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I. INTRODUCTION

The electronic structure of polyenes has been a subject of
interest for many years. The unsaturated bonds which character-
ize the polyenes have an important effect on their electroniec
structure and the corresponding electronic properties. 1In a
polyene (see Fig. 1) three of the four carbon valence electrons
are in spa hybridized orbitals; two of the O-type bonds are links
in the backbone chain while the third forms a bond with some side
group (e.g., H in Fig. 1). The remaining valence electron has
the symmetry of the 2p, orbital and forms a 7 bond in which the
charge density is perpendicular to the plane of the molecule., In
terms of an energy-band description, the ¢ bonds form low-lying
completely filled bands, while the ™ bond would correspond to a
half-filled band. The m bond could be metallic provided there is
negligible distortion of the chain, and an independent-particle
model proved to be satisfactory.

The possibility of a distortion of the molecular structure
intrigued the ,early investigators. J. E. Lennard-Jones,l in an
early application of Huckel theory of molecular orbitals, investi-
gated the electronic structure of polyenes, His conclusion, that
in the 1limit of an infinite chain the bonds tended to a constant
value of 1.38 A, was later supported by studies of Coulson.? How-
ever, the theoretical conclusions seemed less than satisfactory
in view of the experimental observations.3 Using either molecular-
orbital (MO) theory or a free-electron model in which the = elec-
trons are considered free to delocalize along the chain, the
energy for a transition to the lowest excited state decreases
linearly with the reciprocal of the chain length. This rule was
observed to work rather well for the short polyenes. However,
experiments indicated that for very long chaing the transition
energy reached a limiting value of about 2 eV, Later Kuhn
demonstrated that bond alternation could serve as a possible
explanation of the energy gap in long polyenes.

The first convincing analysis was that given by Lounget-
Higgins and Salem;5 by assuming a well-defined model they were
able to carry out the calculation without recocurse to estimates
of physical parameters. They found the uniform infinite chain
unstable with respect to bond alternation. Hence for an infinite
polyene the stable configuration is one of unequal bond lengths.
This result is no more than a restatement of the one-dimensional
(1-D) Peierls instabilit »T for a special case. For long polyenes
where bond alternation becomes important the electron is subject
to a periodic potential with a period of twice the original undis-
torted chain., Such a potential introduces a gap at 2kp causing a
change of character in the polyene from a metal to a semiconductor.

The importance of correlation in long chain polyenes has
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Fig, 1. Molecular structure of cis and trans isomers
of polyacetylene, (CH)X.

been sgressed by Ovchinnikov et al.8 and others.9 Ovchinnikov
et al.® argued that the electronic gap of ~ 2 eV seen in the

long chain polyenes is due almost entirely to correlation with

the Peierls effect playing little or no part. However, there is
not general agreement on this point, Grant and Ba.t:ra‘é estimated
& somewhat larger single particle energy gap, whereas Duke et al, 11
showed that a calculation including a combination of bond alter-
nation and Coulomb interaction yields results in agreement with
photoemission and optical absorption data.

Linear polyacetylene, (CH)x, is the simplest conjugated
organic polymer (Fig. 1) and is therefore of special fundamental
interest in the context of the above discussion. From theoretical
and spectroscopic studies of short chain polyenes, the M-system
transfer integral can be estimated as |t| = 2-2.5 eV. Such an
estimate implies that the overall bandwidth would be of order
8-10 eV; W) = 2Z|t|. As a result of this large overall band
width and unsaturated m-gsystem (CH)x is fundamentally different
from either the traditional organic semiconductors made up of
weakly interacting molecules (e.g., anthracene, etc.), or from
other saturated polymers with monomeric units of the form (BsqsR)
where there are no m-electrons (e.g., polyethylene, etc.). Pblz-
acetylene is more nearly analogous to the traditional inorganic
semiconductors. However, the transverse bandwidth due to inter-
chain coupling is much less, The nearest-neighbor interchain
spacingl2 of 4.39 A implies a transverse bandwidth (W,) comparable
to the bandwidth (longitudinal) in molecular crystals like tetra-
thiafulvalenium-tetracyano-p-quinodimethanide (TTF-TCNQ); thus
Wy ~ 0.1 eV, Weak interchain coupling is therefore implied, and
the system may bhe regarded as quasi-one-dimensional. Consequently,
although the 1-D Peierls instability is not a full explanation of
the electronic structure of polyacetylene, it provides a useful
starting point of discussion for many of the electronic properties.

[er.




Interest in this semiconducting polymer has been stimulated
by the successful demonstration of doping with associated control
of electrical properties over a wide range;l3’ the electrical
conductivity of films of (CH)x can be varied over 12 orders of
magnitude from that of an insulator (0 ~ 10-°(C'cem=!) through
semiconductor to a metal (0 ~ lCPfrlcm'l).ls’l6 Various electron
donating or accefting molecules can be used to yield n-type or
p-type material, 7 and compensation and junction formation have
been demonstrated.l7,18 Optical-absorption studies!d indicate a
direct band-gap semiconductor with a peak absorption coefficient
of about 3x10°cm=! at 1.9 eV. Partial orientationZ0 of the poly-
mer fibrils by stretch elongation of the (CH), films results in
anisotropic electrical?l and optical properties suggestive of a
highly anisotropic band structure. The electrical conductivity
of partially oriented metallic [CH(ASFS)Q'I]x is in excess of
2000 "em=t .21 The qualitative change in electrical and optical
properties at dopant concentrations above a few_percent have been
interpreted as a semiconductor-metal transition?t by analogy to
that observed in studies of heavily doped silicon. However, the
anomalously small Curie-law susceptibility<2 components in the
lightly doped semiconductor regime indicate that the localized
states induced by doping below the semiconductor-metal transition
are nonmagnetic. These observations cougled with electron spin
resonance studies of neutral defects®3:2% in the undoped polymer
have resulted in the concept of soliton doping; i.e. localized
domain-wall-like charged dggor-acceptor states induced through
charge transfer doping.zs’

The initial results obtained on conducting polymers have
generated considerable interest from the point of view of poten-
tially low cost solar energy conversion. Experiments utilizing
polyacetylene (CH)x, successfully demonstrated rectifying junction
formation.17s18 In particular a p-(CH)y:n-ZnS heterojunction
solar cell gas been fabricated with open circuit photovoltage of
0.8 Volts.l In related experiments, a photoelectrochemical photo-
voltaic cell was fabricated using (CH)x as the active photoelec-
trode.

In this review, we will concentrate primarily on aspects of
the work carried out at the University of Pennsylvania, bringing
in contributions of colleagues at other institutions where approp-
riate. The focus will be. on the fundamental physics and physical
mechanismg. Detailed discussion of the more chemical aspects can
be found elsewhere.l3s

‘II. SEMICONDUCTING (CH),

ITA. Band structurelo’as

As an initial approximation we consider a model in which the

—
P




_
V. x

i

m-electrons of trans-(CH)y are treated in a tight binding approxi-
mation and the O electrons are assumed to move adiabatically with
the miclei. Let u, be a configuration coordinate for displace-
ment of the nth CH group along the molecular symmetry axis (x),
where u,=0 for the undimerized chain. The Hamiltonian is

* c. +h.c.) +Z X u

H = -gs(tn+l,ncn+l,s n,s n 2( n+l-un) +§ 2% (1)

where to first order in the u's,

tn+l,n = to'a(uml'un)' (2)
M is the mass of the CH unit, K is the spring constant for the ¢C
energy when expended to second order about the equilibrium undim-
erized systems, and cpg (cpg) creates (annihilates) a 7 electron
of spin s on the nth CH group. The band structure of the perfect
infinite dimerized trans structure is shown in Fig. 2. In this
perfect structure, the displacements are of the form

Uy, =% (-1)" Uy (3)
where * corresponds to the two possible degenerate structures
(double bonds pointing "up" and double bonds pointing "down").
The transfer integrals for the perfect chain are

t -t "single" bond
N (¥)
n+l,n

t +t "double" bond

The overall bandwidth is ht = 8.10 eV; whereas the energy gap
ht depends on the magnltude of the distortion. For exemple
1f Eg ht = 1.4 eV, the value of Y, gglch minimizes the ground
state energy (assumlng K = 10.5 eV/A is uy = 0,042 A in the
direction of the CH displacemernt while the bond length change due

‘m
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Fig. 2. Band structure of perfectly dimerized (CH).
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to bond alternation ISAJ§ ugs = 0.073 Z Larger values of the
energy gap require larger distortions; e.g. Eg = Lt, =2 eV corre-
sponds to ug = .056 R. In the presence of weak bond alternation

with static distortion Ugq

E(k) = #2Jtgcos“ka + t,° sin“ka (5)

where a is the c-c distance along the chain in the uniform struc-
ture. More detailed band calculations have been carried ocut by
Grant and Batral® including consideration of the cis-structure and
the effects of interchain coupling. The interchain coupling s
expected to give transverse bandwidth of the order of a few tenths
of an eV. Because of the crystal potential associated with the
doubled unit cell of the cis-(CH)x structure, there i3 an energy
gap even for uniform bonds. Consequently we expect the experi-
mental energy gap for cis-(CH)y to be greater than trat for
trans-(CH),.

IIB. Optical Absorptionl9’29’3o

Optical absorption data for trans-{CH)y and c*s-"~r re
shown in Figures 3a and 3b., The absorption coe’flcwert for Lrans-

(CH), begins a slow increase around 1.0 eV rising sharply at 1.k
eV to a peak at about 1.9 eV, The magnitude of the absorption
coefficient (3x10° cm™}) at the peak is comparable with the peak
value in typical direct gap semiconductors of about 10° em=t.

For the cis isomer the absorption maximum 1s blue shifted by about
0.3 eV consistent with a somewhat larger gap.

A detailed analysis29 of the absorption spectrum has been
carried out in terms of the joint density of states for the optical
interband transition. Using the tight-binding results discussed
above and assuming weak interchain coupling the optical joint
density of states takes the form sketched in Fig, 3c. The dashed
curve represents the 1-D limit ‘where the (8-6_)-Z2 singularity
occurs at the band edge. Interchain coupling removes the singu-
larity as described above shifting the maximum away from ESiTect
by an amount of order W,. The possibility of an indirect gap,
which may arise from interchain coupling, is indicated by extending
the curve below EglreCt.

Collecting these results we can make a qualitative picture of
the optical absorption for a highly anisotropic (quasi-1-D) semi-
conductor. The optical absorption will begin once the photon
energy is larger than the indirect gap and then increase rapidly
to the quenched singularity, decreasing for larger photon energies.
Such a picture agrees with the data for polyacetylene shown in
Fig. 3. Taking the absorption peak to be 1.9 eV, one estimates
the transverse bandwidth to be < 0.5 eV, This value for W, ~22%
is consistent with the intermolecular transfer integrals in other
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Fig. 4. Polarized reflectance as a function of fre-
quency from partially oriented (CH), (1/1,=2.5).
Rjj and R, rerer to light polarization parallel
and perpendicular to the orientation direction
(ref. 29),

molecular crystals such as TTF-TCNQ.7 This interpretation of the
optical absorption appears to be applicable to (CH)X as well as
many other low-dimensional solids. Using the above analysis as a
guide one would estimate from the data a direct gap of ~1.h eV.

IIC. Visible and Infrared Reflectance2t;29

Figure 4 shows the polarized reflectance data from oriented
films (l/lo~v2.5-3) of pure trans-(CH)x where 1, and 1 are the
unstretched and stretched lengths, respectively. The large opticel
anisotropy induced by orientation is clearly evident. The reflec-
tion data are consistent with a semiconductor model for pure
(CH)y in qualitative agreement with the absorption data described
above. The interband transition is apparent in R| in the region
of 2 eV with the reflectance decreasing to a low frequency value
of R”='O.l, implying a dielectric constant of ﬁ|°'3-h, in agree-
ment with the value measured3l at microwave frequencies (note that
the low density of fibrils in the (CH)y films implies that the
true value of € within a given flbrll is €~10-12). The perpen-
dicular reflectance R, is small throughout the measured range
indicative of quasi-one-dimensional behavior and relatively weak
interchain coupling. The .low frequency limiting value, R, = L},
implies €= 1.5.

The Kramers~Kronig analysis was used to analyze the reflec-
tance data for partially oriented pure trans- CH) The results
for ¢, (w) and € (w) are presented in Figs. 5 and &. The results
are precisely as expected for a semiconductor; O(w) rises from
zero at low frequencies to a peak value of Lx1C°O~lcem™d at about
16,000 em~t, €&(w) is negative at high frequencies crossing zero
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at about 16,000 cm=', At low frequencies € approaches a limiting
value €(o) ™ 4 consistent with the values determined directly
from R(w = 0) and the microwave data,

The absorption and reflection data are consistent and imply

‘ a semiconductor band struciure with an energy gap arising from

’ bond alternation of about 1.5 eV. However, as indicated in the
introduction, this viewpoint is not universally accepted. Ovchin-
nikov et al.8’9 have argued that the energy gap extrapolated to
infinite chain polyenes is too large to be accounted for by simple

\ band theory of the dimerized chain, and concluded that Coulomb
correlations play an important role. It has been shown32 that the
gap due simultaneously to correlatjon and a Peierls dimerization
is of the form 8~ (Aiorr + Aglt)i. Various other theoretical
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studies have shown that Coulomb correlation may be important in
this system. Duke et al.ll use a CNDO=-S2 calculation scheme on
polyenes of varying lengths, Cypn.1Hyn40 (n =1,2,3,4) to find an
approximation to the band structure, electron photoemission
spectra, and the lowest electronic transition energy. Using a
configuration interaction analysis, Duke et al.ll also conclude
the lowest B ;MO. The energy difference is then the lowest singlet
molecular exciton. The exciton band is then extrapolated to

n = = in order to predict the transition energy in polyacetylene,
obtaining AE = 2.0 eV, The agreement betweern the extrapolated
value and the experimental absorption edge is quite good.

The optical data appear consistent with either of two models
for the electrcaic structure of polyacetylene. The first view is
simple single-particle (band theory) point of view, while the
second view models (CH)X as a strongly correlated system where
single-particle ideas are invalid. Since excitons may be viewed
as bound electron-hole pairs, whereas a direct 7-m”* transition
would create a Iree electron and hole, direct observaticn of
electron-hole rair generation through photoconductivity and/or
photovoltaic studies is of critical importance.

IID. Photovoltaic Effectl8,27,33

Photovoltaic studies have been carried out using trans-(CH),:
n-ZnS heterojunctions, rhotoelectrochemical cells using ZCH)x as
the active photoelectrode, and Schottky barriers formed with
Indium metal on (CH)X.33 The photoresponse of the trans-(CH)x: n-
ZnS heterojunction diode is shown in Fig. 7. One sees two photo-
response edges, at approximately 1.4 eV and 2.6 eV. The magnitude
of the peak at 0.9 eV was dependent upon previous illumination
and thus probably arises from trapping states in the gap. The
data therefore are consistent with optical studies of (CH)x which
imply a gap energy of about 1.5 eV. However, the relatively low
quantu . «fficiency below 2.5 eV may indicate primary exciton
format.n. Thus the actual single particle energy gap may be
somewhat higher than 1.5 eV. Under illumination of approximately
1 sun, the (CH)X:ZnS heterojunction gives an open circuit photo-
voltage of 0.8 V.

Photoelectrochemical photovoltaic cells have been fabpicated27

using polyacetylene, (CH),, as the active photoelectrode. Using

a sodium polysulfide solution as electrolyte, Vso * 0.3 Volts and
Igc =4O amps/cm° were obtained under illumination of approxi-
mately 1 sun. With the initial configuration, the cell efficiency
was limited by the series resistance, the small effective area of
the electrode configuration, and the absorbance of the solution.
The PEC photoresponse falls rapidly at photon energies below 1.b
eV, consistent with optical studies of (CH)x which suggest a band
gap energy of about 1.5 eV. However, again, the relatively low

s e e i e T
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Fig. 7. Photoresponse of n-ZnS:undoped trans-(CH)x n-p
heterojunction, Quantum efficiency normalized
to 3.1 eV peak where the absolute guantum
efficiency is of order unity. (ref. 13).

quantum efficiency below 2.5 eV may indicate primary exciton
formation.

In swmmary, optical absorption and reflection data are con-
sistent with the band structure of a direct gap semiconductor with
an energy gap of about 1.5 eV. Photovoltaic response is observed
with an onset near 1.5 eV, However, the relatively low quantum
efficiency strongly suggests that the true single particle band
gap is somewhat higher with the edge at 1.5 eV being due to a
weakly bound exciton.

III. DOPING OF (cﬂ)xl3-l7,3h

When pure polyacetylene is doped with a donor or an acceptor,
the electrical conductivity increases sharply over many orders of
magnitude at low concentration, then saturates at higher dopant
levels, above approximately 1%. The maximum conductivity for
nonaligned cis-{CH(AsFgs )y ;,]x 15 in excess of 10°Q-'-cm™ with
similar values obtained for a variety of dopants. The typical
behavior for the conductivity as a function of dopant concentration
(y) is shown in Figure 8. The general features appear to be the
same for the various donor and acceptor dopants, but with detailed
differences in the saturation values and the critical concentra-
tion at the "knee" in the curve (above which 0 is only weakly
dependent on y). These transport studies suggest a change in
behavior at a critical concentration (y,); a semiconductor to
metal (SM) transition.
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IIIA. Localized Donor/Acceptor States: Light Doping

The simplest model of the localized donor or acceptor state
at light doping (y < yc) follows the traditional semiconductor
approach and pictures the electron or hole, with effective mass
m* determined by the band structure loosely bound to the charged
center by Coulomb forces in a dielectric medium. In lightly
doped (CH),, instead of substitutionally replacing the host as in
silicon, the impurity resides very close to the polymer chain, on
the surface of the 200 A fibrils and/or between individual cheins,
At light doping levels we assume isolated impurities interacting
with a single polymer chain, At heavy doping levels impurity
interactions will become important, however, well below the SM
transition this should not be a problem. The impurity could either
donate an electron to, or accept an electron from the chain, In
the acceptor case, the hole on the chain would be free to delocal-
ize if it were not for the Coulomb binding to the impurity. The
resulting localized states are bound states of the hole on the
polymer chain in the vicinity of the charged donor or acceptor
ion. The binding energies of such quasi-one-dimensicnal hydrogenic
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impurity states have been shown to be “he same as :'or donors and
acceptors in traditional semiconductors.3l Note tlat these
hjdro%enic bound states will contain one electron or hecle with
spin 5 and thus will give a Curie-law contribution "o the magnetic
susceptibility.

The assumption that charge transfer doping lezds to electrons
and holes assumes a rigid band structure along the lines of tradi-
tional semiconductor physics. However, as discussed in IIA, the
bond-alternation energy gap in trans-(CH) may te ~ilewed as the
result of the Zkp instability of the coupled electron-lattice

system in a quasi-1d metal. In this point of wview, the effect of
charge-transfer doping would be to change kF = (1/2)n, where n is
the number of carriers per unit length along the chain in the
undistorted metallic state. In the pure polymer, there is one

electron per carbon atom corresponding to a half-filled band so
that n, = a=~, where a is the uniform carbon-carbon bond lengtn
and kp = kf = m/2a. The resulting cnarge-density-wave distortion
occurs with a superlattice period b = 2n/2kp = 2a, implying a
direrized bond-alternating structuro as observed in (CH) Doping
will change kp; kp = (W/Q/n (1 £ ¢, where ¢ is *he 1mpur1t/ con-
centration, and the plus or mlnus sign is appropriate for donor
or acceptor doping. We have assumed complete charge transfer.
The resulting superlattlce period will shift away from b° 2a *o
a new value b = 2a/(1 £ ¢), incommensurate with the carbon-chaln
polymer structure. However, the commensurability energy strongly
favors locking 2kp at the zone boundary; a commensurate bond
alternation with period 2a places Tm-bond charge between carbon
atoms [Fig. 10(a)), whereas in the incommensurate case, the
charge-density maxima and minima would not be related to the
atomic positions. As a compromise the doped structure breaks up
into domains; i.e. regions of bond-alternation separated by
charged domain walls.

The formation of domain-walls, or solitons, on long chain
polyeneg has been studlgd theoretically by Su, Schrieffer and
Heeger, and by Rice.? Following their work, we consider two
domains with B phase to the left and A phase to the right of a
soliton which is at rest at the origin, as illustrated in Fig. 9a.
To determine the properties of the soliton (width, energy, mass,
spin, etc.) the ground state energy of the system was determined
for an arbitrary displacement pattern which reduces to the A and
B phases as one moves to the far right or left. In practice, the
displacements were varied in a segment containing N CH groups
located symmetrically about n=0, and matched onto perfect A and B
phases on either side. The ground state energy was then calculated
for any set of displacements U, in the segment. Defining the
staggered order parameter Y, l)“un (which reduces to #* u, for
the A and B phases and is zero by symmetry at the center of the
wall), and choosing as a trial function
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Fig., 9 (ref. 25).
a. Schematic of soliton separating A and B
Phases.
b. Soliton energy as a function of wall width
for three values of Eg.

¥, = u, tenh(3) (7)
the system energy E({) was determined as shown in Figure Gb for
LB, =1.0, 1.4, and 2.0 eV. The minimum occurs at £ ™ 7 for LB, =
1.4 eV so that the wall is quite diffuse (for 48, = 2.0 eV, L =5
and for 4B, = 1.0 eV, £ * 9). The energy to create the soliton at
rest is Eg > 0.4 eV for the 1.4 eV gap energy (0.6 eV for ke, =
2.0 eV, 0.3 eV for 4, = 1.0 eV). Using the adiabatic approxi-
mation for the electronic motion, it was shown that the effective
mass of the soliton is related to the Su, for a small change in

wall position 6xg by

bu_ 2 ,huoaM
M_=MZ| = (8)
-] n 3_; 31.8.3 ’

where the second equality holds if we use (7) and replace n by

n-x./a in the derivative. Using the values obtained above for
bt, "= 1.4 eV, one finds Mg * 6 m,, where m, is the electron mass.

The electronic structure of the soliton exhibits a localized
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Fig. 10. a. Neutral soliton defect in trans-(CH)
(paramagnetic).
b. Soliton kink after charge transfer
(diamagnetic).

X

state Dy at the center of the gap, containing one electron for
~ne neutral kink. While this localized s*tate s spin unpaired,
~he distorted valence band continues to have spin zero. Thus,
the neutral soliton has spin %. The static susceptibility there-
fore will contain a Curie law contribution and can be used to
count the rumber of soliton defects present,

Since the localized state occurs at the gap center, i.,e, the
chemical potential, the relevance of the solitons to the doping
of (CH), depends on the energy for creation of a soliton, Eg, as
compared with the energy required for making an electron or a
hole, % Eg = 8. If 8 <Eg, charge transtfer doping would occur by
creating free band excitations; if A4 > ES, soliton formation would

be favored. For E% = 1.4 considered above, Eg ™ 0.4k eV < A = 0.7eV.
o

Thus, the soliton bound hole leads to stabilization over the free
hole by (A-ES) * 0.3 eV with correspondingly larger values if the
gap is larger. The same stabilization energy holds for adding an
electron, which would occupy ®,(x) of the soliton rather than
being placed at the conduction band edge. Self consistent field
effects arising from electron-electron interactions would split
the ionization and affinity levels of ©, about the center of the
gap and change these estimates accordingly. We note that the
ionized solitons formed upon doping with acceptors igg donors )

will be non-magnetic.

The origin of the localized state can be seen from elementary
chemical arguments. Fig. 10a shows a schematic diagram of a
neutral kink localized on a single lattice site, Satisfying the
carbon valence at the center of the kink requires a non-bonded
pi-electron (S=k) localized on the kink (Fig. 10a). Ionization
by a nearby acceptor leads to a charged, non-magnetic, kink (Fig.
10b). For simplicity the kinks are shown localized on one lattice
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Fig. 11. Spin susceptibility of nonmagnetlﬁ (CH)y

coo undoped sample. xxx [CH(AsFg ) ,OU5]X.
Bnth samples were from same batch of undoped
polymer. The dotted line represents the
Curie law expected for y=0.006 assuming AsFg~
with spin % (ref. 22).

site whereas minimization of the energy will spread the kink over
many sites as described above.

An important difference between the conventional semicon-
ductor doping (electrons or holes bound in the Coulomb potential
of the ion) and soliton doping is the magnetic character of the
resulting localized states. Because of the spin degeneracy of a
single hole (or electron) in a localized state, the magnetic sus-
ceptibility would be expected to obey a Curie law. Double occu-
pancy of such weakly bound states in the gap is inhibited by
electron-electron Coulomb interactions. On the other hand, the
charged ionized soliton localized state is diamagnetic.

Experimental studies®® have shown that the localized states
induced by doping are non-magnetic in agreement with the soliton
theory outlined above, For example, a series of electron spin
resonance measurements (10 GHz) were carried out on a sample
lightly doped (y=0.006) with AsFg and an undoped trans-(CH),
shown in Fig. 11. Both samples exhibited Curie-llke susceptlbll-
ities between 77 K and 295 K. Assuming S = 2 for the observed
spins, the concentrations of unpaired local moments are 850 and
630 per 10® carbon atoms for y=0 and 0.006, respectively. The
local-moment concentration in undoped trans-(CH), is roughly con-
sistent with previous measurements by Shirakawa2§ and Goldberg

A ot




et al.2h of 300/10e carbon atoms. Differences are probably ju-
to minor variations in rilm preparation and isomerization.
Significantly, however, the trans-(CH), showed no enhanced local-
moment concentration upon doping. Shown also in Fig. 11l (dashed
line) is the Curie-law susceptibility which would correspond to
one unpaired spin generated per AsFg for y = 0.00h. From these
results one concludes that the localized states induced by light
doping below the SM transition are non-magnetic. This result was
confirmed by Faraday balance measurements. The residual weak
Curie law from defects in the undoped (CH)x decreases in magnitude
as y increases rather than increasing in proportion to the dopant
concentration.

Other evidence relevant to the soliton question is summarized
by Su, Schrieffer and Heeger25 and by Fincher, Czaki, Heeger and
MacDiarmid,31 Although considerable work needs %o be done in this
area, the experimental results are in qualitative agreement with
the soliton doping mechanism,

ITIB., Semiconductor-Metal Transition and the Metallic State

The semiconductor-metal transition in doped polyacetylene has
been studied by a variety of experimental techniques including
electrical conductivity, thermopower, magnetic susceptibility,
far-ir transmission, and ir reflectance; all as a function of
dopant concentration. 1In general qualitative changes are evident
in essentially all the physical properties, indicative of semi-
conductor behavior below y, and metallic behavior above y. where
Yo is about 0.03 (i.e. ~ 3 mole% dopant).

i) Transport: Conductivityfu"ls and Thermopower35. Typical
data for electrical conductivity (room temperature) as a function
of dopant concentration are shown in Fig. 8. The change in be-
havior above ~ 3% is evident. Similar changes are observed in
the temperature dependence; samples with y < y, show activated
behavior with the activation energy decreasing with increasing
aopant concentration. For y > y., the activation energy is suffi-
ciently small that the interfibril contacts play a limiting role.

Since thermoelectric power is a zero-current transport coef-
ficient, thermopower measurements can provide important information
on such a system. The interfibril contacts should be unimportant
allowing an evaluation of the intrinsic metallic properties.
Moreover, since the thermopower (S) can be viewed as a measure of
the entropy per carrier, measurements as a function of y can be
used to study the SM transition. One generally expects a large
thermopower for semiconductors (few carriers with many possible
states per carrier) whereas in the metallic state the entropy of
the degenerate electron gas is small (~kg(kgT/Ep) per carrier).




P —

llm{— T

THERMOPOWER S (u v/}
1000t 4 CONCENTRATION AT ROOM

T T Af T

f TEMPERATURE
300} rans (Cmo 210,
_ 800 -
x
3 00
2
v s00r
[ 4
£ sook
§ 400}
£ZX
? w00l
200+ .
IOOF‘. Aj
ol 1 _u__ 1 PN
QO 003 010 018 020 Q2% OX
CONCENTRATION (y)

Fig. 12, Thermopower of (CHI, ) as a function of iodine
concentration y¥. The inset :zhoivz —hz data
with y on a lo:s scale; the value :'cr undoped
(CH))c is indiczted with an arrow (rer. 35j.

T T T L Y
20k THERMOELECTRIC POWER 4

S .7

i .

; ISL . ' T

« et trene [CHIL),

W

2 :

g ‘o . //////i

@ Ly

2 ) /'/

-

O ,4”

§ 5t / cin (CH (A8 Fy) o),

[v'4 .

u L]

4

~ K

£ 2
o —d L 1 1 4 L
0 50 100 150 200 2%0 300 .
T (K)
Fig. 13. Temperature dependence of the thermopower for

heavily doped metallic (CH),.




[t

Thermopower studies were carried out by Park et a1.35
room temperature results, S vs y ror trans-fCHIw\x are shown in
Fig. 12. The sign of S is positive throughout the entire concern-
tration range indicating p-type behavior consistant with charge
transfer doping to the iodine acceptor and the formation of I37.
The metal insulator transition is clearly evident. Ilote that 8§
remains constant up to approximately y = 0.C03 (0.3%) (see inset)
then falls steeply for 0.003 <y < 0.03. Above 3 mole %, S is
nearly independent of y decreasing to S = +18.5uV/K in the heavily
doped metallic limit. From this change in behavior, we infer a-
critical concentration, n, > 3 mole% (1 mole¥ I7), for the semi-
conductor-metal transition in (CHIy)y. Below 0.3%, the thermopower
is insensitive to the dopant implying that the transport is domi-
nated by defects and/or impurities in the synthesized trans~volymer.

The thermopower in the metallic high concentration limit is
shown in Figure 13 where S vs T is plotted on a linear scale.
Figure 13 includes the results for both trans-(CHIo‘za)x and trans-
(CH(ASFg )o y81y- The results for the AsFg doped sample are in
excellent apreement with those nbtained by Ywak et al.3® s is a
linear function of T whereas for the lodine <doped sample, there
is somewhat more curvature (in eq. 9 we have written the result
in units of (kg/e) = 86WV/K where kp is the Boltzmann constant,
and |e is magnitude of the electron charge). In both cases, the
thermopower decreases smocthly toward zero as T = O in a manner
typical or metallic behavior. The magnitude and temperature
dependence of S (Fig. 13) are characteristic of a degenerate elec-
tron gas. Thus the TEP results independently verify the metallic
state above y. and thereby confirm that the temperature dependent
conductivity ?decreasing with decreasing temperature) is limited
by interfibril contacts; i.e. interrupted metallic strand behavior.

For a nearly filled band (i.e. p-type) metallic system, the
thermopower can be written as

k
R it (9)

where o(E) = n(E)|elu(E) and n(E) is the number of carriers con-
tributing to o(E), dn(E)/dE = g(E) is the density of states (both
signs of spin) and u(E) is the energy dependent mobility. Assuming
energy independent scattering (u(E) independent of E)

k
s =+ (1) T kg, (5) (10)

where n(EF) = g{(E.)/N is the density of states per carrier. The
experimental results (Fig. 13) are in good agreement with eq. 10;
the results imply n(EF) = 1.36 states per eV per carrier. Since
there are 0.15 carriers per carbon atom in [CH(ASFs)o.ls]x
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(assuming complete charge transfer), the thermopower data yiel:
for the density or states, g(EF) > (0.2 states rer eV per C a-on,
The curvature and somewhat larger values found tor the (CHI, 2z
data may imply an additional contribution arising from energy
dependent scattering.

For dilute concentrations well below the semiconductor-metal
transition the thermopower is large and essentially temperature
independent. Such behavior can be understood for a dilute concen-
tration of carriers (holes) which hop among a set of localized
states. In this case, where the kinetic energy of the carggerg is

negligible, the thermopower is given by the Heikes forrmlad’s3

s = +TK?BT ml(1-p)/0] (11)

where o0 = n/N is the ratio of the number of holes (n) to the rum-
ber of available sites (N) (eq. 11 assumes spinless Fermions; the
inclusion of spin degeneracy changes the expression to S =
+(kp/lel j¢n{2-0)/0). Identification with the experimental data
for undoped trans-(CH)x requires that ¢ ~ 10-* and temperature
independent. The results therefore suggest that in the undoped
polymer, the conductivity is due to a small number of residual
carriers (p_ ~ 10™*) provided by defects and/or impurities, and
that the mobility results from hopping. The insensitivity of the
thermopower to iodine concentrations less than 0.3 mole?d (or 0.1%
L;) is consistent with this interpretation and implies that P <
10~ . Moreover, the large TEP together with Py ~ 10™* implies
that the number N of available sites is comparable to the mmber
of carbon atoms per unit length in the polymer chain.

The localized state hopping transport inferred from the
thermopower measurements below y. is consistent with the soliton
doping mechanism. Motion of the charged localized domain-walls
would be expected to be via diffusive hopping. Moreover, for a
fixed impurity concentration the number of charged kinks would be
independent of temperature in agreement with the data for undoped
(CH), and for dopant concentration y < y,. Finally, although the
domain wall would be distributed over a group of carbon atoms, in
the dilute 1limit the center of mass of the wall could take any
position along the chain so that the number of available sites
would be of order the number of carbon atoms.

ii) Magnetic Susceptibility.22 The magnetic properties of
a materdal can provide important details of its electronic struc-
ture. In the heavily doped samples, a temperature-independent
paramagnetic contribution to the susceptibility suggests the
existence of a degenerate Fermi sea of metallic charge carriers.
From the Pauli formula the Fermi-surface density of states N(Ep)
may be obtained; o+ N(Ep), where ug is the Bohr magneton and
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Fig. 1k, Termi-surface density of states vs AsFg con-
centration. The solid curve represents a
rigid band one-dimensional density of state
(m*/m = 1). The dashed curve would result
from a half-filled simple tight-binding band
with transfer integral t = 2.25 eV (bandwidth
of 9 eV). x Faraday balance; e ESR (see ref.22)

N(Ep) includes both spin directions. The onset of such a temper-
ature-independent Pauli term in the susceptibility as a function
of dopant concentration indicates the transition from the semi-
conducting to the metallic state.

Magnetic susceptibility studies have been carried ocut as a
function of dopant concentration in [CH(AsFs),],. The measured
total susceptibilities for all samples studieg were diamagnetic
indicating the dominance of atomic core contributions.

Treating the paramhgnetic deviation from the prediction of

Pascal's constants as a Pauli susceptibility, the Fermi-surface
density of states N(Ep) is obtained

Ynmeas ~ YPascal = “% N(Eg) (12)

These results are plotted in Fig. 1b. The density of states in
the metallic regime, N(o) = 0.15 states/eV/carbon atom, is in

v

.
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Anisotropies fourd in the electrical?l and cptical*? prop-
erties of partially oriented Tilms suggest that heavily doped
polyacetylene may be described as a quasi-one-dimensional metal.
Theoretical one-dimensional band structures predict a divergence
in the density of states at the band edge. Flotted in Fig. 14
for comparison is the Fermi-surface density of states for
[CH(ASFS)‘]x in a one-dimensional rigid-band model assuming
m*/m = 1 and one free hole generated per AsFg. Clearly, the
experimental results give no indication of such a one-dimensional
band-edge znomaly,

A possible explanation of this result is that above the SM
transiticn bond alternation and the associated erergy gap no longer
exist. “‘hat is, the band structure is that of a one~dimensional
metal with a half-filled conduction band. The dashed line in Fig.
1Lk represents a calculation of N(Ep) for such a half-filled band
in a simple :;gdt-oinding model wiili transrer integral 2.25 eV,
Raman spectrz’Y of metallic iodine doped (CH)X, however, continue
to show the two absorption bands identiried with C=C and C-C
stretching modes with only minor frequency shifts compared with
the pure polymer. Moreover, optical absorption and reflection
data imply that the interband transition is present above the M
transition. Thus bond alternation persists into the metallic
regime., On the other hand, x~-ray photoemi:zsion studies indicate
nonuniform doping at the highest concentrations.*0 An inhomogen-~
eous metallic state with undistorted metallic domains coexist with
regions of bond-alternated semiconductor is consistent with the

data.

Alternatively, the small density of states may result from
interchain coupling., Although the interchain distance is even
greater than the intermolecular distances in molecular crystals
such as TTF-TCHQ, it has been suggested that even this small
amount of three-dimensioral coupling is sufficient to quench the
one-dimensional band-edge divergence in the density of states.10

The Pauli susceptibility of [CH(AsF seems to turn on
contimiously at AsFg concentrations of a fgw atomic percent,
Within the limits of experimental uncertainty the susceptibility
of [CH(AsFs), o, Jx is temperature independent (77-295 K). There-
fore, the results of this work provide no evidence of strong
correlation enhancement of the spin susceptibility near the SM
transition.

iii) Infrared Absorption and Reflection,16,41,42 1o verify
the existence of the semiconductor-to-metal transition, far infra-
red transmission data were teken on samples of varying concen-
trations of iodine and AsFs (with qualitatively similar results).
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Fig., 15. Infrared transmission through fCHIy }x films
(rer. L1).

The datal 16,41 for a series of iodinated samples with y — Yo are
shiown in Fig. 1S, At all frequencies the transmission ilecreases
wWith increacing concentration. As y = y,, “he Tar ir transmissicn

cute off at rog*ﬂsS‘"@lj lorger wavelengths consistent with an
zpp.oach Lo metalllic behavior, EKesults for y — 0.2% are not shown
tecause “he transmis sion level is lesc than the amcunt of scat-
tered light . ~ 17) in tre apparatus.

Since the long wavelength reflectonce is particularly sensi-
tive to the tree carrier density, the ir reflection spectra demecn-
strate, with special clarity, the occurrence of the semiconductor-
metal transition and to the formation of the metalllc state. The
results indicate that the critical concentration range is 1-3% in
agreement with the values inferred from dc transport, far ir trans-
mission, thermopower and magnetic studies. The anisotropy of the
polarized reflectance implies tha*t the free carrier contribution
is polarized along the polymer chains.

The reflectance results obtained from oriented (CH films
doped with asFg are shown in Figure 16, The error bars are indi-
cative of the variations obtained from different samples separ-
ately prepared and mounted. Figure 16 contains data for
(cH(AsFs )yl witb y = 0, 0.006, 0.034, 0.093 and 0.134. Since the
transition from semiconductor to metal occurs at AsFg concentration
of about 1-3%, the data of Figure 16 span the full concentration
range, Metallic behavior is clearly indicated at the highest con-
centrations; the reflectance increases with decreasing frequency
with a value approaching 90% at the longest wavelengths. On the
other hand for light doping (y < 0.01) the reflectance remains
small even at the longest wavelength consistent with semiconducting
behavior. The sharp increase in reflectance below 0.2 eV in the
y = 0.034 sample is indicative of the presence of free carriers;
evidently this sample is close to the boundary between semicon-
ductor and metal.
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Fig. 16, Reflectance (Ry) for orientedl tfH(ASFs)y]q
f-ef, L2}, ’

The broad reflectance peak centered near 0.5 eV is evident
for both the AsFy doping (Fig. 16) and the iodine doping. For
light doping a well-defined maximum 1s observed suggesting the
introduction of states within the energy gap. At higher levels
the 0.5 eV band grows in strength with an increasingly long, low
frequency tail. Qualitatively the 0.5 eV maximum which shows up
at the lightest doping levels appears to evolve continuously into
the free carrier reflectance in the metallic regime. Evidently
the states introduced into the gap at low doping grow in number
(the magnitude of R) and in length (the low frequency cut-off) as
the doping level increases., The series of spectra suggest an
interpretation in terms of small metallic regions which gradually
grow and coalesce into an extended metallic state at the highest
doping concentrations.

iv) Kramers-Kronig Analysis of Metallic [CH(ASFs),.,51x-2
A Kramers-Kronig transform has been carried out to analyze the
reflectance data (0.1 eV-3.0 eV) of metallic [CH(ASFs)o.la]x' At
the lowest frequencies (Fig. 16), the data were extrapolated to
approach unity as v = 0 .assuming a Hagen-Rubens behavior of the
reflectance below 0.1 eV, DBecause the results of a Kramers-Kronig
transform are very sensitive in the far infrared to the precise
manner in which R(w) = 1 as w = O, an accurate determination of
o(w) in this frequency region is extremely difficult. However,
it was found that in the middle ir (above 1500 cm™ ) o(w) is
insensitive to the details of the low frequency extrapolation.
The results for o(m) are shown in Fig. 17. The broad peak in
o{w) centered around 16,000 em~! results from the interband

A

L mr e e i . [




—pey

—p @ -

© g —— e v 0 S e

")
I

£000 T T Y T
]
t
40 [CHi{AsFg) g 3« j
|
t
T‘\ I
g 3000 ‘i
. i

= T

= 2000¢ % i
3 |
|
1000 T
A ) 1 J

0 o} 5000 10000 15000 2CCC0 25C00

v lem™)

Fig, 17. of(w) for heavily doped metallic [CH(AsFs ), 1,]
as obtained Trom the R|| reflection srecirum’
{ref. 29).

rransition. The conductivity tiien begins to fall at lower fre-
quencies until 11,020 em™', where it again rises as one might
expect for a system with free carriers. Iliowever, a somewhat sur-
prising result is that below 6000 cm™" the conductivity again
decreases. This behavior is markedly different from the simple
Drude behavior where 0(w) is a monotonically decreasing function
of frequency [ODrude = GO/(lﬁhaT )]. The slow drop in o(w) con-
times until 1500 cm=', which is the lower limit of the analysis.
Between 1000 and 1500 cm~™ a weak dependence on the low frequency
extrapolation was observed with the behavior below 1000 cm-*
strongly dependent upon the extrapolation., Above 15CC cm the
results are independent of the extrapolation except for minor
adjustments of the values in the third or fourth significant digit,
details beyond the resclution of this analysis. The value Oz, ™
2x10°~'em™ found through direct dc measurements on heavily doped
(AsFg ) oriented samples of (CH)y is indicated in Fig. 17. Thus,
the low frequency limit of this Kramers-Kronig analysis is quite
consistent with other independent measurements. The decrease of

0 below 6000 cm™® is a real feature of O(w) and not an artifact

of the extrapolation procedure.

Useful information can be extracted by applying the sum rule
relations to the data from the metallic state (Fig. 17). The
effective mumber of electrons per molecule participating in the
free-carrier optical transitions for energies less than the inter-
band transition is given by the oscillator strength

3}

2
8 [ € o(w)aw = L
o

T'Ieff('"c) ’ (13)
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where Ngpp(w,) is the fractional mumber of carriers contributir-
to the metallic conductivity. Using v, = 11,000 em™ , we finc

the oscillator strength { ™ Lx10?!) approximately equal to the
total T-electron oscillator strength in the polymer. The large
oscillator strength therefore suggests that heavy doping removes
the bond-alternation leading to a uniform bond length volyene; a
guasi-one-dimensional broad band metal with all m electrons con-
tributing to the transport, i.e., Ners > 1. Such a picture is
consistent with the small value of the density of states_ at Ep as
inferred from magnetic suscep’cibilit:yz2 and thermopower studies.
On the other hand, after doping, Raman data continue to show the
two carbon-carbon stretch frequencies39 (diminished in intensity),
and optical studiest?,29 continue to show evidence of the unshifted
interband transition (no Burstein shift), both characteristic of
the bond alternated semiconductor. A possible explanation is an
inhomogeneous metallic state (possibly resulting from inhomogeneous
doping within the fibrils O) with undistorted metallic domains
coexistent with regions of bond alternated semiconductor. Such a
picture is comnsistent with all the data and explains the apparent
absence or a Burstein shift upon deping, the residual Raman lines,
and the observed sensitivity of the strength of the intertand
transition (after doping) to the different dopants.

The low frequency decrease in o{(w) extrapolating toward the
de value cannot be understood in terms of a simple Drude-Lorentz
model of the conductivity. However, it is intuitively clear that
the fibril nature of the polymer will have a very strong effect on
the dec transport properties, Moreover, if the metallic system is
highly anisotropic on a microscopic scale as suggested by dec and
optical studies of partially oriented films, impurities and defects
will have an especially strong effect; in one dimension disorder
leads to localization of states. Thus we anticipate that the low
frequency transport will be limited by the imperfect polymer
structure,

Electron microscopy21’23’h3 photographs of (CH)x films show
a fibril structure with fibril diameter of about 200 A. The indi-
vidual fibrils form a multiply coupled array through branching.
Typical length to diameter ratio for the fibrils appear to be in
the range of about 5-10. Therefore the polymer can be viewed as
an effective medium made up of (CH), fibrils at a volume filling
factor of about f = %. For the as-grown films, the fibrils are
randomly oriented in the plane; stretch orientation leads to
partial alignment, Frpm examination of the electron micrographs
and related x-ray data""' we estimate approximately 75% alignment,
i.e., the alignment factor, @ = 0.75.

Within the doped (CH), metallic fibrils the intrinsic frequency-
dependent conductivity and dielectriec functions are denoted O (w)
and %_0"). The bulk properties of the metallic polymer can be
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related to 0, (w) and € (&) through effective-medium theory (see
ref. 29). The average medium conductivity can ve written
afo, (w)
o (1)) = = — - (18}
T+{bmo(w) /o] g” (1=af)?

where f is the filling factor, & is the fractional alignment
factor, and g is the typical depolarization factor (g = (b/a)?
[in(2a/b)-1]) for an ellipsoid of revolution, where b, a is the
ratio of minor to major semiaxes. In writing the above expression,
we have assumed that, consistent with the metallic behavior,

hmg, /o > |€]. Moreover, as a result of the observed dc and
optical anisotropy, we consider only the response to components

of the applied field parallel to the (CH)y fibrils.

The important feature of Eq. 14 is that at low enough fre-
quencies, the electric field within an "interrupted strand" is
screened by the depolarization field due to the charge buildup at
the boundary. The characteristic cutoff frequency w, is given by

[hnoi(wc)/wcjg(lélf) =1 (15)

and corresponds to the condition when the depolarization factor in
the denominator of Eq. 14 exceeds unity. From Fig. 17, we estimate
w, ~ 7000 em™ at which point the (maximum) medium conductivity is
approximately 3x1PQ'em™. Taking af ~ 0.25 as described above,
Eq. 15 yields g ~ 1072, or b/a ~ 107, in good agreement with the
Iibril morphology. The results therefore imply that the fibril
structure of (CH), leads to metallic polymers which may be viewed
as interrupted metallic strands. From the magnitude of the cutorf
frequency we infer strand dimensions consistent with fibril dimen-
sions observed in electron microscopy studies. Therefore the
interrupted strands are tentatively identified with the branched
fibrils; localization due to microscopic disorder appears to be
relatively unimportant in these crystalline polymers.

An estimate of the intrinsic conductivity within the individual
metallic doped (CH), fibrils can be obtained by inverting eq. 14,
At W., the denominator is ~ 2, so that assuming af = %, we f'ind
0, (wg) = 2.4x10*Q~*em™ . The intrinsic dc conductivity is undoubt-
edly higher. If we assume a Drude dependence, 0, (w) = 0g/(1+®13),
where T, is the Drude scattering time for the metallic state., It
is difficult to obtain a direct measurement of T, from the avail-
able data. However, the decrease in (g, (n)) observed from 7000 to
11,000 em™ in Fig. 14 implies that WeTo > 1. Thus from this anal-
ysis we are able to estimate the intﬁinsic de conductivity within
a single fibril of metallic (CH)y; 9%ntrinsic 2 2 x 10*Q~tem™.

v) Mobility Changes at the SM Transition. Direct measure-
ments of the mobility (e.g. time of flight, etc.) are not available.
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Hall effect databs have been reported in the metallic regime:
however, the Hall ccefficient appears to be deminated bty -t
fibril structure of the compcsite medium. Scme informaticn or
the transport mobility in the semlconductor and metal limits ..
be obtained directly from the conductivity, 3 = neu where n i:
density of carriers with charge e, and u is the mobility.

In the undoped trans=- (CH) the thermopower results imply a
carrier concentration or 10-* resulting from residual impurities,
defects, etc. Thusé since the number of carbon atoms per uﬂit
volume is n, ™ 2x10°*2 (based on the measured density of C.h
grams/cn® ), the resi dual carrlnr density in undcped :rans- \CW\
is ~ 10t%em™ ., With 0 =100 t-cn™! (see Fig. 3", cne ‘1nds
u{undoped) = lO‘“cmE/V ec.

In the metallic regime, e.g. [CH(AsFs), , 7 the numbers of
carriers can be estimated from the oscillator s- rength (see sub-
section iv above). The results imply that in the heavily doped
metallic state all the m-electrons contribute to the metallic
transport; tihus m metaI) - /xlcracm . Taking the intrinsic con-
ductivity *a ke cintrl nsjc, ~ 21" -em™ as inferred above, one
obtains u(metal) *= 10 cm V sec. liote that assuming that all
m-electrons contribute requlres that heavy doping removes the bond-
alternation (see subsection iv above) leading to a uniform bond
length polyene. Taking a somewhat more conservative point of view
one could estimate the number of carriers by assuming unit charge
transfer with one carrier per dopant, For guy(AsF o 1]x’ the
correspeonding value would be n~2x10%! with L~10%cm® /i-sec!

The high mobility in the metallic state provides strong evi-
dence of the validity of a band theory approach with delccalized
states in this disordered metallic polymer The inferred values
of U are comparsble to or greater than the mobllitles in the best
metals (e.g. for copper u ~ SO cm /V-sec at room temperature).

The low mobility inferred for the undoped polymer and the
remarkable increase on going through the SM transition are sur-
prising. The low mobility in undoped (CH), is, however, consistent
with the thermopower results which imply hopping in the undoped
polymer. Hopping transport is not expected for electrons or holes
in a broad band (w~8-10 eV) system unless strong electron-lattice
coupling leads to large.effective mass carriers. The soliton doping
mechanism discussed above (Sec. ITIA) does lead to relatively large
effective mass, e.g. Ms--6me for Eg = 1.b eV, Mg~12 mg for Eg =
2.0e¥. Thus the low mobility is consistent w1th soliton formation
induced by charge transfer doping. Of course, more conventional
polaron effects and/or disorder localization could also play a role.

The low mobility inferred indirectly from the dc transport
may not be appropriate to opticelly induced electron-hole pairs
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particularly when generated in the high electric field of a ju::-
tion. Such optically induced minority carriers would move rz; :l -
to the interface and out of the polymer before a kink could :or-.
Thus, the optically induced carrier mobilities may be comparau:.
to the band-like values found in the metallic regime (u~10-1CO
cm®/V-sec). This important question can only be resolved by

more direct measurements involving photogenerated carriers.

vi) The Mechanism of the SM Transition. As an initial point
of view we treated this transition as similar to that seen in
heavily doped semiconductors. In this case, one expects the
halogen and AsF; dopants to act as acceptors with localized hole
states in the gap, with the hole bound to the acceptor in a
nydrogen-like fashion. For low concentrations, one expects the
combination of impurity ionization and variatle range hopping to
lead to a combination of activated procescses as obseﬁged experi-
mentally. However, as extensively discussed oy Mott and others,

7 if the concentration is increased to a critical level, then the
screening from carriers will destroy the bound states giving an
insulator-to-metal transition, This will occur when the screening
length becomes less than the radius of the most tightly bound
Bohr orbit of the hole and acceptor in the bulk dielectric;

n 3= (ha) () (16)

where ay is the Bohr radius, € is the dielectric constant of the
medium and m*/m is the ratio of the band mass to the free electron
mass. Assuming m*/m = 1 and using € > 10 from ir reflection mea-
surements, we estimate n, ~ 10 °.10'em™. Since the density of
carbon atoms is about 2xi022cm‘3, N, would be in the range of a
few percent assuming one carrier per dopant. The good agreement
with our experimental results is probably fortuitous in view of
the muich over-simplified model. More importantly, the magnetic
properties of doped (CH)x are inconsistent with the SM transition
being a Mott transition in the conventional sense. There are two
important points of disagreement:
1) The localized states at light doping are non-magnetic
(see Sec. IITA).
2) There is no evidence of strong correlation enhancement of
the Pauli susceptibility near the SM transition (see
Sec. IIIBii and Fig. 1h4).
Thus the SM transition in doped polyacetylene is fundamentally
different from that observed in traditional semiconductors where
1) and 2) above play a central role. '

As shown above, the optical-ir reflectance data suggest an
interpretation in terms of small metallic regions which gradually
grow and coalesce into an extended metallic state at the highest
doping concentrations. In addition, the oscillator strength
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analysis (Sec. ITIIBiv) leads to the conclusion that all the —-
electrons contribute to the metallic conductivity suggesting -
heavy doping removes the bond alterration leading to uniform to:n
length metallic trans- (CH5X. This is consistent with the small
density orf states inrerred from % =ni T ztudiias, In the con-
text of the soliton doping mechanism discussed above, this picture
of the SM transition could be at least qualitatively understood.
Isolated charged solitons would be non-magnetic, in agreement
with experiment. An attractive interaction between solitons
would lead to a coalescence into uniform bond-length metallic
regions. As the dopant density increases, the metallic regions
would begin to overlap giving, eventually, a merallic state., A
naive estimate of the critical concentration would be y, = 1/2n
where N is the hald-width or the soliton; taking =7 cne obtains
yc°'6%. Inclusion of interchain coupling could lead t¢c a perco-
lation threshold at lower values. The interpretation of the SM
transition as arising from soliton-soliton [gteractions pas been
considered in more detail recently by Rice, Schrieffer?” and
Horowitz.-© This interesting possibility will unicubtedl
stlmulate further theoretical ard experimental :-....

IV. SEMICONDUCTOR PHYSICS AND DEVICE APPLICATIONSL7,18,27

A variety of rectifying junctions have been fabricated using
doped and undoped (CH)x. Schottky diodes formed between metallic
AsFa-doped (CH), and n-type semiconductors indicate high
{cH( AsFS) electronegativity., The p-type character of undoped
trans-(CHX is confirmed by Schottky barrier formation with low
work function metals. An undoped p-(CH)y:n-ZnS heterojunction
has been demonstrated with open circuit photovoltage 0.3 V. These
results point to the potential of (CH)x as a photosensitive
material for use in solar cell applications.

As an example, the I-V and C-V characteristics of a Schottky
junction formed with n-GaAs: (metallic)[CH(AsFg),J]x are shown in
Fig. 18. The interface was fabricated by direct” polymerization
of the (CH), film on the semiconductor surface. Several n-GaAs:
(metallic)CH(AsFg ), Jx diodes were produced. As indicated by -V
and J-V characteristics, all had barrier heights in the range 0.8-
1.0 V consistent with results for most metal: n-GaAs interfaces.
Photosensitive diodes were fabricated using thin semi-transparent
[cH(AsFs ), ], films. TIllumination through the polymer with a tung-
sten lamp produced open circuit voltages in the range 0.4-0.6 V,

The formetion of rectifying Schottky Junctions has been
demonstrated with undoped trans-(CH), as the semiconductor. Metal
contacts to the (CH), films were formed by pressing small area
metal tips cnto polymer films in inert atmosphere. The undoped
polymer forms ohmic contacts with highly electronegative metals
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Fig. 18.

(Cu, Au, Pt) and rectifying junctions (Schottky diodes) with
relatively low electronegativity metals {Na, Ba, In). The syste-
matically different behavior with metals of different electronega-
tivity shows that undoped trans-(CH)y is a p-type semiconductor
consistent with thermopower data.

A p-n heterojunction was produced18 from undoped trans-(CH),:
n-ZnS as shown in the inset of Fig. 7. Both free standing films
(pressure contact) and thin film polymerization of (CH), directly
on the n-ZnS single crystal were employed to form the interface.
In each case rectifying junctions were obtained. The data (Fig. 7)
indicate significant photoresponse at energies well below the 3.7
eV ZnS band gap; the peak absolute efficiency occurring at 3.1 eV
is ~ 0.003. This result is clearly a severe underestimate of the
actual photogeneration efficiency due to inefficient collection
of photocarriers by the small area point contact. Capacitance
measurements imply that .the active area of the (CH),:ZnS diode
was confined to a small region around the point contact and was
far smaller than the entire 0.15 cm® interface area. To quantify
this the following experiments were carried out: Junction capac-
itance was measured on the original cell and, subsequently, after
doping with AsFg to reduce the series resistance. The (CH)x film
was then removed, and replaced over the identical area by a
sputtered Au contact, and the capacitance was measured. The
Junction capacitance of the (CH),:ZnS diode was < 20 pf, whereas
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after loping with AsFg, the capacitance increased to =~ 13 nf.

The junction capacitance of the Au:ZnS diode was also ~ 1C nf
Theref'ore an area correction to the guantum efficiency of order
10%-10° is implied leading to an actual quantum efficiency ror the
(CH)y:n-ZnS junction approaching unity at 3.1 eV. Evidently, this
represents photoactivation of carriers in (CHYy since such a
photoresponse from ZnS at a photon energy 0.6 eV below its band
gap with light illuminating the Jjunction through ~1 mm of ZnS is
not reasonable.

Photoelectrochemical photovoltaic cellsZ7 have been fabri-
cated using polyacetylene as the active photoelectrode. Utiliza-
tion of polyacetylene as a photoelectrode in a photoelectrochem-
ical (PEC) cell offers attractive prospects. In general, semi-
conductor~electrolyte junctions are relatively insensitive to the 1
quality of the semiconductor and are favored over solid state i
Junctions with regard to trapping and surface recombination. The
porous fibrillar microstructure of semiconducting (CH), should be
an advantage in PEC cells since the electrolyte can come into
effective contact with the large surface area ( ~ LO m®/g).

Since photoexcitation of polyacetylene involves only pi-electrons
with the backbone binding sigma-bond remaining intact, photo-
dissolution may not be a.serious problem.

.

The (CH), electrode configuration utilized is shown in Fig.
19. To reduce series resistance, the (Ci), film is contacted to
a thin copper sheet using Electrodag. The entire structure is
then dipped into molten paraffin wax; the wax is subsequently
partially removed from the active surface by scraping with a
razor blade thus exposing only the outermost fibrils to the
electrolyte, The wax-filled electrode was utilized in these
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initial studies as a simple means of preventing permeation of the
electrolyte through the vorous film to the Flectrodag backing.

The aqueous electrolyte consisted of a saturated Na,S solution
to which sulfur has been added to saturation. The alcohol/water
electrolyte consisted of either a) 1 volume of saturated aqueous
sodium polysult'ide and two volumes of isopropyl alconhol to which
sulfur has been added to saturation, or b) 1 volume of the satu-
rated aqueous sodium polysulfide solution to which 1 volume of
isopropyl alcohol has been added. The resulting sodium polysul-
fide solution acts as an effective redox couple

-2 - -l -l
= =
Sy + 2e sy-n + Sn {(y 2 n+1)

Since (CH), is p-type, photogenerated electron-hole pairs are
separated at the (CH)y-electrolyte interface with electrons in-
jected into the electrolyte. The resulting ST ions migrate to the
Pt electrode where they lose electrons to reform the S species.
The liberated electrons return to the (CH), electrode {ia the
external circuit. Since (CH), is hydrophobic, the alcohol was
added to the solution to achieve improved contact at the (CH)x

surface,

The photoresponse spectrum of the (CH)x PFC cell is shown in

Fig. 20 plotted as relative guantum efficiency vs photon energy.

The open circles represent data obtained directly from the cell

with light incident on the photoelectrode through the highly coloread
orange solution which rapidly becomes opaque above 2.2 eV. The
crosses represent the quantum efficiency corrected for light ab-
sorption by the electrolyte. The absolute quantum efficiency is
appro§imately 14 at 2.4 eV, The dashed curve on Fig. 20 repre-
sents’+ the photoconductivity response of (CH)x (normalized to
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the PEC cell data at 2 eV) as measured at the University o
Pennsylvania using standard techniques. The nearly lcentice!
shapes of the PEC photoresponse and the (CH}X photoconduc=:iv - -
curves indicate that the former arises frcm electron-role gern.:.
ation in the semiconducting polymer with subsequent minorizy
carrier (electron) transfer into the sodium polysulfide solutic:

at the interface,

In a general context, these junction formation experiments
demonstrate that doped (”H)x can be used in a manner simiiar to
conventional semiconductors. The Fermi level can be set [and
moved) by selected dopants. Fhotogeneration of carriers has been
demonstrated both in solid state p-n and Schottky jurnc<tions and
in the PEC configuration. Guantum efficiencies are low telow
2 eV but increase to values approaching unity at unigher energiles.

V. PROGRESS CN NEW MATﬁRIALS

Considering possible polyacetylene derivatives, replacement
of some or all of the hydrogen atoms in (CH)y with organic or
inorganic groups, copolymerization of acetylene with other acetyl-
enes or olefins, and the use of completely different conjugated
polymers, a large new class of conducting organic polymers can be
anticipated with electrical properties that can be controlled over .
the full range from insulator to semiconductor to metal. Work
along these lines has been initiated. Substituted polyacetylene
derivatives are being studied at a number of laboratories with
initial results that look promising. The work on poly(para-
phenylene)52 and polypyrrole have demonstrated a second system
which can be doped (n- and p-type) etc. with resulting properties
similar to those of doped (CH),.

Contimuing collaborative work®3 at the U. of Massachusetts
and the U. of Pennsylvania, and independent studies of Shirakawa’
in Tokyo have resulted in the synthesis of a new form of poly-
acetylene with variable density, through the isolation of & gel
as a synthetic intermediate step. Scanning electron micrographs
show the fibril structure characterjstic of (CH)y, but with a
fibril diameter of ~ 600 A to 800 A. Electrical conductivity
and thermopower measurements on samples of the undoped polymer
and on samples doped with iodine or AsFg imply properties nearly
identical with previously studied as-grown films of (CH)x, but
with a lower density of (CH), fibrils per unit volume.

The dens1ty of the "foam-like" materials was in the range
0.02 gm/em® to 0,04 gm/em’® with some variation from sample to
sample. Pressed {ilms were obtained with density 0.1 gm/c
/cm depending on the final thickness., These values are to
be compared with the 0.4 gm/ca’ density of the as-grown (CH),
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films. Since the flotation density of the as-grown (C”)x ?i}

is 1.2 gm/cﬁ3, the volume filling “ract‘on, T, ol ribrils i.
approximately 1/3, For the "foam-like" material, f ~ 0,015 -
0.03 whereas the variable thickness rressed films have inter-

mediate values for rt.

Electrical conductivity and thermopower data were obtained
from the "foam-like" meterial and from pressed Iilms, lMeasure-
ments were carried out on undoped samples and on samples heavily
doped with iodine or AsFg. The thermopower of the undoped polymer
is insensitive to the density; the "foam-like material and the
pressed film yield thermopower values of apvroximstely +300 uv/K.
Any variations are comparable with the typical variations obtserved
earlier in as-grown film samples rrom different synthetic prepar-
ations. Similarly, after heavy doping, the results are insensitive
0o the density with values for the "foam-like" material, pressed
f£ilm and as-grown films in good agreement Zor each dopant, Come-
parison with the variation in S as a function of dopant concen-
tration studied in detail earlier leads to the conclusion that
the heavily doped samples are all metallic, The thermopower
results imply that the various Torms of the doped and undoped
polymers are microscopically identical. The low density materials
simply consist of fibrils at a smaller filling rraction, f.

The electrical conductivity data are consistent with this
conclusion. The conductivity of the undoped "foam-like™ material
is nearly two orders of magnitude telow that of the high density
pressed film, Although there may be some increase in the inter-
fibril contact resistance, the reduction in f is of major import-
ance. This conclusion is strengthened by the observation that the
conductivity activation energy (obtained from the temperature
variation of the conductivity near room temperature) is 0.25 eV
for both samples. This value is comparable to the 0.3 eV value
typically obtained from as-grown films.

Similar results are obtained w1th the heavily doped polymers.
The conductivity (176 ohm= -cm™ ) of <the [CH(ASF5 )o.ueJ prepared
from the low density pressed c1s-(CH)x film (p = 0.1 gm/erd ) is
correspondlngly lower than that of the conductivity (560 ohm=!-cm=t,
1200 ohm™ ~cm™ ) of [CH(AsFg )o g4 Ixs [CH(Ast Jo .10dyg respectively,
prepared from as-grown cis-(CH)y im (p = 0.4 gm/en” ). The room
temperature conductiv’ ty of (CHIo Oe)x increases by a factor of
forty on going from the low den51ty "foam-like'" materials to the
high density pressed film. In all cases, the resulting conductive
ity increases with the filling fraction of fibrils. Note that the
increased fibril size in the "foam-~like material and pressed films
does not appear to significantly alter the resulting transport
properties of the doped polymers. The resulting doped and undoped
variable density (CH)y polymers can be viewed as effective media
in which the dc electrical transport is determined by the volume
filling fraction of conducting fibrils.
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VI. CONCLUSICHN

The emergence of polyacetylene 2as a prototype conductin:
organic polymer can be viewed Iin "he oontent OU The Trecent uguq.
opments in research on guasi-ld organic cntactors. Inonly 2
years, organic conductors have progressed Irom tiny, orittle,
molecular crgstals with single crystal electrical conductivity
less than 10° (Q-cm)™ to large area flexible (CH)y polymer films
with conductivity systematically controllable over a remarkable
range (less than 1071°Q~ -.cm=' to greater than 2x10°Q~l-cm™'. The
interest in the fundamental physics and chemisztry of this novel
system and the initial success in device rawvrication have stim-
ulated a broad btased interdisciplinurr ztuils ol fored conducting
polymers in many laboratories througicut =oe worldi. Il=w concepis,
new materials, and new and unusual electrcric rropertizs have
already been demonstrated. It appears safe to concluis that this
field will continue to ‘grow; and that by means ol a tiree fold

interdisciplinary effort involving chemistry, thysics and polymer
science, conducting polymers will develecp in~~ = bhroad class of
materials of considerable scientific interest ... potentlal

tecimological impertance.

REFERENCES

1, Lennsrd-Jones, J. E.: 1937, Proc. R. Soc. A 158, p. 280.
2, Coulson, C. A.: 1938, Proc. R, Soc. A 16L, p. 3383,
3. Brooker, L., G. $.: 1951, J, Am. Chem, Scc. 73, p. 1087;

73, p. 5332.

4, Kuhn, H.: 1948, Helv, Chim. Acta 31, p. 1hll.
5. Lounget-tliggins, H, C, and Salem, L,: 1959, Prov. R, Soc.

A 25, p. 172,

6. Peierls, R. £.: 1955, "Quantum Theory of Solids" (Oxford
University, London), Chap. 5.

7. "Low Dimensional Cooperative Phenomena’, edited by H. J.
Keller (Plermum, New York, 1975); "Chemistry and Physics of
One Dimensional Metals'| edited by H. J. Keller (Plenum, Illew
York, 1977); “One Dimensional Conductors"', edited by J.
Devreese (Plenum, New York, 1978).

8. Ovchinnikov, A, A., Ukrainski, I. I., and Kventsel, G, V.:
1978, Usp. Fiz. Nauk. 108, p. 81 [Sov. Phys. Usp. 15, p. 575
(1978)1. .

9. Szabo, A., Langlet, J., and Malriev, J.: 1976, Chem, Phys.
13, p. 173; Cojan, C., Agrawal, G. P. and Flytzanis, A.:
1977, Phys. Rev. B 15, p. 909; Kertez, M., Koller, J., and
Azman, A.: 1977, J. Chem. Phys. 67, p. 1180.

10, Grant, P. M, and Batra, I, P,: 1979, Solid State Commn. 29,
p. 225.

11. Duke, C. B., Paton, A.,, Salaneck, W. R,, Thomas, H. R.,
Plummer, E. W., Heeger, A. J. and MacDiarmid, A. G.: 1978,
Chem. Phys. Lett. 59, p. 1h6.

e e At e




P

12.

13.

1%,

Hsu, S., S'g"orelll, -, ez, G.,
J. Chem. Phys. €3, p. 5105; 09, p. 10

Heeger, A. J. and MacDiarmid, 4. 3., Proc. o7 the Subrovrn.
Conf. on Guasi One-Cimensional Jonducsors, ». 3Cl. recsur-
"otes in Fhysies %, Ed., S. Zarisic (Sgrin .
Heidelberg liew York, 1979); MacDiarmid, = . and Heeger,
A, J., "Molecular "etals , Ed. W. HatTield, IA77 JonTerence
Series VI: lMaterials Science, (Plenum Press, liew York and
London, 1979), p. 161. See also accompanying paper in this
volume by A. &. MacDiarmid and i, J. iieeger Tor more details
on chemical aspects of the problen.
Chirakawa, Y., Louis, E. J., Macliarmid, A.

)

and Bauglman, R.: 177

G.
and Heezer, A, J.: 1572, Chem. Cocurmn. p. 5735 &
Druy, . a., Gaw, 3. 7., deeger, 2. J., Shirakawa
E, J., MacDiarmid, A, G. and Park, Y. W.: 1673, 5. nm. Chem.
Zoc. 100, p. 1013,

15, Chiang, ¢, ¥... Park, Y. W., Heeger, &, J., Shirakawa, H.,
Louis, Z, J., and MacDiarmid, A, o.: 1978, 0. Them. Fhys
69, p. 50G8.

15. Chiarz, 2. ¥., Tincher, I, B., Jr., Tark, Y, W., Heezer, A, J.,
Shiregxava, ., louls, I, J., Gau, 2. ., z2nd ¥aeDilaymli, A, .

17.

18.

19.

20,
21,
22,
23.
2k,
25.
26.
27.

28.
29.

S it g

1377, Phys. Rev. Lett. 39, p. 1098.

Chiang, C. K., Gau, S. C,, Fincher, C. R., Jr., Park, Y. W.,
MacDiarmid, A. G., and Heeger, A, J.: 1078, appl. Fhys. Lett,
33, p. 181.

Ozaki, M., Peebles, D., Weinberger, B, R., Thiang, C. ,
Gau, 8, C,, Heeger, A. J. and MacDiarmid, 2. G.: 1979, Appl.
Phys. Lett., 35, p. 83.

Fincher, C, R., Jr., Peebles, D, L., Heeger, A, J., Druy,

M. A., Matsumra, Y., MacDiarmid, A. G., Shirakawa, H., and
Ikeda, S.: 1978, Solid State Commun. 27, . 489.

Shirakawa, H. and Ikeda, S. (to be published).

Park, Y. W., Druy, M. A., Chiang, C. K., Heeger, A. J.,
MacDiarmid, A, G., Shirakawa, H., and Ikeda, 3.: 1979,
Polymer Lett. 17, p. 195.

Weinberger, B, R., Kaufer, J., Heeger, A, J., Pron, A., and
MacDiarmid, A. G.: 1979, Phys. Rev, B 20, p. 223.

Shirakawa, H., Ito, T., Ikeda, S.: 1978, Die Macromolecular
Chemie 179, p. 1565.

Goldberg, I. B., Crowe, H. R., Newman, P, R., Heeger, A. J.,
and MacDiarmid, A. G.: 1979, J. Chem. Phys. 70, p. 1132,

Su, W, P,, Schrieffer, J. R., and Heeger, A. J.: 1979, Phys.
Rev. Lett. L2, p. 1698.

Rice, M, J.: 1979, Phys. Lett. 7lA, p. 152.

Chien, S. N., Heeger, A, J., Kiss, Z., MacDiarmid, A. G.,
Gau, S, C., and Peebles, D, L.: Appl. Phys. Lett. (to be
published)

Qoshika, Y.: 1957, J. Phys. Soc. Japan 12, pp. 1238, 12ui6,
Fincher, C. R., Jr., Ozeki, M., Tanaka, M., Feebles, D. L.,
Lauchlan, L., Heeger, A. J. and MacDiarmid, A. G.: Phys. Rev.
B (Aug. 15, 1979).

neanr d T A N




|

S

30.
31.
32.

33.

3k,

36.
37.
28,

-

39.
Lo,

L1,
L2,

L3.

Lh,
L5,

L6,
47.

L8.
L49.
50.
51.

52.

ot A it

Ca)

Ito, T., Shirakawa, H., and Ikeda, S.: 1975, J. Polym. ’:i.,
Chem, ©d. 13, p. l¢hk3,

Fincher, C. R., Jr., Ozaki, M,, Heeger, A, J,, and Macliarm:
A. G.: 1979, Phys. Rev. B 19, p. ulko,

Bychkov, Y. A,, Gorkov, L. P., and Dzyaloshinskii, I, E.:
1966, Sov. Phys. JETP 23, p. 489.

Tani, T., Gili, ¥, D., Clarke, T. C,, and Street, G, B.:
Preprint, IBM Symposium on Conducting Polymers, March 29, 3C,
1979.

Nigrey, P. J., MacDiarmid, A. G., and Heeger, A, J.: (in
press, 1979), Chem. Commun. This paper discusses electro-
chemical doring techniques,

. Park, Y, W., Cenenstein, A., Chiang, C. X,, Heeger, A. J.,

and MacDiarmid, A, G.: 1979, Sol. State Comrun. 23, p. 747.
Kwak, J, F., Clarke, T, C., Greene, R, L., and Street, G, 3.:
1978, Bull. Am. Phys. Soc. 23, p. 56.

Heikes, R.: "Buhl International Conference on Materials",
Ed. by E. R, Shatz (Cordon and Breach, New York, 1374).
Chaikin, P. M. and Beni, G.: 1976, Phys. Rev. B 13, p. 6L7.
Harada, T., Shirakawa, H., and Ikeda, S.: Chem., Lett., (to be
rublished; Street, G. B. (private commun.).

Salaneck, W. R., Thomas, H. R., Duke, C, B., Paton, A.,
Plummer, E. W., Heeger, A. J., and MacDiarmid, A, G.:

J. Chem., Phys. (in press).

Fincher, C. R., Jr., Ph.D. Thesis, U. of Pennsylvania (1979)
{unpublished).

Tanaka, M., Fincher, C. R., Jr,, Heeger, A, J., Druy, M. A.,
and MacDiarmid, A. G.: 1979, Bull. Am. Phys. Soc. 24, p, 327.
Shirakawa, H. and Ikeda, $.: 1371, Polym. J. 2, p. 231;
Shirakawa, H., Ito, T., and Ikeda, S.: 1973, Polym. J. k4,
p. 460; Ito, T., Shirakawa, H., and Ikeda, S.: 197k, J.
Polym. Sci. Polym. Chem. Ed. 12, p. 11; Ito, T., Shirakawa,
H., and Ikeda, S.: 1975, J. Polym. Sci. Polym. Chem, Ed.
13, p. 1943,

Shirakawa, H. (private communication).

Seeger, X., Gill, W, D., Clarke, T. C., and Street, G. B.:
1978, Solid State Commun. 28, p. 873.

Mott, N. F.: 1972, Advances in Physics 21, p. 785.

See for example, Ziman, J. M., "Principles of the Theory of
Solids", (Cambridge Univ. Press, 1972) pp. 168-170.

Rice, M. J. and Timonen, J. (preprint)

Schrieffer, J. R., (private communication).

Horovitz, B., (private cormmnication).

Peebles, D. L., Tanaka, M., Heeger, A, J., and MacDiarmid,
A. G., (to be published).

Baughman, R. H., Ivory, D. M., Miller, G. G., Shacklette,

L. W., and Chance, R. R.: Preprint, IBM Symposium on Con-
ducting Polymers March 29-30, 1979; Shacklette, L. W,, Chance,
R. R., Ivory, D. M., Miller, G. G., and Baughman, R. H.,
"Synthetic Metals" (in press).

o g v e v =

(@9)




39

53. Kanezawa, K, K., Diaz, A, F., Gardini, G, P., Gill, W. L.,
Kwek, J. F,, and Street, G. B.: 1979, Bull. Am. Phys. Scc.
2L, p. 326; IBM Symposium on Conducting Polymers, March . ‘.-
30, 1979.

sk, Wnek, G. E., Chien, J. C. W., Karasz, F. E., Druy, M, A.,
Park, Y. W., MacDiarmid, A. G., and Heeger, A. J., Polymer
Lett. (in press).

55. Shirakawa, H., and Tkeda, S., IBM Symposium on Conducting
Polymers, March 29-30, 1979 and ACS/AJS Chemical longress,
Honolulu, April 1-6, 1979,

‘ ' . . ) PTTRIReR Ss 6 ) oo DEREITIEr OGS
dL:r—~“"1»n:“;,—~v - v -




S

Te=2/a23

TECANICAL REDCRT DISTT

.o
(P L TN

r-—a .
A721GAN T

T84 T2-608

e —ar o+ -
TTTT AN b

N—.

Copies o)
Office cf YNaval Rssearch U.S. Arzy Research Jfiice
Attn: Code 472 Attn: CRC=-Aa8-17
800 North Quincy S3treet P.0. Box L2il
Arlington, Virginia 22217 2 Research Triangle Park, N.C. . " .¢
ONR 3ranch 0ffice Naval Ocean Systazs Center
Attn: Dr. George Sandoz Atta: Mr. Joe McCartney
336 S. Clartk Street San Diego, California 921352
Chizago, Illinois 60605 1
Naval Weapons Center
OSR 3ranch 0%Zice Attn: Tr. A. 3. Azscer,
At*n: Sciamrcific Dept. Chezistzy Uivision
713 3readway China Laxe, Califorais 323353
Yew York, Yew York 10002 1
Naval Civil Engizeering Latoratcrw
ONR Brazch 0IZice Atta: Dr. R. W. Drisko
1030 East 5raen 3ItrTeet Peort Hueneze, Californiz 32201
Pasadena, Califnrnia 91106 1
N Depar=zment of Phvsics & Chemistzy
ONR Branch Office Naval Postgzraduats Schoel
Attn: Dr. L. H. Paebles Monterev, Califorznia 33949
Buildizz 114, Section D .
566 Summer Strzet Dr. A. L. Slafkosuy
Boston, Massachusetts 02210 1 Scientific Advisor
Commandant oI the Mazine Corps
Directsz, Yaval Research Latoratory (Code RD-1)
Attn: Ccde 31730 Washiggton, D.C. 20280
Washing=on, D.C. 20390 1
Office of Naval Researzh
The Assistant Secratam Attn: Dr. 2Righard S. ¥ille:
of the Navr (R,Z43) 800 N. Quincy Strest
Departmnent oI che Navy Arlingroun, Virgicoia 22217
Rocm 4E73€, Pentagem
Wasnington, D.C. 20350 1 Naval Ship Research and Developmenct
Center
Commandar, Yaval Air Svsteas Ccmmand Atta: Dr. G. 3osmaiianm, applied
Atzu:  Code 310C (¥. Resenwasser, Chemistry Division
Department of the Yavy Annapolis, Marvland 21401
Washington, D.C. 29360 1
Maval Oceaz 3Svstems Centar
defense Documentation Canter Atun: Dr. 8. Vazmazctd, Marize
3uildiag &, Camercn Staticn Sciences Tivisica
Alexandria, Virginia 22314 12 San Disge, Califcrmia 912322
Sr. Fred Saallels Mr. Jota Bevle
Chemisczy Zivisicn Yatarigls 3ranch
vaval Zes2aran LascricaosTy Ylaval Shios Iaginesrsing laniar
washingteon, D.C. 20375 1 Pviladeiphia, Paanswivaniz 13L12
, S —
P - v AT 2 T e e —

(O3]



S e T v

(.
(82
O
5
(&)
0
F
A
i
gy
[
2]
v
[
(5]
w
3

J
%)
132
P

TION LIST, 3553

e ey

Dr. T. C. Williams

Union Carbide Corporacion
Chenical and Plastics
Tarrytown Technical Center
Tarrytown, New York

Dr. R. Soulen

Contract Research Depar:tzent
Pennwalt Corseration

900 First Avenue

King of Prussia, Pennsylvania 19405

Dr. A. G. MacPiarmid
University Pennsylvania
Department diN\Chemistry
Philadelphia, Pemnsylvania 19174
Dr. C. Pittman

University of Alabama -
Department of Chemistry
University, Alabama 35486

Dr. H. Allcock

Pennsylvania State University
Department of Chemistry

Upiversity Park, Pennsylwvania 16802

Dr. M. Kenney
Case-Western University
Cepartment of Chemistry
Cleveland, Ohio 44106

Dr. R. Lenz

University of Massachusetts
Department of Chemistry
Amherst, Massachusetts 01002
Dr. M. David Curtis
Uaiversity of Michigan
Departzent of Chemistry

Ann Arbor, Michigan 48105

Dr. M. Good

Division of Engineering Research
Louisiana Sta%e University

Baton Rouge, Louisiana 70803

Douglas Aircraf: Company
3855 Lakewood 3oulevard
Long Beach, California
Attn: Technical Library
Cl 290/36-84
AUTO~Sutton

90840

NASA~Lewis Research Center

210CC Brockpark Road

Cleveland, Onio 44135

Attn: Dr. Te. T. Serafini, MS 49-1

Dr. J. Griffich

Naval Research Laboratory
Chemistry Section, Code 6120
Weshington, D.C. 2037

Dr. G. Goodman

Globe=Union Incorporated
5757 North Green 3ay Avenue
Milwaukee, Wisconsin 53201

Dr. E. Fischer, Code 2853
Naval Ship Reszarch and
Development Center
Annapolis Division
Annapolis, Marvland 21402

Dr. Martin H. Kaufman, Head

Materials Research Branch (Code 4542)

Naval Weapons Center

China Lake, Califormia 93555

Dr. J. Magill

University of Pittsburg

Metallurgical and lfaterials
Engineering

Pittsburg, Pennsylvania 22230

Dr. C. Allen

University of Vermont

Department of Chenmistry

Burlington, Vermont 05401

Dr. D. Berghreiter
Texas A& Universicy
Department of Chemistrs

College Station, Texas 77843




TECHNICAL REPORT DISTRIBUTION LIST, 356B

CoEZés

Professor R. Drago
Department of Chemistry
University of Illinois
Urbana, Illinois 61801

Dr. F. Brinkman

Chemical Stability & Corrosion
Division

Department of Commerce

National Bureau of Standards

Washington, D.C. 20234

Professor H. A, Titus

Department of Electrical Engineering
Naval Postgraduate School ’
Monterey, California 93940

COL B. E. Clark, Code 100M
Office of Naval Research
800 N. Quincy Street
Arlington, Virginia 22217

Professor T. Katz
Department of Chemistry
Columbia University

New tork, New York 10027

Dr. Frank Karasz

Department of Polymer Science and
Engineering

University of Massachusetts
Amherst, Massachusetts 01003

Dr. James Chien

Department of Polymer Science and
Engineering

University of Massachusetts
Amherst, Massachusetts 01003

Professor A. J. Hgeger
Director
search on Structure

Streets/Kl
University of Pannsylvania
Philadelphia, Pelnsylvania 19104

Dr. Richard A. Reynolds
Deputy Director

Defense Sciences Office
DARPA

1400 Wilson Blvd.
Arlington, Virginia 22209

Dr. Rudolph J. Marcus
Office of Naval Research
Scientific Liaison Group
American Embassy

APO San Francisco 96503

Mr. James Kelley
DTNSRDC Code 2803
Annapolis, Maryland 21402

472:GAN:716:ah
78ué72-608

Cogies

LT T T~







