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Electronic Properties and Morphology of
Beam-Oligomerized 3-Hexylthiophene

Heejoon Ahn and James E. Whitten™

Department of Chemistry and Center for Advanced Materials, University of
Massachusetts—Lowell, Lowell, Massachusetts, USA

ABSTRACT

A novel means of lithographically forming fluorescent oligothiophene patterns is
demonstrated. MgKo x-ray and low energy electron irradiation of 3-hexylthiophene
(B3HT) monomer condensed on a cold metal surface result in the formation of
photoluminescent films as thick as several microns. The excitation maxima for the
x-ray- and electron-formed samples are 350 and 405 nm, respectively, with corresponding
emission maxima of 430 and 525 nm, indicating that the films are oligomeric rather than
polymeric. Ultraviolet photoelectron spectra (UPS) of 3HT monomer and beam-formed
films have been compared with theoretically simulated density-of-states spectra of 3HT,
thiophene, bithiophene, terthiophene, and quaterthiophene. The radiation-induced
changes in the 3HT UPS valence spectra are explained by delocalization of electrons
along the oligomer backbone. Comparison of the experimental UPS and simulated
spectra suggests that the average conjugation length of the beam-formed films is less
than six. This is consistent with the photoluminescence results. Fluorescence and atomic
force microscopies of electron-formed samples show the presence of oligomerized 3HT
islands residing on a less fluorescent organic background. Electrical conductivity of the
beam-formed samples is low, on the order of 10~% cm~! ohm ™!, consistent with the for-
mation of islands of conjugated material surrounded by a less electronically delocalized,
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insulating background. Lack of solubility of the beam-formed films suggests that partial
crosslinking and decomposition may also occur during the oligomerization process.

Key  Words: Lithography; Photoelectron  spectroscopy; Photoluminescence;
Polythiophene.

INTRODUCTION

Conjugated materials including oligo- and polythiophenes are finding applications in a
variety of molecular electronic devices, such as organic light-emitting diodes and field-
effect transistors.l'*) Few methods exist for lithographically forming structures of these
materials. Existing techniques include using a plasma to deposit hydrophilic patterns on a
surface, followed by selective adsorption of substituted conjugated polymers,'*! and the use
of a scanning tunneling microscope to lithographically polymerize spin-coated films of
conjugated polymer precursors.*! Poly( p-phenylene vinylene) has been patterned with
linewidths of 200 nm by Visconti et al.'>) in a three-step process consisting of photoresist
deposition on top of the conjugated polymer, multiple holographic exposures to produce a
mask, and plasma etching to remove the photoresist.

First observed by Salaneck and coworkers,® several studies!” ' have now demon-
strated that x-ray and low energy electron irradiation of physisorbed thiophene condensed
on cryogenically-cooled metal and metal oxide surfaces result in the formation of a film
that does not desorb upon warming the substrate to room temperature. The resulting films
have been characterized by x-ray and ultraviolet photoelectron spectroscopies (XPS and
UPS) and found to be similar to polymerized/oligomerized thiophenes, with clear retention
of conjugation. We recently showed!'*'! that this phenomenon also occurs for 3-
hexylthiophene (3HT) condensed on gold; XPS and infrared reflection absorption spectro-
scopy demonstrated similarity to chemically-synthesized poly(3-hexylthiophene) (P3HT).
By condensing very thick physisorbed layers of 3HT prior to electron beam irradiation, we
demonstrated the lithographic formation of micron-thick conjugated oligomer patterns on
gold substrates that were stable when stored in air at room temperature.

In the present study, we discuss the methodology used to lithographically pattern the
films and summarize photoelectron spectroscopy and photoluminescence characterization
results. We also describe for the first time atomic force microscopy studies related to the
morphology of the oligothiophene films and discuss quantum mechanical simulations
aimed at interpreting the valence electronic spectra of the beam-formed samples. In some
cases, fluorescence from the lithographically-formed structures is bright enough to be seen
with the naked eye when held under an ultraviolet lamp. Possibilities of using this
methodology to form fluorescent conjugated oligomer nanostrucutres are briefly discussed.

EXPERIMENTAL

Gold Substrate Preparation

Approximately 1000 A of gold was thermally evaporated onto Si(111) wafers with
areas of ca. 1 cm?. The wafers were attached to stainless steel or copper sample stubs
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via silver conductive adhesive (Electron Microscopy Sciences) that made electrical and
thermal contact to the edges of the gold surface. X-ray diffraction showed that the
evaporated gold films were predominantly Au(111).

Organic Film Preparation and Photoelectron Spectroscopy

The beam-oligomerized films were prepared in a VG ESCALAB MK 11 photoelectron
spectrometer by cryogenically cooling a gold-coated Si(111) substrate to 135-145K with
liquid nitrogen and admitting 3HT vapor (nominal doses of 20004000 L) via a variable
leak valve. The 3HT (Aldrich, >99%) was used as received and stored in a glass reservoir
connected to the leak valve. Several freeze-pump-thaw cycles were carried out to remove
atmospheric gases, and the purity was verified by a residual gas analyzer. Typically, the
physisorbed 3HT layers were thick enough that a white film could be seen condensed on the
substrate through the viewport of the vacuum chamber. The 3HT leak valve was then closed,
and the sample was irradiated either with MgKo (hv = 1253.6 eV) x-rays or electrons from
an electron gun or from a filament in line-of-sight of the sample surface. The latter was
sometimes desirable in order to be able to expose the entire surface to electrons. After
irradiation, the sample was permitted to warm to room temperature, and either photoelectron
spectroscopy was performed or it was removed from the vacuum chamber for further
analysis. In some cases, to make very thick samples, such as those greater than 1 micron,
several cycles of 3HT condensation, electron bombardment, and warming the sample to
room temperature (all in vacuum) were performed. For UPS, a helium discharge lamp
emitting He I radiation (hv =21.2 eV) was used. Details of the instrument and photoelectron
spectroscopic equipment are provided in Ref.'?! The surface was electrically grounded for
XPS measurements and biased at ca. —6.0 V relative to ground for UPS.

The P3HT films were spin-coated from commercially available (Aldrich) regioregular
P3HT, with an average molecular weight of ca. 87,000, dissolved in chloroform. The
thickness of the films was determined by profilometry.

Electron Irradiation

The higher energy electron irradiation experiments (3.5 and 5 keV) were performed
with the electron gun bombarding a region of the surface having an area of ca. 0.50 cm?.
For those cases in which it was desirable to irradiate the entire surface so that
photoelectron spectroscopy could be performed, lower energy electrons (185¢V) from a
filament in line-of-sight of the sample were used.!'”

Fluorescence Spectra and Microscopy

Excitation and emission spectra were acquired using a JY Horiba “Spex Fluorolog”
instrument. The instrument was operated in reflection mode with a 22.5 angle between the
excitation source and the detector. Fluorescence images were acquired with a Nikon
Eclipse microscope equipped with a mercury arc lamp and emission and excitation cubes.
Atomic force microscopy was performed with a Thermomicroscopes “Autoprobe CP
Research” instrument.
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Conductivity Measurements

In the case of the regioregular P3HT, a 2000 A thick film was spin-coated onto an
ITO/glass substrate from which a 0.5 mm stripe of ITO had been removed by chemical
etching. The current flowing across the gap for a particular voltage was then measured to
determine the conductivity. In the case of the electron-formed film, it was critical to keep
the gap small in order to avoid charging during electron irradiation and to have good
thermal contact to the sample stub. In this case, a piece of sapphire was covered with gold,
except for a 0.25 mm stripe in the middle of the sample. Monomer was condensed on the
substrate, and the gap and surrounding sides were bombarded with electrons. The sample
was then warmed, removed from vacuum, and the conductivity was measured as for
the P3HT sample.

Computational Method

Geometry optimization and orbital ionization energy calculations of gas-phase
monomers and oligomers were performed using the GAUSSIAN 98 program!'¥l in
order to aid in interpreting the experimental spectra. The ionization potentials of gas
phase 3HT, thiophene, bithiophene, terthiophene, and quaterthiophene were calculated
with a restricted Hartree-Fock Outer-Valence Green’s Function (ROVGF) at a 6-31G™**
level. The geometry optimization was carried out with a MP2/6-31G™** basis. It was found
empirically that the simulated density-of-valence-states (DOVS) spectra needed to be
convoluted with a Gaussian function of 0.8eV FWHM to approximate the energy
resolution of the experimental UPS spectra.

RESULTS AND DISCUSSION

Reflection mode excitation and emission spectra are shown in Fig. 1 for organic films
fabricated by irradiating condensed 3HT with MgKo x-rays and 5keV electrons. For
reference, corresponding data are also included for a 350 A spin-coated film of chemically
synthesized regioregular P3HT. For the x-ray-formed sample, an exposure time of 75 min,
with x-ray source conditions of 12kV and 20 mA, was used. For the electron-formed
sample, the electron dose was 4 x 10'® electrons/cm?. X-ray photoelectron spectroscopy
signal intensity analysis!'*) or profilometry showed the thickness of the x-ray- and electron
beam-formed films to be approximately 100 A and 10 microns, respectively. The excitation
maxima are 350, 405, and 510 nm for the x-ray, electron and regioregular P3HT samples,
respectively. The corresponding emission maxima are 430, 525, and 640 nm. The shorter
wavelengths for the beam-polymerized samples indicate shorter average conjugation
lengths; this is consistent with oligomerization instead of polymerization. Comparison
to photoluminescence data for films of unsubstituted thiophene oligomers'>! suggests
an average conjugation length corresponding to less than four units, with the x-ray sample
being less conjugated than the electron-formed one. The emission spectra in Fig. 2 are
substantially broader than those corresponding to the chemically synthesized oligomers,
suggesting less homogeneous conjugation lengths. Based on emission spectra signals, the
ratios of the fluorescence intensities for the samples in Figs. 1 and 2 are approximately
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Figure 1. Fluorescence excitation spectra of x-ray and 5keV electron-oligomerized 3HT films
(4 x 10" electrons/cm?) along with a spectrum of regioregular P3HT. The emission wavelengths
were 430, 550, and 632nm, respectively. The excitation and emission slit widths were 1 mm.
Reproduced with permission from J. Phys. Chem. B 2002, /06, 11404-11405. Copyright 2002 Am.
Chem. Soc.

10.5, 3.5, and 1.0 for regioregular P3HT, electron-oligomerized 3HT, and x-ray oligo-
merized 3HT, respectively.

Figure 3 displays He I UPS of 3HT monomer and beam-oligomerized 3HT films
along with theoretically simulated gas-phase valence band states of 3HT, thiophene,
bithiophene, terthiophene, and quaterthiophene. The unsubstituted thiophenes, instead of
3HT oligomers, were simulated due to software and hardware limitations in calculating the
substituted oligomer valence spectra. However, the trends in the theoretical spectra as
oligomer length increases are expected to be similar. All spectra are referenced to the
Fermi level of the gold substrate. In the case of the theoretical gas-phase molecules, the
spectra were aligned by shifting all of them by the same amount such that the frontier
orbital of 3HT (spectrum labeled “DOVS of 3HT”) lined up with the experimentally
measured frontier orbital of condensed 3HT (spectrum labeled “3HT”). This was
accomplished by subtracting 2.85eV from the ionization energy of each orbital. No
corrections have been made to the theoretical data for ionization cross section or
polarization energy effects.

The experimental UPS spectrum of 3HT monomer (i.e., no x-ray or electron exposure)
shows a well-defined peak at 5.5 eV that broadens and moves toward lower binding energy
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Figure 2. Fluorescence emission spectra of the same samples as in Fig. 1. The excitation
wavelengths of the x-ray and electron-oligomerized 3HT and regioregular P3HT samples were
365, 380, and 550 nm, respectively. The excitation and emission slit widths were 1 mm. Reproduced
with permission from J. Phys. Chem. B 2002, 706, 11404—11405. Copyright 2002 Am. Chem. Soc.

in the cases of the x-ray and electron-formed 3HT oligomer samples. The peak energies are
4.6 and 4.0¢eV, respectively, for these samples. It should be noted that we have not
observed oligomerization effects due to He I radiation for the conditions used for the UPS
experiment.

For the monomers, the peak closest to the vacuum level (and the Fermi level) is due to
electronic states localized on the thiophene rings, as previously discussed by Brédas,
Salaneck, and colleagues."®!”! For the simulated DOVS of bithiophene, the spectrum
exhibits a well-defined shoulder on the low binding energy side of the main peak. This
feature, which is due to electrons delocalized along the oligomer backbone, shifts toward
lower binding energy as the conjugation length increases, reaching a value of about 3.6 eV for
quaterthiophene. This suggests, therefore, that the broadening and tailing toward the Fermi
level of the UPS spectra of the beam-formed films is due to the formation of delocalized
electronic states. The fact that the lower binding energy feature is not experimentally resolved
may be due to inhomogeneities in the samples, which tend to blend the features together.
In the case of the electron-formed sample, the tail extends more toward the Fermi
level, consistent with a slightly longer conjugation length compared to the x-ray formed
film. The x-ray and electron formed UPS spectra in Fig. 3 do not show the type of
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Figure 3. He 1 UPS of (a) 3HT monomer condensed on gold at 135-145K; (b) MgKo x-ray
formed film; (c) 185 eV electron formed film (3 x 10'® electrons/cm?), and calculated DOVS spectra
of gas phase: (d) 3HT; (e) thiophene; (f) bithiophene; (g) terthiophene; and (h) quaterthiophene.
Except for spectrum (a), all experimental spectra were acquired at room temperature. The pass energy
was 2 eV, and the binding energy scale is relative to the Fermi level of the gold substrate.

well-developed tail toward the Fermi level that is typically observed for P3HT.!'?!
Theoretical calculations!"®! have shown that the valence spectrum is essentially fully
developed for an oligomer containing six thiophene units (i.e., sexithiophene). These
results thus indicate that the beam-oligomerized 3HT films have average conjugation less
than six. This is consistent with the fluorescence results.

The details of the mechanism of x-ray and electron beam polymerization are presently
being investigated in our laboratory. In the case of MgKo x-rays, we found that regardless
of the thickness of the physisorbed 3HT layer, oligomer films of only ca. 100 A could be
formed.['? For 2-5 keV electrons, however, micron thick films could be fabricated. These
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results, in light of the deep penetration depth of x-rays and the limited mean free path
of low energy electrons in the range 50—1250 eV,!"*! suggest that photoelectrons are res-
ponsible for the oligomerization process. Condensed benzene also may be oligomerized/
polymerized by electron beams, and H" electron-stimulated desorption has been detected
from benzene physisorbed at 90 K. A plausible oligomerization/polymerization
mechanism for benzene (and thiophene) involves C—H bond cleavage and the formation
of active sites on the aromatic ring. Thiophenes may be polymerized electrochemically,
and it is of some interest to compare the possible operative mechanisms. In the case of
electrochemical polymerization, the first step is believed to be oxidation of the monomer to
its cation radical; this is followed by coupling of the radicals, which have a high
concentration at the electrode, and finally C—H bond cleavage.!*'! In the case of electron
irradiation, the mechanism has not been investigated but may involve as its first step C—H
bond breakage. In the case of x-ray “polymerization” of condensed thiophene physisorbed
on Ag(111), it has been observed that increasing the temperature of the sample, while
staying below multilayer desorption temperature, increases the rate of polymerization.”?
This suggests that a certain amount of mobility of adjacent thiophene rings may be
important.

Electron beams are known to be destructive to organic films and conjugated
polymers.'*?! To determine the effects of electron bombardment on electronic structure
and measure possible similarity to the electron-oligomerized 3HT layer, a 350 A film of
regioregular P3HT on gold has been irradiated with 185¢eV electrons, and valence and
photoluminescence spectra have been measured as a function of electron dose. We have
shown that electron bombardment results in destruction of delocalization of 7 electrons.!**!
Similar conclusions have been drawn from UPS investigations of electron irradiation of
poly( p-phenylene vinylene) films.?*! Poly(3-hexylthiophene) is soluble in chloroform; our
attempts to dissolve electron- and x-ray-formed films in this solvent have failed to remove
them completely. This lack of solubility indicates partial crosslinking, which is consistent
with FT-IR results.['?]

Figure 4 shows fluorescence microscopy of an electron-formed film. The bright worm-
like features are due to oligomerized 3HT islands surrounded by a fluorescently weaker
background. The less fluorescent background surrounding the oligomer islands is organic
in nature (i.e., not the gold substrate), as verified by the absence of gold features in an
Auger electron spectrum of the film. Profilometry reveals a very inhomogenous overall
film thickness ranging from 230 to 380 nm. Atomic force microscopy, presented in Fig. 5,
reveals that the highly fluorescent structures have an average height and width of ca.
200 nm and 2-5 microns, respectively. A wide distribution of lengths is observed, ranging
from less than 10 to over 100 microns, as illustrated in the figures. Vacuum-deposited short
oligothiophenes are known to have high diffusion rates relative to longer ones and to form
islands and crystallites on a variety of substrates,**?*! presumably coalescing via van der
Waals forces. The results of Figs. 4 and 5 indicate that a similar type of nucleation may be
occurring in the case of the beam-oligomerized samples.

To assess possible semiconducting electronic applications of this methodology, electrical
conductivity measurements have been performed. For a sample made in a similar fashion as
that corresponding to Figs. 4 and 5, the conductivity was on the order of 10~°cm™"' ohm™".
A comparable measurement in our laboratory for (undoped) regioregular P3HT gave a value
of 107> cm ™" ohm ™. The poor conductivity of the electron-formed film is consistent with
the formation of electrically isolated islands, as observed in Figs. 4 and 5.
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Figure 4. Fluorescence microscope image of a 670 x 760 micron® region of an electron-
oligomerized film formed by 3.5keV electron bombardment (1.8 x 10'®electrons/cm?) of 3HT
condensed on a Au/Si(111) substrate (exposure of ca. 4000L). The excitation and emission
wavelength ranges were 465-495 and 515-555nm, respectively. Reproduced with permission
from J. Phys. Chem. B 2002, 706, 11404—-11405. Copyright 2002 Am. Chem. Soc.

Further investigations of the mechanism of oligomerization, along with the fluorescent
and electrical properties of these types of organic films are continuing in our laboratory.
We have used electron beam lithography to write millimeter-size dots of 3HT oligo-
mers,!'?! and Umbach and coworkers!®! have demonstrated the writing of microstructures
by apertured synchrotron irradiation of thiophene condensed on Ag(111). Decomposition
of organometallic gases by electron irradiation from the tip of a scanning tunneling
microscope (STM) operating in field emission mode has been used to form metallic
features as small as 10 nm.[*®) If a similar procedure, with a low temperature STM, were
used on a thiophene-covered sample, then fluorescent (and possibly semiconducting)
nanostructures could be fabricated by this technique.
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Figure 5. Atomic force microscope image of a 43 x 51 micron” region of the same sample as in
Fig. 4. The topographic height scale is also displayed.

CONCLUSION

Either MgKo x-ray or electron beam irradiation of 3HT physisorbed on conducting
surfaces results in the formation of fluorescent oligomeric films. Some crosslinking and
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decomposition occurs concomitantly with oligomerization, and electrical conductivities
of films are low. Fluorescence and atomic force microscopies indicate the presence of
photoluminescent islands of oligomer surrounded by a non-fluorescing organic background.
Possibilities exist for nanolithography to form fluorescent, conjugated nanostructures by
using either a focused electron beam or the tip of a STM operating in field emission mode.
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