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Ultraviolet photoelectron spectroscopy (UPS) has been used to observe changes in the n-band struc-
ture in poly(3-hexylthiophene) induced by doping using NOPFs. The charge-induced movement of the
Fermi energy and a finite density of electronic states at the Fermi energy in the most highly doped (sa-
turated) material are seen unambiguously with UPS for the first time in a conjugated polymer. The re-
sults imply the existence of a new, recently predicted theoretically, but hitherto unobserved, polaron-
lattice state of this conjugated polymer at the saturation-doping level.

PACS numbers: 71.20.Hk, 72.80.Le, 73.20.At

Charge-induced changes in the local molecular
geometry of conjugated polymer chains is a central issue
in understanding the electronic properties of electrically
conducting organic polymers, whose electronic structures
are generally one dimensional. Most previous experi-
mental studies of the electronic structure have been car-
ried out using optical-absorption spectroscopy, where
essentially only differences in electron energy levels are
observed as optical transitions. Other more indirect ex-
perimental studies include, e.g., measurements of un-
paired electronic spins which occur as a consequence of
self-localized electronic states associated with such
charge-induced structural relaxation effects in conjugat-
ed polymers.!-?

In this Letter, we report the direct observation of
charge-induced electronic structural changes in the =
system of a prototypical conjugated polymer, a poly-
alkylthiophene, using ultraviolet photoelectron spectros-
copy (UPS). We have observed directly the movement
of the Fermi energy, Er, associated with new electronic
states within the otherwise forbidden energy gap, E,.
These states are associated with the charge-induced
geometrical changes in the conjugated polymer chain. In
addition, we observe a finite density of states at the Fer-
mi energy, p(Er), unambiguously for the first time using
UPS. Whereas, in general, other types of measurements
yield indirect evidence for a finite density of states at the
Fermi energy, for example, in polyacetylene’® and po-
lyaniline,* photoelectron spectroscopies are, in principle,
capable of yielding the electronic structure at and near
the Fermi energy directly. Although previous attempts
have been made to observe a finite p(Er) using x-ray
photoelectron spectroscopy (XPS), the results have been
at best ambiguous due to the existence of three factors:
lower inherent resolution of XPS relative to UPS; in-
terference of x-ray satellites if nonmonochromatic x-ray
sources are used; and above all the inherent low cross
sections for photoionization of energy levels with C(2p)-

derived wave functions, i.e., those states nearest the Fer-
mi energy in conjugated polymers. UPS, on the other
hand, has a high cross section for photoionization of
C(2p)-derived = orbitals.

The movement of Er and the existence of a finite
p(EF) indicate the existence of (although not alone
definite proof of) a polaron lattice as the highest con-
ducting (saturation doped) state of this conjugated poly-
mer, 2> a state which has been predicted theoretically but
hitherto not observed experimentally in this nondegen-
erate ground-state polymer. At “intermediate” doping
levels (see below), bipolarons are known to be the
charge-carrying species in the polythiophenes, according
to the results of optical-absorption studies,®® consistent
with the one-dimensional nature of the system. Since the
polaron lattice is expected to be unstable towards a
Peierls distortion in a conducting system in strictly one
dimension,® our new results imply the existence of
higher-dimensional interactions, namely through charge-
transfer interactions with the counterions, in the doped
state of this polymer system, ' which up to now had been
generally considered to be a highly one-dimensional sys-
tem. Moreover, this work provides a reference frame-
work for the further refinement of theories of the metal-
lic regime in conducting polymers.

The alkyl-substituted polythiophenes are some of the
most studied conducting polymers today because of their
high degree of processability.!! In particular, the tem-
perature dependence of the electronic structure of un-
doped poly(3-hexylthiophene), or P3HT, determined by
UPS using Hell (40.8 eV) radiation, has been presented
previously in the characterization of the thermochrom-
ism in P3HT in terms of thermally induced conjugation
defects in the aromatic backbone.'? The chemical struc-
ture of P3HT is shown at the top of Fig. 1. The presence
of the alkyl side groups does not have any direct effect
upon the 7 system of the polymer at low temperatures. '3
In this work we have studied the effects on the electronic
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FIG. 1. Top: chemical structure of poly(3-hexylthiophene),
or P3HT. Bottom: hypothetical UPS spectrum, with the pa-
rameters ¢, Er, and Eco as defined in the text.

properties of P3HT caused by doping using NOPF; dis-
solved in acetonitrile. We focus upon the structure of
the n-electronic band, the so-called =3 band, which lies
closest to the Fermi level Ef, as a function of doping, as
observed via UPS using Hel (21.2 eV) radiation. Since
data collection was carried out at —40°C, the results
can be interpreted in the context of a planar geometry of
the conjugated backbone.>!2

The processability of the polyaklylthiophenes makes
possible the preparation of very pure and very clean ul-
trathin films, which enables the present study. The
P3HT used here was of a molecular weight correspond-
ing to polymer chains containing approximately fifty
thiophene rings.!! A great deal of effort was put into
preparing very clean ultrathin films, as discussed previ-
ously.'* Thin films were cast from chloroform in a sat-
urated chloroform atmosphere, and inserted (through air
in transport) directly into a closed N, atmosphere in an
“introduction chamber” of a specially designed and built
photoelectron spectrometer.!®> The films were dried un-
der 10 ~¢ Torr, obtained by an oil-free turbo pump, and
then moved directly into the main analysis chamber, at a
pressure of less than 10 ~'° Torr, maintained by a special
combination of ion- and cryo-pumping. The films were
then heated to 180°C to remove hydrocarbon contam-
ination and any remaining solvent. Because of the sur-
face sensitivity of UPS, the heating step was necessary,
and shown to be sufficient, in obtaining high-quality
spectra.!?!'*  After working with films of various
thicknesses, we have no experimental evidence (nor
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suspicions) that the effects reported here are of any sur-
face origin.

Doping was done by moving the sample back into the
introduction chamber, substituting the vacuum with a
flowing dry N, atmosphere, and applying a controlled
amount of the doping solution, NOPF in acetonitrile, on
the surface of the sample, which was tilted at 30° to the
horizontal. The excess doping solution gathered in a spe-
cial receptical built into the sample holder. Finally, the
chamber was sealed, and the sample dried again under
10 ~® Torr turbo-pumped vacuum, as above. The N at-
mosphere is very effective in keeping O, and H,O from
the sample, as discussed previously.!* The extent of dop-
ing appeared to increase uniformly up to a saturation
point, beyond which the spectra did not change. For the
saturation-doped samples, the samples were rinsed in
situ with acetonitrile after doping but before pumping to
10 ~¢ Torr, in order to remove any possible residual salt
from the surface. Ultraviolet photoelectron spectra were
recorded with Hel (21.2 eV) radiation, with an analyzer
resolution of 0.2 eV. Binding energies quoted are es-
timated to be good to within +0.1 eV.

Photoelectron spectra of solids are recorded relative to
the Fermi energy Er by the manner in which a spec-
trometer functions. The vacuum level, however, is the
reference energy of chemical significance. When Efg
changes due to some chemical modification of a sample,
e.g., in the interaction of graphite and other layered com-
pounds,!® and in the doping of conducting polymers,'’
then it is necessary to account for this change, Er, before
interpreting spectra.'* The work function, ¢, can be
determined from the width of a UPS spectrum, using the
following simple equation: Eco—Er+¢=hv, where
hv=21.2 eV for the Hel radiation used in the experi-
ments reported here, Er is the Fermi energy, and Eco is
the cutoff energy of the secondary electrons in the UPS
spectrum, as sketched at the bottom of Fig. 1. The bind-
ing energy is taken as a positive number. In this work,
we estimate AEr from the change in the work function,
A¢, which is equal to AE co, and subsequently adjust all
binding-energy values by this amount. '8

In Fig. 2 are shown the Hel UPS spectra of the n
bands that occur nearest to Er. Note the evolution of
the band structure with doping. In particular, the so-
called 73-band edge is located at about — 1 €V relative to
Er in the undoped material, as expected'>?° for an in-
trinsic semiconductor with a band gap of about 2.1 eV.
Upon doping to the saturation level, the z3-band edge
moves relative to Er and Er moves by about 0.8 eV rela-
tive to the vacuum level. The movement of the z-band
edge (but not the AEr) has been reported previously in
poly (3-methylthiophene).2® This is the first report of the
direct spectroscopic observation of the shift of the Fermi
level upon doping of a conjugated polymer. Most impor-
tantly, however, note that at saturation doping, a finite
density of states is observed in the region of the Fermi
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FIG. 2. The UPS spectra of the n bands of P3HT aligned
relative to Er (right) and adjusted for AEF (left). The number
1 refers to undoped, 4 to saturation doped, and 2 and 3 to in-
termediate doping.

energy. These combined results are significant in several
ways, as indicated below.

The movement of Er must be taken into account be-
fore interpreting x-ray photoelectron spectra of the core
electrons in terms of initial-state, charge-induced (dop-
ing), chemical shifts.!®!” This aspect of the present
work will be reported separately.'® We note in passing,
however, that upon doping, before correction for AEF,
both the as-recorded C(1s) and S(2p) core-level binding
energies appear to shift in the wrong direction for an
initial-state chemical shift resulting from electron
transfer from the polymer to the dopant species. After
correction for AEr, the XPS chemical shift results agree
with the analysis presented below. '®

The present UPS data can be interpreted in terms of
the results of recent extensive quantum chemical calcula-
tions by Stafstrém and Brédas,? based upon the valence
effective Hamiltonian (VEH) pseudopotential method.
Electronic charges (holes or electrons) can be added to a
conjugated polymer via charge transfer with dopant mol-
ecules.! In the case of the present nondegenerate
ground-state conjugated polymer, there are three doping
regimes to be considered. Upon initial lowest doping,
the individual charges (holes, in the present case) must
initially go into polaron states, by definition. At inter-
mediate and high doping levels, mobile polarons combine
to form doubly charged bipolarons, which are expected
to be the lowest-energy, stable, charge-carrying species
in the polythiophenes.>® Indeed, optical studies on
poly (3-methylthiophene) are in complete agreement with
the existence of polarons as the initial charge-carrying
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FIG. 3. Schematic representations of the band structures of
(a) undoped, (b) bipolaron-lattice, and (c) polaron-lattice
forms of polythiophene, after Ref. 2.

states, and with the existence of bipolarons at higher
doping concentrations.” At saturation doping, however,
VEH results indicate a possibility that the bipolaron lat-
tice may revert to a polaron lattice, under certain condi-
tions.2

The molecular wave functions of both polarons and bi-
polarons are spread out over many (~6) thiophene
rings.>® At the highest concentration, corresponding to
saturation doping, these wave functions overlap, leading
to the formation of either a polaron lattice or a bipolaron
lattice.? Schematic representations of the band struc-
tures for undoped polythiophene, as well as the calculat-
ed polaron and bipolaron lattices (corresponding to satu-
ration doping), are shown in Fig. 3. Only the polaron
lattice exhibits a finite p(Er). Moreover, the difference
in Efr expected between the undoped and the polaron-
lattice forms of polythiophene is calculated to be 0.7
eV,2 in very good agreement with the measured value of
about 0.8 eV. We stress that the finite p(Ef), the ob-
served AEr, and the XPS chemical-shift analysis'® all
agree with the polaron-lattice model.? Note that in self-
consistent-field calculations,? the polaron lattice provides
for significant charge polarization along the polymer
chains, in agreement with the strong ir activity observed
at high doping levels.?!

The results of these present studies imply (but do not
prove) the existence of a polaron lattice at the high (sat-
uration) doping level in polythiophene. The polaron lat-
tice, which corresponds to a half-filled band, is expected
to be unstable in a one-dimensional system.>?? Thus,
these results imply that additional interactions (higher
dimensional, or locally with the counterions) occur,
which are necessary to stabilize the polaron lattice. It
should be noted, however, that there are other models of
the high-doping regime which predict a metallic state in
other conjugated polymers. In addition to a polaron-
lattice model,?* both disorder?* and Coulomb interac-
tions with dopant ions and charges on neighboring
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chains?® have been suggested to produce a finite p(Er)
in polyacetylene. Further calculations would be neces-
sary in order to check the validity of these models for the
case of the polythiophenes. We note, however, that the
evolution of the Fermi level upon p-type doping predict-
ed by the latter model?® leads to a shift of the Fermi lev-
el towards lower binding energy, because of the interac-
tions of the electrons on the polymer chains with the neg-
ative counterions, i.e., Coulomb repulsion. This effect
goes in the opposite direction to what we observe experi-
mentally in polythiophene. Furthermore, the presence of
significant disorder would prevent the very observation of
the UPS peak at the Fermi level. -?’
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