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Organic cations can induce polymerization of monomers in the
liquid phas€- lon—molecule reactions in the gas phase can lead to
the formation of large ions, clusters, and even macroscopic
particles?™* This communication demonstrates that cationic po-
lymerization can also be induced at the gaslid interface by
hyperthermal organic cations coincident on a surface with a thermal
beam of organic monomers. It is shown here that this surface
polymerization by ion-assisted deposition (SPIAD) produces films
that maintain the monomer’s chemical structure.

Oligo- and polythiophenes have been extensively explored as
conducting polymers for use in light-emitting diodes, electrochromic
devices, field effect transistors, antistatic coatings, sensor films,
organic photovoltaics, and recording materfals New methods
of growing polythiophene films with desired optoelectronic proper-
ties are critical to the success of these various applications. A
polythiophene film is produced here by SPIAD with 100 eV
thiophene ions and terthiophene monomers coincident on Si and
indium tin oxide (ITO) substrates held under vacuum. The

polythiophene displays fluorescence and Raman spectral features

similar to terthiophene films.

Strategies utilizing polyatomic ion deposition display great
promise for creation of new types of polythiophene and other classes
of conducting polymers. Fluorocarbon and siloxane polymeric films

have been deposited directly onto various substrates from mass-

selected, gaseous, organic cations witf280 eV kinetic energies.2
Mass-selected organic catiorsZ0 eV)) have been shown to create
selective chemical bonds with self-assembled monolay&rand
carbon nanotubé$. lon-assisted deposition from a non-mass-
selected source has produced new conducting polyth&ratomic

ions with 1-100 keV kinetic energies have been used to produce
carbonaceous films from gaseous thermal beams of org#riits.
Kiloelectronvolt atomic ions have also been utilized to modify
polymer films!! sometimes with the goal of creating conducting
polymers!® However, the SPIAD method described here allows
more control over film properties than the aforementioned ion-
deposition methods and occurs by an unambiguous cationic
polymerization mechanism. Furthermore, the polythiophene films
produced by SPIAD display an important property of a conducting
polymer, fluorescence in the UV/vis region.

SPIAD is performed by combining thiophene ion deposition with
simultaneous dosing ofi-terthiophene vapor. Beams of mass-
selected thiophene ions (60 nA) are produced by electron impact,
as previously describeét® The doset is heated resistively to
between 300 and 440 K such that the pressure rise due to
terthiophene is on the order of5 x 1076 Torr. One b 4 h are
required to prepare a single thin film of a few square millimeters
area by mass-selected ions. Monochromatic X-ray photoelectron
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Figure 1. S and Si percentages as well as C/S ratios for films grown on
H—Si(100) substrates from 25 and 100 eyHeS", surface polymerization

by ion-assisted deposition (SPIAD) with 25 and 100 e}i£S™ and thermal
terthiophene (3T) and thermal terthiophene alone. M4S* ions are mass-
selected, with fluences of 1®ions/cn?.
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method uses a broad beam Kaufman ion source (Veeco-CS, 3 cm
lon Source) tuned such that the parent ighi§S™ constitutes over
60% of the~100 nA/cnt total ion curreng?

The XPS data is reported for deposition on hydrogen-terminated
Si substrate®? The fluorescence data is recorded for films deposited
on transparent ITO-coated glass substrates cleaned in solvents prior
to deposition. Fluorescence spectroscopy is performed with 370-
nm excitation at 45 off the surface normal, emission collection
from the film backside, at 8-nm resolution (SLM Aminco 8000c,
Champaign, IL). Raman spectra are recorded with 514.5-nm Ar
laser excitation (Renishaw Ramanscope 2000, Gloucestershire, UK).

Surface polymerization is clearly evidence in the SPIAD films
when analyzed by XPS. Figure 1 displays the elemental content

spectra (XPS) are recorded at 44 eV of pass energy and normalby XPS of the top~10 nm of films evaporated directly from

takeoff angle without air exposure following deposition, as previ-
ously described@?°Films are also prepared in a different apparatus
by 20 min of non-mass-selected polyatomic ion deposition. This

2396 m J. AM. CHEM. SOC. 2003, 125, 2396—2397

terthiophene (labeled “3T only”), 25 or 100 eV thiophene ion
deposition alone (“¢H,S'), and 25 or 100 eV SPIAD (“3T+
C4H;S™). SPIAD leads to a 2- to 3-fold increase in the total S
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Scheme 1. Polythiophene Film Formation by SPIAD with 100 eV
C4H4S* and Thermal Terthiophene
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content in the film compared with only isoenergetic thiophene ions.
One hundred electronvolt SPIAD leads to a 10-fold increase in S

of radicals?26 The data here shows that ions play a critical role in
film growth from non-mass-selected ions, in addition to any radical
or photochemically driven processes that may also occur.

These results show that SPIAD should be a viable method for
the growth of a wide variety of conducting polymers and other
organic thin films. SPIAD should also permit the nanostructuring
of these films, since polyatomic ions only interact with the top few

compared with neutral dosing alone and a 3-fold increase comparednanometers of a surfaé1222? The selection of ion structure,

with 25 eV SPIAD. The Si content for 100 eV SPIAD is lowest of
all, indicating a film thickness>10 nm.

The C/S ratios for terthiophene dosing alone are within error
bars of the theoretical value of four, with the mean exceeding this
C/S ratio due to contributions from adventitious carbon on the Si
substrate. Both direct deposition and SPIAD with 25 eV ions lead
to high C/S ratios of-10 that are indicative of low sulfur content
in the deposited film. Both direct deposition and SPIAD with 100
eV ions lead to low C/S ratios o3, consistent with polythiophene.
Low oxygen content of less than a few percent is due largely to
residual oxide and contaminants on the Si surface prior to deposition
(data not shown).

SPIAD films deposited at 100 eV display fluorescent spectral

energy, and ion/neutral flux ratio will tune between the various
deposition, polymerization, surface decomposition, and diffusion
processes that collectively control the surface morphology. Fur-
thermore, non-mass-selected ion sources can be used to grow these
films on a large scale.
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features and peak intensities similar to those of films of terthiophene
monomers. Terthiophene films display a well-established fluores-
cence spectrum with two peaks at 448 and 471 nm when excited
at 380 nm, but no significant fluorescence at 400 @nThe
fluorescence intensity ratios foy—44s nl =200 nmandla71 nnfl 400 nm

are >5 for both mass-selected and non-mass-selected 100 eV
SPIAD films. The ITO substrate does not fluoresce here.

Raman spectra of non-mass-selected 100 eV SPIAD films display
strong vibrations at 1460 and 1530 chthat are also observed in
terthiophene films (see Supporting Informatiéhj>These Raman
features are strongest for films produced with low ion currents,
and they also display weaker vibrations at 690 and 1050'cm
High ion currents lead to films with weak Raman lines at 1460
and 1530 cm! only, which are broadened similar to doped
polythiophene?®> 1530 cn?! is assigned to a €C antisymmetric
stretch, 1460 cmt to a G=C symmetric stretch, 1050 crhto a
C—H bend, and 690 crt to a CG—S—C deformatior¢425

The final experimental result is the vacuum stability of the
SPIAD polythiophene films. Terthiophene films are not stable under
vacuum, unlike the higher-order oligothiophefiéBaus, the ter-
thiophene films prepared by evaporation are rapidly removed from
vacuum to prevent sublimation. By contrast the SPIAD films are
stable in a vacuum for over 4 h, a period during which pure
terthiophene films are observed to completely sublime. Surface
polymerization of terthiophene leads to formation of higher-
molecular weight, less volatile polythiophene. Scheme 1 portrays
one of several classes of feasible polymer structures for SPIAD-
produced polythiophene.

These results clearly indicate that SPIAD proceeds by a cation-
induced polymerization mechanism. Both mass-selected and non-
mass-selected beams of thiophene ions cause surface polymerizatio
of terthiophene. Evidence of a form of polythiophene is the C/S
ratio, fluorescence, Raman spectra, and vacuum stability. The
monomeric terthiophene unit remains intact for a significant fraction
of the polymerization, as indicated by fluorescence and Raman data.
lon-induced surface polymerization of neutrals has been proposed
as a growth mechanism of polymer films from plas#taand non-
mass-selected ion-assisted depositfoli.However, it is difficult
to determine film growth mechanisms from such complex, multi-
particle environments. For example, pyrolytic formation of radicals
can also contribute to surface polymerization with the participation

References

(1) Seymour, R. B.; Carraher, C. E.Rolymer Chemistry: An Introduction
3rd ed.; Marcel Dekker: New York, 1992; pp 25258.

(2) Jacob, WThin Solid Films1998 326, 1—42.

(3) Pithawalla, Y. B.; Meot-Ner, M.; Gao, J.; EI-Shall, M. S.; Baranov, V. |.;
Bohme, D. K.J. Phys. Chem. 2001, 105 3908-3916.

(4) Williams, K. L.; Martin, I. T.; Fisher, E. RJ. Am. Soc. Mass Spectrom.
2002 13, 518-529.

(5) Fichou, D.; Ziegler, C. Single Crystals and Thin Films.Handbook of
Oligo- and Polythiophenesichou, D., Ed.; Wiley-VCH: Weinheim,
1999; pp 185-282.

(6) Granstrom, M.; Harrison, M. G.; Friend, R. H. Electrooptical Poly-
thiophene Devices. Ihlandbook of Oligo- and Polythiophendsichou,
D., Ed.; Wiley-VCH: Weinheim, 1999; pp 405458.

(7) Heeger, A. JJ. Phys. Chem. B001, 105 8475-8491.

(8) Wijesundara, M. B. J.; Hanley, L.; Ni, B.; Sinnott, S.Boc. Natl. Acad.
Sci. U.S.A200Q 97, 23—27.

(9) Wijesundara, M. B. J.; Ji, Y.; Ni, B.; Sinnott, S. B.; Hanley,1.Appl.
Phys.200Q 88, 5004-5016.

(10) Brookes, P. N.; Fraser, S.; Short, R. D.; Hanley, L.; Fuoco, E.; Roberts,
A.; Hutton, S.J. Electron Spectrosc. Relat. Pheno2001, 121, 281—
297.

(11) Hanley, L.; Sinnott, S. BSurf. Sci.2002 500, 500-522.

(12) Fuoco, E. R.; Hanley, LJ. Appl. Phys2002 92, 37—44.

(13) Shen, J.; Evans, C.; Wade, N.; Cooks, RJGAmM. Chem. Sod.999
121, 9762-9763.

(14) Wade, N.; Evans, C.; Jo, S.-C.; Cooks, R.JGMass Spectron2002
37, 591-602.

(15) Ni, B.; Andrews, R.; Jacques, D.; Qian, D.; Wijesundara, M.; Choi, Y.;
Hanley, L.; Sinnott, S. BJ. Phys. Chem. R001, 105 12719-12725.

(16) Usui, H.Thin Solid Films200Q 365, 22—29.

(17) Kim, J.-Y.; Kim, E.-S.; Choi, J.-HJ. Appl. Phys2002 91, 1944-1951.

(18) Vasile, M. J.; Harriot, L. RJ. Vac. Sci. Technol. B989 7, 1954-1958.

(19) Moliton, A. lon Implantation Doping of Electroactive Polymers and Device
Fabrication. InHandbook of Conducting Polymer2nd ed.; Skotheim,
T. A., Elsenbaumer, R. L., Reynolds, J. R., Eds.; Marcel Dekker: New
York, 1998; pp 589-638.

(20) Hanley, L.; Lim, H.; Schultz, D. G.; Garbis, S.; Yu, C.; Ada, E. T.;
Wijesundara, M. B. JNucl. Instrum. Methods Phys. Res., Secl939
157, 174-182.

(21) Yates, J. T., JExperimental Inneations in Surface Science. A Guide to
Practical Laboratory Methods and Instrumenpringer-Verlag: New
York, 1998; p 198.

22) Hanley, L.; Choi, Y.; Fuoco, E. R.; Akin, F. A.; Wijesundara, M. B. J.;
Li, M.; Tikhonov, A.; Schlossman, MNucl. Instrum. Methods Phys. Res.,
Sect. B2003 in press.

(23) Bosisio, R.; Botta, C.; Colombo, A.; Destri, S.; Porzio, W.; Grilli, E.;
Tubino, R.; Bongiovanni, G.; Mura, A.; Di Silvestro, Gynth. Metals
1997, 87, 23—29.

(24) Furukawa, Y.; Akimoto, M.; Harada, Bynth. Metalsl987, 18, 151—
156

n

(25) Louarn, G.; Buisson, J. P.; Lefrant, S.; Fichou, JDPhys. Chem1995
99, 11399-11404.
(26) Kwan, M. C.; Gleason, K. KChem. Vap. Depositioh997, 3, 299-301.
(27) Fuoco, E.; Gillen, G.; Wijesundara, M. B. J.; Wallace, W. E.; Hanley, L.
J. Phys. Chem. BR001, 105 3950-3956.

JA029851S

J. AM. CHEM. SOC. = VOL. 125, NO. 9, 2003 2397



