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Abstract

Various techniques are used to probe surface polymerization by ion-assisted deposition (SPIAD) of films prepared from 100 and 200 eV
non-mass-selected thiophene ions and evaporatedthiophene (3T) neutrals 48,S", C4D4S" (and fragments thereof), and Aions are
compared to elucidate polymerization mechanisms in SPIAD. Desorption ionization on oxidized silicon mass spectrometry is used to probe
the nature of the polymerized products of SPIAD as well as ion incorporation into the film. Mass spectra, Fourier transform infrared spectra,
and X-ray diffraction all indicate higher molecular weight species and less fragmentation of 3T for 100 eV thiophene ions. Mass spectra
indicate thiophene ions behave both as catalysts and reagents in polymerization. Despite obvious differences in film chemistry, quartz crystal
microbalance measurements show SPIAD film thicknesses are the same for both the polyatomic and atomic ions at both ion energies. UV-vis
absorption and photoluminescence are found to depend upon the differing chemical composition and structure of the films which in turn are
controlled by the polyatomicity and kinetic energy of the incident ions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Previous work showed that polymerization of evaporated
a-terthiophene (3T) op-terphenyl films can be efficiently
Conducting polymers are currently being considered for promoted by the simultaneous impact of hyperthermal poly-
use in various thin film devices including field effect transis- atomic thiophene ions onto a surfai®10]. This method
tors, light emitting diodes, and photovoltaid3. Optimiza- is termed surface polymerization by ion-assisted deposition
tion of thin film devices requires an ability to fine tune op- (SPIAD) and it allows growth of conducting polymer films
toelectronic properties via modification of film chemical and with control over their UV—vis absorption and photolumi-
morphological structure. Control of optical band gaps and nescence spectra which depend upon both ion energy and
emission in such films has been most commonly achievedion to neutral ratid11]. While film growth rates are similar
through electrochemical and chemical synthesis methodsat different ion energies, mass spectra indicate the formation
[2,3], but there is strong interest in other methods that allow of different distributions of polymerized species. However,
improved in situ control and modification of film properties. further study of the mechanism of film polymerization and
lon-assisted deposition is one method previously shown to control of optical properties in SPIAD is warranted.
allow control of optoelectronic properties of organic films The present paper examines the overall effect of incident
[4-8]. ion polyatomicity and kinetic energy on the polymerization
and optical properties of the polythiophene which here is
termed a SPIAD film. The question addressed is whether it
* Corresponding author. Tel.: +1 3129960945; fax: +1 3129960431,  Matters if polyatomic ions are used in SPIAD or if the same
E-mail addressLHanley@uic.edu (L. Hanley). films are produced by atomic ions. Previous reports examined
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the effect of ions — either polyatom|[@,8] or atomic[4,6] mally evaporated onto the substrate in vacuum using a re-
— on the optical or optoelectronic properties of organic films sistively heated doser (Model LTE 11000K, 1 cc, Kurt J.
formed by ion-assisted deposition. These reports showed that.esker) and the neutral flux is monitored by a QCM (Model
both polyatomic and atomic ions induce significant changes SQC-222, Sigma Instruments). The neutral flux calculation
in optical or optoelectronic properties of films compared to fromthe QCM frequency shift was described previo(ishy.
their evaporated film counterparts. Modification was gener- Total ion and neutral fluxes used for the SPIAD films are
ally related to film structure and an efficient hole/electron re- ~4 x 101cm~2 and ~7 x 1018 cm2, respectively, except
combination mechanism, but many relevant issues were notas noted below.
discussed including the specific role of film chemical struc-  The QCM is most conveniently employed by multiple
ture, the extent of polymerization of the neutral monomer, and depositions onto the same Au coated crystal that is sputter
the potential incorporation of the ion into the film. Various cleaned between each deposition. BeamsiipA, 350 eV
mechanistic issues in SPIAD are addressed in the present paAr* ions are used to sputter each deposited film until the ini-
per through the use of a separate source of ions and neutralgial QCM frequency is recovered, thereby avoiding frequency
Both 100 and 200 eV energy polyatomic ions — non-mass- dependent errors in the QCM measurement. A 4 etactri-
selected thiophene ions — and"Aatomic ions are compared cally insulated metal plate is installed in front of the QCM
for 3T SPIAD film growth. Mass spectra of films prepared by shutter to measure the ion current. Total ion and neutral fluxes
hydrogenated and deuterated thiophene ions probe ion incorused for the QCM measurements aré x 101°cm=2 and
poration into the film. UV—vis absorption and photolumines- ~8 x 101 cm~2, respectively. Films deposited on the QCM
cence probe optical properties and a quartz crystal microbal-are subsequently heated in vacuum with an infrared lamp for
ance compares film thicknesses. Crystalline structures of thel800 s, then stored in vacuum for an additional 3600 s to en-
3T SPIAD films grown by thiophene ions versus'Zare ex- sure complete sublimation of all unbounded 3T, all the while
amined by X-ray diffraction. These results are discussed in monitoring the QCM frequency. Film thicknesses are ob-
terms of polymerization mechanisms and the relationship of tained from the QCM frequency changes through calibration
optical properties to film structure. based upon thicknesses from cross sections of thicker films
measured by variable pressure scanning electron microscopy
(Model S3000N VPSEM, Hitachi, 5 keV electron beam volt-

2. Experimental details age, no film coating). It is found that film thicknesses from
electron microscopy of 15 0.03pum (~9x thicker than the
2.1. Film deposition conditions and substrate other deposited films described herein) correspond to a QCM

frequency shift of 908a- 25 Hz.

SPIAD films are created by co-depositing thernaal
terthiophene neutrals (3T or 2.2,2-terthiophene, 98%, 2.2. Characterization of film optical properties
Alfa Aesar) and non-mass-selectedAor thiophene ions
onto a substrate surface. Deposition is performed onto vari-  Photoluminescence (PL) at 390 nm excitation wavelength
ous substrates, depending upon the analysis method (as desf the films is measured with the same instrument (SLM Am-
scribed individually below). The experimental conditionsand inco 8000C, ISS) under previously described condit[@d$
apparatus which include the ion source, mass flow controller, UV—-vis absorption is measured using a standard instrument
and energy analyzer/quadruple mass spectrometer were defModel Cary 100 & 300 series, Varian) equipped with a solid
scribed previously11]. Briefly, a commercial Kaufman ion ~ sample holder and sample masking area of 1.c8PIAD
source using 30 eV electron impact energy (Model 3cm lon films for optical measurements are deposited onto indium tin
Source, Veeco-CS) generates™Aur thiophene ions from  oxide (ITO) coated glass substrates.
a precursor gas metered by a mass flow controller (Type
246, MKS). Monitoring ion fragmentation by an energy an- 2.3. Characterization of film chemistry and crystallinity
alyzer/quadrupole mass spectrometer finds+&% of the
ions formed from thiophene gas in this source are the in-  Commercially available desorption ionization on oxidized
tact thiophene parent ion4684S', with the remainder frag-  silicon (DIOS) chips were used previously to characterize
ments thereof. An A/cm? ion current and a 45incident films in a matrix-assisted laser desorption ionization reflec-
ion angle are used for all film depositions except for those tron time-of-flight mass spectrometer (Model Voyager-DE
onto the quartz crystal microbalance (QCM), which utilizes PRO 6275, Applied Biosystemg)1,12] The work described
a 2pA/cm? ion current. All SPIAD films are grown at /100  here requires investigation of larger film areas than those
ion to neutral flux ratio. A bias of~40eV is applied to probed using the commercially available DIOS chips, so sim-
the substrate to achieve 100 eV kinetic energy for deposi- ilar chips are fabricated in house. The electrochemical fabri-
tion at the desired ion current. No bias voltage is applied cation process involves connecting a p-doped silicon wafer in
to the substrate during deposition of 200 eV kinetic energy HF acid (24 wt.% in ethanol) to the anode of an electrolytic
ions which is achieved instead by increasing the beam volt- power supply and oxidizing into a 0.7 éneffective area at
age by variation of potentials in the ion source. 3T is ther- ~20 mA for 300 s under white light illumination from an in-
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candescent bulfl3]. Mass spectra of 100 eV films directly
deposited onto these homemade DIOS chips are identical to
those of films deposited onto commercial DIOS chips.
Fourier transform infrared (FTIR) absorption of films
deposited onto Si wafers is performed within the vacuum
chamber (Model FTLA 2000-154, Bomem ABB) with an
optical path that includes the vacuum chamber and a nar-
row band MCT detector. Infrared radiation from the FTIR

>
passes through the film and Si substrates at normal angle and ;c';
1=

spectra are recorded with 350 scans at 4Enesolution. A

hydrogen-terminated surface is prepared on the Si substrate

prior to SPIAD by first etching with 5% HF solution for 40 s,
then by rinsing with deionized water to remove the native
SiO; layer[11].

The crystalline structure of the films is analyzed by
X-ray diffraction (XRD) using a standard powder diffrac-
tometer utilizing 6—29 scans (Model D-5000, Siemens,
Cu Ka X-rays). Films analyzed by XRD are deposited
onto hydrogen-terminated Si substrates, but the films are
approximately twice as thick as those grown for the other
characterization methods to allow improved S/N. Total
ion and neutral fluxes used for the XRD measurements
are ~7 x 10%cm=2 and ~1.5x 10 cm=2, respectively.
The XRD measured films are also kept in vacuum at room
temperature for at least 24 h before XRD scanning, to allow
full evaporation of unbound 3T.

3. Results

3.1. Optical properties from UV—vis absorption and
photoluminescence

Fig. 1shows 390 nm excited photoluminescence (PL) for
evaporateak-terthiophene (3T) films and SPIAD films pro-
duced by either thiophene and its fragment ions $PIAD)
or argon ions (At SPIAD) deposited at 100 and 200 eV ki-
netic energy coincident with 3T evaporation. PL 6f9PIAD
at 100 and 200 eV energy (1/100 ion to neutral ratio) was in-
vestigated previouslji 1] and displayed a red shift with two
new peaks at 535 and 570 nm. Both ions at 100 eV kinetic
energy induce the strongest enhancement in PL intensity for
SPIAD films compared with the 3T evaporated film while the
200 eV ion energy leads to dramatically reduced PL intensity.
The PL of A" SPIAD films at 100 and 200 eV are similar to
those of T SPIAD in that they shift to the red compared to
the 3T evaporated film PL. However, there are several differ-
ences in PL for the atomic versus polyatomic ions. The T
SPIAD film PL displays its most intense peak at 535 nm with
lesser peak shoulders at 505 and 550 nm. THeSRIAD PL

100 eV T SPIAD

100 eV Art
SPIAD

450 500 550 600
Wavelength (nm)

Fig. 1. Photoluminescence (PL) of evaporateterthiophene (3T) films as
well as thiophene ion () surface polymerization by ion-assisted deposition
(SPIAD) and Af SPIAD films grown at 100 and 200 eV ion energies (1/100
ion to 3T neutral ratios). Films are grown on indium tin oxide coated (ITO)
glass and PL are measured at 390 nm excitatidrreTers to GH4S" and
fragments thereof.

film and 370 nm for the TSPIAD film. There is also a broad
tail in the absorption ranging from 420 t6550 nm for the
Ar* SPIAD film which extends further to-660 nm for the
T* SPIAD film. This tail is absent in the UV—vis absorption
of the 3T evaporated film, which cuts off sharply at 420 nm.

displays its most intense peak at 505 nm and a second most s B

intense peak at 550 nm.
Fig. 2shows the UV-vis absorption of the 3T evaporated,
T* SPIAD, and AF SPIAD films deposited at 100eV. The

, -a— 3T only
; 100 eV T* SPIAD Film

o [

2

R 100 eV Ar* SPIAD Film
2
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<
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center of the absorption peak of the 3T evaporated film occursgig. 2. Uv-vis absorption of evaporated 3T, 100 e/SPIAD, and 100 eV

at 320 nm, while it is shifted to 350 nm for the ABPIAD

Ar* SPIAD films on ITO glass.
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3.2. Deposition, sublimation, and overall thicknesses 1 T* only deposited film

from QCM B T* SPIAD film
200 A E==J Ar* SPIAD film
Direct thiophene ion deposition (without any 3T evapo-
ration), T" SPIAD, and A¥ SPIAD films at both 100 and
200eV are investigated by following the frequency change J; %
of a quartz crystal microbalance (QCM), as show#ig. 3. = 190 1
The QCM frequency does not change for the first 420 s prior £
to deposition, but the frequency dramatically decreases dur- @
ing the 420 s of ion and 3T neutral deposition. Turning off the Qo 100 J

ionand neutral sources at the end of deposition and turning on <
an infrared lamp located inside the vacuum chamber causes e .c
sharp increase in frequency as the deposited film is heated anc™
unbound 3T sublimes. The largest frequency change in the 50 A
SPIAD film deposition is completed aftef2000 sin vacuum,

indicating that 3T sublimation is mostly complete. However,

a slower frequency change continues for anoth&b00 s. |_L| r__l

No large dip in the frequency is observed for the direct ion 0

deposition experiments, as there is no 3T to sublime (see inset 100 200
of Fig. 3). lon kinetic energy (eV)

The net change in frequency from deposition is measured
3600 s after the start of deposition, as shown in the inset of
Fig. 3. A net frequency change is observed only for SPIAD
and direction deposited films while 3T evaporated films com- . . . .
pletely sublime and induce no net frequency change (data notqsed. The thicknesses of 100 and 200 e_V direct ion deposited
shown), as expectefig. 4shows the thickness of direct ion films are on_|y~1/8 that .Of the SPIAD films. These results
deposited, T SPIAD, and Af SPIAD films produced by clearly confirm polymerization of 3T by SPIAD, as shown
100 and 200¢eV ions. Film thicknesses from the QCM are previously by other methods, 10
shown inFig. 4and range from 155 to 170 nm for all SPIAD
films within error, regardless of ion energy and ion structure 3.3. Chemical composition from mass spectra and

isotopic substitution

Fig. 4. QCM derived thicknesses of direct Bnly, T" SPIAD, and AF
SPIAD deposited films grown at 100 and 200 eV ion energies.

on 100 eV 200 eVArT The chemical composition of SPIAD films has been pre-

+
deposition , + 200 6V'T viously investigated by mass spectra of films deposited di-
Ar™ SPIAD SPIAD SPIAD . -
rectly onto nanostructured, oxidized silicon wafers known
0 - . \ / / as DIOS chipg10-12] These results showed that several
h ],/ species with higher molecular weights than the original 3T

N
% f neutral are presentin SPIAD films, as indicated by the appear-
= 100eV ance of [3T]T, [3T]TCH*, [3T]2", [3T]2CH*, [3T]3C3H2™,
Q10 | T+SPIAD 200 eV and related ions in the mass spectra. However, it was not clear
= \ / / T only from some of these prior experiments whether the thiophene
£ - fragments which are incorporated into those ions derive from
? 05 160 eV T* only fragmented 3T or t_he incident thiophene ikir:_l,lZ]. Mass
T o0 - ] spectra of SPIAD films from mass-selectetl ibns andp-
= 1.0 SPIAD films terphenyl neutrals indicated that ions can incorporate into
E 17 SPIAD films[10]. Furthermore, the role of hydrogen in the
1.5 ’ i polymerization of 3T was suggested by the abundance of

Off >

MH* peaks in the mass spectra, but the source of this hy-

_30 {deposition
30 P T . . 20004060 drogen was not identified. SPIAD with Arand deuterated
0 1000 2000 3000 thiophene ions is performed here to address these issues.
Time (second) Mass spectra of Tand A" SPIAD at 100 and 200 eV

in Fig. 5 clearly show differences in the chemical species
R o . . . created in SPIAD films from ions of different energy and/or
and Ar" SPIAD deposition at 100 and 200 eV ion energies. Inset in lower .
right hand corner indicates expansion of boxed region at top of graph and structure. R_eSUItS for the 100 e\f'BPIAD_ films were re-
additionally includes QCM response for 100 and 200V direct thiophene POrted previously11] and these peak assignments are used
ion (T* only) deposition. in Table 1for spectra of all the SPIAD film mass spectra.

Fig. 3. Quartz crystal microbalance (QCM) frequency response dufing T
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[3T]CH2" * [3T|T* 200eV T" SPIAD films display ra_ther different. mass spec-
+ tra compared to the corresponding 100eV film: the high-
100eV T est molecular weight peak of the 200 eV film is [3ThHs*
and no [3T}C,HS' or [3T]3C3H2* appear. The mostintense
peakin the 100 eV TSPIAD film spectrum is [3T]T, while
it is [3T]CH,™ for the 200 eV film spectrum.
[3T],C,HS" Comparing further the mass spectra of the 100eV Ar
[3TLC.H." SPIAD film with spectra of the corresponding 100eV T
*Ll . 3732 SPIAD film in Fig. 5 identifies the effect of ion structure
bl Ll . on film chemistry. The highest molecular peak in the 100 eV
[T,C,H,]* Ar+ SPIAD film spectrum _is [3Tj+, whereas the highest peak
[TCST* 200 eV T+ in the 100eV T SPIAD film is [3T]sCsH2*. Furthermore,
x* /1 [3TITT the 100eV A¥ SPIAD film mass spectrum does not show
* * any of the high molecular weight peaks corresponding to
[3TLC,H," [3T]2CHo*, [3T]2CoHs", [3T]2C2HS, or [3T]3C3H2* nor
ke any of the lower molecular weight peaks corresponding to
[3T]CH2*, [3T]SY, [3T]C3H2*, [3T]C3H2S", or [3T]TCH,*.
Table 1shows the relative ion intensities in the mass spectra
[3TT, of SPIAD films fromFig. 5 (and several additional replicate
+ spectra, all normalized to the [3Tpeak intensity). Intensi-
100 eV Ar ties of most of the ion peaks vary with ion structure and ki-
[3TL.* netic energy, indicating differences in the relative quantities
l % 2 of the corresponding species in the films. For example, the
..L__u.lh ALl L ion intensity of [3T]CH" in 200 eV T" SPIAD films is twice
[T,C,H.)" as high as the same ion in 100 eV SPIAD. [3T]TCsHg",
[3T]2", and [3TLCoHs5* from the 100 eV T SPIAD film all
[TCSI" show higher intensities than from the 200 e/IPIAD film.

+
/ [3T]TCSH6+ 200 eV Ar
*

I 245 250 255 260 265

[3TITCH,’
[3TI"*
x [3TL,C,H,"

Lk
[BTl% | *

Intensity

200 400 600 800 a |[3TI" [3TICH,”
m/z
"TtorC,H,S*

Fig. 5. Mass spectra of*Tand A" SPIAD films grown on nanostructured

silicon oxide (DIOS) substrates at 100 and 200 eV ion energies. A ~
* *
Do+ +
TorC,D,S

= An
Table 1 2
Relative intensities of peaks in mass spectra of SPIAD films deposited on & b [3 T ]QC H 2+ [3 T ]2C . HS*

c

DIOS chips, normalized to the [3Tpeak
m/z  lonstructure 100eVT 200eVT 100eV Arf 200eV Arf

[3T],"

"T*orC,H,S*

248 [3T} 1 1 1 1

261 [3TICH* 09403 21+04 <0.01 <0.01 T |
279 [3T]S 04402 03£02 - -

285 [3T|GH,* 0.14+0.04 02£01 - - Dt .

317 [3T|GH.S* 02401 04+01 - - T orC,D,S

330 [3T]T* 1.9404 1.1+03 16+02 1.1+0.4

342 [3T|]TCH* 0.140.03 0.4£01 - - " B

357 [3T]TGHs* 06401 04+0.1 <0.02 <0.02 : : :

372 [3T|]TGHe* 04401 0.1+£0.04 04:01  0.2+0.1 500 520 540 560
494 [3ThL* 05401 0.3+£0.06 0.1+£004 - m/z

507 [3ThCH.* 0.1+£0.02 0.2:0.04 - -
522 [3ThCyHs*™ 0.54+0.1 0.2+0.1 - -
550 [3TLCoHS' 0.4+£0.04 - - -
778 [3TKCsH,* <0.05 - - -

Fig. 6. Mass spectra of 100 eV SPIAD films grown on DIOS substrates from
C4H4S" and fragments thereof {J or C4D4S" and fragments thered?T*).
“" marks peaks of higher intensity fd?T* deposition.
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Table 2

Relative intensities of the (M + 1) and (M + 2) peaks from mass spectra of SPIAD films prepared from 100 eV hydrogenated and deuterated thiophene ions (an

fragment ions thereof), normalized to M peak intensity

Y. Choi et al. / International Journal of Mass Spectrometry 241 (2005) 139-147

m/zof M lon structure M+1 M+2
C4D4T* or PT* C4HaT* orHT* C4DaT* or T+ C4HaT* orHT*

248 [3TT 0.6+0.1 0.6+0.3 0.9+0.1 0.2+0.1
261 [3TICH* 0.9+0.1 0.4+0.1 0.3+:0.1 0.2+0.05
330 [3T]T* 0.6+0.1 0.4+0.2 0.2+0.1 0.2+0.05
494 [3TL* 0.6+0.1 0.4+0.1 0.7+0.1 0.4+0.05
522 [3TRCaHs* 0.8+0.1 0.3+:0.2 0.8+0.1 0.3+0.1
550 [3TRLCoHS" 0.9+0.1 0.4+0.1 0.8+0.1 0.4+0.2

Fig. 6andTable 2compare mass spectra of deuteratéd T
SPIAD (PT* or C4D4S") films with those of hydrogenated
T* SPIAD (FT*) films formed at 100 eV. Large differences in
the intensity of the (M + 1) and/or (M + 2) peaks can be seen
throughout the spectra 8fT* versus® T+, with the most no-
table changes indicated by “*” iig. 6. The (M + 2) intensity
of [3T]" in HT* versus®T* SPIAD changes from 0.2 to 0.9,
the (M + 1) intensity of [3T]CH* changes from 0.4 to 0.9,
and the (M +2) intensity of [3T]" changes from 0.4 to 0.7.
Similar (M + 1) and (M + 2) intensity trends are observed for
[3T]2CoHs*, [3T]2CoHS', and [3TRC,HS' upon use of the
deuterated ion. Other small peakswt 279, 285, 317, 342,

in which the SPIAD films are scanned after 1800 s of heat-
ing with an infrared lamp and subsequent storage in vacuum
for 3600s. Peak positions of 3T evaporated films on a Si
substrate are consistent with those recorded for 3T evapo-
rated films on KBr disks: a &=Cg symmetric stretch ap-
pears at 1498 cnit, C.=Cg anti-symmetric stretch at 1460
and 1426 cmt, a G,—C, inter-ring stretch at 1065 cnt, a
Cpg—H bend at 1230 cmt, and a G—H out-of-plane bend at
838 cn1![14,15] The G—H out-of-plane bend at 798 cmh

is not observed here because the Si substrate does not transmit
in this spectral region. Tand A" SPIAD films prepared at
100 eV show strong band intensities while both 200 eV films

357, 372, 507, and 778 cannot be compared due to large in-display only very weak bands. This ion kinetic energy effect

tensity fluctuations.

3.4. FTIR spectra of SPIAD films

Fig. 7 shows transmission FTIR spectra of 3T evapo-
rated, T SPIAD, and At SPIAD films on a Si substrate

1460
1230 1426
1065 /
1498

/838

858

3T only

100 eV TT SPIAD

IO.E a.u

100 eV ArT SPIAD

Absorbance

200 eV TT SPIAD
AL

...........................

1000 1200 1400
Wavenum ber (cm™)

Fig. 7. Fourier transform infrared (FTIR) spectra 6fahd Ar* SPIAD films

on the IR peak intensity is consistent with that on the UV—-vis
absorption and PL peak intensity (see above).

3.5. Crystalline structure from XRD

Evidence for crystalline structure in the 100eV and
Ar* SPIAD films is shown irFig. 8 which compares their
XRD with that of an 3T evaporated film. XRD of the 3T
evaporated film show the strong first-, second-, and third-
order reflections at@angles of 6.72, 13.63, and 20.5,
respectively. XRD of the 100 eV ArSPIAD film displays
all these 3T peaks (marked “*” when labels are adjacent to
multiple peaks) and several new diffraction peaks at%9.2
23.20,25.02,27.98, 28.8%,29.53, and 38.63. Published
XRD of sexithiophene (6T) evaporated filrfi6,17] allow
assignment of the peaks at 19.23.20, and 27.98to 6T
crystalline structures in the ArSPIAD films. The 28.85
29.53, and 38.63 peaks in the At SPIAD XRD remain
unidentified. The 100 eV TSPIAD film XRD displays two
3T peaks, but only at low intensity. The most intense peaks
inthe T" SPIAD film XRD appear at 19.3319.80, 23.20,
and 27.98, all of which are attributed to 6T except for the
unidentified 19.80peak. The peak at 32.96een in the XRD
of all three films is from the silicon substrate. Differences
in relative 6T, 3T, and unidentified peak intensities indicate
variations in the distribution of crystalline structures between
the T" versus At SPIAD films, with more 6T-like structures
present in the former.

There are some minor differences in the spectra that de-

grown at 100 and 200 eV ion energies on silicon substrates. Absorption unit P€Nd upon post-deposition heat treatment, or the lack thereof.

scale indicated as “a.u.”

XRD peaks for the Af and T SPIAD films only appear
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R N A 6T T T Efficient polymerization in SPIAD is indicated by com-

parison of film thicknesses with those of direct ion deposited
films: SPIAD films are~160 nm thick while direct thiophene

. ion deposited films are onky20 nm thick Eig. 4). Both ions

T SPIAD and kinetic energies yield an eightfold increase in SPIAD
film growth rates compared with direct Tion deposition,
consistent with the tenfold increase reported previously for
mass-selected iorf9,10].

The film deposition rate during SPIAD is estimated to be
~0.4 nm/s, after the sublimation of free 3T neutrals is taken
into account, and is similar for polyatomic' Tand atomic
Ar* at either 100 or 200 eV. However, different ions and ki-
netic energies lead to very different film structures. Mass
spectra inFig. 5 confirm higher molecular weight species
are formed by T than Ar* SPIAD, with the different film

0ot structures explained in part by incorporation dof ifito the
002 3T only film. The use of deuterated468,4S" or PT* in Fig. 6 con-
J 1 003 firms incorporation of the polyatomic ion into the film that is
L N A absent when atomic Aiis used for polymerization. Further-
T T more, peak intensity variations for the species observed in
10 20 80 40 both T" and A" SPIAD mass spectra indicate different dis-
26 (Angle) tributions of the corresponding species in the filfat{e J),

with higher molecular weight species favored fdr SPIAD
Fig. 8. X;ay diffraction (XRD) of 3T evaporated films as well as 100 eV film structures induced by‘Tand A also display different
Ar* and T" SPIAD films on silicon substrates. “*” marks peaks indicated L . - .
by adjacent label crystallinity (Fig. 8). XRD of 100 eV_T+ SPIAD f|Ims.d|s—
play only trace 3T peaks, but prominent peaks attributed to
when the films are stored in vacuum for 24 h without heat- SeXithiophene (6T), consistent with the relatively high [8T]
ing. Furthermore, all XRD peaks (except for the silicon peak) OPServed by mass spectrometry. Howevef, 8PIAD films
disappear as the films are heated-®40 K for 1800s. This ~ Show XRD consistentwitha 3T filmand only minor 6T peaks,
indicates a loss of crystalline structure with film thickness Consistentwith a lower intensity of [37] ions in their mass

and/or morphology. Furthermore, the relatively intense XRD SPectrakig. 5). .
peaks observed for the 100 eV SPIAD films compared with _ 1he molecular structure of the SPIAD film — composed

the relatively weak signals for the FTIR spectra of the same ©f Polymerized 3T monomer units with thiophene adducts —
film may result in part from differences in how the films are IS destroyed by the higher ion energy, as indicated by mass

allowed to sublime 3T. The XRD samples slowly sublime (Fig- S5andTable 3, PL (Fig. 1), and FTIR Fig. 7) spectra.

3T over a 24 h period by storage in vacuum while the FTIR Higher mass distributions are observed in the mass spectra of
samples are forced to undergo a rapid sublimation by heating100 8V SPIAD films, regardless of the ion used. FTIR spectra
with an infrared lamp in vacuum for 1800s. These differing ©f 200 &V SPIAD films display much lower vibrational band
treatments may change film structure in a manner not yet ex-Intensities compared to those of the 100 eV SPIAD films, a
plored in detail. However, PL and UV-vis absorption do not trend which agrees with the lower PL observed at higher ion

depend upon these various post-deposition heat treatmentsl§in6tic energy. This data collectively indicate that high ion
or the lack thereof (data not shown). kinetic energy destroys more of the film structure upon ballis-

tic ion impact, a phenomenon previously observed for direct
polyatomic ion deposition on polymer surfa¢ésl8,19]

4. Discussion Polymerization of 3T neutrals by SPIAD is most effi-
ciently achieved here at a relatively low 1/100 ion to neutral

4.1. Film growth and structure by atomic versus ratio. This high flux of 3T for polymerization is only required

polyatomic ions because 3T neutrals sublime quickly from the substrate after

deposition, as evidenced by the QCM measurentégt Q).

The various film analyses described above indicate SPIAD Lowering the substrate temperature to 200 K allows use of a
by both the At atomic ion and thiophene polyatomic ions smaller ion to neutral ratio for growth of SPIAD films from
(T*) lead to efficient polymerization compared to direét T 3T (data not shown). Thus, SPIAD with higher sticking co-
ion deposition without coincident evaporation of 3T. How- efficients is probably likely at much larger ion to neutral ra-
ever, the chemical structure, crystallinity, and optical proper- tios, which is confirmed by preliminary SPIAD work with
ties of the SPIAD films are all controlled by the polyatomicity other neutrals. Voids may also be created in the SPIAD films
and kinetic energy of the ions used to grow them. following sublimation of 3T. Work is underway to search for
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voids which could affect overall film morphology, crystalline either as protons or atomic hydrogen. 10eV protons have

structure, and/or optical properties. recently been shown to induce polymerization of various ad-
sorbed organic species by-8 bond cleavage followed by
4.2. Polymerization mechanisms recombination of the resultant carbon radicals to form cross-

linked polymeric thin films[23]. Hyperthermal protons or

Multiple polymerization mechanisms are found to play a atomic hydrogen also play a role in SPIAD. An abnormally
role in T" SPIAD, where T can behave as both catalyst and high intensity of protonated (M+ 1) peaks in SPIAD film
reagent. The catalyst or reaction initiator role is one where mass spectra was observed previously and attributed to free
the kinetic energy and/or charge state of either ahaxrT" hydrogen atoms or protons in the filfhl]. However, this
ion induces surface polymerization of 3T. It is obvious that previous work did not determine whether the source of this
atomic Ar* can only act as a catalyst or a reaction initia- extra hydrogen was surface induced dissociation of incident
tor, as it cannot bond directly to 3T to form stable species. T* or adsorbed 3T. If hydrogen from neutrals contributes
Thus, the formation of [3T]T in Art SPIAD mass spectra  to polymerization, then some high molecular weight peaks
(Fig. 5andTable ) results from Af induced fragmentation  containing extra hydrogen (M + 1) observed inthe 100&V T
and polymerization of at least two 3T neutrals. Formation SPIAD film should also appear in the ABPIAD film spec-
of [3T]T* and [3ThL* in the mass spectra of both Aand tra. However, 100 eV ArSPIAD does not show such (M + 1)
T* SPIAD films can be explained by an efficient transfer of peaks, indicating that the incident on is the source of most
ion kinetic energy to 3T adsorbed on the surface. Previous extra hydrogen. Significant contribution to polymerization by
C4H4S" ion scattering experiments and molecular dynamics protons from incident Tion is confirmed by the appearance
simulations imply that the majority of the ion kinetic energy of deuterated ions in the mass spectra of films grown from
will be transferred to the 3T covered surfd@®—22] The DT* (Fig. 6).
energy of ion neutralization can also contribute to polymer-  The similar enhancements for mass-selected versus non-
ization in a catalytic fashion, but this is less likely fof than mass-selected ion SPIAD discussed above indicate that non-
for Ar*. Thiophene ion neutralization will impart at most a ion-assisted mechanisms are not the predominant contributor
few eV of energy into the surface whereag Aeutralization to film polymerization in these SPIAD experiments. Never-
can impart up to~10 eV, based upon differences in the ion- theless, there is probably some enhancement in polymeriza-
ization potentials of the corresponding gaseous neutrals andion of 3T neutrals by radicals, photons, or electrons emitted
the surface work function. from the broad beam ion source. Thermal excitation and/or

An additional polymerization mechanism in SPIAD is ultraviolet irradiation from a hot filament can initiate poly-
where T" behaves as a reagent that incorporates via cova-merization[24—26] Furthermore, 3T neutrals on nanostruc-
lent bonding into the polymer formed. Mass-selectgd£5* tured titanium oxide surfaces can be photopolymerized to 6T
ions were previously found to induce polymerization of 3T by UV irradiation[27]. Hot filament or photopolymerization
and p-terphenyl neutrals by both the catalytic and reagent of 3T neutrals is possible here, but it is unknown if the opti-
mechanisms, with the latter indicated by the incorporation cal emission from the broad beam ion source is of sufficient
of the T" ion into some of the polymerized p-terphenyl units intensity and appropriate wavelength to induce photopoly-
[10]. Areagentrole for Tincorporated into the SPIAD films ~ merization. Another inadvertent event here could be electron
is indicated here by the presence of 3T polymerized speciesinduced polymerization, which was observed previously for
with fragment ion adducts such as [3TH,", [3T]2CoHs", 3-hexylthiophene monomer on surfa¢28,29] However, no
[3T]2C2HS*, and [3TECsH2*. Such polymerized adduct difference is observed in optical properties and mass spec-
species are not observed in*ABPIAD films, indicating tra for 200eV T SPIAD films grown with and without a
their probable formation from £44S* fragmentation upon  voltage biased substrate. The substrate biasing modulates the
surface impact. For example, [3sH>* could form from electron flux and confirms electron induced polymerization is

CsHs* which is a major fragment ion formed in 84S* not a dominant effect here. Overall, while non-ionic particles
ion-surface collisiong21,22] Furthermore, the deuterated emitted from the ion source may contribute to polymeriza-
peaks observed in the mass spectrabf SPIAD films con- tion during SPIAD, these effects appear minor. This point
firms ion incorporation into the filmHig. 6 and Table 2. is especially clear when the data are compared with mass-

Finally, about one third of the incident ions are thiophene selected ion experiments (where such non-ionic particles are
fragment ions which significantly contribute to the poly- absent) which give many similarities in polymerization and
merization event. For example, the [3ThHS" mass spec-  unequivocally show that a pure ion-induced polymerization

tral peak could result from incident,8,S*, which is a is also occurring herg 0].

major fragment ion emitted by the non-mass-selected ion

source. This argument explains why the [3T}HS" ion is 4.3. Control of optical properties

not observed in mass spectra of mass-selecteHIAD

films [10]. It was previously reported that ion energy controls opti-

The smallest fragment that can form either in surface col- cal properties of SPIAD films, leading to red shifts in the
lision or via direct emission from the ion source is hydrogen, PL and film band gaps compared to the 3T evaporated films
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[11]. The shift in optical properties was attributed in part

to an increase in conjugation length of the molecular con-

stituents of the SPIAD films, a result consistent with the
observed optical properties of 3T photopolymerized to 6T
[27]. The different optical properties of SPIAD films by poly-
atomic T" and atomic Af observed in the present work
can also be explained by differences in polymerization in-

147

tronic properties of SPIAD conducting polymer filn{d 1]
and work to be published).
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