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Introduction

Polythiophene and its derivatives are the
first conducting polymers that are stable
toward oxygen and moisture. Studying sur-
face electronic structures in these conju-
gated polymers is extremely necessary for
their application to organic devices, such as
thin film transistors, solar cells etc.”? To
achieve efficient charge transfer in these
layer-structured devices, it is crucial that &
electronic wave functions overlap between
these underlying polymer layer and the
overlayer molecules. In this context, to
observe the electronic states tailing outside
the conjugated polymer surface is critically
essential. The ordinary spectroscopic tech-
niques using photons like ultraviolet photo-
electron spectroscopy (UPS) (Figure 1) can
probe the electronic density distributed at
the top ~1 nm layer inside surface. Penning
ionization electron spectroscopy (PIES)
using metastable atoms as probes,m can
observe the outermost surface electrons
selectively since metastable atoms do not
penetrate into the bulk of solid (Figure 1).
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Summary: We report the surface electronic structures of polythiophene derivatives
(including polythiophene, poly(3-butylthiophene), poly (3-hexylthiophene)(P3HT))
thin films observed by ultraviolet photoelectron spectroscopy and Penning ionization
electron spectroscopy. He*-impact-surface-modification was applied on the P3HT
surface to control the distribution of the electron density.
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In this study, surface electronic struc-
tures of polythiophene derivatives (includ-
ing polythiophene (PT), poly(3-butylthio-
phene) (P3BT), poly(3-hexylthiophene)
(P3HT)) thin films were observed by UPS
and PIES. Furthermore, He*-impact-surface-
modification was applied on the P3HT thin
film with different conformations to control
the distribution of electron density at the
outermost surface.

Experimental Part

The polythiophene derivatives were pur-
chased from Sigma-Aldrich Co. Ltd and
used without further purification. The PT
thin films were vacuum deposited by eva-
porating the powder onto the Au/SiO,/Si
substrates and measured without breaking
vacuum. The P3BT and P3HT powder were
dissolved into chloroform and were then
spin cast onto the Au/SiO,/Si substrates.
The solution concentration for P3BT and
P3HT was Smg/mL and the thin films were
spin coated with speed of 3000 rpm. Ano-
ther P3HT thin film was also spin coated by
solution with concentration of 0.5mg/mL
and spin speed of 400 rpm to get different
conformation. The spin coated thin films
were then loaded into the UHV chamber
immediately and kept for several hours to
remove the solvent residual before mea-
surement. The samples were also annealed
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Ultraviolet photoelectron spectroscopy (UPS) on polymer surface.

at 453 K for one hour to further remove
the contamination and improve the crystal-
linity. UPS and PIES spectra were mea-
sured by an ultrahigh vacuum electron
spectrometer*®! with a newly equipped
180° hemispherical deflection-type analyzer
(PHOIBOS 100).

Results and Discussion
The distribution of the electronic states

near surface (~1nm) and outermost surface
of the polythiophene derivatives can be

observed by UPS and PIES, respectively.
Figure 2 (a) gives the UPS spectra of
different polythiophene derivatives. From
the spectra, it can be seen clearly that the
electronic structure in the low binding
energy (0-5 eV) has very similar feature
for all the thin films. This indicates that
attaching long flexible side alky chains to
polythiophene (PT) could increase the
solubility and processiblity of the polymer
without significantly changing the = elec-
tronic structure.’! The stronger peak loca-
ted at about 3~5 eV corresponds to the
localized  states contributed from S 3p and
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Figure 2.
The Hel UPS spectra (a) and PIES spectra (b) of polyth

iophene derivative thin films on Au/SiO,/Si substrates.

S3p+C2p denotes that states contributed from S 3p AO give more contribution than C2p to the feature in the

spectra, while C2p+S3p gives the reverse meaning.
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C2p atomic orbitals (AOs). The observed &
states whose feature located around ~0.5
~1 eV in UPS spectra is due to the strongly
delocalized nature of HOMO state of C 2p
AQOs, while the feature around ~1 to
~2.5 eV comes from contribution of C 2p
and partly contribution S 3p AOs. No clear
discernable features appear for the spin-
coated samples between 5 to 12 eV which
are related to the o states from the main
chain and the hexyl side groups due to the
complexity of the polymer structure. The o
states of the main chain can be observed
clearly for the vacuum deposited PT films
due to the better crystallinity and no influ-
ence of alkyl side chains.

Figure 2 (b) depicts the PIES spectra
of different polythiophene derivatives.
Considering the surface sensitivity of PIES,
the observed features should be dominated
by the electron density tailing outside the
polymer surface. Clear features can be seen
in the whole region of the spectra for PT
thin film since the vacuum deposited film
has well ordered crystalline structure and
no alkyl chains. For P3BT and P3HT, the =
states (~1~2.5¢V) and (~3~5 eV) con-
tributed by C 2p and S 3p AOs are shown
clearly in the spectra, indicating that the
related electronic wave function is spread-
ing outside the surface rather than shielded
by the alkyl-chain. Correspondingly, the
HOMO molecular orbital whose feature
should be located at ~0.5 to ~1 eV is beli-
eved to be facing to the vacuum at the
polymer surface although it cannot be
detected by He" metastable atoms because
S 3p AO spread more widely and may
screen the interaction between He™ and
HOMO electronic wave function. Other-
wise, the peak position difference between
UPS and PIES may be due to the difference
of AO distribution at surface region and the
outermost surface. Comparing the spectra
of PT, P3BT and P3HT thin film in the low
binding energy (0-5 eV), the 7 electronic
structure is found to be conserved approxi-
mately after attaching the side alkyl chain
onto the polymer backbone. The difference
in the higher binding energy region (larger
than 5 eV) comes from the effect of the o
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electronic states brought by the attached
alkyl chains.

Apparently, 7 electronic states from
polymer backbone extending outside the
surface can easily form n—m wavefunction
overlap with overlayer molecules. To get
the 7 electronic states exposed outside the
surface, He*-impact-surface-modiﬁcationm
was employed on the P3HT film with
different molecular orientation to remove
the side chains that block these 7 electronic
states. A “pure” surface reaction is expec-
ted using He"-metastable-atom-beam to cut
the side chains at outermost surface without
penetrating inside the surface. On the other
hand, it has been reported that the mole-
cular orientation for P3HT thin films can be
controlled by adjusting the coating para-
meters.[®*! PIES was employed to observe
the variation of the = electronic states
distribution at the outermost surface after
He" surface modification on P3HT thin
films with face-on conformation (concen-
tration: Smg/mL; spin speed: 3000 rpm) and
edge-on  conformation (concentration:
0.5mg/mL; spin speed: 400 rpm).M

Figures 3 and 4 give the PIES spectra of
P3HT thin films (face-on and edge-on
conformation, respectively) showing sur-
face modification effects. Insets are the
corresponding UPS spectra. It can be seen
from the spectra that features related to z
states in the low binding energy region
(0-5eV) becomes clearer and more intense
for thin films with both conformations after
surface modification. Note that the HOMO
state of C 2p (~0.5 to ~1 eV) cannot be
observed because widely spreading S 3p
AO may screen the interaction between
He" and HOMO electronic wave function.
The substraction of weak bonded hydrogen
atoms may mainly occur in the hexyl side
chains due to the bombardment of He",
followed by the formation of new chemical
bonds (C=C double bonds).”!”! For the
face-on conformation, the newly formed
C=C bonds may change the zigzag con-
formation of the alkyl side chains to a
conformation that gives the o states with
stronger intensity along these side-chains
showing more intense shoulder in the range
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Figure 3.

The PIES spectra of P3HT thin films (face-on conformation) showing surface modification effect. Inset is the

corresponding UPS spectra.

of 6-8 eV. On the other hand, for the
sample with edge-on conformation, the
changing of the alkyl side chain conforma-
tion would also possibly alter the main
chains to be face-on conformation at the

surface region since m states from the
polymer backbone and the o states along
the alkyl side chains can be observed clearly
by PIES. The newly formed bonds may
induce disorder to the stacking lamella

PIES_P3HT(edge-on conformation), Surface modification effect
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Figure 4.

The PIES spectra of P3HT thin films (edge-on conformation) showing surface modification effect. Inset is the

corresponding UPS spectra.
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structure of P3HT thin films, which results
in the peak broadening of the features in
the spectra. However, it could possibly
be recovered by annealing the samples at
453 K for one hour Therefore, PIES spectra
give clear features for the 7 states derived
from C 2p and S 3p, and o states from side
chains after annealing as shown in the top
curves of Figures 3 and 4. In addition, it is
noteworthy that the AOs of the newly
formed C=C double bonds may also partly
contribute to the stronger intensity of the 7
states in the range of ~1~2.5 eV and ~3~5
ey [7:10]

Conclusions

In summary, UPS and PIES were employed
to observe the surface electronic structures
of conjugated polythiophene derivatives.
Especially, PIES was adopted to probe the
electronics density tailing outside conju-
gated polymer surface. The spectra were
measured and compared for different poly-
thiophene derivatives (including PT, P3BT
and P3HT). The He" metastable surface
modification was employed on the P3HT
surface with different conformations to get

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the 7 electron density tailing outside the
polymer surface.
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