = 1 n+ = 0

The spin of the charge-neutral case is zero, since all states, both 

continuum and localized, are doubly filled. Therefore the electron 

and hole polarons each carry spin 1/2, and the spin-charge relation 

is the conventional one.

The total energy calculations show that only the electron 

and hole polarons are stable. If one adds, for example, a second 

electron to an electron polaron, the resulting "bipolaron" lowers its 

energy by increasing the soliton-antisoliton spacing 2x0 until a free 

kink-antikink pair evolves at large separation. Thus, on doping, the 

first injected electron forms a polaron; the second injected electron 

breaks apart the polaron to form two negatively charged kinks. Note, 

however that when the precise ground-state degeneracy of the 

polymer is lifted (as in cis-(PA)), the resulting confinement of the 

solitons leads to stable bipolarons.

2.4) Fabrication and Isomerization

Polyacetylene was first produced in powder form by 

Natta et al.19. Subsequently free-standing films of PA were obtained 

by Ito, Shirakawa and Ikeda20. Electron microscopy studies21 of
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Shirakawa PA, show that the as-grown film  consist of randomly 

o rien ted  f ib rils , o f vary ing  d iam eters depend ing  on the 

polymerization condition. The films can be stretch oriented in excess 

of three times their original length, with concurrent partial alignment 

of the fibrils22 23. Stretched Shirakawa films displayed a low 

anisotropy when observed by x-ray diffraction24.

The highly oriented trans-polyacetylene (HOPA) films 

used in this study were prepared (by Assoreni and Research Lab., 

Italy) using the Ziegler-Natta polymerization procedure and a Ti-base 

ca ta ly st25. The as-synthesized cis- rich (sample having 85% cis units) 

film shows a metallic grey-greenish luster and exhibits a fibrillar 

morphology. Its overall density (ca. 0.9 g/cm3) is higher than that of 

PA prepared according to the Shirakawa method. The films were 

stretched up to 7-8 times their original length. After drawing the 

m aterial is characterized by a relatively large density ( 1.0 - 1.1 

g /c m 3) approaching that of the theoretical26 crystallographic (1.15 

g /c m 3), and were 10-40 Jim thick with a metallic lustre darker than 

the unstretched film.

The HOPA is then thermally isomerized from the cis-rich 

form to the all-trans configuration. This was accom plished by 

clamping the film between two micro slides and placing this unit 

inside a glass tube (refer to Fig.2.4-1) containing a nitrogen
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Fig. 2.4-1: Glass reactoi used to thermally isomerize the HOPA 
from the cis- rich form to the all trans- configuration:
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atmosphere. The sample was removed from its original ampule and 

placed inside the glass tube in a dry-box also containing a nitrogen 

atmosphere to avoid exposure to oxygen. The glass tube was then 

placed in a bath of cutting oil and heated to 200° C for 6-8 minutes. 

Ridges were formed along the length of the film as the isomerization 

process took place. X-ray diffraction patterns of similarly prepared 

samples have shown a very high degree of preferred orientation of 

the crystallites with the chain axis parallel to the stretching 

d irec tio n 27. The orientation of the sample is slightly improved during 

the isomerization process, with an average misalignment angle of 

<j)=5°, as determined from the X-ray azimuthal profile. Similar to the 

Shirakawa-type films, both HOPA and the corresponding as-grown 

film are almost completely crystalline polymers independent of the 

cis-trans content. Shown in Fig. 2.4-2 is a scanning electron 

microscope picture of PA in each of its three forms; as grown, cis-rich 

and trans-rich.

Durham polyacetylene, a synthesis developed at Durham 

U niversity  28* 29 uses a soluble prepolymer that is converted to 

polyacetylene as a final stage. The Durham polyacetylene can be 

stretched oriented simultaneously with isomerization into crystalline 

highly anisotropic free-standing films 30- 31. Durham polyacetylene 

does not possess the fibrillar morphology and visible microstructure 

(by electron microscopy) of Shirakawa PA or the HOPA used in this 

study .
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2.4-2: Scanning electron picture of (a) as- 
grown PA, (b) surface of cis-rich HOPA 
(a=6.5), (c) HOPA (a=7) isomerization at 
2000 C over 5 min, longitudinal section 
(from Lugli et al. J. Polym. Sci. Polym. Ed., 
23, 129 (1985))
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2.5) Previous Experimental Observations

Numerous experiments have been devised and performed in an 

effort to test the theoretical models of PA. In this section we will 

discuss several of them and their results.

i) Neutral Solitons

Imperfections in the polymer chains of polyacetylene produce 

neutral solitons. As polyacetylene transform from the cis- to the 

trans- configuration during the isomerization process neutral solitons 

are formed. The unpaired spin present in these defects makes 

possible the use of magnetic resonance studies, which enable the 

determination of important properties such as, the magnetic 

susceptibility and its temperature dependence, the spatial extent of 

the wave function and the motion and dynamics of the neutral 

soliton defects.

Initially these unpaired spins (spin-1/2) were characterized as 

extended n  -electron defects, approximately one per 3000 carbon 

atoms in trans-(PA) chain 32> 33. The magnetic susceptibility followed 

Curie's law (s 1/T) which is indicative of localized spins and the line 

width was narrow implying motion.

To determine whether or not the spin 1/2 species are charged 

or neutral, trans-(PA) was doped. After compensation with ammonia, 

the electrical conductivity decreased by orders of magnitude, 

implying a corresponding decrease in charge carriers or in their
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mobility, but the number of spins did not change 33. The narrow 

linewidth (implying a mobile species) both before and after 

compensation ruled out the possibility of trapping thus indicating 

that the spin is associated with a neutral carrier. Furthermore, the 

infrared-active vibrational modes that are characteristic of charged 

configurations 34> 35* 36 are not observed in carefully prepared 

pristine samples. These experiments demonstrate that the spin-1/2 

defects found in trans-(PA) are neutral, consistent with the reversed 

spin-charge relations predicted by the SSH model.

With the goal of determining in detail the wave function of the 

spin-1/2 species, electron-nuclear double resonance (ENDOR) studies 

were done 37« 38> 39-40> 41» 42. The delocalized spin distribution was 

directly observed from the distribution of ENDOR frequencies. The 

ENDOR line shape was found to be consistent with the spin-density 

profile predicted by the soliton theory (SSH model) when 

supplemented to include a finite on-site Coulomb interaction 43< 44. 

The width of the neutral solitons ( £ approxim ately 8-1 la) found in 

the ENDOR experiments is in reasonable agreement with the value 

predicted theoretically ( approximately 7a) by the SSH model and 

inferred from electron-spin resonance linewidth measurements 

mention above.

The confirmation of the mobile neutral soliton first inferred 

from motional narrowed ESR linewidth, came from a series of 

nuclear-spin relaxation measurements, interpreted in terms of one­

dimensional motion of the neutral solitons 45* 46.

Definitive evidence of the mobility of neutral solitons was 

provide by dynamic nuclear polarization (DNP) studies 47* 48> 49* 50,
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placing a lower limit on the time necessary for the bond-alternation 

domain wall to diffuse a distance equal to its width. DNP has been 

used as a microscopic probe of soliton motion: if the solitons are fixed 

(trapped) or moving very slowly, the DNP occurs via the solid state 

effect, whereas, if the mobility is high, DNP occurs via the Overhauser 

effect 47. DNP studies of Trans-(PA) showed that the neutral soliton 

are trapped at low temperatures, and are very mobile at high 

temperatures, and that there is a gradual conversion from trapped to 

mobile bond-alternation domain walls over a temperature range 

10 K< T >100 K.

Finally, by comparing not only the ESR linewidth but all aspects of 

the magnetic resonance, it was concluded that the spin dynamics are 

determine by a combination of one-dimensional diffusion fo the 

solitons and soliton-soliton spin exchange.

ii) Charged Solitons

As mentioned earlier, solitons can be generated in two ways: 

charge transfer doping and photoexcitation. There are three 

distinctive signatures of charged solitons for which there exist both 

theoretical analysis and experimental evidence:

1) The formation of localized structural distortions with 

associated localized vibrational modes (localized phonons). These 

soliton induced characteristic infrared active vibrational modes 

(IRAV modes) can be observed in the mid infrared frequency range, 

which is typical for molecular vibrations.
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2) The generation of the midgap state and the associated 

electronic transitions. This soliton induced transition can be observed 

in the near infrared range.

3) The reverse spin charge relations, i.e., charge storage in 

spinless solitons. This can be verified through electron spin 

resonance experiments. The key signature is that the ratio N s/N Ch «

1, where Ns is the number of spins and Nch is the number of charges.

Below we will briefly discuss several of the important 

experiments performed and presented as evidence for the existence 

of charge solitons induced by doping and photoexcitation.

A. Solitons induced by doping

1. infrared active vibrational modes

Doping induced IRAV modes were discovered in the first 

infrared studies of poly acetylene at dilute doping concentrations 34 

5t, 36̂  The principal doping induced IRAV modes are approximately 

at frequencies 900, 1260, and 1370 cm-1, with a weaker mode at 

1215 cm '1. These doping induced absorptions are intense and isotope 

sensitive 36> 52. The doping induced IRAV modes for trans-(CH)x and 

trans-(C D )x are shown in Fig. 2.5-1.

The intensity of the observed modes are proportional to the dopant 

concen tra tion53* 35* 36 but are essentially independent of the dopant 

type. The absorption is parallel to the polymer backbone, as verified
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by experiments on highly oriented samples 34 54 55. Thus the doping 

induced ir modes are characteristic of the doped poly acetylene 

chains. They demonstrate that charged particles with associated 

distortions are generated upon doping. As predicted there is one 

localized phonon for each of the phonon branches of trans-(PA) (as 

observed through Raman scattering). The broad and intense 

absorption at 900 cm-1 is presumably the Goldstone mode (the zero 

frequency phonon mode), shifted up from zero frequency by pinning 

due to Coulomb binding of the charged soliton to the oppositely 

charged ion. The assignment of the 900 cm*1 as the pinned Goldstone 

mode is consistent with the observation that this mode appears at 

approximately 500 cm *1 in photoexcitation measurements; weaker 

pinning would be expected for photoexcitation, since the Coulomb 

field of the counter ion is absent.

2. Absorption of midgap states

The absorption of midgap states is a typical characteristic of 

doped poly acetylene56 57 58. Dopant induced near ir electronic 

transitions are observed to be independent of the type of dopant and 

of whether that dopant is a donor (n-type doping) or an acceptor (p- 

type doping). Illustrated in Fig. 2.5-2 is the results of in situ 

experiments, performed during electrochemical doping, on the 

visible-ir absorption in trans-(PA). As doping proceeds, the midgap 

absorption appears, centered near 0.65-0.75 eV. with an intensity
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that increases monotonically in proportion with the dopant 

concentration. Simultaneously, the strength of the interband 

transition decreases preserving the overall oscillator strength. From 

the intensity of the dopant induced absorption and the magnitude of 

the associated bleaching of the interband transition, the width of the 

self-localized charged particle (tz> ) can be inferred to be 

approximately 7a, in good agreement with theory.

3 Reversed Spin-charpe relations

Initially spin resonance experiments (performed to detect 

spinless carriers) were carried out on p-type samples that used a 

vapor-phase doping technic. However, the interpretation of the 

results of these experiments lead to controversy59 60, owing to the 

possibility of nonuniform doping, the use of thick films and the 

complex chemistry of AsFs doping. To circumvent such problems, 

subsequent work utilized in situ ESR measurements on thin films 

(thickness of orderl Jim or less), performed during either chemical 58 

or electrochemical doping61 62. With the electrochemical technique, 

the electrochemical potential and not the dopant concentration is the 

controlled variable, and the thin-film doped samples are at 

equilibrium. Experiments with both n-type [Na+y (CH)-y]x 61 * 62 and 

p-type [(CH)+y(CL04-)y] 63 doping have been performed to investigate 

the presence of spinless charge carriers in polyacetylene. These 

measurements clearly demonstrated the spinless character of the 

doping induced charge carriers at dilute concentrations and, 

established the reverse spin-charge relation for solitons in trans- 

CPA).
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B Optical properties of polyacetylene

The band structure of polyacetylene has been investigated by a 

combination of optical-absorption and reflection measurements in 

the frequency range from the middle ir (0.1 eV) through the visible 

(4.0 eV)64.

This study provides a more complete understanding of the electronic 

structure of polyacetylene. The samples were prepared using the 

standard Shirakawa technic. Visible absorption measurements 

utilized thin films (0.1 JXm) polymerized on the inner surface of a 

glass reactor. The reflection measurements were carried out on free 

standing films (typically 0.05-0.1 |Am). Orientation was achieved by 

stretching as mentioned above.

Illustrated in Fig. 2.5-3 is the absorption data for undoped 

trans-polyacetylene. The absorption coefficient begins a slow 

increase around 1.0 eV rising sharply at 1.4 eV. to a peak at 

approximately 1.9 eV. The magnitude of the absorption coefficient 

(3x10’5 cm-1) at the peak is comparable with the peak value of a 

typical direct gap semiconductor. Shown in Fig. 2.5-4 is the polarized 

reflectance data from oriented films (l/lQ approximately 2.5 -3) of 

stretched trans-(PA), where lQ
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and I are the unstretched and stretched lengths, respectively. The 

large optical anisotropy induced by orientation is evident. The 

interband transition apparent in the parallel reflectance (R) in the 

region of 2 eV with the reflectance decreasing to a low frequency 

value of approximately 0.1. The perpendicular reflectance is small 

throughout the measured range characteristic of quasi-one- 

dimensional behavior and relatively weak interchain coupling.

The optical absorption measurements for oriented 

polyacetylene prepared under grapho-epitaxial65 and shear flow66 

polymerization conditions are illustrated in Fig. 2.5-5 and 2.5-6 

respective ly67. The former shows a pronounce optical anisotropy 

whereas the latter does not. This result is correlated with the 

orientation of the chain axis relative to the fibre axis, which is 

preferentially parallel in grapho-epitaxially grown films. The 

absorption coefficients in the infrared and visible spectrum were 

determine from transmission spectra and a reflectivity which was 

assumed to be wavelength independent and calculated from the 

known long wavelength index of refraction. The sample thickness 

(500 A to 2000 A) was determine by a scanning electron microscope.

The method of fabrication used to synthesize polyacetylene 

strongly influences its band structure and optical properties.
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C R am an Spectroscopy

Raman spectroscopy has been used extensively to study the 

vibrational modes and structure of poly acetylene. The expected zone 

center modes have been observed at frequencies that are in 

agreement with the calculated values68- 69- 70» 38- 71- 72- 73» 74.

The Raman spectra of conductive polyacetylene-iodine 

complexes and their parent polymers have been studied75. The high 

electrical conductivity of iodine doped polyacetylene provoked such 

a study. Structural information on these materials is needed to 

understand the mechanism of such high conductivities. The trans- 

rich polyacetylene film contains trans segments of various lengths 

while the cis-rich polyacetylene film is composed of relatively long 

cis sequences making it difficult to obtain a clear-cut conclusion 

concerning their structure. It is because of this mixture of 

components in polyacetylene, that Resonance Raman spectroscopy is 

suited to problems of this kind, in that it affords selective 

information on a component provided the light source is properly 

chosen. The C=C (Vc=c) and C-C (Vc-c) stretching vibrations found in 

polyacetylene, especially the former, are known to be sensitive to the 

number of conjugated bonds (Nc=c)76 77• The I-I ( Vm) stretching 

vibration of various compounds containing iodine have been shown 

to be sensitive to the state of iodine78. Hence, these vibrations are 

useful markers for studying the chain-length and the state of iodine.
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Resonant Raman spectroscopy has also been used to probe the 

electronic energy gap. For laser wavelength 676 nm (hCD = 1.83 eV ), 

three phonon lines are observed, as shown in Fig. 2.5-7. As the 

excitation frequency (energy) increases, the Raman sidebands exhibit 

dramatic line-shape changes79, 69* 70* 71> 72> 73» 74. Shoulders on the 

high-frequency side of the primary peaks eventually develop into 

secondary peaks at hO)L = 2.71 eV. Attempts have been made to 

explain the unusual features.

One such attempt involves a distribution of conjugation chain 

lengths 69> 71» 72> 73* 74. It is based on the well known fact that both 

the optical excitation threshold and the Raman-active C=C stretching 

frequency decrease with increasing chain length in finite polyenes.

In this approach, the line-shape dispersion is interpreted as a 

resonance process in which the Raman cross section for short trans 

segments of a given sample are selectively resonantly enhanced for 

excitation energies above the gap. However, this is difficult to 

reconcile with the high conductivity observed in doped samples and 

with the evidence of extremely mobile solitons obtained from NMR 

and ESR analysis. Otherwise, the "short-chain" model seems to 

explain the dopant, polarization, history, and sample quality 

dependences of the Raman line shape.

Another model to describe the origin of the Raman dispersion, 

proposes a distribution in the elecron-phonon coupling constant X, 
p(A,), which is due to the disorder in the imperfect samples80 81 82. 

With all other parameters fixed, X uniquely determines the energy
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band gap 2A(X,) and the phonon frequencies. In the analysis of 

Vardeny and co-workers, independent of © l, the primary peaks 

correspond to the maximum of p(A,) at A,=A,0, whereas the satellite 

peaks results from resonance condition h©L=2A(X,) >  2A(A,C). With a 

very narrow Lorentzian distribution, it is possible to explain all 

aspects of the observed spectra in detail 80* 81> 82, including the sliced 

excitation profiles83. The latter were inconsistent with the "short- 

chain" model. The distribution in X arises from finite localization 

lengths, which in turn are due to disorder. Thus the p(A,) model can 

be viewed as a some-what more sophisticated attempt to include the 

"short-chain" effects. At present there is no concrete theoretical 

explanation of the origin of p(A,).

Using the Shirakawa catalyst, and growing polyene chains into 

activated sites of polybutadiene, which act as a soluble carrier,

Tubino et. al.84 have been able to develop a novel form of 

polyacetylene partially soluble in conventional aromatic solvents85: 

Polyacetylene synthesized by traditional Shirakawa procedure is an 

insoluble polymer. In this novel material, because of special 

preparations, it is expected that interchain forces, as well as chain 

rigidity are strongly reduced compared to the solid form. This in turn 

permits the study of intrachain effects without interference from 

interchain interactions, cross-linking and the like there of. The 

availability of the polyene chains in solution can contribute to the 

solution of controversies regarding the structure and the properties 

of PA, namely the extent of interchain interaction, the cross-link 

formation, and the soliton dynamics in a truly one-dimensional 

system .
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Illustrated in Fig. 2.5-8 is the optical absorption spectrum of 

soluble PA. It consists of a broad and asymmetric absorption band 

centered a 580 nm. The absorption maximum is blue shifted by 90 

nm with respect to the maximum exhibited by the optical absorption 

spectrum of thin films 56 prepared by the conventional Shirakawa 

p rocedure.

Two conceivable explanations for the observed shift are: 1) The 

interchain interactions are probably far less effective in soluble PA 

than in the solid. It has been shown86 that the introduction of three 

dimensional interactions through transverse hopping integrals has 

the effect of reducing the energy gap of a strictly one-dimensional 

chain. 2) It is well known that in polyenes the lowest optical 

absorption, shifts towards lower energies with increasing chain 

len g th 87. The observed blue shift could be related to a reduction of 

the average conjugated chain length in the solution with respect to 

the film.

The absorption spectrum of the soluble trans(PA) exhibits

phonon-assisted side bands, that are manifested in the form of the

two peaks at 635 nm and 600 nm in Fig. 2.5-8. The presence of a

resolved vibronic structure in the absorption spectrum of the

dissolved polymer seems to indicate a sharper distribution of chain

lengths and/or a reduction of the interchain interactions as expected 
69, 88,

The emission spectrum of the soluble PA for an excitation at 

488 nm si shown in Fig 2.5-9. The spectrum consist of two 

fundamental Raman vibrations centered at 1110 cm _1 and 1490 cm- 

l> followed by a weak second order scattering. The spectrum of the
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solution is consistent with the emission spectrum of trans(PA) films 

reported by various authors 70* 89. Therefore it is believed that the 

soluble PA consist mainly of polyene in the trans form.

The strong Raman lines observed at 1110 and 1490 cm-1 are  

assigned to the C-C and C=C Ag stretching vibrations respectively. 

Availability of soluble PA offers the unique opportunity of 

measuring the polarization properties of the scattered radiation in 

order to confirm the assignment. The observed depolarization ratio 

for both the two strong Raman lines shown in Fig. 2.5-9 is Ps=0.4, in 

agreement with the expected value for Ag modes under noncubic 

symmetry (C2h point group).

The resonant secondary emission of the dissolved PA bears a 

very close similarity with the corresponding spectrum of the solid 

trans-PA. In the latter system the lack of a distinctive band-edge 

recombination luminescence peak and a strong multi-phonon Raman 

activity has been taken as evidence of the soliton formation due to 

an intrinsic instability of the photogenerated electron-hole pair 10. 

These results seem to imply that PA should be able to support 

solitons even in solution.
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D Photoexcitation Experiments

According to the Su, Schrieffer and Heeger mode 5» 10 a 

photoinduced electron hole pair evolves to a soliton-antisoliton pair 

in about 100 fsec. The pair is coupled to localized states at the gap 

center, and an important test of the existence of solitons in trans-PA 

should be the observation of the photoinduced absorption below the 

interband threshold. The absorption spectrum was predicted to 

change as oscillator strength shifts from h(0 to hcos after 

photoexcitation. Studies of the infrared-active vibrational (IRAV) 

modes, midgap absorption, and electron-spin resonance following 

photoexcitation have confirmed the Su Schrieffer mechanism.

1) Infrared-active vibrational modes

Photoinduced absorption has been reported rising from 

infrared-active vibrational modes90 91 92. Three vibrational modes 

with large oscillator strength are observed. In Horovitz's "amplitude 

mode" formalism, these correspond to the coupling of the three 

lattice degrees of freedom of the polymer chain ( that modulate the 

dimerization amplitude and thus, are resonantly enhanced in Raman 

scattering) to the zero-frequency uniform translational freedom of 

the charge. The existence of the photoinduced IRAV mode provides 

experimental proof that a localized lattice distortion is generated via 

photoexcitation. Moreover, the one-to-one correspondence between 

the principle IRAV modes, photoinduced 90, 91 * 92 and doping- 

induced 34’ 35’ 36 indicates that the same charge carriers is produced



in both cases. The doping induced IRAV mode at 900 cm-1 was 

identified 90 as the "pinned" uniformed translation mode (or the 

Goldstone mode), the pinning being the result of the Coulomb 

attraction of the charged soliton to the charged counter ion. The large 

shift of the lowest-frequency IRAV mode upon photoexcitation, from 

900 cm-1 34 to 540 cm*1 90

is consistent with more weakly pinned photogenerated charges.

2) Photoinduced absorption and photoconductivity

A great effort has been devoted to the interpretation of the 

photoinduced infrared absorption and the photoconductivity in 

conventional isotropic Shirakawa films to elucidate the nature of 

photoinduced charge carriers. It has been shown theoretically that in 

PA mobile charged solitons can be photogenerated directly or 

indirectly after photoexcitation of an electron-hole pair. Time 

resolved spectroscopy93 has been used to observed the predicted 

absorption due to photogenerated intrinsic gap states in trans-(PA). 

Orenstein and Baker initially observed two photoinduced absorption 

features ( both in time resolved and steady state measurements), one 

at 0.5 eV and one at 1.34 eV. Vardeny et al. 91 and Blanchet et al.94 

later observed three photoinduced bands at 0.5, 0.17 and 0.06 eV.

The 0.5 eV feature scales in every way with the characteristics of the 

IRAV mode ( ie. same temperature and laser pump intensity 

dependence, etc.) It has been proposed that the 0.5 eV absorption 

originates from an electronic transition involving the mid-gap state 

associated with soliton 91* 94 whereas the 1.35 eV is associated with
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neutral excitation. The origin of the low energy peak at 0.06 eV is 

controversial. Blanchet et al. 90 have assigned this peak to the pinned 

translational mode of the soliton, Rice95 proposed that this peak 

originates from an oscillation of a bound pair of oppositely charged 

solitons. Sun et al.96 have attributed this band to a vibrational mode 

of a polaron about its equilibrium configuration.

Dorsinville et. al.97 were the first to report photoinduced 

absorption and photoconductivity measurements in highly stretched 

films of polyacetylene. The intensity of the "mid gap" absorption at 

0.49 eV and the intensity of the cw photocurrent exhibit similar 

dependence on polarization of the laser beam. The measurement 

illustrated in Fig. 2.5-10 and Fig. 2.5-11 imply that the photoinduced 

cw anisotropy and the cw photoconductivity reach their maxima 

when the laser polarization is perpendicular to the chain direction in 

trans-(PA) although the transition moment of the lowest interband 

transition is along the chain. These data suggest that the intensity of 

the photoinduced near infrared absorption and the photoconductivity 

are strictly related as they exhibit the same dependence on the 

polarization of the inducing optical electric field with respect to the 

fiber orientation.

Studies using subpicosecond resolution have shown that the 

gap states and the associated interband bleaching are produced in 

less than 10-13 s98 99 10°. Data showing subpicosecond photoinduced 

bleaching of the interband transition are shown in Fig. 2.5-12. 

Picosecond photoconductivity measurements by Sinclair et a l.101 and 

Bleier et al.102 demonstrated the fast photoproduction of charged 

excitations with a relatively high quantum efficiency. Shown in Fig.
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2.5-13 is the transient photoconductivity of unoriented trans-(PA) 

due to a lp J  pulse at 2.1 eV with a bias field of 1.5 x 105 V/cm. The 

observed rise and fall time of the signal is approximately 50 ps and 

300 ps respectively. The experimental demonstration that the 

photoconductivity and the photoinduced change in optical absorption, 

decay on the same time scale implies that the photogenerated charge 

carriers involve a major shift in oscillator strength, consistent with 

the proposed photogeneration of charge soliton s.
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Rothberg et al. 100 have time resolved the photoinduced 

absorption associated with the mid gap transition, by pumping at 2.1 

eV. and probing the photoinduced absorption at 0.3-0.55 eV, the 

results are shown in Fig. 2.5-14. In this experiment, the intrachain 

photogeneration of intrinsic charged solitons in trans-(PA) was 

observed and information about their absorption spectrum and 

decay dynamics on the picosecond time scale was obtained. The 

intrachain soliton pairs can be distinguished from the charged 

solitons produced via an interchain absorption process ( presumably 

leading to charged polarons on different chains); the latter are 

formed at later times either by neutral-to-charge soliton conversion 

or by the reaction P+ + P+ to 2S+ ( or the compliment) when two 

polarons of like charge diffuse onto a single chain.

A scenario that is consistent with all the above mentioned 

experiments has been developed103, 101 . The initial absorption is 

principally intrachain. The mid gap absorption due to charged 

solitons (0.45 eV), band-edge absorption (1.4 eV), and bleaching of 

the interband absorption all decay on similar picosecond time scales. 

A reasonable description is that the soliton-antisoliton pairs are 

directly photogenerated within 10-13 s and begin to decay into 

neutral soliton pairs (that absorb at 1.4 eV) in several femtoseconds. 

The neutral soliton in turn decay rapidly to phonons.
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Fig. 2.5-14: Time-resolved  
photoinduced absorption of trans-(PA) 
in the midgap spectral range: (a) 25 K, 
(b) 300 K. Dashed lines are to guide 
the eyes. (Rothberg et al. 1986)



3) Reverse Spin Charge Relation

The results of light-induced ESR experiments104 105 (i.e., 

electron-spin resonance experiments carried out during 

photoexcitation, LESR) have demonstrated that photogenerated 

excitations in trans-(PA) are spinless and confirm the reverse spin- 

charge relation of solitons.

The objective of such an experiment is to determine the 

number of photogenerated spins directly from quantitative ESR 

measurements during photoexcitation and determine the number of 

photogenerated charges from the strength of the photoinduced IRAV 

mode and the photoinduced 0.45 eV mid gap absorption, these 

photoinduced infrared features being calibrated through direct 

comparison with the corresponding doping-induced spectral features 

(where the doping concentration is known). LESR experiments have 

set an upper limit of 3 x 10-7 of photogenerated spins per carbon for 

a pump power of 20 mW/cm2. Two independent calibrations of the 

intensity of the IRAV mode as a function of doping concentration 34 

106 and a separate experiment calibrating the mid gap transition 57 

has been performed. Using these data, the strength of the 

photoinduced infrared signatures set limits on the concentration of 

photogenerated charges between 10-4 and 5 x 10*4. Thus, even using 

the smallest number for the photogenerated charge density the ratio
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of the spin density to charge density is 3 x 10-3, indicating that the 

photogenerated charge carriers are spinless.

The following sections describe the results and analysis of the 

work performed for this thesis.
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111 Experimental Technique and Apparatus 

3.1) Introduction

This section will focus on the main equipment used in 

the experiments performed for this thesis. A description of the laser 

and a brief discussion on picosecond photoconductivity and the

geometry of the optical switch will take place here. Peripheral 

equipm ent like, a real time scope (approxim ately 250 psec

reso lu tion), a sam pling scope (appox. 90 psec reso lu tion), 

photodiodes, RF amplifiers, box car averager, and glass Dewar were 

available.

3.2) Laser

The laser source used in all experim ents was the

commercially available Quantel Nd:YAG laser (YAG denotes yttrium- 

aluminum-garnet), which is both passively and actively mode locked. 

The operation of this laser system is described below (refer to Fig. 

3.2-1). The laser rod which is cut at Brewsters angle, is pumped by 

two Xenon flash lamps. Lasing occurs with p polarization. Mode

locking is initiated by both an acousto-optical crystal (active mode 

locking) and a saturable absorber dye (passive mode locking) placed 

inside the laser cavity. The acousto-optic crystal modulates the lasing 

florescence. The modulated florescence has random noise bursts and 

fluctuations which are amplified by the laser rod. As the light
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passes through the saturable absorber, the larger noise bursts are 

preferentially selected, while the weaker noise bursts are absorbed. 

After several round trips through the cavity, a well defined single 

pulse develops with a duration of 35 psec at the lasing wavelength of

1.06 J i m .

The acouto-optic crystal is electrically modulated by a 

radio frequency signal. This modulation frequency is equal to the 

round trip time of the laser cavity 2L/c, where L is the cavity length 

and c is the speed of light. This creates sidebands or additional

frequency components on each side of the allowed longitudinal 

frequency components of the laser cavity. The saturable absorber

and acousto-optic mode locker compliment each other in the sense 

that the newly created sidebands of a particular longitudinal

frequency component is exactly equal to the next higher and lower 

longitudinal cavity frequencies. This action couples all the allowed 

longitudinal modes of the laser cavity. The combined action of the 

saturable absorber and the acousto-optic modulator allows the

production of 35 psec pulses at 1.06 Jim in a gaussian envelope of 

approximately 10-12 pulses in the train. The total energy in the train 

is about 7 mJ. The saturable absorber has the greatest effect on 

decreasing the pulse duration, while the acousto-optic modulator has 

the greatest effect on the shot to shot stability. This stability can be 

checked by using a slow photodetector and a Tektronix 7934 storage 

oscilloscope.

As stated above, the output from the laser cavity is a 

train of pulses at 1.06 J l l m ,  where each pulse has a duration of 

approximately 35 psec. A train is emitted because for each round
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trip in side the laser cavity, a portion of the laser pulse is 

transm itted through the output mirror. The envelope impressed 

upon the train of pulses corresponds to the gain envelope of the laser 

medium during the time of population inversion. The train of pulses 

is then directed into a Pockel cell pulse slicer. This device essentially 

consist of an electro-optic crystal and polarizing optics. A laser pulse 

can be selected from the laser pulse train, by applying a well define 

voltage pulse across the electro-optic crystal, which rotates the plane 

of polarization of one of the optical pulses in the train, allowing it to 

pass through two cross polarizers. The well define bias voltage across 

the electro-optic crystal must be synchronous with the lasing process 

for selection of a single optical pulse. The rejected or unwanted train 

of pulses can be observed by using a fast photodiode connected to a 

Tektronix 7104 oscilloscope, this will allow monitoring of the pulse 

selection process. The two types of photodiodes used were the S-l 

detector biased by a 1.5kV. and a Motorola MRD 510 photodiode 

connected in a RC circuit biased with 20 volts. The pulse ejected from 

the pulse slicer is s polarized.

Pockel cell alignment is obtain by diffusing the incoming

1.06 |lm  optical pulse with lense tissue. The diffused light is then 

permitted to pass through the Pockel cell and a cross polarizer. The 

standard Maltese cross pattern which indicates the crystalline optic 

axis is observed. The crystal is then adjusted such that the optical 

path of the 1.06 |J.m pulse is through the center of the Maltese cross 

pattern. Once this is accomplished the Pockel cell is properly aligned.

After the pulse slicer has selected a single pulse from the 

pulse train, it is then amplified by a double pass ring amplifier. Using
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a half wave plate, polarizer, and polarizing beam splitters, the single 

laser pulse can be amplified to 75 mj. A Scientech calorimeter energy 

power meter (model number 362) is used to measure the energy of 

the laser pulse. The transverse mode of the pulse is multi-mode after 

am plification.

A more detail description of the ring am plifier is as 

follows (refer to Fig. 3.2-1). After the pulse slicer, the selected s 

polarized laser pulse passes through a half wave plate, which 

converts its optical orientation to p polarization. After its first past 

through the amplifier rod the amplified pulse passes through another 

ha lf wave plate which converts its optical o rien tation  to s 

polarization. The amplified pulse is reflected from a polarizing beam 

splitter and begin its second pass through the amplifier system. After 

the second pass through the amplifier rod, the s polarized amplified 

pulse passes through the second half wave plate for a second time. 

This second pass converts the optical orientation of the s polarized 

amplified pulse to p polarization once again. With this polarization, 

the amplified pulse passes through the polarizing beam splitter. The 

amplified pulse has a duration of approximately 35 psec, which can 

be measured using second harmonic autocorrelation techniques or by 

two-photon florescence in Rhodamine 6G.

The procedures for aligning the Nd:YAG laser system 

requires the use of a HeNe laser and several pinholes which 

reference the optical beam path. The oscillator cavity is aligned, by 

having the back reflections from both the front and rear mirrors, 

retrace their original beam paths back to the HeNe laser output port. 

The double pass amplifier is aligned using two reference pinholes,
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one on each side of the amplifier rod. Bum paper is used to make 

sure that the first pass is properly centered in the amplifying rod. 

The first passed am plified pulse is then redirected into the

amplifying rod, making sure that the second pass amplified pulse 

cross section is concentric with the first pass.

Finally the amplified pulse passes through a type I 

second harmonic generator crystal (KDP). This crystal converts up to 

thirty percent (30%) of the incident 1.06 |L im  (the fundamental 

frequency of the laser) light to the second harmonic frequency of 

0.532 jLlm. The pulse duration of the second harmonic laser pulse is 

approximately 25-30 psec. with a s polarization optical orientation. 

The pulse width of the second harmonic output of the Nd:YAG laser 

can be measured by sim ilar techniques used to measure the

fundamental output. Alternatively, the streak camera can be used to 

obtain real time single shot measurements of the second harmonic 

output pulse.

3.3) Picosecond Photoconductivity

3.3-1) H isto ry

Over the past 15 years a new field has emerged, namely, 

picosecond optoelectronics. With the availability of femtosecond laser 

pulses, such a device may have a subpicosecond time response. The 

picosecond devices discussed in this section are based upon the 

picosecond photoconductivity effect (The carrier generation by

photoexcitation with picosecond optical pulses usually caused by the

transition of electrons from the valence band to the conduction
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band.)- They consist of a bulk photoconductor used in conjunction 

with a picosecond laser. The field of picosecond photoconductivity 

refers to the study of photoconductivity effect with picosecond 

o p tica l p u lse s . The f irs t o b se rv a tio n  o f the p icosecond  

photoconductivity effect was reported by Jayaram an and Lee in 

1972107. They compared the response of a CrrGaAs photoconductor to 

the Q-switched nanosecond pulses with that to the mode-locked 

picosecond pulses. It was obvious from this experim ent that the 

photoconductivity signal responds rapidly to the laser pulses. This 

showed that picosecond electrical pulses can be generated by the 

picosecond photoconductivity effect. U tilizing the alm ost instant 

response of the photoconductor to picosecond op tical pulses, 

A u s to n 108 dem onstrated the sw itching, gating, and sam pling of 

voltage pulses in a microstrip line using Si photoconductors. The most 

unique feature of this switch is the lack of jitter. Lawton and 

S c a v a n n e c 109 used CrrGaAs as a m icrostrip line structure for 

detecting picosecond optical pulses from a mode-locked dye laser, 

exploiting the characteristically short photoconductive lifetim e of 

the charge carriers in this m aterial. Because of its high dark 

resistivity (108 £2 cm), GaAs could be dc biased to 15 kV 110 with a 

switching efficiency of 90-95%. Other materials have been used as 

switches. They include FerlnP111 CdSo 5Seo 536, amorphous silicon112, 

g e rm a n iu m 113, GaP114, CdCrSe115, diam ond116 and polycrystalline 

OMVPE GaAs/Si02 films117.

The applications of picosecond photoconductor are 

numerous based on their unique characteristics, i.e., extremely high 

speed, large dynamic range, scalable, and jitter-free response. In



general there are two major categories of applications: low voltage 

and high voltage (kilovolts). In the former case it is high speed that 

is the most important characteristic of the device. The switching 

efficiency is not of major concern. In fact one may sacrifice mobility 

for the sake of getting the shortest possible carrier life time. In the 

latter case the device must deliver as much power as possible to the 

load. The switch transfer efficiency should be near 100%. Speed is 

not crucial, but, the mobility of the material should remain at a 

reasonable value. One basic function of all these devices is electronic 

switching and gating34. Other applications include sampling 118* 119> 

12°, jitter-free streak camera operation121, picosecond active pulse 

sh ap in g 122* 123, wave form generation124, microwave modulation125* 

126, generation of microwave burst127, optical detection 128* 37* 38, 

particle detection129. All these applications utilize the conductive 

mode property of the photoconductor.

Much of the work in the past on photoconductive 

switches have been device oriented; concentrating on making them 

faster and more efficient. This is not the objective of this study. Here 

we wish to use the picosecond photoconductive switch as a tool for 

material studies.

3.3-2) P icosecond Switch

A standard photodetector consist of two parallel plates. 

This geometry produces a rather large capacitance lumped at the 

plate surfaces, which causes the detector to respond sluggishly to 

photoexcitation. In order to observe a picosecond transient, the
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bandwidth of the detector must be increased by reducing its 

capacitance. To reduce the capacitance and thereby increased the 

speed of response, a 50 H m icrostrip transm ission lin e130* 131 

geometry was used. The capacitance is reduced because it is 

distributed along the transm ission line. A typical picosecond 

photoconducting switch is illustrated in Fig. 3.3-2-1.

A sheet of dielectric material, sandwiched between two 

sheets of copper (copper cladding, 3M Cu Clad 250) and a 3M Brand 

Microwave Design Aid kit was used to construct the microstrip line 

geometry. The kit consist of transferable copper foils backed by an 

adhesive which can be used to build working microstrip and stripline 

circuits. The copper cladding surfaces must first be prepared for 

application of the photoresist. Its surfaces were cleaned with warm 

water and a small amount of abrasive copper cleanser and 

thoroughly rinsed. From this point on, the board was held by it edges 

to prevent dirt and oil from the fingers from contaminating the 

surfaces, which would prevent photoresist adhesion. Photoresist 

adhere better to surfaces which are acidic. To accomplish this, the 

board was dipped into a dilute bath of HCL (10% by volume) then 

rinsed under running water. The board is thoroughly dried and now 

its ready for coating. Because photoresists are sensitive to ultraviolet



t r j .
h

T
Fig. 3.3-2-1: Schematic diagram of a high-speed microstrip 

transmission line. The active region is the gap 
in the top electrode at which the light is focused.
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radiation, steps were taken to provide "safelight" conditions in which 

the resist was handled. White fluorescent tubes wrapped with 

KODAGRAPH Sheeting, (orange), can be used.

A small amount of photoresist was poured with a pipette 

into the middle of the board. The board was then tilted in various 

directions until one side was entirely covered, making sure the resist 

did not coat the other side of the cladding. The excess resist was 

drained from the corners and then the board was stood in a near 

vertical position until the resist had dried. This took about 6 hours. 

The removal of residual solvents from the photoresist is important. 

R etention of the solvents in the photoresist could reduce 

photosensitivity. If the resist is not dry, the response to ultraviolet 

radiation is low and adequate exposure cannot take place. The resist 

coating must be exposed to a light source rich in ultraviolet radiation. 

This was accomplished by using a mercury-vapor lamp. The coated 

side of the board was exposed to the ultraviolet light source for 

approximately 2 to 3 hours to assure curing, after which, the board 

was ready for etching. Either ferric chloride, cupric chloride, or 

ammonium persulfate was used as an etchant. The board was placed 

in a glass container with the etchant and heated to approximately 

4 9° C (120° F). Heating accelerates the etching processes. An 

im portant factor in good etching is constant agitation. This is 

necessary to carry away reaction products and provide fresh etchant 

to carry on the process. Occasionally the board was removed to check 

the progress of the copper removal. The etching continued until all 

the unwanted copper was removed. The board was then rinsed in 

running water to remove any excess etchant. The remaining
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photoresist had to be removed before the board could be used. If this 

was not done, contact problems with the remaining copper could 

develop. So, the board was thoroughly scrubbed with warm water 

and a small amount of pumice until the remaining resist was 

removed. It was then rinsed and dried and ready for use.

The use of the 3M Brand Microwave Design Aid kit 

allowed the foregoing of the lengthy and rather tedious process of 

photomasking, image developing, and a number of other steps used 

in microwave circuit fabrication. A strip of copper foil of the 

appropriate dimension is secured to the d ielectric substrate 

completing the transmission line. The microstrip line is interrupted 

by a 0.5 mm gap. This gap forms the active region of the optical 

switch. The stretched polymer film was attached by pressure to the 

copper electrodes of the microstrip across the gap. This geometry is 

referred to as a gap or planar configuration. The characteristic 

impedance, Z0 of the microstrip transmission line is determined by 

the relative dielectric constant, e r, and the height, h, of the substrate 

and the width of the copper microstrip. The closed form expressions 

for Z0 and e r have been reported by Wheeler132- 133, Schneider57, and 

H am m erstad134. The expressions for W/h in terms of Z0 and e r are as 

follows:

For A > 1.52

w / h = - 8-g.^Pl A) (4 .3 -2 - la )
exp(2A ) - 2
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For A< 1.52

W / h = —1 B - 1 - ln (2 B  - 1 )+ -^  1
ic 2er

In (B - 1) + 0 .3 9  - 0.61 (4 .3 -2 - lb )

w h ere

A = Z o | E: 
60\

v 1/2

■

£, -  lj
0.23 + 0.11

er +l l
(4 .3 -2 - lc )

and

2
B = _60n ( 4 .3 -2 - ld )

These expressions provide an accuracy of better than two percent. 

For a nominal characteristic impedance Z0 of 50 Q  and a relative 

dielectric constant e r of 2.5 the following parameters were obtained: 

W = 2.16 mm, and h = 0.76 mm. A schematic drawing of the

photodetector geometry is illustrated in Fig. 3.3-2-2.
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CU Microstrip
Trans-(PA)

Dielectric substra te

100 KQ
To Scope

Cu ground plane

Fig. 3.3-2-2: Schematic drawing of photodetector geometry. The end-on 
electrodes form a 50 £2 microstrip transmission line. A small 
gap in the center is the active region of the switch.
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In order to make electrical contact with the optical

switch, it was necessary to mount the entire unit on a copper block 

with silver paste (which act as a continuation of the switches ground 

plate). Electrical contact was made with either Omni-Spectra OSM (18 

GHz) or OSSM (40 GHz) coaxial-to-micostrip connectors or SMA strip- 

line launchers. The switch was biased on one side by a charged 

coaxial transmission line and on the other side the output signal was 

transmitted through a semi-rigid coaxial cable (18 GHz) and a 10 db 

Com linear wide bandwidth am plifier to the different measuring 

devices (i.e. Sampling scope, Box car integrator, etc.). The biasing 

circuit consisted of a d.c. power supply and a blocking resistor. The 

blocking resistor (typically 100 K£2) is standard and served the 

purpose of controlling the amount of current entering the optical 

switch. The blocking resistor also served as a precautionary device. 

The maximum signal that the sampling head could handle was 

plus/minus 5 V. Voltages as high as 600 V were utilized. The 

magnitude of the blocking resistor was chosen such that most of the 

voltage drop would be across it in case a short developed in the 

sw itch.

The picosecond optical switch was placed inside a liquid

nitrogen Dewar that was fitted with high speed semi-rigid coaxial

cable and feedthroughs. The Dewar served two purposes: 1) It

protected the sample from oxidation by the atmosphere and 2) it 

perm itted the measuring of the tem perature dependence of the

picosecond photocurrent of the HOPA sample. A copper-constantan 

thermal-couple was used to measure the temperature of the sample.
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l¥_Picosecond_Photoconductlvity Above Gap Excitation

4.1) Introduction

Polyacetylene is a quasi one-dimensional system which 

is expected to show highly anisotropic optical and transport 

properties. Most of the experimental investigations carried out on 

trans-polyacetylene have used isotropic Shirakawa films and were 

unable to detect any anisotropy. It is now widely accepted that in 

conducting polymers excess charge carries created either by doping 

or by photon absorption, strongly interact with the lattice, giving rise 

to charged excitations which carry along a charge distortion. In the 

case of a polymeric chain with a degenerate ground state such as 

trans-polyacetylene, the localization of the carrier is predicted to 

give rise to topological, highly mobile solitons, which are believed to 

control the electrical transport properties of this polymeric 

semiconductor. Since this kind of excitation can only exist in pairs, 

the bond alternating kink cannot be carried along when the electron 

is transferred to a neighboring chain, and a polaron is formed in this 

c a s e 135. A ccording to various au th o rs136* 102,100 d i r e c t  

photoproduction of polarons is also possible when the exciting 

radiation is polarized perpendicular to the chain direction. In this 

case, because of interchain coupling137* 138 a weak perpendicular 

absorption occurs and each absorbed photon creates an electron and 

a hole in different chains, preventing their ID recombination. Again 

in this case individual electrons and holes cannot relax into a soliton
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state. It is therefore concluded that both solitons and polarons can be 

charged carriers in polyacetylene139.

There appears to be two relevan t tim e regim es for the 

photoexcitation and decay process in trans-(PA): the picosecond time 

regim e during which the in trachain charged photoexcitations are 

produced and undergo initial rapid decay and the long-time behavior 

(t > lO-9 s), where the residual excitations are trapped and slowly 

decay. After 10*9 s, only a few percent of the initial photoexcitations 

remain. It is these trapped long-lived excitations that are observed 

in the steady-state photoinduced absorption and LESR experim ents 

and that are responsible for the long-time tail in photoconductivity.

In addition  to the in trachain  pho toexcita tion  p rocesses, 

photoexcitation of electron-hole pairs on neighboring chains (an 

in terchain  process) form  polarons as was prev iously  m ention. 

A lthough the m agnetic p roperties expected  fo r photogenerated  

polarons are not observed 105 such interchain excitations may play a 

transient role in the formation of the charged solitons which are 

observed at long times. As these polarons diffuse along and between 

chains, they will form solitons in two ways: (a) two polarons with the 

same charge on a single chain will lead to a pair of m etastable 

charged solitons; (b) a polaron on a chain with preexisting neutral 

defects will convert the neutral soliton into a charged soliton. The 

first process appears to be dominant; it involves no change in the net 

number of spins and therefore is consistent with LESR data 104 105.

Steady sta te140 141 142 143 144 and pulsed photoconductivity of 

unoriented Shirakaw a polyacetylene film s have been studied by 

several groups as mentioned above. D orsinville et al. have studied
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the anisotropy of the cw 97 photoinduced absorption and the cw 

photoconductivity in highly oriented trans-polyacetylene (HOTPA). 

Photoconductivity measurements have also been carried out on 

polyacetylene obtained from a stretched prepolymer 102 showing an 

anisotropy behavior for an applied external electric field parallel and 

perpendicular to the chain direction as well as for different 

polarization angles of the incident light.

Tubino et al.145 have investigated the cw photoresponse of 

HOTPA as a function of the applied electric field, of the temperature, 

and of the direction of the current flow with respect to the stretching 

direction. These measurements show that as in the case of single 

crystals of polydiacetylene,146 147 HOTPA appears to be capable of 

exhibiting either one- or three-dimensional behavior of the motion of 

the charge carriers depending on the direction of the current flow 

with respect to the carbon skeleton of the polymer.

The existence of at least two different transport 

processes in polyacetylene is suggested by the tem perature 

dependence of the photoconductive response in unoriented 

polyacetylene reported by Sinclair et al. 101 and by Roth and Bleir148. 

T hese authors found tha t the fast  com ponent of the 

photoconductivity was temperature independent while the slow 

component was temperature dependent. Roth and Bleir concluded 

that the two components were due to different transport processes.

In this section we will study the temperature T and 

electric field E dependence of the fast photoconductive response of 

HOPA for above gap excitation. We will compare the temperature 

dependence of the picosecond current for the ID and 3D
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configurations. The ID configuration is when the electrodes of the 

switch and the applied electric field are parallel to the chains of the 

polymer as shown in Fig. 4.1-1 a. The 3D configuration is when the 

electrodes o f the sw itch and the applied e lectric  field  are 

perpendicular to the chains of the polymer as shown in Fig. 4.1-lb . 

Our objective in this section, is to show that the character of the 

charged carriers in HOPA not only evolves in time, but, depends on 

the direction of the current flow relative to the chain direction. 

Onsager's dissociation theory qualitatively accounts for the influence 

of dim ensionality on the charge transport. We will compare the 

tem perature dependence of both the transient and steady state 

photoconductive response of HOTP.

4.2) Experimental Setup

The experim ental setup for measuring the picosecond 

pho tocurren t is shown schem atically  in Fig. 4.2-1. For this 

experim ent the 25 psec pulses of a frequency-doubled actively- 

passively mode-locked Nd-YAG laser operating at 10 Hz with an 

excitation energy of 2.3 eV. was used. The energy per pulse was 

approxim ately 10 JLt J. The picosecond photocurrent signal was 

am plified with a 10 db Comlinear wide bandwidth am plifier and 

recorded by an EG&G Princeton Applied Research 4400 boxcar 

system (4420 boxcar averager, 4421 sampled integrator, and a 4402 

signal processor) fitted with a Tektronix S4 sampling head (with a 

response time of 25 psec.). The jitter of the unit limits its response
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(a)
.Electrode

//
II

3D Configuration
Trans-(PA)

(b)

ID Configuration

Fig. 4.1-1: Schematic representation of the a) 3D configuration 
(electrodes and applied electric field perpendicular to 
polymer chains) and b) ID  configuration ( electrodes 
and applied electric field parallel to the polymer chains
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Sample Site Polarizer

Input
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Mirror
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1.06/0.53 |im 
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Fig. 4.2-1: Schematic diagram of experimental set-up for 
picosecond photoconductivity measurements.
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time to approximately 90 psec. This sampling signal processor allows 

the acquisition of data, for signals that occur at repetition rates below 

1 KHz, as compared to more conventional sampling scopes that need 

signal repetition rates of 1 KHz and greater.

As can be seen in Fig 4.2-1, the laser output passed

through a glass slide which acted as a beam splitter (B.S.), reflecting

4% of the laser energy to a photodiode that externally triggered the 

sampling signal processor. The transmitted portion of the beam was 

delayed with respect to the triggering optical pulse by making

several round trips through a white-cell. The delaying of the

transmitted beam, was necessary to compensate for the trigger lag 

time, which is inherit in any electronic device such as the sampling 

scope. The beam then passed through a polarizer, and a half-wave 

plate and focused onto the sample site with a 7cm lens. The polarizer 

made sure that the beam remained linearly polarized after traveling 

through the directing optics. The half-wave plate was used to rotate 

the polarization of the incident beam.

A similar setup was used for the cw measurements. The 

photoexcitation in this case was achieved by a cw argon-ion laser. 

The maximum total incident light power was 15 mW.

4.3) Experimental Results

Illustrated  in Fig. 4.3-1 is the linear I-V  relationship  

(characteristic of ohmic contacts) of the dark current in the 3D 

configuration. The conductivity was found to be in the 10'6 - 1 0 - 7 (Q 

cm) '1 range for both the ID and 3D configurations. Figure 4.3-2
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shows the transient photoconductive response of HOTPA at room

tem perature. The sample was oriented according to the ID

configuration and the excitation pulse was polarized perpendicular to 

the stretching direction. The curve shows a fast risetim e

(approximately 80 ps) followed by a double exponential decay: a fast 

initial decay with a time constant of about 100 psec followed by a 

slower 400psec decay which includes the tail of the photoresponse. 

The photocurrent at the maximum of the experimental curve was 

about 0.2-0.25 mA (taking into account the 10 db amplifier) yielding 

a conductivity of approximately 0.04 S/cm. This value is two orders 

of magnitude smaller than the value found by Sinclair et al. i n

isotropic samples.

A similar curve was obtained when the excitation pulse was 

polarized parallel to the stretching direction, but the photocurrent 

magnitude was about 2.5 times weaker. This was expected and 

consistent with the cw data obtained by Dorsinville et al. 97 and 

confirmed by other authors in later experiments149* 102. A plausible 

explanation of this anisotropy is the difference in bimolecular 

recombination for the two polarizations because of the difference in 

penetration depth. Other explanations64* 65* 66» 71» 72* have also been 

considered and assume, as we have discussed in the introduction, a 

small electronic transition moment perpendicular to the chains which 

gives rise to long-lived carriers created in different chains. Bleier et  

al.12 have shown that the anisotropy decreases with increasing laser 

intensity, probably indicating an increase of the dark current which 

monitors a local heating of the sample.
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The picosecond photoconduction measurements were repeated 

in the 3D configuration. The temporal shape of the photocurrent was 

identical to the ID case with a peak value about 2 times smaller. The 

light polarization dependence was found to be similar to the ID case.

Shown in figures 4.3-3 is the dependence of the picosecond 

photocurrent on the applied electric field for a sample of HOTPA in 

the 3D and ID configurations for above-gap ( 2.34eV) excitation at an 

laser intensity of 54.6 MW/cm2. There is a distinct difference in the 

field dependence of the 3D and ID transient photoresponse. In the 3D 

configuration corresponding to a current flow perpendicular to the 

stretching direction (which is aligned with the polymer chains), the 

behavior of the picosecond photocurrent is linear becoming slightly 

superlinear at fields above 10 kV/cm. In the ID configuration 

corresponding to current flow along the chains, the picosecond 

photocurrent appears to be superlinear from the start. The field 

dependence of the picosecond photoresponse of HOTPA in the ID and 

3D configurations for below-gap (1.17 eV) excitation at a laser 

intensity of 36.4 MW/cm2, is similar to the above-gap response as is 

shown in Fig. 4.3-4. The below-gap photoconductive response of 

HOTPA will be dealt with in more detail later.

F igure 4.3-5 shows the tem perature dependence of the 

photoconductivity for ID and 3D configurations. The polarization of 

the excitation pulse was kept perpendicular to the stretching 

direction for both cases to keep the penetration depths identical and 

to get the strongest signal. In the ID case (electric field parallel to 

chain) the fast photocurrent is practically independent of the
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excitation (2.34 eV)
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Fig. 4.3-5: Temperature dependence of the 
photocurrent in oriented trans-polyacetylene, 
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[x] ID  cw photocurrent, [triangle] 3D cw 
photocurrent.
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temperature between 300 K and 100 K in agreement with both

Sinclair et a /.68 and Bleier et al.69 In the 3D case (electric field 

perpendicular to the chain) the fast photocurrent is temperature 

dependent between 300 and 200 K and reaches a constant 

background below 200 K. Laser heating effects, which could explain

the lack of temperature dependence, can be ruled out for two

reasons. One is that we still observe quite a large polarization 

anisotropy. The second indication that the sample is responding to 

the temperature changes, comes from the fact that only the ID

picosecond photocurrent is insensitive to the temperature, while the 

3D picosecond photocurrent has a strong temperature dependence.

In figure 4.3-5 the magnitude of the steady state photocurrent 

as a function of temperature for the ID and 3D configurations is 

plotted. These curves were obtained with cw excitation with a 30 

mW Argon laser at 514 nm. The cw photocurrent shows a rapid 

decrease of the photocurrent with temperature, but the temperature 

dependence does not appreciably change upon sw itching the 

direction of the applied electric field.

Figure 4.3-6 shows a semi-logarithmic plot of the steady state 

and picosecond photoconductive response as a function  of 

temperature for the 3D configuration. The low temperature constant 

background has been subtracted from the plot of the fast component. 

This background, which amounts to 20% of the fast ID component, 

could be the result of the slight misalignment of the chains. Both 

picosecond and cw curves are linear with 1/T but with very 

different slopes. The activation energy in the steady state case was 

about 0.15 eV, and only 0.048 eV in the pulsed case.



(l/T) x 1000 n o

Fig. 4.3-6: Sem ilogarithm ic plot of the tempera­
ture dependence of the photoconductivity  
[open circle] 3D picosecond photocurrent, 
[closed circle] 3D cw photocurrent.
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4.4) Discussion

The discussion of the experimental results shall be presented in 

tw o parts, firs t we w ill look at the fie ld  dependence (I-V 

characterization) of the picosecond photoresponse and then the 

tem p era tu re  dependence of both the p icosecond  and cw 

photocurrent. We will show that the picosecond photoconductive I-V 

characteristics for the ID and 3D configurations can be modelled 

qualitatively by

i p ^  1l<i>lD/3D(r »E ) E l >

where T| is the quantum efficiency for the conversion of each 

absorbed photon into an electron/hole pair, and <)>i d /3D  which is 

dependent on the magnitude and direction (ID  and 3D) of the applied 

electric field E, is the probability of the free charge carriers escaping 

gem inate recom bination.

Geminate recombination, is when a carrier recombines with the 

same partner it was originally liberated from (ie. an electron of an 

electron/hole pair recombining directly with the same hole).

i) ID and 3D Picosecond I-V Characteristics

When a photon exceeding the energy band gap of HOTPA is 

absorbed, an electron-hole pair is formed, that is rapidly converted 

into a pair of oppositely charged solitons. Since the transition 

moment of the band-band transition is aligned with the chain



101

direction, most of the soliton-antisoliton pairs are created in the 

same chain. The photoconductive response depends on the free 

carrier lifetime, the mobility and the probability to escape geminate 

recombination. The latter two parameters should depend on the 

dimensionality of the carrier motion. In the following, we will show 

that the difference in the I-V characteristics for the ID and 3D 

transport configurations can be accounted for, at least qualitatively, 

by considering the dimensionality (ID  and 3D) dependence of the 

escape probability <j>.

To account for the dependence of the escape probability on the 

direction of the applied field with respect to the chain direction, a 

model by O nsager150 151 originally developed for electrolytic 

solutions (which are basically isotropic 3D), which studies the motion 

of oppositely charged carriers diffusing under the influence of an 

externally applied field, was used. This theory assumes that after 

each initial act of photoionization (photoexcitation), the positive and 

negative charge carriers thermalize rapidly, reaching during this 

process a certain initial separation (r0). From there, a random walk 

is initiated under the influence of the mutual Coulomb field and the 

applied electric field, until the charge carriers either recombine 

(geminate recombination) or escape the Coulomb attraction, thus 

contributing to the photocurrent. An obvious lim itation in the 

application of this model to polyacetylene is that it does not consider 

the coupling of the excess charge carriers with the lattice. However, 

the anisotropic version of Onsager's analysis has been proven 

effective in explaining the electric field, laser wavelength, and 

intensity dependence of the intrinsic steady state photocurrent in
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p o ly d iace ty len es 146, which are quasi-one-dim ensional organic 

systems with similar properties. This suggested that the model could 

be used fo r a qualita tive understanding of the photocurrent 

characteristics in polyacetylene.

On the basis tha t the theory of gem inate (o r in itia l) 

recom bination reduces to the problem of Brownian motion of a 

particle in the presence of Coulomb attraction and the applied 

electric field , O nsager150, 151» 152 has approached this problem by 

solving the equation of Brownian motion given by

where |A i and [12  are the mobilities of the two charge carriers, f  is a 

probability function, and U is the Coulombic potential modified by 

the applied field and is given by

Using the boundary condition of zero initial separation between the 

electron and the positively charged center, the probability  of

(4 .4 -1 )

eErcosO (4 .4 -2 )
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ionization under the steady state condition (df/dt=0) in the presence 

of the applied field is increased by ratio153, 154

p(e) . JiO «) +_ i _ f A  1 ( s l ]
j o /  2! V.4 y 2! 3! V.4 y

+ . . .  (4.4-3)

where Ji is the Bessel function of the first order and

a  =  (eVrce)1/2 E J/2/k T  (4.4-4)

If an initial separation between the electron and the positively 

charged center being ro rather than zero is used for the boundary 

condition, eq. (4.4-3) is modified to 153

^ 1+4 4 _ j £ ! '
P(o) 2 ! \ 4 J 2 ! 3! V4 1 -

2 r0

1 I a  
3! 4 ! V 4 j

1 +3! —  - 3! —  + . .  . (4 .4-5)



where rc is the cut-off separation distance to separate the bound and 

the free carriers and is defined as the critical Onsager distance at 

which the Coulomb energy is equal to kT,

2
e (4 .4 -6)

4jcekT

e being the electric charge, k the Boltzman constant, e the dielectric 

constant of the medium, and T the absolute temperature.

Carriers which are within the separation distance 0 < r < rc/2 are 

bound charge carriers.

Onsager 150 has also calculated the probability p(r,0 ,E ). The 

expression is as follows155, 156>157> 153

(4 .4-7)

w h ere

A =
2

e (4 .4-8)
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Numerous investigators158, 159, 160 have used the Onsager model to 

explain photoconduction and photogeneration processes in organic 

semiconductors. By defining <j>po as the ionization quantum yield ( the 

efficiency of production of thermalized ion pairs per absorbed 

photon) and g(r,t) as the initial spatial distribution of thermalized 

pair configuration (separation between ions of each ion pair-or 

between electron and ionized donor), the carrier quantum yield 

(carrier generation efficiency) is given by

By assuming <j>po is independent of the applied electric field and 

g(r,0) is an isotropic delta function and is expressed as

substituting eqs. (4.4-7) and (4.4-10) in eq. (4.4-9) and carrying out 

the integration, the resulting expression for the escape efficiency of 

the charge carriers is given by 153

(4.4-9)

(4.4-10)
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%CT o> E)  = <t>p0 exp(-A) 2
P Ve E W  m =0

m

= n m !

-  I
n = 0

(4 .4 -11 )

The first few terms of equ. (4.4-11) can be written as

1 +

(>pCro.E) = <|)pCpxp̂ -̂ j

f — V -E r c 
VkT J2\ c

)  - E 2t c ( -  
VJcTJ 31 c \22 r c " r o

J e V l  3 f  2 1 2 ^
+ «---- I —E r c ( r 0 - r 0r c + - r c l+..

(4 .4-12)

i - T - j\k T J  4!

Equation 4.4-12, is the all important expression for the probability of 

photoexcited carriers in the 3D configuration escaping geminate 

recom bination .

Following Onsager's model, the probability that an absorbed 

photon creates a pair of free oppositely charged carriers is given by 

T| (J), where T| is the probability of creation of a pair of hot carriers and 

(j) is the probability  of escaping gem inate recom bination. For
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interband excitations, almost every absorbed photon creates a pair of 

therm alized carriers (therm alization  distance ro) bound by their 

mutual Coulomb attraction (rj = l) .

In the 3D configuration, assuming isotropic m otion of the 

carrie rs in the la ttice , the probability  of escaping gem inate 

recombination as a function of the electric field for a pair of carriers 

with a separation ro is given by equ. (4.4-12). This relation has been 

obtained under the assum ption that the in itial d istribu tion  of 

thermalized pairs is an isotropic function. Equ. (4.4-12) predicts that 

the escape probability is independent of the applied electric field for 

relatively high field values. But for sufficiently high applied electric 

fie lds, the escape probability  increases firs t linearly  and then 

saturates at the asymptotic value of 1. The source of this behavior is 

that at low fields, in the 3D case, the isotropic motion of the charge 

carriers is controlled by diffusion and there exist a finite probability 

that the carriers will escape geminate recom bination, even in the 

absence of an electrical field.

This situation is quite the contrary when the carrier motion is 

restricted to one dimension. In this case, the probability of escape is 

zero in the absence of an applied electric field; as a diffusing carrier 

w ill always return to its origin and recom binate. For a better 

understanding of this point, consider the charge motion scheme of an 

electron/hole pair in a photoexcited ID  polymer illustrated in Fig. 

(4.4-1), where the parallel lines represent the chains of the highly 

oriented polymer. The X’s represent recombination sites (ie. defects, 

trapped neutral solitons, etc.) in the polymer. The shaded area is the 

region enclosed by Onsager's radius (rc). Photoexcited  carriers
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moving perpendicular to the parallel lines (polymer chains) are 

participating in 3D conduction, while those moving parallel to the 

lines (polymer chains) are involved in ID conduction. Notice, in Fig.

4.4-1. there are two routes that a charge carrier can take: 1) The 

charge is captured by a recombination center thus escaping geminate 

recombination. 2) The motion resulting in geminate recombination. A 

photoexcited electron/hole pair can either recombine or be excited to 

where a diffusion of the electron along the the x-axis is possible. At 

Ixl > rc/2 electrons can be trapped by recombination centers or

recombine directly with holes from other pairs (escaping geminate 

recombination). However, the presence of an applied field will 

greatly effect the probability of the photogenerated charge to escape 

gem inate recom bination . A ID  O nsager m odel for the 

photogeneration of charge carriers in molecular crystals with highly 

anisotropic, quasi-one-dimensional electronic conduction, has been 

worked out by Haberkon and Michel-Beyerle161 (a similar model has 

been developed by Sokolic et al.162). These authors have consider the 

case of a one-dimensional random walk of carriers under the

influence of an external field and an image force.

Under the double restriction ro < rc and E < KT/erc, the escape

probability for ID takes the relatively simple form

^lD -

2
e r o E 
r c kT

ex r 0 < r c > E < kT (4.4-13)
e r r



109

r 2

—  1

-tJ2 +Tt/2

Fig. 4.4-1: Schematic representation of charge motion 
during initial separation in a quasi-one- dimensional 
system. Typical diffusion pathsrl) charge is captured by a 
recombination center (X) thus escaping geminate 
recombination; 2) motion resulting in geminate 
recombination. Shaded area represents region enclosed by 
Onsager’s radius. ( I. A. Sokolik et al. Chem. Phys. Lett. 
159,113 (1989))
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When the direction of the applied field (hence the direction of 

current flow) coincides with the stretching direction, the motion of 

the carriers can be considered essentially one dimensional and the 

escape probability is given by equ. (4.4-13) which varies linearly 

with E for low fields. When the applied field is perpendicular to the 

chains a more isotropic configuration is obtain and equ. (4.4-12) 

should be used. The distance ro of separation of the hot carriers in 

polyacetylene after therm alization for the isotropic case was 

evaluated following the treatm ent by Knights and D avies163 for 

amorphous selenium.

The quantity

represents the excess kinetic energy of the hot carriers over the local 

potential. In equ. (4.4-14) Eg is the band-gap energy and r the initial 

electron-hole pair separation. This energy can be dissipated •• by 

electron-phonon scattering at a maximum rate given by h v p2. 

Assuming diffusive motion during thermalization, the electron-hole 

separation ro at the end of the thermalization process is given by the 

eq u a tio n 164

AE = hv - Eg + e2/47ter (4.4-14)

r02/AE = D/hVp2 , (4.4-15)

where D is the diffusion coefficient which can be evaluated from the 

mobility JJ. (D = kTpt/e). Therefore, the parameters involved in the 

calculations are the mobility |l  and the phonon frequency v p. For a
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mobility p. estimated at 0.04 cm2/V s and v p = 1000 cm-1 a value of 

1.6 angstroms is obtain.

By inserting eq. (4.4-15) into eqs. (4.4-12) and (4.4-13) the 

dependence of the escape probability as a function of photon energy, 

applied field and temperature can be calculated. Fig. 4.4-2 shows the 

calculated dependence of the escape probability as a function of the 

applied electrical field in both the ID and 3D configurations.

In a pulsed picosecond photoconductivity experiment the peak 

photocurrent ip is given by165:

eVbpP
ip = T i<J»(l-R )(l-e-“ d ) ^ Y  (4 .4 -16)

The important parameters are: 0 which is the probability of escaping 

geminate recombination given by eqs. (4.4-12) (3D case) and (4.4- 

13) (ID  case); tj the quantum efficiency for the conversion of each 

absorbed photon into an electron hole pair; R the sample reflectivity; 

a  the absorption coefficient; d the film thickness ( for our sample ad  

»  1); o) the photon frequency; Vb = IEIL the bias voltage; L the 

distance between electrodes; E the applied electric field; P the pulse 

energy; and ji is the mobility. Eq. (4.4-16) predicts a linear 

dependence of the photocurrent versus the electric field when the 

escape probability is independent of the field such as in the 3D case 

and a superlinear dependence of the photoresponse for the ID case.
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Fig. 4.4-2: Log-Log plot of the calculated 
escape probability vs electric field  for the 
ID  and 3D case.
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This is illustrated in Fig. 4.4-3. Experim entally, these two cases 

correspond to an Ohmic behavior of the photocurrent when the 

electric field is perpendicular to the stretching direction (3D) and a 

superlinear dependence when the electric field is parallel to the 

stretching direction (ID ) as observed in the experim ental results 

displayed in Figs. 4.3-3 and 4.3-4.

An obvious limitation of this interpretation is that the ID and 

3D cases are never perfectly  realized in trans- polyacetylene. 

Deviations from the pure ID behavior arise from the presence of

defects and chain term inations and/or the presence of interchain 

interactions due to nonvanishing values of the overlap integrals. 

W ils o n 166 has given the expression for the ID escape probability in 

the presence of defects which can act as traps for the carriers:

<}>i d  = [ ro /w  + e E r  0/kT + 0 (E 2) ] r 0/rc exp(-rc/ r 0) ,

r o < r c , E < k T /e rc , (4 .4 -1 7 )

where w is the distance between traps along the chain. This equation 

indicates that even at zero field ID is finite and given by

<|>id  = 03D ( r 02/w rc) . (4 ,4 -18 )

The purely 3D case is also not realized even when the field is applied 

perpendicular to the chains. For these reasons, stretched trans­

polyacetylene films which consist of an assembly of ID chains
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organized in a 3D network should exhibit a mixed type of 

dimensionality in which the parallel picosecond photocurrent should 

exhibit a quasi-ID  behavior, while the perpendicular photocurrent 

should exhibit a quasi-isotropic behavior. The presence of defects, 

which disrupt the conjugation path thus reducing the ID character of 

the charge transfer even for fields parallel to the chain, can be 

detected from the measured anisotropy of the dark current:

i l l /  i ± =  Wi / Md.  =  2 5  .

This value is considerably lower than the calculated anisotropy of the 

overlap integrals ( Sparaiiei = 0.23, Sperpendicuiar = 0.0027 for the first 

intrachain and interchain neighbors respectively). This suggest that 

the chain terminations, cross links, and other chemical defects 

localize the carriers, reducing their mobility along the chain, while 

increasing the interchain transport as they act as hopping sites. It is 

interesting to note that the non-Ohmic behavior, characteristic of the 

quasi ID photocurrent, is no longer observed in samples which were 

exposed to air for several hours. A reduction in the conductivity 

anisotropy is detected as well. The presence of defects in HOTPA 

seems to play a significant role in the temperature dependence of the 

picosecond photorespose. This point will be dealt with in the next 

section.
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ii) Temperature dependence of the Picosecond Photocurrent

Figure 4.3-5 shows the temperature dependence of the cw and 

picosecond photoconductivity for the ID and 3D configurations. The 

ID  fast photocurrent is practically independent of the temperature 

while the 3D fast photocurrent and the ID and 3D cw photocurrent is 

temperature dependent .

The results can be qualitatively interpreted by considering the 

structure and morphology of polyacetylene films. These films are 

composed of fibrils of about 200 A in diameter, which in the oriented 

sample, are aligned along a preferential (say Z) direction.167 Within 

these fibrils the individual polyenic chains are arranged in a three 

dimensional lattice of high regularity. The conjugation length of the 

polyenic chains is limited by several chemical and structural defects 

such as cross links (carbon atoms with sp^ hybrid ization) between 

neighboring chains, chain terminations, deviations from planarity 

and so on. The present of defects was considered above in the 

analysis of the I-V characteristics of HOTPA. From an electrical point 

of view a fibril can be considered as a bundle of segments of various 

length highly delocalized and weakly connected to each other. The 

physical structure plays a major role in the conductive properties of 

the polymer.

The peak picosecond photocurrent ip is given by eq. (4.4-15) 

165. In the ID  configuration, most of the absorbed photons create 

pairs of oppositely charged carriers on the same chain. There is also a 

small but finite probability of direct interchain excitation. In any
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case, the probability of escaping geminate recombination is higher, if 

the pair of carriers separate on different chains. After thermalization, 

the carriers which have escaped geminate recombination perform 

random walks along the chain. For a duration of time shorter than 

the time required for the carriers to hit the end of the segment in 

which they have been created, the carriers diffuses freely along the 

chain giving rise to band conduction along the Z direction.

For band conduction the Einstein relation for Brownian

motion implies that p should vary inversely with temperature 
eD

(p = j^;) » D being the diffusion coefficient). Moreover, scattering

processes of the diffusing carriers by optical and acoustical phonons 

should produce a temperature dependence of a variety of power 
laws!68 ( p oc T-n).

Geminate (im m ediate) recom bination is expected to be 

temperature dependent as shown in eqs. (4.4-12) and (4.4-13)

Therefore, an exponential increase of the current with temperature is 

always expected. However, tem perature independence of the

picosecond ID photoconductivity is somewhat puzzling as both the 

band conduction and the hopping conduction are expected to be 

strongly dependent upon temperature. It is therefore reasonable to

assume that the in itially  photogenerated carriers have indeed

unusual properties which are maintained only when they travel 

along the chain and prior to their capture at defect sites, supporting 

the widely accepted idea that the photogenerated charge carriers are 

solitons. 4 Indeed, a recent theoretical analysis has shown that the
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mobility and lifetime of solitons do not depend much on temperature 

between 70 and 300 K .169

T he s itu a tio n  fo r th e  p ico sec o n d  p h o to c o n d u c tiv ity  

perpendicular (3D) to the chain is somewhat different. For carriers 

on the chain, even the first step of their random walk motion will 

take place by phonon assisted tunneling, giving rise to perpendicular 

hopping conductivity . The carrier m obility w ill then have an 

Arrhenius form 170:

H = |i° exp(-EA/kT) (4.4-4)

= l / 6 v pheR2/kT (4.4-5)

where nph is the phonon frequency, R is the hopping distance and EA 

is the activation energy for the hopping. In this case only polarons 

will be available to carry current because a single electron cannot 

jum p from a chain to another and a sim ultaneous jum p of a 

so liton /an tiso liton  pair is very unlikely indeed. A ccording to 

Orenstein et al.61 after hopping, the polaron is trapped by highly 

m obile neutral solitons, which are always presen t in undoped 

polyacetylene. Thus neglecting the tem perature dependence of the 

carrier lifetime, one is led to conclude that the 0.048 eV activation 

energy observed for the fast, perpendicular photoconductive 

response ( once the T independent background due possibly to chains 

misalignment has been subtracted ) represents the activation energy 

for polaron hopping between neighboring chains.
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The cw photoresponse is most likely controlled by the behavior 

of the charge carriers at long times. The measured T dependence 

which does not appear to be significantly affected upon changing the 

direction of the current flow, is more or less in agreement with the 

data obtained on isotropic samples by Etemad e t a l.171 and by

Sinclair et al. These authors quote an activation energy of 0.2 eV to

be compared to 0.15 eV inferred from the present data. The

activation energy controlling the slow response therefore appears to 

be substantially higher than the one needed for the hopping involved 

in the fast response.

A possible explanation for this behavior is based on the 

morphology of the polyacetylene films. At least three types of 

p ro c e s se s172 contribute to the overall macroscopic cw conductivity, 

namely 1) band conduction associated with the carriers ( possibly 

solitons ) drifting along the chains before hitting defects of chain 

ends, 2) hopping of the carriers (polarons) between neighboring 

chains and 3) hopping of the carriers between fibrils. It can be

reasonably assumed that this latter process is the one most severely 

lim iting the m acroscopic conductivity  of the polym er as the 

interfibrillar distances are likely to be larger than the interchain 

separation. We can then conclude that the higher activation energy 

inferred from the T dependence of the cw response is related to the 

energy required for the interfibrillar hopping. These interparticle 

hops only control the long time photoconductivity since the early 

stages of the charge motion take place within the fibrill in which the 

carriers have been photogenerated.
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Other explanations of the higher activation energy of the 

cw response are possible and involve the presence of defects and 

traps. Etemad et al. have suggested that at long times the remaining 

photogenerated solitons are trapped and the 0.15 eV - 0.20 eV is the 

activation energy required for electrons to hop from charged to 

neutral solitons. According to K ivelson173 this mechanism predicts 

3D conduction at low soliton concentrations, which is the case here. 

Therefore the present cw data, showing a neglig ible change of 

activation energy upon varying the direction of the dc field, supports 

both the interparticle hopping previously described, and the hopping 

of electrons from charged to neutral soliton suggested by Etemad.

We would like to give a possible reason for why the 

transient m obility we measured for highly oriented trans-(PA ), is 

two orders of m agnitude less than that m easured for unoriented 

trans-(PA) by Sinclair et al.

The experimental set of Sinclair et al. was very similar to 

our. They used an Auston switch consisting of a 50 Q, m icrostrip 

transm ission line  (with a 0.2 mm gap in the upper conductor) 

fabricated by deposition of gold onto an alumina substrate. With a 

thin layer (approx. 0.1-0.2 |im  thick) of trans-(PA) across the gap. On 

one side the switch was bias with 300 V, and the output signal was 

m onitored with an PAR model 4400 boxcar system fitted with a 

Tektronix S-4 sampling head. A dye laser (PRA model LN105), 

pumped by a nitrogen laser operated at 8 Hz was used to produce 20 

ps 1 jjlJ pulses at 2.1 eV. For an absorbed photon flux of 1015 cm -2 

per pulse the photocurrent is 4 x 10-4 A with a 300 ps decay time. 

According to Sinclair this current corresponds to a conductivity of
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about 0.3 S/cm. Using the following relationship for the photoinduced 

conductiv ity

a ph = (E/h<o)er|<|)ja. (4.4-6)

where (E/hCD ) is the number of absorbed photons per unit volume, T| 

= 1 is the quantum efficiency, <J) =  0.01 is the probability to escape 

geminate (immediate) recombination, they calculated a mobility JJ. o f  

approxim ately  1 cm 2/V-s and a drift distance of about 400 

angstroms in the measured decay time of 300 ps.

With picosecond time resolved photoconductivity it is 

possible to measure the mobility and relaxation time of the sample of 

interest. In those materials which have carrier relaxation times long 

enough to be resolved, the peak photocurrent is given by equation

4.4-1. The peak amplitude is proportional to the initial mobility and 

the slope of the initial relaxation of the displayed photocurrent yields 

an effective time constant for the relaxation of the carriers into 

localized states. For materials with carrier relaxation times faster 

than the time resolution of the oscilloscope, the photocurrent pulse is 

integrated to obtain the charge Q (the area under the photocurrent 

pulse displayed on the scope), in the pulse. The expression for the 

total charge Q is as follows 165:

e V ^
Q = -CTl<Kl-R)(l-e-«<lrj^J (4.4-7)
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where ii is the quantum efficiency for the conversion of each 

absorbed photon into a charge carrier. <{> is the probability of 

escaping geminate recombination, R is the sample reflectivity, a  is 

the absorption coefficient, d the film thickness ( for our sample ad  »  

1), co the photon frequency, Vb the bias voltage, L the distance 

between electrodes and P the pulse energy, p is the transient 

mobility and T is an effective time constant for the relaxation of the 

carriers. For this class of very fast materials the oscilloscope can at 

best measure the JXT product. To separate this product a high speed 

electronic correlation measurement 165 or some other method needs 

to be performed to determine the carrier relaxation time T.

The short relaxation tim es observed in picosecond 

photoconductivity is due to the capture of photo-excited carriers by 

localized states (traps). These short relaxation times are not do to the 

transit time for carriers to drift from the point of generation to the 

electrodes. Carriers need not reach the electrodes in order to produce 

a current signal in the external circuit. Shockley used Green's 

reciprocation theorem of electrostatics to derive an expression for 

the induced currents which flow in the external circuit when a point 

charge is moving among the conductor. Equations 4.4-1 and 4.4-7 are 

the results of such an analysis. Hence, when a charge carrier is 

produced, there is induced an instantaneous curren t that is 

independent of the location of the charged carrier between the 

electrodes. The current remains constant until the carriers are 

im m obilized or disappear by trapping or by discharge at the 

electrode.
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It seems that Sinclair et al. calculated the photoinduced 

conductivity from the standard resistance Rs equation used in d.c. 

and steady state photoconductivity measurements:

R s = L/Acf (4 .4-8)

where Rs is the sample resistance, L is the length of the gap between 

the electrodes, A is the cross section of the sample, and <5 is the 

photoconductivity. This equation assumes that the charge carriers 

drift from the generation point to the electrode. The net resistance Rt 

across the illuminated gap of a microstip transmission line is:

Rt = L2/ NT|<j>ep. (4.4-9)

where L is the gap length, N is the number of absorbed photons, tj is 

the quantum efficiency for the conversion of each absorbed photon 

into a charge carrier, <j> is the probability of escaping geminate 

recombination, e is the electron charge, and 11 is the transient 

mobility. Note the following: 1) Rs Rt and 2) Rt is proportional to L2.

Our value of 0.04 cm2/V-s for the transient mobility of 

oriented trans-(PA) scales well with the mobility of amorphous 

silicon (RF Glow discharge Deposited) 165. A picosecond 50 Q optical 

switch with a 25 p.rn gap was used to measure the transient mobility 

of amorphous silicon( 0.5 |lm  thick). The photocurrent decay time 

was 200 ps. For an incident pulse energy of 0.26 nJ (PaVg =21 mW, 

1.4 x l0 14 p h o to n s/cm 2, 7 x l0 18 photons/cm3, 1.2xl022 photons/cm 2s) 

and an electric field of 1.8xl04 V/cm ( 45 V), the peak value of the
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photocurrent, ip, is 0.4 ma. yielding t]|Li = 0.8 cm2/V-s (t| = 0.5). (Gap 

resistance: Dark, Rd = 2x10*1 f t ;  Illuminated, Ri = 2xl05 f t) . So with a 

voltage bias of 65 V, and an excitation energy of less than a 1 nJ the 

amorphous silicon switch was able to produce a photocurrent greater 

than that produced with the trans-(PA) switch (0.2 - 0.25 ma). 

Hence, it seems fitting that the charge carriers of amorphous silicon 

would have a higher mobility than that of oriented trans-(PA). In 

light of this, the value of 1 cm2/V-s for the mobility of unoriented 

trans-(PA) calculated by Sinclair et al. is too large.

We can now calculate the mean drift distance (<x>=13 

angstrom ), the photoconductive gain (G = 2 .6 x l0 ‘6), and the 

photosensitivity (g=0.063 S/J), of our trans-polyacetylene optical 

switch with the following equations:

8 = ip/VbP

respectively .

<x> = pxE (4 .4 -10)

xr 2 (4 .4 -11)G = liXVb/L

(4 .4 -12)

4.5) Conclusion

The availability of oriented samples has enabled us to separate 

the contribution to the electrical transport properties coming from the 

motion of the charge carriers along (ID) and across (3D) the chains.
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Our experimental findings on the photoconductive response of 

highly oriented trans-polyacetylene for above gap excitation can be 

summarized as follows:

i) The fast component of the photoconductivity parallel to the 

chains is temperature independent.

ii) The fast component of the photoconductivity perpendicular 

to the chains decreases exponentially with 1/T (E^ =0.048 eV).

iii)  Both the p ara lle l and the p erp en d icu la r cw 

photoconductivity decrease with 1/T exhibiting approximately the 

same activation energy (E^ =0.15 eV).

iv) The fast component of the photoresponse is roughly three 

orders of magnitude higher than the cw response. With a decay time 

of approximately 400 ps the mean drift distance of the charge carrier 

is about 13 angstroms.

v) The I-V characteristic  curve of the ID picosecond 

photoconductive response is superlinear for both above- and below 

gap excitation. The I-V characteristic curve for the 3D picosecond 

photoconductive response is linear. The dependence of the picosecond 

photocurrent on the direction of the carrier motion with respect to 

the polymer chain, was qualitatively accounted for by considering the 

dimensionality (ID  and 3D) of of the escape probability <t>(E), which 

stems from Onsagers model for electrolytic solutions..

The T independence of the fast component has been already 

reported by other groups. The present data on the oriented samples 

add the novel fea tu re  tha t only the p ara lle l p icosecond 

photoconductivity is T independent. This latter feature appears to 

indeed substantiate the claim that the initially photogenerated



126

carriers are quickly converted into so liton/antiso liton  pairs 10. 

However cw photoconductivity does not appear to be significantly 

affected by the T insensitivity of solitons.

In their recent study Roth and Bleier69 have concluded that the 

distance traveled by the carriers before hitting an impurity is 35-50 

A. These authors conclude that the initial transport makes a negligible 

contribution to the overall conductivity, because charged solitons are 

a fast transient in the decay of the photoexcitation. Our cw data fully 

agrees with this conclusion as well as recent photoinduced absorption 

m e a s u r e m e n t s 174, since they show that the soliton properties are 

exhibited only when the carriers drift along the chain and even then, 

only for the relatively short time (possibly a few picoseconds) needed 

to reach the end of the segment.

The short lifetim e o f the prim arily  photogenerated 

carriers (solitons), can also in our opinion be inferred from a recent 

study on the picosecond relaxation of the photoexcited states in 

polyacetylene carried out by Weidman and Fitchen175. By examining 

the relaxation of the photoexcitation in an isotropic sample in the 

time interval 1-100 ps, these authors were able to detect a transition 

time (t =25 ps) at which the exponent n of the power law decay, tn , 

undergoes an abrupt change over from 0.5 to 0.3. The authors have 

interpreted the slower decay rate, as being associated with, the 

behavior of the carriers which perform thermally activated hopping 

from one segment to the next.
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y_ Picosecond Photoconductivity Below Gap Excitation

5.1) Introduction

According to the Su, Schrieffer and Heeger (SSH) model, solitons 

can be photogenerated in trans-polyacetylene when an incident 

photon excites an e-h pair, and the lattice then distorts around the 

photogenerated charged carriers leading to a soliton-antisoliton (S+S- 

) pair. This model stimulated a host of experiments to challenge or 

prove the existence of solitons. The results of photoinduced 

experiments and simultaneous electrical conductivity and ESR 

measurements confirmed the predictions of Su and Schrieffer and 

also established the reversed spin-charge relationship of the soliton 

model 93 176. Theoretical calculations using the SSH or Takayama et 

a l.177 (TLM ) models have shown that the energy to create a soliton 

at rest (Es ) was less than one-half the single particle gap ( a ) .

Therefore, direct photoproduction of soliton pairs at energies well 

below the principle interband absorption edge is possible as shown 

experimentally by Blanchet et al.178.

The role played by nonlinear charge carriers such as solitons 

and polarons in the photoconductive response of trans-(PA) has been 

studied by several groups by comparing the excitation profile of the 

photoinduced absorption to that of the photoconductive response of 

the polym er 179» 147* 97> 145* 180 . The similarity between the two 

profiles is generally considered as evidence that charged solitons 

play a crucial role in the photocurrent of trans-(PA). However, most
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of the past photoconductive experiments were performed with above 

gap (hca>2A) excitation where the charged soliton pairs are generated 

indirectly via electron-hole pairs. The photoconductive response of 

trans-(PA) with below gap excitation has received relatively little 

a tten tion . In add ition , there is strong ev idence both from

photo induced  absorption m easurem ents and recen t picosecond

photoconductive measurements in trans-(PA ) that the nature and 

characteristics of the charged carriers in trans-polyacetylene Change 

rapidly with time. We have suggested, based on our temperature 

dependent picosecond photoconductive m easurem ents in stretched 

samples, that the soliton like properties of photogenerated carriers 

in trans-(PA) are maintained only when they travel along the chains 

and for a duration of time shorter than the time required for the

carriers to hit the end of the segment of the chain on which they

have been created (for few picoseconds).

In this section, we have extended our temperature dependent 

picosecond photoconductive measurements in trans-(PA) with above 

gap excitation to include below gap excitation. Below gap (hw<2A) 

excitation has allowed us to reduce the generation of electron/hole 

p a irs  and iso la te  the p o ss ib le  co n trib u tio n  o f charged  

solitons/polarons to the picosecond photocurrent.

5.2) Experimental Setup

The experim en ta l setup fo r m easuring  the p icosecond 

photocurrent for below gap excitation was sim ilar to that shown 

schematically in Fig. 4.2-1, except that all the optics, such as the half-
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wave plate, were suited for 1.06 pm  (1.17 eV) optical pulses. To

make sure that the HOPA sample was excited by only the

fundamental (1.06 pm ) output of the YAG laser, the KDP crystal was

removed from the system. The excitation energy was approximately 

36 JLIJ at a 10 Hz repetition rate and the applied bias was

approximately 400 V.

5.3) Results

Figure 5.3-1 shows a semi-logarithmic plot of the fast 

photoconductive response as a function of temperature for the ID 

(electric field parallel to the chain) and 3D (electric field 

perpendicular to the chain) case. The polarization of the excitation 

pulse (1.06 pm ) was kept perpendicular to the stretching direction 

for both cases to keep the penetration depths identical and to obtain 

the strongest signal. In the ID configuration the fast photocurrent is 

practically independent of the temperature between 300 and 160 K. 

In the 3D configuration the photocurrent decays with temperature 

between 300 and 200 K. The activation energy (Ea ) in this region is

approximately 0.063 eV. This response is very similar to that 

obtained for above gap excitation. Below 200 K there is a change of 

slope. This may be explained by assuming that the phonon activated 

hopping becomes relatively inefficient at low temperature and that 

tunneling through the barrier becomes the main mechanism for 

charge transfer between neighboring chains. Another possible 

explanation is that the change in slope is due to the contribution 

from misaligned chains. Shown in figure 5.3-2. is the linear
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4.0 5.0
1/TxlOOO (1/K)

Fig 5.3-1: Semilogarithm plot of the 
temperature dependence of the ID  
and 3D picosecond photoconductive 
response of trans-(PA) with below  gap 
excitation .
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dependence of the picosecond photocurrent with respect to the 

intensity of the below gap (1.06 Jim ) excitation pulse at room 

temperature (300 K). This is characteristic of the photoresponse for 

both the ID and 3D configurations.

5.4) Discussion

W ith oriented sam ples, it is possible to separate the 

contribution of charged carriers moving along from those moving 

across the polym er chains. The temperature dependence of the 

transient picosecond photoconductive response of stretched trans- 

(PA) in the ID and 3D configurations for below gap excitation is very 

similar to our previous measurements with above gap excitation. The 

similarity of these two measurements imply that they arise from the 

same mechanism (solitons and polarons). For above gap excitation, 

the photogeneration of charged soliton pairs occur indirectly via an 

electron-hole pair. In the case o f below gap excitation the 

photogeneration of the nonlinear charged carriers is direct. The 

energy gap (Eg) for trans-(PA) is approximately 1.8 eV. With an

excitation energy of 1.17eV (1.06 p.m) one would not expect the 

photoconductive response to occur except as a result of two photon 

absorption or through band-tailing. However, measurements of the 

photoconductivity under pressure have shown 86 that the absorption 

edge for trans-(PA) does not arise from static disorder or the 

associated band-tailing effect known in amorphous semiconductors. 

Two photon absorption cannot be totally ruled out, but earlier 

experimental results such as the observation of a threshold near the
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soliton pair creation energy strongly suggest that the photocurrent at

1.17 eV is due to direct excitation of the charged carriers181. And the

linear dependence of the photocurrent with respect to the laser

intensity shown in figure 5.3-2 further substantiates the belief that

direct excitation is the main photogenerating process occurring here 
107.

Two o ther sources tha t may con tribu te  to the fast 

photoconductive response of trans-(PA) with below gap excitation is 

the ionization of defect states (neutral solitons)182 or impurity levels 

(charged states generated inadvertently  during po lym erization) 

located  in the sem iconductor gap. The con tribu tion  to the 

photocurrent by photoionization of the neutral soliton state is 

negligible as pointed out by Orenstein et al. 135 The im purities 

present in the film give rise to a dark conductivity found in the 10"6 

- 10"7 ( Q c m ) 'l  range, which suggest that the sample was of good 

quality possessing a charge state density of less than 1018 cm-3 183.

In the previous chapter, we reported that for above gap 

excitation (h(0>2A ) the picosecond photocurrent of stretched trans- 

(PA) was temperature independent in the ID configuration ( electric 

field parallel to stretching direction) and temperature dependent in 

the 3D configuration (electric field perpendicular to the stretching 

d irec tio n ). The tem pera tu re  independence of the tran sien t 

p h o to cu rren t in the ID  con figu ra tion , v io la tes both band 

conductionand hopping conduction since both are strongly dependent 

on temperature. It therefore seems reasonable to assume that the 

pho to g en era ted  ca rrie rs  have unusual p roperties  w hich are 

maintained only when traveling along the chain. It has been shown
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through theoretical analysis that the mobility of solitons do not 

depend much on temperature between 70 and 300 K 169. The 

explanation for the temperature dependence of the picosecond 

photocurrent in the 3D configuration is as follows. For carriers 

produced on the chain, the first step of their random walk motion 

would take place by phonon assisted hopping, giving rise to 

perpendicular hopping conductivity. In this case only polarons will 

be available to carry current because a single soliton can not jump 

from one chain to another and a sim ultaneous jum p of a 

soliton/antisoliton pair is very unlikely. Thus one is led to conclude

that the 63 meV activation energy (Ea) observed for the

perpendicular picosecond photocurrent, represents the activation 

energy for a polaron to hop between neighboring chains.
The activation energy (Ea ) in the 3D configuration for below 

gap ( Ea= 63 meV) and above gap ( Ea = 43 meV ) excitations are of 

the same order of magnitude. The comparable values of the

activation energy for both above and below gap excitation coupled

with previous and present data strongly suggest that the charged 

carriers for both cases are the same. Also with below-gap excitation 

we have minimized the contribution of free electrons and holes to 

the transient photocurrent. The lower value of the activation energy 

for above gap excitation may be due to thermal heating by the 

incident optical pulse. For below gap excitation, heating effects 

should be much less important.
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5.5 Conclusion

We have presented the firs t experim ental study of the 

picosecond photoconductive response with below gap excitation of 

the highly oriented stretched trans-polyacetylene polymer. We have 

found that the transient ID  PC with below gap excitation is 

temperature independent as in our previous study with above gap 

excitation. And the transient 3D PC with below gap excitation is 

temperature dependent as in the case with above gap excitation. The 

activation energy of the 3D PC with below gap excitation is 63 meV. 

We have shown that the charged carriers that participate in the 

picosecond PC with above gap excitation are the very same carriers 

that are generated with below gap excitation. These results are 

further evidence that charged solitons and polarons probably play an 

important role in the transient photoconductive response of trans- 

(PA); and that these nonlinear carriers can be photogenerated by 

below gap excitation.
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VL Picosecond Anlosotropv Above and Below Gap

6.1) Introduction

Photoconductive and photoinduced absorption measurements 

in aligned trans-(PA) samples 184* 18°* 185 using polarized excitation, 

helped to unravel the nature and characteristics of its mobile charge 

carriers. Bleier et. a l.186 studied the anisotropy of the picosecond 

photoconductive response of highly oriented Durham-Graz-type 

polyacetylene and found that the picosecond photocurrent with an 

excitation energy of 2.6 eV (above gap excitation) was about four 

times larger when the light is polarized perpendicular to the chains 

(after correcting for reflection losses the ratio reduced to 1.7). Bleir 

et al also claimed that the anisotropy ratio (1.7) is independent of 

both the excitation energy (from 1.7 to 3.2 eV.) and the intensity of 

the incident light.

In this section, we present evidence that under certain 

conditions the photoconductive anisotropy is strongly intensity 

dependent. Here, we show the results of a series of picosecond 

photoconductive m easurem ents187 which examines the anisotropy 

for both above and below gap excitation. We compare the above and 

below gap photoconductive responses of trans-(PA) in an effort to 

determine the nature and transport properties of the photoexcited 

charged carriers.
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6.2) Experimental Set Up

The experim ental setup for m easuring the picosecond 

photocurrent was similar to that shown schematically in Fig. 4.2-1. 

The above gap photoexcitation was produced by 0.532 pm  (2.4 eV), 

25 ps pulses from a frequency doubled YAG laser. For below gap 

photoexcitation the fundamental frequency 1.06 pm  (1.17eV) of the 

YAG was used. The maximum photon flux used in any experiment 

was approximately 6 x 1015 c m -2 (per pulse). A half-wave plate 

suited for each frequency was used to rotate the polarization of the 

optical pulses with respect to the stretching direction of the polymer. 

The optical switch was bias by a 400 V d.c. source, which is well 

within its ohmic range . The peak photocurrent was signal-averaged 

for approximately 100 shots using a boxcar integrator.

6.3) Results

Photoconductive measurements as a function of polarization 

(the angle between the optical electric field and the polymer chain) 

were carried out in the ID configuration. The maximum signal is 

obtained in this configuration, for it has been shown by several 

groups that transport occurs prim arily along the chain. The 

dependence of the photocurrent on polarization direction for the 1.06 

J i m  and 0.53 JLLm excitation pulses are shown in Fig. 6.3-1. The 

incident photon flux density for thel.06 |X m  and 0.53 J i m  excitations 

are 0.036 GW/cm2 and 0.043 GW/cm2, respectively.
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The anisotropy curve for above gap excitation (0.53 Jim) has 

been normalized (to the number of absorbed photons) and corrected 

for any anisotropy that is due to reflectivity. Because of the sample 

thickness (approx. 20 Jim), it is reasonable to assume that all incident 

photons that are not reflected are absorbed for above gap excitation. 

This was verified by measuring the transmission of the sample which 

proved to be opaque. However, for below gap excitation (1.06 p m )  

some of the incident photons are transmitted as well as reflected. 

Thus, the anisotropy curve was norm alized and corrected for 

reflection , and transm ission. 6 is defined as the angle that the 

polarization of the optical field makes with the polymer chain (ie. the 

optical field is parallel to the polymer chain at 0=0 degrees and 

perpendicular at 0=90 degrees). The anisotropy ratio (defined as the 

ratio of the corrected photocurrent at 0=90 degrees to that at 0 = 0  

degree) for below gap excitation (1.06 pm ) is approximately 2.4. The 

anisotropy ratio for above gap excitation (0.53 pm ) is approximately 

4.5. Any shifts of the minima or maxima from 0= 0 degrees or 0= 90  

degrees, respectively, in Fig. 6.3-1 is probably due to misalignment 

of the polymer chains with respect to the switch electrodes during 

the mounting of the sample. Note, the picosecond photoconductive 

response is maximum for perpendicular polarization for both the 

above and below gap excitations.
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In Fig. 6.3-2 the intensity dependence of the anisotropy ratio 

for above and below gap excitations is shown. Each curve has been 

corrected  for the d ifference in absorbed photons, due to the 

po larization  and frequency dependence of the reflec tiv ity  and 

transmission. There is a clear intensity dependence of the anisotropy 

ratio for above gap excitation, varying from 7.4 to 4.5. Note that the 

anisotropy ratio decreases as the intensity increases. The anisotropy 

ratio  shown in Fig. 6.6-3 for below  gap excita tion  is nearly 

independent of intensity at a value of approximately 2.4, in contrast 

to the above gap response. The in tensity  dependence of the 

picosecond photocurrent for below and above gap perpendicular 

excitation is shown in Fig. 6.3-3. Similarly shown in Fig. 6.3-4 is the 

intensity dependence of the picosecond photocurrent for below and 

above gap paralle l excita tion . In each figure the picosecond 

photocurrent is plotted with respect to the num ber of absorbed 

p h o to n s /c m 2. In Figures 6.3-3 and 6.3-4, the photocurrent is directly 

proportional to the laser intensity at each excitation wavelength and 

optical field polarization. In each case the photoconductive response 

is greater for below gap excitation. This poin t is dram atically 

illustrated in Fig. 6.3-4 where the actual photoconductive response 

for above gap parallel excitation has been multiplied by a factor of 5 

and plotted.
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6.4) Discussion

The anisotropic character of charge transport in conjugated 

polym ers arises from the large differences between intra and 

interchain overlap integrals. The large overlap between atomic wave 

functions along the chain gives rise to the formation of strong n 

covalent bonds, while small overlap between adjacent chains is 

responsible for the weak van der Waals bonding. This electronic 

structure is responsible for the electrical anisotropy (ie. ratio of the 

ID photocurrent to the 3D photocurrent) of polyacetylene.

However, as previously discussed, trans-polyacetylene exhibits 

a so-called "pump anisotropy" for a given orientation of the applied 

dc electric field. The photoconductive response increases as the light 

polarization is changed from parallel to perpendicular with respect to 

the chain direction. This phenomenon which has been observed by 

various groups has received two different explanations. One school of 

thought is, the bim olecular recom bination of the photocarriers, 

related to their topological nature (Dorsinville et al.; Blanchet et al.). 

In their model the polarization anisotropy is due to the difference in 

the nonlinear recombination for the two configurations (ID  and 3D). 

The perpendicular and parallel absorption coefficients are 4 x 104 

c m -1 and 6 x 105 cm-1, respectively , at 2 .4  eV, with the

corresponding penetration depths o f 25 p m  and 1.7 p m 188. 

Therefore, the penetration depth is much smaller and the charge 

density much greater for parallel excitation. Hence, nonlinear 

bim olecular recom bination is more likely to occur for this 

polarization of the laser; reducing the number of charged carriers 

that partic ipate in photoconduction. The opposite occurs with
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perpendicular excitation where the charged carrier density is less, 

thus, allowing a greater number of the in itially  photogenerated 

charged carriers to contribute to the photocurrent.

The other model is related to the difference in gem inate 

recom bination rates between interchain and intrachain carriers in 

tra n s -(P A )35. Carriers created on different chains escape geminate 

recom bination. W ith perpendicular polarization of the laser, more 

long lived in terchain  carriers can be d irectly  photogenerated 

(Townsend and Friend; Bleir et al.)189> 186. The observation by Bleir 

et al., that the rate of decay of the slow photocurrent component is 

intensity independent seems to favour this interpretation. However, 

it is well known that only a small percentage of the initially 

photogenerated charged carriers contribute to the slow component, 

nonlinear bimolecular recombination may be affecting only the first 

stage of the dynamics of the charged carriers in trans-(PA) which 

occurs in the picosecond time regime. The slow component dynamics 

is mostly controlled by impurities and defects in the sample. Never 

the less, b im olecular recom bination does not exclude d irect 

photoexcitation of interchain carriers.

To explain the anisotropy of the photoconductive response of 

trans-(PA ) w ith respect to pump polarization , a sim ple band 

structure model has been worked out with the help of Ricardo 

T ubino to com pute the parallel and perpendicular absorption 

coefficients. A number of paper have appeared on this m atter190 191. 

Ricardo and I present a relatively simplified model for interchain 

interactions which has the advantage of providing simple analytical 

expressions for the dipole moment components as function of only
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one in terchain param eter, therefore providing a sim ple semi- 

quantitative picture of the basic physics of the interchain coupling.

We assumed that self trapping of the photogenerated e-h pair 

into a soliton/antisoliton pair (Tr= l/£ 2 Ph, £2ph is a typical phonon 

frequency) is much smaller than the interchain charge separation 

time (T h = h /p x, p x is the interchain hopping integral), then the 

fraction E=(Tr/Th)2 of the intrachain carriers will manage to transfer 

to different chains192. The basic assumption is then that only carriers 

that have separated on different chains or were created directly by 

interchain absorption can contribute to the overall photoconductive 

response' while carriers on the same chain or segment under go a 

quick (geminate) one-dimensional recombination. If this is the case, 

then the number of long lived carriers N M and N_|_ created with 

parallel and perpendicular polarization of the beam to the chain 

respectively is described as follows:

N 11= (N e)(l-R 11) (6 .4 -1 )

N_l= N(e+l-e-a-L<i°/all))(i-R±) (6 .4 -2 )

where N is the number of impinging photons, £ is the quantum 

efficiency for interchain charge transfer (e equal aprox. 0.01 

according to Orenstein et al 135) and 10/(Xu is the penetration depth 

of the radiation when it is polarized perpendicularly to the chains. 

This value for the penetration depth is estimated from the measured 

apparent perpendicular absorption which originates essentially from 

the chain misalignment.
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According to Eq. 6.4-2 the number of long lived carriers 

crea ted  w ith perpend icu lar po lariza tion  depends on the 

perpendicular intrinsic absorption coefficient. To over come the 

difficulty connected with its direct measurement, we will outline a 

scheme used to evaluate the components of the transition moments 

by working out a simple extension of the tight binding model to

include interchain interactions (Appendix II presents more details).

This model assumes linear chains organized in a three-

dimensional crystal structure shown in Fig. (6.4-1) 193. P i and P2 

indicate intrachain transfer integrals along the single and double 

bond respectively; P ' the interchain transfer integral between chains 

within the unit cell and P x, and P y the transfer interchain integrals 

between translationally equivalent chains. It is apparent from the 

figure that P y< < P x and can be neglected. Moreover if one assumes 

that the transfer integral is proportional to the overlap integral194 

we get P ' « P X because the overlap between pz orbitals of the linear 

chain is very small ( a pz orbital points towards the nodal plane of 

the pz orbital of the neighboring chain of the same unit cell).

With these simplifications the matrix elements of the tight

binding Hamiltonian becomes relatively simple and a basis of only 

two pz orbitals needs to be considered:

I a - E  P i+P2exp(-ikzc)+pxexp(-ikxa) I

I I (6.4-3)

I P i+ p 2exp(-ikzc)+Pxexp(-akxa) a - E  I
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Fig. 6.4-1: Two schematic projections of the 
structure of Trans-(PA). a = 4.24 angstroms, 
b = 7.32 angstrom, c = 2.46 angstrom, and
P = 91.5. The arrows are a schematic 
representation of the bond-alternation  
atomic displacem ents (from Fincher et al., 
1982)
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Diagonalization of this Hamiltonian yields both the band energies E 

and the wavefunctions which allow the calculation of the dipole 

transition moment using the equation195:

where k is the wavevector corresponding to the optical vertical

transition, V is the volume of the unit cell, un'k is the unit cell

periodic part of the Bloch wavefunction. Using this equation the

following expression for the components of the transition moment

are obtained:

(6 .4 -4 )

M xcv(k)=(ia/4E2)(E2-E02+Px) (6 .4-5)

M xcv(k)=(ic/4E2)(Eo2-E2+ p22-p i2+P2pxCOs(0c-0a) (6.4-6)

w here:

Eo2 =pi2+P22+ 2p 2P ico s(0 c) (6 .4 -7)

E 2=Eo2+px2+ 2p iP xcos(0a)+2p2p xcos(Oc-0a) (6 .4 -8 )
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0 a= kxa and 0 C= kcc

Note that Eo is the one dimensional energy band and ±E is the 

conduction/valence energy. Once the components of the transition 

moments are known the contribution to the optical susceptibility 

coming from the it electrons can be evaluated using the relation196:

7 t h

n j k )  - (n  - i / t )

where e is the electronic charge and G is the density of chains per 

unit cross area, Q cv(k) is the transition frequency and T the lifetime 

of the optical excitation. The contribution coming from c  electrons is 

evaluated within the framework of the bond polarizability theory 

192. The value of the absorption coefficient can now be evaluated 

using standard relations which take into account local field 

corrections (Appendix II) 196.
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We have computed the pump anisotropy at various energies 

(Table 1):

Table 1

Calculated "pump" anisotropies at various excitations

e n e r g y ex,. a± aj/cX| | N„/N±

(e V ) ( 1 0 s c m -1) ( 1 0 s c m - 1)

1.15 1.05 0 .0018 0 .0017 2 .69

1.20 1.25 0 .0 0 2 4 0 .0 0 1 9 2.88

1.60 4.37 0 .0 4 2 4 0 .0097 10.26

2 .30 7.53 0 .0 2 6 0 0 .0035 4.47

2 .35 7.55 0 .0256 0 .0 0 3 4 4 .32

Pi =2.5 eV, p 2=3.3 eV, p x==0.06 eV, l/£2„ =0.002 ps, l/£2j=0.01 p

This model predicts a pump anisotropy which is greater in the 

above gap region than in the below gap region in agreement with 

experimental findings. The model also predicts a substantial increase 

of the anisotropy in the gap region which has yet to be tested 

experimentally. The value (3X = 0-06 eV appears reasonable since the 

ratio P * /p2  compares favorably with the ratio between inter and 

intrachain overlap in tegrals197.

The present data add the novel information that: 1) for above 

gap excitation the pump anisotropy depends on the intensity, 2) the 

below gap anisotropy is significantly sm aller than the above gap 

anisotropy and is independent of the in tensity  and 3) the
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photocurrent is greatest for below gap excitation. These results can 

be accounted for by using the bimolecular recombination model as 

follows: As the above gap excitation intensity increases, the charge

density increases more rapidly for the perpendicular polarization of 

the laser than for the parallel polarization, reducing the above gap 

anisotropy ratio. The probability of generating free electron-hole 

pairs is greatly reduced with below gap excitation. Since, fewer 

photons are absorbed as well, this reduces the charged carrier 

density and the bimolecular recombination rate, for all polarizations. 

Hence, as the laser intensity increases, the relationship between the 

charge density for the perpendicular and parallel polarizations 

remain the same and in turn, the below gap anisotropy ratio is 

constant. This also explains why the below gap anisotropy is smaller 

than the above gap anisotropy. The role bimolecular recombination 

plays in reducing the number of charged carriers that participate in 

the picosecond photocurrent is made clear in Fig. 4 and Fig. 5. Here 

one can see that regardless of the polarization of the optical field 

(perpendicular or parallel) the photocurrent is always greatest for 

the case of below gap excitation where the bim olecular 

recombination rate is lowest.

The intensity dependence of the above gap anisotropy, is 

possibly influenced by heating effects following the laser pulse. A 

temperature increase is expected following illumination with above 

gap photons polarized along the polymer chains. Under these 

conditions the penetration depth is minimum (d = 1/a = (6x10s) '1). 

Moreover, as we are considering short (25 picosecond) laser pulses, 

heat diffusion beyond the illumination volume can be neglected to a
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first order approximation. The temperature increase following a 

pulse is given by

AT = Ne/lcp

where N is the number of absorbed photons per cm2 per pulse, 1 is 

the penetration depth, c is the specific heat, p is the density and e is 

the photon energy. Assuming N=1015 photons/cm2 , p =1.1 g/cm3, c=l 

J/K ° and 6=2.34 eV we get AT=263 K° for parallel polarization. This 

heating following the pulse is large enough to increase the hopping 

conduction which has an activation energy of 0.05 eV. This could 

effectively reduce the above gap anisotropy as the laser intensity 

increases.
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6.5 Conclusion

We have shown that the anisotropy ratio  for above gap 

excitation decreases with laser intensity from a value of 7.4 to a 

value of 4.5 and that the anisotropy ratio for below gap excitation is 

independent of intensity at a value of 2.4. In addition, we find that 

the picosecond photocurrent is greatest for below gap excitation 

independent of the optical field polarization. An extended tight 

binding model that include the effects of coupling between the chains 

has been used to predict the anisotropy of the absorption coefficients 

of oriented trans-(PA). The pump anisotropy has been computed for 

various energies and is found to be greater in the above gap region 

than in the below gap region. The model predicts substantial increase 

of the anisotropy in the gap region as well. Both direct interchain 

photogeneration combined with laser heating effects and bimolecular 

recom bination appears to account for the various features of the 

pump anisotropy experim entally observed.



VII Overall Conclusion

Polyacetylene a quasi one-dimensional organic semiconductor 

has received considerable attention from scientist and engineers 

because of the its relatively simple physical structure and seemingly 

endless technological applications. However, unlocking the treasures 

that lie within understanding the structure and properties (optical, 

electrical, etc.) of this materials is not a simple or easy task. This 

difficulty rest on several points: 1) The polyacetylene samples varies 

from research group to research group in quality and structure 

(fibrous, nonfibrous) depending on the technique (Shirakawa, 

Durham, Naarman-Theophilou, etc.) used to fabricate the polymer. 

This makes it a bit difficult to compare results between groups. Even 

samples produced with the same technique can vary considerably 

from one group to another. Thus the experimental results can vary as 

well. 2) Polyacetylene is not easy to handle because it reacts readily 

with air (surface oxidizes) and therefore must be stored in a vacuum 

or an inert gas atmosphere (ei. Argon, Nitrogen) away from intense 

heat and light. Care most be taken when transferring the 

polyacetylene sample from storage to the experimental site. The time 

the sample is exposed to air must be kept at a minimum. 3) The 

ideal structure of polyacetylene may be simple but the actual 

material has numerous defects and imperfections that effect and 

skew experimental results away from theoretical predictions. In
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spite of these difficulties, a great deal of progress has been made in 

understanding this material.

We have studied the temperature, anisotropy, electric field, 

sample configuration (ID  and 3D) and excitation energy dependence 

of the picosecond photoconductive response for above- and below- 

gap excitation  of h ighly oriented stretched trans-(PA ). Our 

experimental results can be summarized as follows:

i) The fast component of the photoconductivity parallel to the 

polymer chains (ID  configuration) is temperature independent for 

both above- and below-gap excitation, respectively, 2.34 eV and 1.17 

eV .

ii) The fast component of the photoconductivity perpendicular 

to the chains (3D configuration) decreases exponentially with 1/T for 

both above- and below- gap excitation each with an activation energy 

E a of 48 meV and 63 meV respectively. Results i) and ii) leads us to 

believe two things: (1) Solitons and polarons are the main charge 

carriers in HOTPA. (2) These charge carriers can be directly 

photogenerated with below-gap excitation.

iii)  Both the p ara lle l and the p erp en d icu la r cw 

photoconductivity decrease with 1/T exhibiting approximately the 

same activation energy (E^ =0.15 eV).

iv) The fast component of the photoresponse is roughly three 

orders of magnitude higher than the cw response, with a decay time 

of approximately 400 ps. The transient mobility Jl, is approximately 

0.04 cm 2/V-s along the chain. The mean drift distance of the 

photogenerated charge carriers <x>, along the chain is about 13 

angstroms, which is considerably smaller than previously estimated.
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v) The I-V characteristic curve of the ID picosecond 

photoconductive response is superlinear for both above- and below 

gap excitation. The I-V characteristic curve for the 3D picosecond 

photoconductive response is linear. The dependence of the picosecond 

photocurrent on the direction of the carrier motion with respect to 

the polymer chain, was qualitatively accounted for by considering the 

dimensionality (ID  and 3D) of the escape probability (J)(E).

vi) The intensity dependence of the picosecond ID and 3D 

photocurrent varied linearly with the laser intensity, independent of 

the polarization and wavelength (0.53 pm or 1.06 (Im) of the incident 

beam. These results implies that two photon-absorption does not 

produce the below-gap photoconductive response.

vii) The anisotropy with below gap excitation is constant at 2.4, 

while with above gap excitation it decreases from 7.4 to 4.5 as the 

laser in tensity  increases. We have also found that the 

photoconductive response is greatest for below gap excitation 

independent of the optical field polarization. The fact that the below- 

gap photoconductive response is greater than the above-gap 

response, further proves that two photon-absorption is probably not 

the source of the below-gap photocurrent. These results were 

accounted for by a combination of direct interchain generation, laser 

heating and bimolecular recombination.
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VIII Future Research Directions

Rothberg et a l.198 199 measured the photoinduced 0.45 eV 

m idgap absorption associated with photogeneration of charged 

solitons in trans-(PA). They found that the charged soliton absorption 

increases linearly with pump energy and then begins to saturate as 

higher pump fluences ( ( l - 2) x l0 15 photons/cm 2) and were able to 

estimate the soliton lifetime at about 0.25 - 0.6 ps. The saturation 

was attributed to volume filling of the lattice by the photogenerated 

charged soliton pairs and is similar to bimolecular recombination. 

The sim ilarity between the two model is that there is a limited 

amount of space available to the photogenerated charge carriers. 

Photoconductivity is proportional to the mobility p. and the number 

of photoexcitations, while photoinduced absorption is dependent on 

the number of photoexcitations alone. The best way to discern the 

difference in a change of mobility effect and a change in number of 

photocarrier effect, is to perform the picosecond photoconductivity 

and the fem tosecond  pho to induced  abso rp tion  m easurem ent 

simultaneously. As we can see from the soliton life time estimates of 

Rothberg et al (0.25 - 0.6 ps) our photoconductivity decay time (400 

ps) is actually a convolution of numerous relaxations. One would like 

to look at the transient photoconductivity with the same time 

resolution (0.5 ps) of photoinduced absorption measurements in the 

ID and 3D configuration at and below room temperature. It may be 

possible to determine directly the mobility of the charged solitons 

and polarons. One could determ ine the time dependence of the
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charge carrier mobility and effectively identify the type of carrier by 

the magnitude of its mobility.

It is believed that optical phonons do not affect the drift rates 

of thermal soliton and polarons at room temperature and below 

because of their high energy. This idea is contested by others. Trans- 

CPA) possesses two strong Raman lines a 1121 cm-1 and 1521 cm-1.

These lines are sim ultaneously induced w ith the midgap

energybands and believed to be coupled to the soliton. Coherent 

excitation of either line while perform ing photoconductive 

measurements may allow direct observation of the interaction of 

solitons and polarons with optical phonons.

In chapter VI, our model predicts that the pump anisotropy is 

greater in the above-gap region than in the below-gap region and

increases substantially in the gap region. With the appropriate 

tunable lasers (with sufficient power) it is possible to test these

predictions. One might even repeat each of the experiments 

performed in this thesis, with photoexcitations throughout the visible 

spectrum into the far infrared region.
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Appendix I - Theory of Picosecond Photoconductivity

A synopsis of the derivation 165 of the transient peak 

photocurrent will be given.

The transient photocurrent is not due to photogenerated 

carriers transversing from the point of generation to the electrode. 

The short relaxation times of the carriers are due to their capture by 

localized states (defects in the polymer). Electrons need not reach the

electrodes to produce a current in the external circuit. Using Green’s

reciprocation theorem  of electrostatics, Shockley200 derived an 

expression for the induced current that flows in an external circuit 

connecting a system of conductors when a point charge is moving 

among the conductors. Assuming a space charge free conduction, the 

potential between the electrodes can be obtained from Laplace's

equation.

d 2/d x 2 V = 0

V = Cjx + C2

For a geometry as illustrated in Fig. (3.3-2-1) the boundary

conditions are

(1) V = Vb ; x = -L/2
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(2) V = 0 ; x = L/2

The potential function is therefore

V = -Vb x/L + Vb/2  ( 1)

Green's reciprocation theorem states that if charges Q i, Q2, ....,Qn on 

the conductor of a system give rise to potentials V i, V2, Vn and if 

charges Q 'i, Q'2, Q'n give rise to potentials V'i, V 2, V'n, then

£  Qi V'i = £  Qi' Vi

Green’s reciprocation theorem was used to determine the charge

induced on the electrodes by an electron-hole pair generated 

between the electrodes. Under the influence of the applied electric

field, each carrier travels respectively towards the electrode of 

opposite polarity. The variables xn and xp are defined as the distance 

between the generated carrier and the electrode it is drifting 

towards for the electron and hole respectively. The bias electrode is 

referred to conductor 1 and the ground electrode conductor 4.

Imagine two vanishingly small conductors placed at distance xn from

conductor 1 and xp from conductor 4 and numbered 2 and 3 

respective ly .

Two problems are defined:

Problem (1). Let conductor 1 be at potential Vb, and conductors 2 and 

3 be uncharged, and conductor 4 be at zero potential. The potentials 

and charges will satisfy the equations:



v 2 = -Vb/L( xn - L/2) + Vb/2  ; Q2 = o

V 3 = -Vb/L( L/2- xp) + Vb/2  ; Q3 = 0

V4 = 0 ; Q4

Problem (2). Let conductors 1 and 4 be grounded and conductor 2 

possess charge -e and conductor 3 possess charge e. The potentials 

and charges will satisfy the equations:

V 'i = 0 ; Q'i

V '2 ;Q'2 = 0

V ’3 ; Q ’3 = 0

V '4 = 0 ; Q 4

Green's reciprocations theorem yields

0 = Q 'iVb + eVb/L ( xn - L/2) - eVb/2 - eVb/L ( L/2 - xp) + eVb/2

The induced charge is therefore given by

Q'i = Q(induced) = e - e/L(xn + xp) (2 )

Note, that the induced charge increases as the distance between the 

charge carrier and the electrode decreases. As the charge carrier in 

the gap moves under the influence of the applied electric field, the 

magnitude of the induced charge in the electrodes change and it is
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the rate of change of this induced charge that produces the current 

signal.

where vn = |HnE and vp = j lpE represent the electron and hole drift 

velocities, respectively. Where Jln and | l p are the electron and hole 

mobilities respectively and E is the applied electric field. The moving 

charges induced a current i(t) in the external circuit which is 

proportional to their velocity. Thus, after a separated electron-hole

pair is produced, there is induced an instantaneous current that is 

independent of the location of the electron or hole between the

electrodes. The current remains constant until the carriers are 

im m obilized  by trapp ing  (d efec ts , im p u ritie s), gem inate 

recombination or by discharge at the electrodes. The sign of the 

current is such that it reduces the stored charge of the electrode

capacitance. For N electron-hole pairs,

i(t) = d/dt [ Q(induced) ]

= d/dx [ e - e/L(xn + xp) ] dx/dt

= -e/L(vn + vp) , (3)

i(t) = -Ne(Hn + ltp)E/L (4)

hence

i(t) = -NejLlVb/L2 (5)
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where JLL is defined as the average mobility of both the electrons and 

holes and Vb is the bias voltage.

The number of photogenerated carriers most be determine. 

From the continuity of light (Bouguer's Law), we find the decrease in 

its intensity when passing through a medium of thickness z

d/dz [I] = -a ( l-R )I  , ( 6 )

where a  is the absorption constant and R is the reflectivity. Hence 

the fraction of the incident light intensity, Io, transm itted through 

the medium as a function of z is

I(z) = (1-R)I0 e"az (7)

The change in the generated carrier density per unit time may be 

described phenomenologically as

d / d t [ n ]  +  n / T  =  T j t j x x l / h v  ( 8 )

The right side of the equation represents the source of freed carriers 

by photoexcitation with T | representing the quantum efficiency for 

generation and <J> represents the probability o f the photoexcited 

charge escaping geminate recombination. The second term on the left 

side of the equation n / T  is a damping term where T  is the relaxation 

tim e constan t of the freed carriers into localized  states. For 

picosecond excitation the initial laser intensity incident upon the
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active region of the photodetector is approximated by a delta 

function,

I0 = [ P/(tcL2/4) ] 8 (t) (9)

where P is the optical pulse energy absorbed in the active region. 

Therefore we have,

d/dt[n] + n/x = T|<]) (a/hv) (1-R) [ P/(rcL2/4) ] e - « 8 (t) (10)

Integrating yields,

n(t) = T|<(> (a/hv) (1-R) [ P/(7cL2/4) ] e-“z e-t/x ( 11)

To obtain the number of optically excited carriers we must integrate 

the carrier density over the illuminated volume,

N(t)=
• 'o

where d is the film thickness

27crdr J n (t) dz (12)

~  L/  d
N (t)=Ti-^-(l-R) P f  22?crdr f  e'** dz  

h v  k L 2 /  0 0
'4
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su b seq u en tly

N(t) = T|<|) [P/hv](l - R)(l - e-«d)e-t^ (13)

Substitution into eq. (5) yields

i(t) = erj(() [P/hv](l - R)(l - e-«d) |Li (V b/L 2) e -^  (14)

Eq. (14) is used in a material with a relatively long carrier relaxation 

time. In such a material the time resolved peak amplitude of the 

photocurrent, ip is used to determine the initial mobility. For example

ip = i(t = tpeak)

where t »  tpeak and e-1̂  is approximately 1 and the expression for 

the transient photocurrent is as follow

i(t) = en<I> [P/hv](l - R)(l - e-«d) p (Vb/L2) (15)

For those materials in which the carrier relaxation time is so fast 

that the peak amplitude of the photocurrent cannot be time resolved, 

the pho tocurren t is in tegrated to obtain the charge in the 

photocurrent pulse,

Q = erjc|) [P /hv](l - R)(l - e-«d) px (Vb/L 2) (16)
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Equations 15 and 16 are the idealized photoresponse of the 

photodetector to a rectangular beam of circular cross-section focused 

to a radius L/2.

The illuminated gap resistance is 

Rt = Vb/ip

Rt = ( hv/e ) ( L2/n<j>pP ) [1/(1 - R) ] [1/(1 - e-«d) ] (17)

Note, that Rt is proportional to L2.
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Appendix II - Electronic Absorption Spectrum Scheme

A scheme for evaluating the electronic absorption spectrum of 

a conjugated carbon chain, such as trans-(PA), will be presented 

h ere201 202. Flytzanis et al203 addressed such a problem by using the 

one-electron tight-binding method to describe the n  electronic states. 

They consider the case of a one dimensional crystal consisting of a 

single or two coupled infinite polyenic chains made of collinear 

carbon atoms. This assumption allowed only the evaluation of the 

components of the electronic transitions parallel to the chain. Here 

the formalism developed by Flytzanis et al. will be extended to 

include the effects of interchain coupling. The reduction of the band- 

gap energy and the appearance of a transition moment perpendicular 

to the chain should result do to interchain interactions. This has been 

shown experimentally by 86 Moses et al. with measurements of the 

photoconductivity under pressure. The electronic transition moment 

is given by

where k is the wavevector corresponding to the vertical optical 

transition, V is the volume of the unit cell, un'k is the unit cell 

periodic part of the Bloch wavefunction <J>:

( 1)

<E>nk(r) =  e ik*rUnk(r) (2)
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The crystal structure of trans-(PA) is shown in Fig. (6.4-

1) . The unit cell contains two inequivalent matching 193 chains. The 

wave function O  is constructed as a linear combination of the atomic 

orbitals belonging to the chains (tight binding approach):

1 /  Ni N2 N3 , .

1 = 1 m = 1 n = 1

A = k*[ (1 - l)ai + (m - l)bj + (n - l)ck] , (3)

B  =  C!sk <j>4 l-3, 4m-3, 4n-3 +  C2sk <|>41-2, 4m-2, 4n-2 

+C3sk (j>41-l, 4m-1, 4n-l +  C4 sk (])41 4m, 4n »

where the <j)'s are the atomic wave functions for the pz electrons, and 

c sk are the expansion coefficients which can be determ ine by 

minimizing the total n electronic energy of the crystal. Inserting Eq.

(3) into Eq.(l) and using the relation

|>i x<|)j dT = 8ij (4)

results in

being the x component of the electronic transition moment, with 

similar expressions representing the y and z components. Evaluation 

of Eq. (5) requires analytical expressions for the expansion

*nk(r)= N ! N 2N 3)
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coefficients. With reference to Fig. (6.4-1) three interchain transfer 

parameters are seen to be present in polyacetylene, namely (3X, P y ( 

the transfer integral between translationally equivalent chains in the 

x and y directions), and P' ( the transfer integral between chains in 

the unit cell). Neglecting P y because b »  a, and using the Bloch 

theorem, we obtain the following set of equations for the c's:

(<Xr E) C! + pc2 + Y C3 + (7 + P'e*i0c)c4 = 0, (6a)

P'c! + (a ! -E)c2 + (Y + P’e-iec)c3 + yc4 = 0 (6 b)

Y*cj + (Y* + p'e-i0c)c2 + ( a r E) c3 + Pc4 = 0 (6c)

(Y * + P'e-i0c)ci + Y *c3 + P'c3 + ( a r E)c4= 0 (6d)

w here

a j  = a  + 2p xcos0a , (7a)

P = Pi + p 2e'i0c + 2Pxcosqa , (7b)

g = P ’(l + e-e-i0a)(l + e-i0b) , (7c)

0 a = kxa; 0 b = kyb; 0C = kzc . (7d)

Only if the terms p ’e-i0care neglected can a four-band analytical 

solution of Eqs. (7) be found. We shall concern ourselves with the 

two-band solution, which is obtained by putting p ’ = 0 (no

interactions within the unit cell). Hence, the problem becomes a two

dimensional one, with Mcv(k) having only x and z components. The
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following expression for the components of the transition moment 

are:

M xcv(k)=(ia/4E2)(E2-E02+Px) (8)

Mxcv(k)=(ic/4E2)(Eo2-E2+p22-p i2+ p2pxCOs(0 c-0a) (9)

w here:

Eo2 =Pi2+p22+2P2Picos(0c) (9a)

E2=Eo2+Px2+2PiPxcos(0a)+2P2Pxcos(0c-0a) (9b)

0 a= kxa and 0 C= kcc

Note that Eo is the one dimensional energy band and ± E is the 

conduction/valence energy. Once the components of the transition 

moments are known the contribution to the optical susceptibility 

coming from the n electrons can be evaluated using the relation 203 :

X n ~
2 e_
nh

■ V  i>%// c  / /  af / c  f  /-J dkj
J - T Z /  J - T Z ,

A

QcV(k ) |M cV(k)|'
Q ■ " ■ 1

aak) - (n - V'
(10)
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where e is the electronic charge and a  is the density of chains per 

unit cross area, Q Cv(k) is the transition frequency and T the lifetime 

of the optical excitation. The value of the absorption coefficient can 

now be evaluated using standard relations, which take into account 

local field corrections to the perpendicular component of the 

dielectric constant:

e„ =  1 +  4k x  , , , (11a)

e± = [1 + 2nx±] / [1-2tc%J ( l ib )

X\\ =  X J + X o " (11c)

X ±  =  X n1 +  X o1 ( l id )

n = {(1/2) [8j2 +  £22] 1/2 + £i}1/2 ( l ie )

K = {(1/2) [ ( S J 2 +  £,2)1/2 - £ i ] } 1/2 ( I l f )

a  = 2(gk/% d i g )

R = [(n -1)2 + k2] / [(n +1)2 + K2 ( l l h )
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The contribution coming from a  electrons is evaluated within the 

framework of the bond polarizability theory 192. The following values 

have been obtained elsewhere204 % = 1.87, and % =1-98 .
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