1618 J. Phys. Chem. R006,110,1618-1624

Morphology of Polythiophene and Polyphenyl Films Produced via Surface Polymerization
by lon-Assisted Depositiori

Sanja Tepavcevic, Adam M. Zachary, Amanda T. Wroble, Yongsoo Choi, and Luke Hanley*
Department of Chemistry (m/c 111), Waisity of lllinois at Chicago, Chicago, Illinois 60607-7061

Receied: July 30, 2005; In Final Form: August 31, 2005

Conducting polymer films are grown by either mass-selected or non-mass-selected, hyperthermal thiophene
ions coincident on a surface with a thermal beam of organic monomers of eittegthiophene (3T) or
p-terphenyl (3P) neutrals. Previous experiments verified polymerization of both 3T and 3P by 2QBl&7 C

during surface polymerization by ion-assisted deposition (SPIAD). A wide variety of structures are observed
by scanning electron microscopy to form in the SPIAD polythiophene and polyphenyl films. These structures
include microscale islands, lamellar structures, fractal-like growth patterns, and nanoscale crystallites. Some
of the deposited films diffract X-rays while others show electron micrographs of crystallites. The variation of
these patterns with deposition conditions clearly indicate that ion-induced polymerization mediates film
morphology through control of ion energy and ion/neutral ratio. Furthermore, these ion-assisted events mediate

important thermal processes such as sublimation.

I. Introduction

Control of film morphology is widely recognized as one of
the limiting factors in the development of conjugated polymers
for photonic and electronic applications such as organic thin
film transistors, light-emitting diodes, photovoltaics, and sensors.
Electronic properties of conjugated polymers such as charge
mobility and injection depend strongly on molecular orientation
and packind:3 The inability to control film structure and
morphology can lead to reduced efficiency in energy and charge
transport processes.

Polythiophene, polyphenyl, and their substituted derivatives
have been the subject of extensive research as a result of thei
useful chemical and electronic properti¢sSemiconductive
oligomers are attractive alternatives to conjugated polymers

temperature substrates produced films similar to those obtained
by thermal evaporation onto substrates at temperatures above
K_9—12

Strategies utilizing polyatomic ion deposition display great
promise for creation of new types of organic thin films including
conducting polymers since these strategies allow control of film
properties by selection of the ion structure, kinetic energy, or
fluence!® Examples of this strategy include hyperthermal
polyatomic ion-assisted deposition of conducting polymer thin
films.1415Film surface morphology and thickness of films from
deposited hyperthermal polyatomic ions can also be controlled
Py their kinetic energy and fluenéé?’

Previous work has described surface polymerization by ion-
assisted deposition (SPIAB)in which a neutral beam of

because they offer the advantage of presenting a WeII_deﬁnedevaporated oligomers is polymerized on a surface by a separate

chemical structure and easier processing than many polymers
Applications of conducting polymer layers are often limited not
by the intrinsic charge carrier mobility in the material but rather
by that of its film. New film growth methods are required that
improve film electronic properties and are compatible with
established manufacturing techniques.

Various routes can be followed for control of the structural
organization of molecular and polymeric films. One can use a
physical approach, involving either the modification of the
experimental conditions during or after film deposition, or a
chemical approach, by tailoring the molecular structure to
influence the properties of self-assembled fifn&. High
substrate temperature during thermal evaporative growth is
effective for controlling the extent of grain boundaries and
structural ordering in the aggregates but is less effective for the
control of surface roughness. Furthermore, the gain in order is

accompanied by a loss of compactness, which can lead to

electrical leakages and short circuits in devices. Hyperthermal
supersonic beam deposition of quaterthiophene (4T) onto room-
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beam of hyperthermal polyatomic ions to form a conducting
polymer film. Polythiophene and polyphenyl SPIAD films have
been produced by both mass-selected and non-mass-selected
thiophene ion beams deposited with coinciderterthiophene
(3T) andp-terphenyl (3P) neutral$-2! It was demonstrated
that selection of ion structure, energy, and ion/neutral ratio can
tune the polymerization and other ion-induced events that
mediate thermal film growth through sputtering, bond breakage,
energetic mixing, and other proces$&€ontrol of nanoscale
morphology in SPIAD is expected since hyperthermal poly-
atomic ions only interact with the top few nanometers of the
surface upon initial impact and ion-induced processes will
mediate deposition, sublimation, and diffusion which also affect
morphology. Computer simulations and SPIAD experiments
confirm that incident hyperthermal thiophene ions will produce
fragments upon surface impact that react with 3T and initiate
polymerizatior?? Excessive ion kinetic energy or fluence will
enhance fragmentation, desorption, and sputtering which in turn
will modulate film morphology. Control of film morphology is
expected to lead to changes in film optical properties, but
morphology and optical properties have not yet been directly
correlated in SPIAD films. However, photoemission studies have
shown that SPIAD conducting polymer films display new
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valence band features resulting from a reduction in both their tative Analysis of Surfaces by Electron Spectroscopy software
band gap and barrier to hole injecti&hE-urthermore, UV-vis (QUASES, Tougaard APS, Odense, Denmark) is used here to
absorption and photoluminescence spectra of SPIAD films estimate the SPIAD film morphology within the XPS sampling
produced by non-mass-selected ions can be controlled by bothdepth?526 QUASES relies on the observation that the inelas-
ion energy and ion/neutral ratf Scanning electron microscopy tically scattered energy loss structure of X-ray photoelectron
and X-ray diffraction are used here to demonstrate that ion spectra carries information on the depth of origin of the detected
kinetic energy and ion/neutral ratio in SPIAD control the electrons. The background of the entire survey scan is used for
morphology of polythiophene and polyphenyl films produced QUASES analysis, but most of the inelastically scattered
from mass-selected thiophene ions and either 3T or 3P, background derives from the carbon and sulfur core level
respectively. The morphology and crystallinity of SPIAD electrons from the films as the silicon substrate signal is
polythiophene films produced by mass-selected and non-mass+elatively low. The attenuation length used in QUASES

selected ions are also compared. computations are approximated by an inelastic mean free path
value of 30 A, although values of 25 A give similar results.
Il. Experimental Section The data are fit by a passive island model using polymer cross

: ur: -
A. Mass-Selected DepositionSPIAD is performed by sections developed by Tougaape® with an x-scale value of

combining deposition of thiophene ions with simultaneous
dosing of 3T or 3P. The vacuum apparatus for SPIAD film
preparation and analysis is only briefly described K&f8The
apparatus consists of a differentially pumped ion source with A, 3T SPIAD Films from Mass-Selected lons.A poly-

an organic evaporator located in a preparation chamber, athiophene film is prepared by SPIAD using the previously
separate analysis chamber, and a sample transfer stage to connegétermined optimal conditions of 1/150 fluence ratio of 200
the two chambers. A constant ion current of 30 nA (ion fluence eV mass-selected thiophene iongiGS*) to evaporated 3T

of 4 x 10'® ions/cn?) and two ion energies, 100 and 200 eV, neutralst® Previous experimental work determined many of the
are used for film deposition. A constant 3T flux of>6 10 chemical and electronic properties of these polythiophene
neutrals/cri corresponding to a 1/150 ion/neutral ratio is used films.1%23X-ray photoelectron spectroscopy (XPS) showed much
for SPIAD polythiophene film deposition, and constant 3P flux higher film formation efficiency for SPIAD polythiophene than

of 4 x 10' neutrals/crf corresponding to a 1/100 ion/neutral  for direct thiophene ion deposition. Various polymerization
ratio for SPIAD polyphenyl film deposition. products were observed by mass spectrometric analysis including

B. Non-mass-Selected Depositiofthe experimental condi-  adducts of 3T with thiophene ions or fragments thereof including
tions and apparatus that include the ion source, mass flow[3T]T™ and multiple 3T adducts including [377]. X-ray
controller, and energy analyzer/quadruple mass spectrometeiphotoelectron & binding energies and peak widths for the
were described previoush:2®° A commercial Kaufman ion  polythiophene films were also consistent with such a multi-
source (Veeco-CS 3 cm lon Source) using 30 eV electron impactcomponent system. SPIAD polythiophene films showed a
energy generates intact thiophene ions and fragments thereofreduction in band gap and barrier to hole injection compared
SPIAD polythiophene films are formed from non-mass-selected to evaporated 3T films, as determined by ultraviolet photoelec-
ion beams with 100 eV ion energy, thiophene ion fluence of 4 tron spectroscopy and near-edge X-ray absorption fine structure
x 10 jons/cn?, and 3T neutral flux of 4x 108 neutrals/cr (NEXAFS) 23 Finally, these polythiophene films were found to

Silicon wafers are used as substrates, after etching with 5%be stable in a vacuum over a period during which evaporated
HF to produce the hydrogen-terminated surfaceSH{100) with 3T films completely sublime. All these results are consistent
a minimum of oxide. The HF-etched silicon surfaces prior to with polymerization of the 3T neutrals to form a polythiophene
deposition display an elemental content of 10% carbon, 4% film composed of a distribution of higher molecular weight
oxygen, and 86% silicof? oligomers with an extended electron conjugation length.

C. Scanning Electron Microscopy (SEM).The scanning Figure 1 shows the scanning electron microscopy (SEM)
electron microscope (Hitachi S-3000N) is used in high-vacuum images of 3T evaporated and SPIAD films prepared at 1/150
mode for films from mass-selected deposition. Variable-pressureion/neutral ratio and 200 eV ion energy. The dd scale SEM
mode is used for films from non-mass-selected deposition dueimage of the 3T evaporated film in Figure 1a shows compact
to charging that results from their much greater thicknesses. grains of various orientation, shapes, and dimensions-& 1
Accelerating voltages of-35 keV are used, leading to effective  um on a side. The similarly scaled SEM image of the 3T SPIAD
magnifications of 100863000x. A 50 nm resolution is obtained  film in Figure 1b appears distinctly different, with elongated
with secondary electron ionization used for mass-selected lamellar structures with feature sizes on the ordema long
SPIAD films, and 100 nm resolution is obtained with back- by 0.3 um wide. Furthermore, these lamellar features are
scattered electrons used for non-mass-selected SPIAD films. Ainterconnected, creating a network over the film surface. Similar
higher magnification SEMJEOL JSM-6320F) with cold field  features to those of the SPIAD film (Figure 1b) were observed
emission source is used to further examine closely spacedpreviously for evaporation of sexithiophene (6T) onto high-
features at an acceleration voltage of 4 keV and magnification temperature substratesSThe 50um image of the 3T SPIAD
of 25 000x at a 9 mmworking distance. film in Figure 1c displays large rounded features, within one

D. X-ray Diffraction (XRD). The XRD analysis is carried  of which the Figure 1b image is recorded. These islands are
out on a standard powder diffractometer (Siemens D-5000) usingmostly round with some slightly oval, and they vary in size
the Bragg-Brentano methodf&—26) in symmetric reflection from 10 to 90um in diameter. Lamellar features form only
mode with Cu Kx radiation selected by a graphite monochro- within the islands and the islands display well-defined edges.
mator. The regions outside the islands in Figure 1c are featureless.

E. Morphological Analysis of X-ray Photoelectron Spec- These featureless regions are not bare silicon wafer surface,
troscopy (XPS) Data. XPS analysis of the SPIAD poly- which also appears completely smooth on this size Sédias
thiophene and polyphenyl was previously repofeQuanti- proposed that these featureless regions are a sulfur-containing

Ill. Results
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Figure 2. SEM of polythiophene film from 3T SPIAD at 1/450 ion/
neutral ratio and 200 eV ion energy at two size scales: (a)m0(b)
50 um.

the island layer thickness is 485 nm while the featureless
layer is 720 nm thick. This fit is in agreement with the
previous observation that SPIAD polythiophene films are much
thicker than those from direct ion deposition at similar ion
fluences and energies. By contrast, if the featureless region were
bare silicon or a subnanometer thick organic layer, the average
silicon content of the surface region would approach 70% rather
than the~2% measured experimentall§This further supports
the argument that the featureless regions form by direct
) o i ] thiophene ion deposition. Previous estimates of the film thick-
Figure 1. 10um scale scanning electron microscopy (SEM) images \ogses were-6 nm for the 3T SPIAD film and-3 nm for the
of films from () evaporated-terthiophene (3T) and (b) polythiophene direct ion deposited film, derived from calculation of the
produced by 3T surface polymerization by ion-assisted deposition 8 ’ . .
(SPIAD) for 1/150 GH4S* ion/3T neutral ratio and 200 eV ion energy. ~ attenuation of the substrate;sKPS peak assuming a uniform
(c) displays the same SPIAD polythiophene film as (b) on a larger Slab overlayet? However, the discrepancy between the,Si
scale. attenuation and QUASES thicknesses is not surprising since both
Films deposited directly from mass-selected thiophene ions atis clearly not valid given the film morphology observed here.
the same ion energy and fluence as in Figure 1 are also Previous work on SPIAD showed the effect of ion/neutral
featureless on the submicrometer scale (data not shown). Ramanatio and ion energy on film chemical properti€d4orphology
spectra indicated that these direct thiophene ion deposited filmsdifferences are also observed in SPIAD films due to variation
do not possess any oligo- or polythiophene structure and insteadn ion/neutral ratio for constant ion energy. Figure 2 shows SEM
appear similar to sulfur-containing graphitic cardéa? The images of polythiophene films prepared at 1/450 ion/neutral ratio
inelastically scattered background of the previously published and 200 eV ion energy. The 1/450 ion/neutral ratio leads to the
XPS survey scans for the 3T SPIAD films shown in Figure 1¢c aggregation of grains into larger, longer, branched, and inter-
is performed using the QUASES software to elucidate further connected features shown in Figure 2a when compared with
morphological information. It is estimated from the SEM image the 1/150 ion/neutral ratio films of Figure 1b,c. The/56 SEM
of Figure 1c that~30% of the film is composed of50 um image in Figure 2b shows that these elongated grain features
diameter islands and the remaining/0% is the featureless  are not evenly distributed over the larger film area, being most
region. The best QUASES fits are obtained by assuming that abundant at the island edges. The large circular islands observed
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Figure 4. SEM of polythiophene films from non-mass-selected ion
Figure 3. SEM of polythiophene film from 3T SPIAD at 1/150 ion/ 3T SPIAD at (a) 1qum and (b) 50um.

neutral ratio and 100 eV ion energy at two size scales: 1(b - . Lo
50 um. v R in film growth from non-mass-selected ions. Apparent similari-

ties in the mechanism of surface polymerization observed for

in Figure 2b are of similar size distribution as those observed mass and non-mass-selected depositiéhleads here to a
at 1/150 ion/neutral ratio and shown in Figure 1c. comparison of their film morphology. Figure 4 shows SEM

Changes are also observed in morphology as the ion energyimages of polythiophene films deposited from non-mass-selected
is varied for constant ion/neutral ratio. Figure 3 shows SEM ions at 1/100 ion/neutral ratio and 100 eV ion energy. Uniform
images of polythiophene films prepared at 100 eV ion energy features are observed over a pfh scale. Previously XRD
and 1/150 ion/neutral ratio. The 50n SEM image in Figure experiments on polythiophene from non-mass-selected SPIAD
3a shows the highest density of fractal-like features at the island showed crystalline structures where the most intense XRD peaks
edges, with the density decreasing toward the island center. Thewere attributed to 6T and 3.
1 um image in Figure 3b recorded at the edge of the island C. 3P SPIAD Films from Mass-Selected lonslt was
shows small, elongated grains that a/800 nm long and-50 previously found that the use of a different neutral such as
nm wide. Similar small elongated grains to those observed in p-terphenyl (3P) creates a mixed SPIAD polyphenyl film with
Figure 3a for 100 eV SPIAD are not observed at the island incorporated thiophene ions. Polyphenyl films prepared by
edges in the 200 eV films shown in Figures 1 and 2. The 200 SPIAD with 1/100 GH4S" ion/3P neutral ratio and 200 eV ion
eV films in Figures 1 and 2 do not show any distinguished island energy grew faster and contained lower sulfur content than direct
edge region while, in Figure 3b, the island edge is prominent ion deposited filmg? Mass spectra confirmed SPIAD poly-
as a dark ring surrounding the island. phenyl films share many characteristics with SPIAD poly-

Attempts here to record XRD spectra of polythiophene films thiophene films. SPIAD polyphenyl films consist of a mixture
from mass-selected ion SPIAD have been unsuccessful, indicat-of species assigned to 3P multimers such as;[3RIdducts of
ing either that the films are amorphous or their volume is 3P and thiophene ion such as [3P]Tnd adducts of 3P with
insufficient to obtain diffraction patterns with the available thiophene ion or 3P fragments such as [3RJZ. Other data
instrumentation. also supported the formation of a distribution of oligomers in

B. 3T SPIAD Films from Non-mass-Selected lonsPoly- the polyphenyl film with an extended electron conjugation length
thiophene films produced by SPIAD with non-mass-selected compared with evaporated 3P filr#s23
thiophene ions and 3T neutrals show similar mass spectra and Figure 5 shows 1@m scale SEM images of evaporated 3P
XPS to those observed with mass-selected SPiADhe and SPIAD polyphenyl films. The 3T evaporated film image
appearance of mass spectral peaks attributed to 3T dimers (6Tin Figure 5a shows inhomogeneous needlelike islands of
or other nonlinear structures) and 3T adducts with incorporated approximately constant width. These needles display elongated
thiophene ion fragments confirms that ions play a critical role shapes, approximately 2 10 um in size, which agglomerate
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SPIAD film also displays diffraction peaks characteristic of the
3P structure but does not show any new peaks. Two diffraction
peaks at 19 and 21that are present in the XRD of the
evaporated 3P film disappear in the XRD of the polyphenyl
film.

V. Discussion

A. Morphology of Films from Mass-Selected lonsSPIAD
can control the overall polythiophene and polyphenyl film
morphology through the mediation of adsorption, diffusion,
sublimation (desorption), and other thermal film growth events
: by ion-induced processes including polymerization, sputtering,
AE\ Y bond breakage, and energetic mixi#tig®22The resultant film
£ '(')'p_m;' morphology manifests itself on various size scales, so the SEM
G N B data will be discussed below in order of decreasing feature size
7 W from the~50 um diameter islands observed for polythiophene
films to the micrometer- and submicrometer-sized features that
grow inside these islands.
3T SPIAD with mass-selected ions under the conditions
reported here leads to the formation of a distribution of round
and oval islands of polythiophene with diameters ranging from
10 to 100um sitting on a flat background of a sulfur-containing
graphitic carbon (see Figures 1c and 2b). The average distance
between thiophene ion impacts<d nm at these ion fluences,
so it must be concluded that thes&0 um diameter islands
are not nucleated by single ion impacts. However, such
polythiophene islands are not observed in the 3T evaporated
films. It follows that these islands form as a result of the
combined effects of neutral deposition, neutral sublimation,
diffusion, and ion-induced processes. When molecules are
physisorbed on a substrate surface, sublimation or desorption
is expected to play an important role in the microscopic growth
Figure 5. 10 um scale SEM images of (a) evaporatederphenyl p_rocesé.8 On_e_ possible:\ mechan_ism of island formation is_ that
(3P) and (b) polyphenyl films from 3P SPIAD. direct deposition of thiophene ions forms a sulfur-containing
graphitic carbon layer onto which 3T is deposited. The continual
into ~10 um wide starlike features similar to those observed deposition and sublimation of 3T leads to island formation which
previously?’ is then “frozen” in place by polymerization induced by the
The 10um 3P SPIAD film image in Figure 5b displays both impact of additional thiophene ions. The similarity of the
elongated and rounded grains. The elongated grains are similapolythiophene island size and distribution at different ion/neutral
to those seen in the 3P evaporated films of Figure 5a, while theratios supports this argument, as ion fluence is varied while
rounded grains are2 um across. However, the compact texture neutral fluence is kept constant. Within these islands, polym-
that results from the coexistence of these elongated and roundeckrization could nucleate the structures observed on the surface
grains differs from the starlike agglomerated features observeddue to the formation of higher molecular weight, nonvolatile
in the evaporated 3P film. Furthermore, SEM images of the 3P species. For example, 6T and other larger oligothiophenes desorb
SPIAD films do not show formation of the islands observed in at higher temperatures and are therefore stable in a vacuum
the 3T SPIAD film (i.e., Figure 1c). Rather, they do display a compared with 3T which readily undergoes sublimafidrhe
density distribution of the aforementioned features across the absence of these islands in the SPIAD polyphenyl films may
film corresponding to variations in ion fluence (not shown). relate to the lower rate of sublimation of 3P (which corresponds
Figure 6 shows X-ray diffraction (XRD) of evaporated 3P to the higher doser temperature required fo¥’gRFurthermore,
and SPIAD polyphenyl films. 3P evaporated films show a formation of these polythiophene islands films would probably
crystalline XRD pattern, with all 3P peaks previously reported be avoided by deposition onto cooled substrates which would

10um

in the literaturé” and a Si substrate peak near°’33he 3P minimize sublimation.
a) 3P b) 3P SPIAD
700 -
300 -
600
250
500
£ 400 - 2 2001
£ 300 { g 1501
= 500 - E 100 -
50 -
100 A J
0 | (W] 0 Yoty . J‘I sl AL.J:
0 10 20 30 40 0 10 20 30 40
2-Theta 2-Theta

Figure 6. X-ray diffraction (XRD) of (a) evaporated 3P and (b) polyphenyl films from 3P SPIAD.
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lon-induced processes including polymerization, adduct for- the SPIAD polyphenyl film images in Figure 5b. XRD in Figure
mation, fragmentation, local heating, diffusion, and sputtering 6b indicates that the polyphenyl films preserve the crystallinity
are affected by both ion/neutral ratio and ion energy. It was of the 3P evaporated film (Figure 6a). However, the disappear-
previously shown that polymerization in SPIAD varies from ance of two important peaks may be due to changes in molecular
the most to least efficient for the conditions used in Figures orientation or packing upon polymerizatiéhPrevious work
1-3, respectively? Examination of the 1@m image in Figure showed the highest occupied molecular orbital of the polyphenyl
1b of polythiophene shows that a lamellar network is formed film shifts down in binding energy in a fashion similar to that
on the surface by SPIAD. Similar lamellar networks were grown observed when transitioning from coplanar to twistpd
previously by controlling the substrate temperature of evaporatedpolyphenyl films3! However, perhaps the most important factor
6T films, where it was argued that the grain shape and in the polyphenyl film morphology is the reduced level of
orientation were governed by surface free enérgiie lamellar evaporation compared to the polythiophene films, which may
network of Figure 1b is replaced by fractal-like growth patterns explain the absence of fractal-like features in the polyphenyl
in polythiophene for Figures 2 and 3. A general mechanism for films.
fractal-like growth patterns was described by a clustduster B. Morphology of Films from Non-mass-Selected lons.
diffusion-limited aggregation proce3djn which equal sized Mass-selected ion SPIAD is currently practical only for small
particles combine with each other to form dimers and then areas and very thin films, but non-mass-selected ion SPIAD
further aggregrate to form larger clusters in a fractal growth produces thicker films over much larger areas from the broad
pattern. Formation of fractal-like structures in SPIAD could beam Kaufman ion source. As a result, non-mass-selected ion
proceed by the adsorption of adjacent neutrals on the surfaceSPIAD can be easily scaled up and prototyped for manufacturing
which are then polymerized by an ion impact to form higher purposes. Previous work found that thel50 nm thick
molecular weight species which cannot readily undergo subli- polythiophene films produced by SPIAD non-mass-selected
mation. Formation of these fractal-like aggregates is visible in thiophene ions do display crystalline structure, with XRD peaks
the SEM image of the 100 eV polythiophene film in Figure 3b. attributed to both 3T and 6T (and additional unidentified
Agglomeration of the 3T crystals begins along the island edges diffraction peaks¥! These polythiophene films from non-mass-
(dark ring in Figure 3b) where submicrometer, apparently selected ion SPIAD show SEM images in Figure 6 that appear
crystalline grains form (see the m image shown in Figure  completely different than either evaporated 3T or any of the
3a). Lower ion energy tends to form lower molecular mass polythiophene images reported above. The Kaufman ion source
weight species which will sublime more readily, contributing produces radicals and photons which deposit on the surface
to the smaller size grains observed. These findings are inalong with the thiophene and fragment ions. The resultant
agreement with previous computational studies showing that radiative heating, photolysis, radicals and/or thiophene ion
increasing ion energy results in more damage to and sputteringfragments apparently modify the micro- and nanostructures
of the film but also produces more polymerization initiators and observed with mass-selected ion depositfofhe heating during
therefore more efficient polymerizatida. deposition leads to rapid sublimation of excess 3T from the

Substrate templating often controls the morphology of Surface, as was observed directly with a quartz crystal micro-
thermally evaporated filmsHowever, the substrate generally balancé&' The polythiophene film imaged in Figure 6 is also
has much less of an effect upon film morphology in hyper- ml_Jch thicker th_an those_ dep_osned by mass-selected ions
thermal ion-assisted proces&esuch as SPIAD, where the ion  (Figures £3). Different oligothiophenes are known to pack
energy exceeds energetic barriers to surface diffusion by severafifferently on a surfacé° Collectively, these effects lead to a
orders of magnitude. The hyperthermal ion energies used heretnique film structure, although it again appears that differences
are sufficient to create surface defects, break neutral and ionin Sublimatior-accelerated here by radiative heatimgay be
bonds, and sputter surface speéiBhese and other ion-induced ~ & dominant factor in determining film morphology.
phenomena are expected to control SPIAD film morphology
(beyond the large island formation events induced by evapora-V. Conclusions

tion). For thls.reaso.n, this study has not examined the effect of A wide variety of structures form in the SPIAD polythiophene
substrate or film thickness upon morphology. : : o L
o - ] and polyphenyl films, including islands formed by sublimation,

The crystallinity of these mass-selected ion deposited poly- |amellar structures, nanoscale crystallites, and fractal-like growth
thiophene films remains unknown since they are not observed paiterns. The variation of these patterns with deposition condi-
here to diffract X-rays, but this absence of diffraction may be tjons clearly indicate that ion-induced polymerization mediates
due to insufficient film volume. However, the images of fjm morphology through control of ion energy and ion/neutral
polythiophene films in Figures 2a and 3a both display features ratio. Furthermore, these ion-assisted events mediate thermal
that are strongly suggestive of crystallites. Furthermore, lamellar processes such as neutral deposition and sublimation. Morphol-
features similar those observed in Figure 1b for polythiophene ogy can be controlled combinatorially by variation of substrate
are reminiscent of those previously observed for crystalline 6T temperature, ion energy, ion or neutral structure, and ion/neutral
films.® Previous results with NEXAFS showed these poly- ratio19 However, the above discussion does not consider all
thiophene films produced by SPIAD do not display a preferred potentially significant phenomena, such as diffusion and dew-
orientation?® but a polycrystalline film is not necessarily etting. It is clear that a predictive understanding of how
inconsistent with the absence of diffraction. Lower substrate morphology develops in films during SPIAD is a complex
temperatures, ion energies, and ion/neutral ratios are expectegnterplay between thermal and ion-induced processes that will
to increase film crystallinity but will also reduce the extent of only avail itself through computer simulations of the controlling
polymerization. phenomenonr83233Finally, the mass-selected SPIAD films are

Comparing the morphology and XRD of the polyphenyl film  best suited for practical applications as they are thiékarpre
from SPIAD on the same scale as the evaporated 3P film uniform, more compact, display definite crystallinity, and
indicates a different balance between aggregation and otherproduced by a method that is readily scalable to a manufacturing
processes. Both elongated and rounded grains are present iprocess.
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