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Band filling and depletion through the doping of polyaniline thin films

B. Xu, Jaewu Choi,® A. N. Caruso, and P. A. Dowben”
Department of Physics and Astronomy and the Center for Materials Research and Analysis (CMRA), Behlen
Laboratory of Physics, University of Nebraskancoln, Lincoln, Nebraska 68588-0111

(Received 27 November 2001; accepted for publication 13 April 2002

The position of the molecular orbitals of polyaniline, relative to the Fermi level, shifts with the
doping of polyaniline by both charge donor and charge acceptor species. Sodium as an electron
donor, when added to the polyaniline system, results in an increase in electron population in the
polyaniline bands but a decrease in density of states BearThis is evident from the consistent

shifts toward the greater binding energy of the occupied as well as unoccupied molecular orbitals,
the valence bands and conduction band edges and characteristic core levels. In the case of iodine
doping, an electron acceptor, all the states were shifted toward smaller binding energy. These results
provide compelling evidence that the molecular orbitals of vapor deposited polyaniline thin films are
delocalized. ©2002 American Institute of Physic§DOI: 10.1063/1.1484247

Chemical shifts in photoemission have been recognizetkvel is positioned at higher energies relative to the graphite
for more than three decades and core level photoemissidike band structure of the carbon nanotubes the greater the
chemical shifts are now commonly used to “fingerprint” the charge donation from the doping alkali metals.
chemical state of many compounds and molecules. System- Of the various candidate conducting polymeisg.,
atic studies of combined valence and conduction band initiapolythiophene, polyacteylene, polypyrrole, polyaniline,
state chemical shifts, however, are rare. Such combined stuec®), it has been demonstrated that polyaniline thin films
ies are essential for distinguishing between shifts in bandsan be produced by vapor depositiband this is compatible
resulting from changes in metallicity and electron screeningvith ultrahigh vacuum photoemissidf These films can be
(electron spectroscopy final state efféead charge transfer grown very thin(100 A or lesg and are free of solvent con-
due to the addition of ligands, or alloyin@nitial state ef- tamination. Such films exhibit perpendicular resistance of
fects. The addition of ligands, doping or alloying necessaryonly a few ohms at temperatures as losvaK and are thus
for significant chemical shifts of the valence band results irfree of surface charging in photoemission.
significant changes in the molecular orbitéils molecule$ The polyaniline samples were prepared by vacuum
and band structurén solids and can obscure changes in the deposition on Au-coated500 A) silicon substrates in a
valence band due to simple charge addition or subtractiorpreparation chamber vacuum continuous with the spectrom-
With insulators, doping can lead to a number of interestingeter vacuum systent§ Angle-resolved photoemission spec-
complications. Changes in electron localization can lead tdéroscopy experiments were performed om tB m toroidal
dramatic changes in photoemission screehamgl, as a con-  grating monochromator at the Center for Advanced Micro-
sequence, photoemission final state effects rather than initistructure and Device€CAMD).1° The angle-resolved photo-
state chemical shifts can dominate the valence BaRdr  emission spectra reproduced here were taken with photon
wide band gap insulators, doping can lead to the formation oénergy of 70 eV, the photon incident angle was 4€% p
a density of states in the gdplubbard bands These new polarized lighy and the photoelectrons were collected normal
bands can appear well away from the Fermi ledabth to the surface. He) (21.2 e\j ultraviolet photoemission
above and below the Fermi leyeds a result of the on site spectroscopy(UPS, angle-resolved inverse photoemission
correlation energies. These Hubbard bands have been obpectroscopy(IPES, and angle-resolved x-ray photoemis-
served with alkali metal doping of a number of molecularsion spectroscopyXPS) were undertaken in a single UHV
systems that have a large gap between the highest occupiedlamber* The Fermi level was determined from a tantalum
molecular orbitaHOMO) and the lowest unoccupied mo- foil in close contact with the sample substrate and the gold
lecular orbital(LUMO).>34If the molecular orbitals are suf- substrate.
ficiently delocalized, organic conductors provide an avenue A SEAS Na getter was used to sodium dope the poly-
by which to directly investigate systematic shifts of the va-aniline films, while iodine vapor was used to introduce io-
lence and conduction band states as a result of charge trardine into the films. The Nadto C 1s x-ray photoemission
fer. For example, for single walled carbon nanotul@NTs),  intensity ratios show no emission angle dependence follow-
band structure calculatioh suggest that alkali metal dop- ing Na deposition. This indicates that the sodium is uni-
ing leads to a transition from a semimetallic character to dormly distributed in the surface region of the vapor depos-
more metallic character and modest band filling. The Fermited polyaniline in a fashion similar to some other
polymerst! The result is similar in iodine doped polyaniline
g' ms. There is, therefore, no Schottky barrier formation like
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a FIG. 2. (Color Angle integrated ultraviolet photoemission spe¢tedt) and
= inverse photoemissiofmight) spectraat normal incidenceof freshly evapo-
rated polyaniline thin film(100 A) as well as following sodium and iodine
doping. Spectra 1 are from clean polyaniline film, spectra 2, 3, and 4 are
from sodium-doped film with increased sodium exposure while spectra 5 are
from iodine-doped film. Three photoemission features and one unoccupied

an 20 10 E inverse photoemission feature show similar binding energy shifts with dop-
ing (denoted as features A, B, C, and D, respectively

Binding Energy (eV)

FIG. 1. (Color) Valence band evolution with increasing sodium doping of a trgtlons (_)f sodium, as We”_as eIectro.n- SUbtraCt'on.from 10-
polyaniline film (100 A thick using angle-resolved photoemission spectros- dine doping of vapor deposited polyaniline on gold, is shown
copy. The polyaniline film was deposited on a Au-coats@0 A) silicon in Fig. 2. Both the occupied and unoccupied molecular or-

substrate. The sodium doping level increases from bottom to top, as indig: g P ;
cated by the intensity for the Nap2core level(30.5 eV binding energy bitals of the freshly evaporated polyaniline thin films shift

Simplified schematicgébased on aniline alon®f the HOMO, the overlap- toward greater or smaller binding eqerg(a&it.h r_esF)eCt to
ping HOMO-1 and HOMO-2, and the overlapping HOMO-3 and HOMO-4 the Fermi level when doped with sodium or iodine, respec-

photoemission features are shown in the inset. tively. This is very different from sodium doped
poly(p-pyridine)*® and other polymeric system$,where so-

The preferential configuration of native polyaniline in- dium doping induces new states in the otherwise empty band
cludes an alternate tilt of one aromatic ring with respect tagap, but does resemble the increase in binding energies of
the next(the arene-like rings are not coplah#tIn fact, we  the molecular orbitals observed with sodium doping of mul-
observe light polarization dependence of polyaniline filmstiwalled carbon nanotubés.
with thicknesses less than 50 'A.Because the HOMO, As seen in Fig. 2, the shifts in binding energies for va-
HOMO-1, and HOMO-2schematically shown in Fig.)Jare  lence bands or occupied molecular orbitéisatures A, B,
enhanced witls-polarized light, although observed in bgth  and Q are the same and while the unoccupied leigature
ands-polarized light, it is clear the phenylene ringsd the D) appear to exhibit a less significant shift in binding energy,
chain length are mostly parallel with the surface, as dis- the trend is very similar. Several fitting routines, with one
cussed in detail elsewhet®With an increase in the thick- illustrated in Fig. 2, were used to ascertain the shifts in the
ness of polyaniline on gold, the phenylene rings tend to tiltunoccupied levels, and all provided similar results. These
out of the plané® The adoption of the polyaniline configu- shifts with a charge donor dopant or a charge acceptor dop-
ration with arene rings coplanar greatly enhances the conduant relative to the undoped vapor deposited polyaniline films
tivity of the polymer film along with a shift of the poly- are summarized in Fig. 3.
aniline molecular orbitals toward the Fermi level and an in-  Within the picture of band filling, the introduction of
crease in the density of states in the vicinity of the Fermi
level in thinner filmst®1"With the polyaniline aromatic rings
tilted with respect to one another, the conductivity and den-
sity of states neaEg decline. By growing slightly thicker
films, we can reduce the density of states near the Fermi
level and clearly demonstrate the different effects of doping
of this ultrathin polyaniline film system with electron donors
(sodium and electron acceptofgdine).

For the thicker films(about 100 A thick, some of the

preferential orientation is lost and the density of states near ¥
the Fermi level is diminished. In such films, increasing the 3 0 1 2 3
sodium dopingas seen from the increase in intensity of the L Na

. - Approx. Exposure (10'%/cm’
shallow 2p sodium core level at 30.5 eV binding energy pprox. Exposure ( )

does not increase the density of states near the Fermi leveliG. 3. Binding energy shifts for the occupied and unoccupied molecular
but rather leads to a decrease in the density of states andogital features of doped polyaniline, relative to undoped polyaniline, for

shift of the occupied molecular orbitals toward higher bind-83¢" experimental deposition step. The symBb|Y, ®, andA correspond
. . . . to features A, B, C, and D, respectively in Fig. 2. The approximate exposure
ing energies, as seen in Fig. 1. is indicated for Na and,l. A schematic of electron filling and depletion is
This influence of electron donors from increased concenshown in the inset.
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extra electrons to the polyaniline system, through sodiunis in a gap of the band structure, while in the latter case, the
atom doping, fills empty states near the Fermi level and infFermi level resides well within an appreciable density of
creases the binding energies of all the molecular orbitals. Thetates of the band structure.

subtraction of electrons from the polyaniline system by dop- ) i

ing with iodine atoms leads to a decrease in binding energy 1Nn€ authors thank A. Sokolov for his help in transport

in all the bands. This concept is schematically shown in thdnéasurements of the polyaniline thin films. This work was
inset of Fig. 3 and is consistent with our expectations of theUPPorted by the Office of Naval Research, the Nebraska

effects of oxidation and protonation on a disordered cmeResearch Initiative and the Petroleum Research Fund admin-

dimensional(1D) chain syster?®2! For films both thinner ~iStéred by the ACS.

(~50 A) and thicker(~200 A) than those shown in Fig. 2,
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in the v.|c.|n|ty of the Ferml_energy and in thg Ia_ttjcer case itis sy’ Mcliroy, C. Waldfried, T. McAvoy, J. Choi, P. A. Dowben, and D.
more difficult to dope the film uniformly to significant levels  Heskett, Chem. Phys. Le264, 168 (1997.

by the methods employed here. The dopant atoms do notJ. Choi, P. A. Dowben, C. N. Borca, S. Adenwalla, A. V. Bune, S. Duc-
form a surface layer, but rather are isotropically distributed TSTSZQVQQM' Fridkin, S. P. Palto, and N. Petukhova, Phys. Reg98
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