-
™
<
[
-l
wd
=
™

www.afm-journal.de

'a\
M“h\‘liir’ﬁ

www.MaterialsViews.com

On the Relation between Morphology and FET Mobility of
Poly(3-alkylthiophene)s at the Polymer/SiO, and Polymer/

Air Interface

Wibren D. Oosterbaan,* Jean-Christophe Bolsée, Linjun Wang, Veerle Vrindts,
Laurence J. Lutsen, Vincent Lemaur, David Beljonne, Christopher R. McNeill,
Lars Thomsen, Jean V. Manca, and Dirk J. M. Vanderzande*

The influence of the interface of the dielectric SiO, on the performance of
bottom-contact, bottom-gate poly(3-alkylthiophene) (P3AT) field-effect tran-
sistors (FETs) is investigated. In particular, the operation of transistors where
the active polythiophene layer is directly spin-coated from chlorobenzene
(CB) onto the bare SiO, dielectric is compared to those where the active layer
is first spin-coated then laminated via a wet transfer process such that the
film/air interface of this film contacts the SiO, surface. While an apparent
alkyl side-chain length dependent mobility is observed for films directly spin-
coated onto the SiO, dielectric (with mobilities of =102 cm? V' s77 or less)
for laminated films mobilities of 0.14 £ 0.03 cm? V-' s~! independent of alkyl
chain length are recorded. Surface-sensitive near edge X-ray absorption fine
structure (NEXAFS) spectroscopy measurements indicate a strong out-of-
plane orientation of the polymer backbone at the original air/film interface
while much lower average tilt angles of the polymer backbone are observed
at the SiO,/film interface. A comparison with NEXAFS on crystalline P3AT
nanofibers, as well as molecular mechanics and electronic structure calcula-
tions on ideal P3AT crystals suggest a close to crystalline polymer organiza-
tion at the P3AT/air interface of films from CB. These results emphasize the
negative influence of wrongly oriented polymer on charge carrier mobility and

highlight the potential of the polymer/air interface in achieving excellent “out-

of-plane” orientation and high FET mobilities.

for the production of low-cost, flexible
and large area electronics.!! Regioreg-
ular  poly(3-alkylthiophene)s  (P3ATs)
are well-studied materials in this field
and regioregular poly(3-hexylthiophene)
(P3HT) in particular serves as a bench-
mark material in the development of new
polymeric semiconductors due to its wide
availability and ease of processing from
solution into crystalline thin-film micro-
structures.?) Hole mobilities of up to 0.1
to 0.2 cm? V! s7! have widely been dem-
onstrated for P3HT.?* The hole mobility
has been found to be largely dependent
on polymer morphology, crystallinity, and
crystal orientation.l>®!

It is well established that P3ATs crystal-
lize in a lamellar structure. The extended,
(partially) flattened, and aligned thio-
phene backbones n-stack in the crystallo-
graphic b-direction, and several of these
stacks with identical orientation pile up in
the a-direction (Figure 1).1%

In the bulk of thin P3AT films, two
crystal orientations with respect to the
plane of the film tend to dominate;3811]
with the thiophene rings “edge-on” or
“out-of-plane” (oop) and “face-on” or “in-

1994  wileyonlinelibrary.com

1. Introduction

The use of solution processable polymeric semiconductors
for field-effect transistors (FETS) offers attractive opportunities

plane” (ip) (Figure 1). It has been shown that the FET mobility
for thin P3HT films with a pronounced (bulk) oop orienta-
tion is =100 times higher than for films with ip oriented crys-
tals.’l The crystal orientation as found in the bulk, however, is
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Figure 1. Schematic of the two predominant P3AT crystal orientations
with the thiophene rings oriented “out-of-plane” (left) and “in-plane”
(right). Indicated are the directions and unit cell dimensions of the crys-
tallographic axes a, b, and ¢ and the thiophene tilt angle o

not necessarily identical to that at the interface with the gate
dielectric, where the accumulation layer is located. In fact,
proper interface engineering of the gate dielectric can lead to
significantly enhanced FET mobilities.'>!3] It has been found,
for example, that the FET mobility of P3HT increases with
lowering the surface energy of the gate dielectric on which the
layer is deposited,'*!®! while specific interactions with polar
groups can enhance the FET mobility.*®!

Well-known agents to reduce the surface energy of the SiO,
gate dielectric are hexamethyldisilazane (HMDS) and octadecyl-
trichlorosilane (OTS). Their use typically leads to hole mobili-
ties for P3HT FETs of up to =0.1 cm? V! s71B while for bare
Si0, mobilities generally do not exceed 0.02 cm? V-1 g71,[17-22]
even after thermal annealing. It has been shown that OTS
and HMDS promote the formation of large populations of
highly oop oriented crystals at the gate dielectric, which in
turn is believed to reduce the amount of grain boundaries thus
increasing mobility.?*l The low mobility on bare SiO,, generally
observed for polythiophenes, has been attributed to the rela-
tively large amount of unoriented polymer at the interface with
Si0,, which would constitute trapping sites.[?#2°]

We have recently shown, using near edge X-ray absorp-
tion fine structure (NEXAFS) spectroscopy,?! that the well-
known[?% decrease in FET mobility with increasing alkyl chain
length for P3AT layers spin-coated from a single solvent corre-
lates strongly with a decrease in oop orientation of the polymer
at the interface with SiO,. This trend in the orientation was
also observed in the bulk for the crystalline polymer fraction by
means of selected area electron diffraction (SAED).

In contrast to films from chlorobenzene (CB), relatively
high and alkyl chain length independent hole mobilities were
observed for layers spin-coated from dispersions of crystalline
P3AT nanofibers (NFs). This was found to be consistent with
the high and alkyl chain length independent level of oop orien-
tation of the polymer in the NFs at the SiO, gate dielectric. Still,
hole mobilities as measured on untreated SiO, did not exceed
3.5 x 107 cm? V! 571126l Samitsu et al. have also demonstrated
alkyl chain length independent hole mobilities for isolated
P3AT NFs and NF networks on an OTS-treated SiO, gate.l?’]
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In this contribution, we extend our understanding of the
relation between alkyl chain length dependent polymer micro-
structure and FET mobility in thin P3AT films to the “polymer/
air” interface (although we use N, instead of air). Via film
transfer methods it is possible to flip a polymer semiconductor
film in such a way that the original polymer/air interface faces
the bare SiO,.

Film transfer methods have been used before to demonstrate
that the polymer orientation at the interface is very impor-
tant to charge carrier mobility. For example, Chabinyc et al.
spin-coated PQT-12,1?81 a polythiophene structurally similar to
P3ATs, on OTS-treated SiO,, transferred the film to bare SiO,
without flipping the film, and obtained a mobility approaching
that of a layer spin-coated directly on OTS/SiO, (0.03 vs
0.06 cm? V7! s71), while PQT-12 films spin-coated directly on
bare SiO, yielded mobilities of only =1073 to 10~* cm? V-1 71129
Until recently, the polymer/air interface was not considered to
be very promising for FET applications, although top gate FETs
were known to often exhibit higher mobilities than bottom gate
devices. Nevertheless, Kim et al. had already demonstrated
a relatively high mobility of =0.1 cm? V! s7! for P3HT at the
polymer/air interface by spin-coating a P3HT film from chlo-
roform and flipping it such that the polymer/air interface was
facing the (HMDS-treated) SiO, gate dielectric.l?% Recently, Wei
et al.3! demonstrated alkyl chain length independent mobili-
ties of =0.05 cm? V! s7! for flipped P3AT films measured at a
BCB (Cyclotene 3000) passivated SiO, gate dielectric.

Here, we demonstrate alkyl chain length independent FET
mobilities of 0.14 * 0.03 cm? V! 57! at the polymer/air inter-
face of P3AT films spin-coated from CB by transferring these
films to FET substrates with a bare SiO, gate dielectric. We fur-
thermore show, using NEXAFS spectroscopy, that the polymer
adopts very high levels of oop orientation at the polymer/air
interface of films spin-coated from CB. By a combination of
NEXAFS spectroscopy on films from CB, films from disper-
sions of crystalline NFs and molecular mechanics calculations,
we demonstrate that the high mobilities can be attributed to the
highly crystalline nature and oop orientation of the polymer at
the interface with air.

Finally, we compile all our data on P3AT interface organiza-
tion and FET mobility for P3AT interfaces formed at SiO, and
air to demonstrate that the FET mobilities at the air interface
are much higher than one could naively expect on the basis of
increased oop interface orientation alone.

2. Results and Discussion

We will proceed using abbreviations which unambiguously
indicate the number of carbons A in the alkyl side chain of the
P3ATs, such as P34T, P36T, and P38T instead of the more com-
monly used P3BT, P3HT, and P30T for poly(3-butylthiophene),
poly(3-hexylthiophene) and poly(3-octylthiophene), respectively.

2.1. Materials

The P3ATs we used were synthesized in our laboratory via the
Rieke method as described previouslyl¥ and are of the same
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Table 1. P3AT properties (A = number of carbon atoms in n-alkyl side chain),?? solvents used for NF formation,?2 mass fraction fyr of polymer
aggregated into NFs,’2 and average FET mobilities with current on/off ratios Io,/. and threshold voltages Vr of flipped P3AT film devices from layers

spin-coated from CB.

1996 wileyonlinelibrary.com

Polymer 32 NFB2 FET (flipped films from CB)

A M, PD RR Solvent used for e mobility I on/off Ve

[10° g mol [%] fiber formation [em? V1 s71] W\
4 19.5 2.29 96.5 o-chlorotoluene 0.94 0.0052 +0.0046 10'-10? 2546
5 16.7 1.93 945 pxylene 0.76 0.13 £0.013 102 9t5
6 23.7 1.80 94.5 p-xylene 0.77 0.155+0.035 10? 14+£5
7 24.4 1.64 97 3 0.11£0.011 103 3345
8 28.0 1.66 97 pinane 0.92 0.125+0.015 103 1810
9 25.9 1.46 98 pinane 0.82 0.175 £ 0.065 102-10% 14+£5

AP37T nanofibers were not used in this study.

batches as those described in ref.?%! We note here that the vari-
ation in regioregularity (RR of 94.5 to =98%)2% and molecular
weight (M,, of 23.0 £ 4.2 kD)2 for our polymers are likely to
be sufficiently small not to cause significant variations in mor-
phology and/or FET mobility (Table 1). Also the molecular
weights are expected to be high enough (M, > 15 kD) to be out-
side the range for which FET mobility and crystalline order (of
P36T) are knownl”#3334 to significantly depend on molecular
weight. For a discussion on both the possible influence of RR
and MW on morphology and FET mobility we refer to our pre-
vious paper.[°]

2.2. Field-Effect Transistors

FETs were prepared by first spin-coating the polymers from
2 wit% solutions in CB on highly doped Si substrates with
a thermally grown (bare) SiO, layer (204 nm) on top. Subse-
quently, these substrates were taken out of the glovebox, floated
on a 40% HF solution, which dissolves the SiO,, detaching the
Si substrate from the film which remained floating. The bottom
side of these films was then washed 4 times by successively
transferring the film to 4 different beakers with 18 MQ water.
Finally, the films, floating on water, were taken out with a FET
substrate in such a way that the former top side of the film
(polymer/air interface) would face the FET structure, in effect
flipping the film. The devices were then placed in the N, filled
glovebox again and left to dry. The whole procedure outside the
glovebox was performed within =15 min and light was excluded
whenever possible. Unfortunately, we were not able to transfer
NF films large enough to cover the gate of a FET structure in
this way, although we managed to transfer pieces of smaller
areas, large enough for NEXAFS spectroscopy. NF films are far
more brittle than films from CB.

In order to check whether any of the transfer steps would
affect the mobility, two types of control experiments were per-
formed. In the first control experiment, performed for P35T,
P38T and P39T, the film, floating on water, was taken out with
a FET substrate in such a way that the film was not flipped. We
call these films “re-applied” films. In the second type of con-
trol experiment, performed only for P38T that gives films of

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

relatively high mechanical strength, the film was flipped twice
using the standard procedure. With the first flip, the film was
deposited on a fresh SiO,/Si substrate and with the second flip
it was deposited on a FET substrate. FET measurements were
performed in the linear regime as described previously.°!

The FET hole mobilities of the “re-applied” and “flipped
twice” films were virtually identical to the (previously
reported?®)) hole mobilities of the respective P3AT films that
had been directly spin-coated on the FET structures (Table 2).
The steps performed in air were found to increase the onset
voltage from values of 10 to 14 V to values of over 30 V which
indicates that doping occurs, most likely due to adsorption
of (highly dipolar) water molecules at the SiO,/P3AT inter-
face.’>3] The mobilities however were not noticeably affected
and it is concluded that mobilities obtained via the film transfer
method are directly comparable to those obtained by spin-
coating directly on the substrate.

The FET characteristics of the flipped films of P34T to P39T
are given in Table 1. For P3ATs with 5 or more carbon atoms in
the side chain, the average mobility is 0.14 + 0.03 cm? V! 57,
which is 2 to 3 orders of magnitude higher than the mobili-
ties of 107 to 10* cm? V! s7! obtained?® for the bottom sides
of identical films (Figure 2). For P34T, the mobilities that we
measured for different transistors on a single film were quite
homogeneous with an estimated error of =20%. The mobilities
of different films however differed substantially. For the best
film we measured a mobility of (1.6 + 0.3) x 102 cm? V™! 7!
with an on/off ratio of 1000 and a V, of =7 £ 4 V, while for the

Table 2. FET mobilities of some P3AT films spin-coated from 2 wt%
solution in CB®l on a bare SiO, gate dielectric (reference) and the
values that were obtained in control experiments for films that were “re-
applied” and “flipped twice” (see text).

Referencel?¢] Re-applied Flipped twice
A mobility / 1073 mobility / 1073 mobility / 1073
[em? V' s7] [em? VT s7] [em? V' s7]
5 1.30+£0.15 0.88 +0.10 n.d.
8 0.30+0.03 0.27 £0.03 0.32+0.03
9 0.21£0.02 0.26 £0.03 n.d.

Adv. Funct. Mater. 2014, 24, 1994-2004
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A B [C5 s on a HMDS and/or OTS treated SiO, gate
3 /I o Bottom CB i dielectric and exceed previously reported
0.1+ % 1 A values for flipped P3AT films.3%3! These
I / } results suggest high levels of oop orienta-
- —o—Bottom CB 65 1 . | tion®) and crystallinity at the polymer/air
2 ¢ 3 ¢ interface of spin-coated P3AT layers,P! sim-
= 0.01- 1 b ilar to what has been found for the interface
5 e §/ of P36T with a low surface energy dielectrics
3 [ _a—=3 o 4 like OTS-treated Si0,.?)! The alkyl chain
. V' 60+ §\<} length independent hole mobility further-
1E-34 /@\ . \ more points to a highly crystalline and fiber-
2 §\ like morphology at the polymer/air interface,
~— ® 3 since the mobility in P3AT fibers (on a bare
T~p 55| Mmagicangle \gf/ | SiO, gate dielectric) was also found??® to be

1E-4 1, . . . . . oy alkyl chain length independent (Figure 2).

4 5 6 7 8 9 4 5 6 7 8 9

Carbon atoms in side chain (A)

Carbon atoms in side chain (A)

2.3. Atomic Force Microscopy

Figure 2. A) FET mobilities as a function of alkyl side chain length A for the flipped CB-P3AT

films (spin-coated from 2 wt% solutions) as measured on a bare SiO, gate electrode. For com-
parison, the previously obtained[?®! mobilities of the NF films and CB films spin-coated and
measured on the bare SiO, gate dielectric are also displayed. B) NEXAFS average thiophene
tilt angles <o> as measured for the top (air interface) of the NF- and CB-P3AT films. For com-
parison, the values previously obtained?®l for the SiO, interface are also displayed.

worst film it was (9 + 2) x 10™* cm? V! 57! (on/off ratio = 10;
V. =25+ 5 V). A possible reason for the low and strongly var-
ying mobility values obtained for P34T is the fact that for this
polymer we are working at the solubility limit in CB. Although
P34T was spin-coated from a solution cooled down from 120 °C
and kept at 90 °CI?%l to ensure the complete dissolution of the
polymer, higher temperatures and/or lower concentrations
may be needed to ensure reproducibility of film formation and
higher mobility values. In the study of Wei et al.,?!! flipped
films of P34T did not exhibit lower mobilities than those of
P3ATs with longer alkyl chains.

Note that the mobility values of 0.14 £+ 0.03 cm? V™! s71 of
the flipped films obtained on bare SiO, compare very well with
state-of-the-art mobilities of 0.1 to 0.2 cm? V-1 s7! obtained for
similar bottom gate-bottom gold contact devices (with channel
lengths > 10 um) of P35T,”) P36T,*38l and P38T1®¥ deposited

In our previous study?®l we reported on the
AFM results on the top (and bottom) faces of
the spin-coated P3AT films from 1 and 2 wt%
solutions in CB and on layers spin-coated
from NF dispersions. For detailed AFM
images, and a discussion on morphology and
interface roughness we refer to sections 2.3.3 and 2.3.4 and Fig-
ures 5 and S$3-S6 of that study.? The films from CB show both
fiber-like and nodular features. The fiber widths wyy for the NF
layers have been determined before by the use of AFM (Table 3
and literature).% For the films from CB, we extracted an average
nodule width w, from the AFM images (Table 3). The variation
in wyr with alkyl chain length A was found to be slightly larger
than that in w,. The RMS roughness of these films (over an
area of 500 nm x 500 nm) decreases with increasing alkyl chain
length from 7.5 to 1.1 nm, and from 4.5 to 0.6 nm for films
from 2 and 1 wt% solutions in CB, respectively. Remarkably, the
roughness of the P35T films from 2 wt% solutions for which
we achieved mobilities of 0.13 £ 0.013 cm? V! s7! is as high
as 4.6 £ 1 nm. It is known from other poly(alkylthiophene)s,
poly[5,5’]-bis(3-dodecyl-2-thienyl)-2,2"-bithiophene]  (PQT-12)40
and  poly{2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene}

Table 3. Average thiophene tilt angles <a>? obtained with NEXAFS at the polymer/air interface of P3AT films spin-coated on SiO,/Si(100) from
1 wt% solutions in CB at 2000 rpm and from 0.4 to 0.6 wt% NF dispersions at 1000 rpm (see also Table 1) together with nodule widths w, and
fiber widths wy as determined with AFM for the same interfaces. For comparison, values previously reported for the SiO, interfacel?®l are also given
together with values of the estimated percentage of ip oriented P3AT (see text).

P3AT/Air interface

P3AT/SiO, interface

“
G
F
F
>
v
m
~

CB NF CB NF

A <o [ wy [nm] <o [ w2 [nm] <o ] ip [%] <ol ] ip [%]

64.4 17.6+3.7 61.9 141126 59.5 7.6 62.4 3.1
5 64.9 240+£5.5 65.4 220+3.7 59.3 8.6 63.7 1.8
6 67.5 19.7+3.5 67.7 273+3.8 57.7 15 64.1 5.0
7 69.1 22.7+5.0 n.d. 56.6 18 n.d.
8 64.5 20.1 4.7 65.6 18.4+3.2 55.0 15 61.9 4.0
9 66.3 22.2+39 64.0 22.1+35 56.5 15 63.0 5.0

AEstimated error: + 0.5°.

Adv. Funct. Mater. 2014, 24, 1994-2004 © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 1997



-
™
s
[
-l
wd
=
™

1998  wileyonlinelibrary.com

www.afm-journal.de

(PBTTT),*!I that an increased roughness of the gate dielectric
on which the polymer is deposited can significantly reduce the
FET mobility. This was attributed mainly to reduced long range
order and reduced domain sizes. In these studies, high mobili-
ties of 20.1 cm? V™! 571 could only be obtained for a gate dielec-
tric with an overall RMS roughness value lower than =0.5 nm.
The high mobilities that we obtained suggest that despite of the
large roughness, relatively large and well-ordered domains are
probably present at the original polymer/air interface. Although
we do not expect this surface to flatten significantly on the
nanometer scale (i.e., over 500 nm x 500 nm) upon contacting
the SiO,, we cannot completely exclude a contribution of such
an effect to enhancing the mobility.

2.4. Polarized Near-Edge X-Ray Fine Structure Spectroscopy
(NEXAFS)

In order to assess the polymer orientation at the polymer/
air interface, we have measured the total electron yield (TEY)
NEXAFS spectra of the carbon K-edge at the top sides of P3AT
films spin-coated from 1 wt% solutions in CB (i.e., at the inter-
face with air, which, after flipping the film, would face the gate
dielectric of the FET structure). For comparison, we also per-
formed NEXAFS spectroscopy at the top of P3AT layers spin-
coated from NF dispersions of the same polymers (but from
different solvents; see Table 1).

With NEXAFS,* polarized X-rays from a synchrotron are
used to excite core electrons in carbon atoms of the polymer
to unoccupied molecular orbitals (MOs). Especially the lowest
energy, pre-ionization transition at 284.5 eV is of interest for
our purpose, since it represents the excitation from the narrow
1s state to the m** band of the polymer. This transition has a
transition dipole moment that is perpendicular to the plane of
the thiophene rings of the polymer**~*l and thus can be used
to extract information about the average orientation of the con-
jugated polymer backbone with respect to the interface. The
surface sensitivity of TEY NEXAFS on regioregular P36T has
been determined to be about 2.5 nm,*% which corresponds
very well with the expected depth of the accumulation layer
(=2 nm)."”] Note that, in contrast to X-ray scattering techniques,
NEXAFS spectroscopy does not discriminate between crystal-
line and amorphous components.

Polarized NEXAFS spectra were recorded for three different
angles of incidence (20, 55 and 90°) and analyzed as previously
described.?®l In the analysis it is assumed that within the spot-
size of the beam (0.6 mm x 0.6 mm) there is no net, long-range
alignment of the polymer chains in the plane of the film.

For the top of the CB-P3AT layers, the analysis yielded values
for the average thiophene tilt angle <o> with respect to the sub-
strate plane between 64.4 £ 0.5° for P34T and 69.1  0.5° for
P37T (Table 3, Figure 2B). These values are much higher than
magic angle (=55°), for which no orientation preference is pre-
sent, and show that at the interface with air the polymer has a
pronounced oop orientation that is significantly higher than at
the interface with SiO, for which values between 55.0 to 59.3°
were previously obtained for these polymers (Table 3).[2¢]

The high oop orientation of 67.5 + 0.5° for P36T is compa-
rable to the results of Hao et al. who obtained values of 70 to

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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72° for P36T films spin-coated from chloroform at 400 rpm,*’]
and can very well explain the high mobilities observed at the
polymer/air interface. Note that the oop orientation for P36T
observed by us and Hao et al. is significantly higher than
the values of 59 and 60° obtained by Ho et al.*’! for layers
from chloroform and CB, respectively, and also higher than
the values of up to 60° that can be deduced from the data of
DeLongchamp et al.*4 for layers from chloroform. These dif-
ferences may in part be attributed to differences in spin-speed,
solvent, RR, and MW (distribution).3%#’]

There are some clear differences with what was previously
observed at the P3AT/SiO, interface.’l At the polymer/air
interface of the layers from CB, <o> follows a rather erratic
course with alkyl side chain length A. An increase in oop ori-
entation is observed in going from P34T to P37T, as opposed to
a decrease at the P3AT/SiO, interface,?® followed by interme-
diate <or> values for P38T and P39T. Also, in contrast to what
was observed for the P3AT/SiO, interface,?®! the trend of <>
versus A is not well reflected in the mobility, which apart from
P34T is independent of A (Table 1, Figure 2). Still, in absolute
terms, the range in which <o varies at the polymer/air inter-
face is only 4.6° (64.4-69.1°), which is quite small.

Remarkably, the polymer orientation at the polymer/air inter-
face of the NF-P3AT films is almost identical to that of the CB-
P3AT films (Table 3, Figure 2B). This is in strong contrast to
the orientation for both layers at the interface with SiO,. At that
interface, the NF layers have a significantly higher oop orienta-
tion than the CB layers, which is independent of A, while for the
CB layers it decreases with A.?®l We can deduce from the similar
widths of the fibers at the top of the NF layers (14.1 to 27.3 nm)2¢!
and of isolated NFs on a substrate (=20 nm),?? (the fiber height
is only =5 nm)[3248] that the orientation of the fibers with respect
to the substrate for both NF layers and isolated NFs must be iden-
tical, that is, with the polymer chains (crystallographic c-axis) in
the substrate plane and the crystallographic a-axis (=alkyl chain
direction) perpendicular to it. The same orientation is found in
the bulk of spin-coated and drop-cast P3AT NF films.[32484% The
relative insensitivity of <o to the processing conditions (CB or
NF), and the fact that the (oriented) NFs are highly crystalline,2%]
both suggest that o has reached a maximum value, possibly close
to a crystalline value (0yg). Thus, the top of the CB-P3AT films
is likely to be highly organized with the alkyl chains pointing out
of the surface, as is the case for the NFs. This is in agreement
with the findings of Hao et al. who studied the air interface of
slow dried P36T layers using both polarized NEXAFS and He*
Penning ionization electron spectroscopy (PIES). For (slow dried)
layers with <o =70 to 72°, no ip oriented P36T could be detected
with PIES, leading to the conclusion that “a near equilibrium
with edge-on structure” had formed at the P36T/air interface.

The fact that the NF layers display smaller tilt angles at the
interface with SiO, than at the interface with air can be mainly
attributed to the small mass fraction (1 — fyg) of molecularly
dissolved P3AT in the used NF dispersions (Table 1). If it is
assumed that this fraction orients like in CB-P3AT films both at
SiO, and air, then tilt angles <o>ygsio, for NFs at SiO, for most
polymers can be very well predicted as: (fyp) - <C>Npair + (1 -
fnE) - <0>cpjsiog, Which gives 61.8, 63.6, 65.4, 64.8, and 62.7°
for P3ATs with A of 4, 5, 6, 8, and 9, respectively (measured:
62.4,63.7, 64.1, 61.9, and 63.0°).
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Until now, based on X-ray diffraction studies of Prosa
et al.,P% we tacitly assumed 0y to be close to 90° and inde-
pendent of alkyl side chain length. However, our results and
those of Hao et al. suggest smaller maximum setting angles
which to some extend could be alkyl chain length dependent. A
closer look in literature also reveals that for P36T crystals there
is evidence for smaller setting angles.”'>? In order to probe the
alkyl chain length dependence of 0y and the possible occur-
rence of smaller values of Oy in P3AT crystals we performed
molecular modeling simulations (vide infra).

2.5. Theoretical Calculations

2.5.1. Molecular Mechanics Calculations

Since very similar <> values were obtained for the top of the
NF- and CB-P3AT films with NEXAFS, we chose to investigate
the thiophene ring orientation in (ideal) crystals as a model for
the surface. For this purpose, we adopted the OPLS-AA force
field®3 with some of the force field parameters optimized for
P3ATs (see Experimental) and performed crystal energy mini-
mizations with molecular mechanics (MM).

In the crystalline region of regioregular P34T (Form TI’),
P36T and P38T (both Form I) previous XRD studies indi-
cate a lamellar packing of polymer layers in an orthorhombic
primitive cell,’*> Since we found that our NFs are mainly
composed of the Form I polymorph (with only P34T NFs
containing about 50% of the more ordered Form I'),3255 we
decided to focus on Form I/I’ and not Form II, which has inter-
digitating side chains and a significantly larger 7 stacking
distance. The crystal structure was built with an orthorhombic
cell containing ten P3AT polymers (see Figure 3), each ten
units long, and periodic boundary conditions were applied in
all directions. In order to unravel all the possible local minima,
we used different values of a (60°, 65°, 70°, ..., 120°) as starting
configurations and performed full cell optimization in each

Figure 3. The optimized crystal of P36T with o= 67°.

case. The optimized structures fit best in a monoclinic P2,
space group.

In Table 4 we show the optimized thiophene tilt angles and
their relative potential energies for all stable geometric struc-
tures, that is, those that are obtained as output from the calcu-
lations when using different initial conditions. From previous
X-ray and electron diffraction studies on bulk samples, two dif-
ferent o values were obtained for P36T, namely 60°~62°F! or
64°1°2 and 85°.°% Here, we also find two structures with close
energies yet different o, 67° and 89°, in very good agreement
with these previous experimental results and a recent DFT
study.P® Especially, for the geometry with « = 67°, the inter-
lamella spacing, the intra-lamella chain-to-chain stacking dis-
tance, and the intra-chain repeated distance are calculated to be
16.8 A, 3.8 A, and 8.1 A, respectively, agreeing very well with the
experimental values of 16.8 A, 3.8 A, and 7.9 A."% Note that for
a molecular dynamics study of two P36T monolayers on a gate
dielectric the highest oop orientation that was found equals to
o = 67°.57) For the P38T case, our data (¢ = 81° and 85°) also
compare quite well with the experimental value, o = 84°. This
holds true as well for P34T, where the calculated value of 87°
is close to the value of 84°4 determined for Form I’ of P34T.
Importantly, for all polymers investigated, we find stable struc-
tures with tilt angles around 67-68° and in the range 81-89°.

Table 4. The tilt angle for all the thiophene rings in the initial P3AT geometries (04), and in the optimized geometries (¢/), the lattice constants, the
dihedral angles of S-C—C-S and C=C-C-C, the n—r stacking distance (d,_,), the density (p), the potential energy of the optimized geometry with
respect to the lowest optimized potential energy starting from different a, the o values obtained from experimental X-ray diffraction studies and
other calculations, HOMO (LUMO) intermolecular transfer integrals tyomo (fLumo) calculated at both INDO and DFT levels. Different oy may go to
the same o after geometry optimization, thus all ¢ values are provided. The values between parentheses denote absolute tilt angles between the

thiophene rings and the substrate.

A o o als b c/5 S-C-CS  C=C-C-C d ., p AE Exp. o Calc. ¢ tyomo tLumo thomo  tLumo
[ [ Al Al [A] dihedral  dihedral [A] [gcm™] [keal [ | [eV] [eV] [eV] [eV]
angle[]  angle[] mol™] INDO  INDO DFT DFT
60-80; 67 (67) 1273 7.60 7.85 1.1 86.1 350 1.21 0 84 0172 0027  0.154 0.050
4 110-120
85-105 93 (87) 1420 7.34 7.85 6.1 103.0 366 1.2 20.5 0112 0129 0103 0216
60-65 67 (67) 16.82 7.53 7.85 0.7 85.0 346 1 2.2 60°—62°1 8356 0184 0029 0162 0.052
6 64157
70-115  89(89) 1720 7.16 7.84 5.6 1028 358 114 0 851501 0135 0163 0119 0252
60-65 68 (68) 19.37 736  7.83 0.5 84.3 341 1.6 5.4 0.194 0015  0.170 0.072
8 70-85 81 (81) 20.86 7.5 7.85 43 96.7 353 1.10 0 84150 0156 0130  0.136 0219
95-105  95(85) 20.01 7.18 7.85 3.7 1125 358 1.4 5.4 0120 0145  0.106 0.236

AThiophene tilt angles oy in initial P3AT geometries were varied in steps of 5° for the given ranges. For instance, o4 values of 60, 65, 70, 75, and 80 were used for the range

60-80°; P’Form I’ as described elsewhere.?
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Since crystals with distinct o values and close potential ener-
gies are observed for the same polymer, the calculations sug-
gest that these could yield different domains that coexist in real
samples. The relative energies for the various crystal structures
identified from the MM calculations (see Table 4) then indi-
cate that o should increase from P34T to P36T, suggesting that
part of the observed variation in <> at the polymer/air inter-
face could be due to the presence of different polymorphs with
different Ofyq. An alternative explanation for the increase of
<or> in going from P34T to P36T and P37T could be due to an
increase in structural order within the top layer. In that respect
it is noteworthy that from a combined TEM, AFM, XRD and
UV-Vis spectroscopy study to the order within crystalline P3AT
NFs it was deduced that the order strongly increases when
going from P33T to P35T, while for longer alkyl side chains it
improved only marginally.?? Also structural disorder at domain
boundaries could reduce <o, since the NF widths wyp show
a similar trend as that of <o (Table 3). Such a correlation is,
however, not observed for the nodule width w, and <o of the
CB-P3AT/air interface.

Altogether, the calculations and literature data so far sug-
gest that the observed tilt angles at the CB- and NF-P3AT/air
interfaces in the range 64.4-69.1° could indeed be due to highly
ordered structures with near-crystalline thiophene setting
angles that are close to 70°, although a combination of (more)
disorder and higher setting angles, above 80° cannot be totally
excluded. With the optimized crystal structures in hand, we can
proceed by calculating the electronic transfer integrals medi-
ating charge transport and comparing them with the measured
mobilities.

2.5.2. Electronic Structure and Transfer Integrals

On the basis of the different polymorphs identified from the
molecular mechanics simulations, we calculated the inter-
molecular transfer integrals for adjacent polymer chains, as
extracted from the MM crystal structures. The intermolecular
transfer integral ¢ is a parameter that governs the rate of charge
transfer between two molecules and hence the charge mobili-
ties.’®>% This parameter reflects the strength of the interac-
tions between the electronic wavefunctions of two adjacent
molecules. When applied to the HOMO [LUMO] level, it meas-
ures the ease of hole [electron] transport. The intermolecular
transfer integrals are known to be very sensitive to the relative
positions of the molecules/®l and hence are expected to vary for
the different polymorphs. Here, the electronic transfer integrals
were computed at both the INDO (intermediate neglect of dif-
ferential overlap) and DFT levels (using the B3LYP functional
with a double zeta basis set).*'62] Note that, in both sets of
quantum-chemical calculations, we only considered thiophene
hexamers and replaced the long alkyl chains by a methyl group
since the alkyl chains are not expected to modify the energy and
shape of the frontier electronic orbitals.

The calculated HOMO and LUMO intermolecular transfer
integrals are listed in Table 4 for all possible structures. Both
INDO and DFT results show that the transfer integrals vary
significantly with the crystal structure and (therefore) alkyl
chain length. The effect is particularly pronounced for elec-
trons where changes in electronic couplings by up to one order
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of magnitude are predicted for different o values. As a result,
the relative values of tyomo and tymo depend very much on
the structure: namely, while all P3ATs exhibit a much larger
HOMO than LUMO intermolecular transfer integral for the
small tilt angle structure, the opposite situation holds true at
larger tilt angles.

In a hopping regime, the mobility should scale with the
squared transfer integral for disorder-free and defect-free sys-
tems.l’®l From the INDO values in Table 4 it can be deduced
that opmo splits up in two sets of about (3.4 £ 0.4) x 1072 and
(1.7 £ 0.5) x 1072 eV? for the structures with Oy of 67-68°
and 81-89°, respectively. The fact that the mobilities that we
measure at the polymer/air interface do not change signifi-
cantly with alkyl chain length hints to more or less identical
Oyt Values for the different polymers, although care must
be taken here, given the fact that the variation of yoyo With
Ofryst 1S only a factor of 2 and the fact that the mobility values
that we measure are limited by extrinsic factors such as grain
boundaries or structural disorder in general,%’! and can thus
differ significantly from the theoretical values calculated for
ideal systems.

2.6. General Discussion

Based on experimental results on P3ATs,>®!1 the thiophene
tilt angle <o> as obtained from NEXAFS is commonly inter-
preted as an average between oop and ip oriented crystallites at
the interface.>*! In Figure 4 we have plotted the FET mobili-
ties as a function of <o> of the spin-coated layers for each inter-
face (CB-P3AT/SiO,,1?%! NF-P3AT/SiO,,?% CB-P3AT/air). Note
that the mobilities of the CB-P3AT/air interface were measured
on a bare SiO, gate, after flipping the film. Even though the
variation in alkyl chain length may lead to some variation in the
crystalline setting angle Oy (vide supra), it is clear that pipgr
is a strong function of the (average) polymer orientation at the
interface as contained in <o> and that the highest oop orien-
tation corresponds with the highest mobilities. The change of
interface from SiO, to air induces a huge change in mobility

e TopCB | 5
0.1{ © Bottom NF | = 5{9-"-}‘ A
° Bottom CB | 8 6 7
T : E
> 0013 4
5 18 45
‘?9 5 | : ~6
. 1E-33 6 T
< g L= 4 .
== ! |
(o] i :
1E-4 e S

54 56 58 60 62 64 66 68 70

<e> (%)

Figure 4. FET mobilities for bottom gate FETs of P3AT layers from CB
deposited on bare SiO, (left, “Bottom CB"), P3AT NF layers deposited
on bare SiO, (center, “Bottom NF”) and P3AT films from CB that were
reversed and transferred to a SiO, gate dielectric such that the original
polymer/air interface faces the SiO, (right, ‘Top CB’). For each point A
has been indicated.
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of 1 to 3 orders of magnitude, while it has only a modest effect
on <o>. It appears that a very small population of ip oriented
P3AT can have a dramatic impact on hole mobility. When the
<o> values obtained at the CB-P3AT/air interface are taken as
100% oop oriented P3AT, it can be estimated (Table 3) that at
the CB-P3AT/SiO, interface, depending on A, 8 to 18% of the
polymer has the “wrong” ip orientation as far as hole mobility
is concerned. For the NF-P3AT/SiO, interface, this is only 1.8 to
5%. But even this estimated 1.8% ip oriented P35T reduces the
hole mobility with more than 1 order of magnitude. While obvi-
ously not all morphological differences between the two inter-
faces can be captured in <o, these results emphasize the huge
impact that small amounts of ip oriented P3AT can have on
hole mobility. Note that the vertical dashed lines in Figure 4 are
just guides to the eye and do not imply any definite boundaries
at the corresponding <o> values.

The fact that highest FET mobilities are obtained at the inter-
face with air is in line with the results of Veres,' Grecu, and
Tomatsul® on bottom gate P36T FETs on gate dielectrics of dif-
ferent polarity. They observed an increase of the FET mobility
with increasing water contact angle (decreasing surface energy)
of the gate dielectric. Since the water contact angle of freshly
UV-ozone cleaned SiO, is in the range 0-5° and the theoretical
water contact angle of air or N, should be 180°, the mobilities
obtained at the P3AT/SiO, and P3AT/air interfaces can be posi-
tioned at both extremes of the polarity scale. It explains the
large orienting effect that air or N, has during surface structure
formation and suggests a general method to achieve high oop
orientations and high FET mobilities for hairy comb type semi-
conducting polymers, similar in approach to what is attempted
with superhydrophobic gate dielectrics.%! In this respect it
should be noted that although we have only tested chloroben-
zene as a solvent, the high tilt angles obtained by Hao et al.**]
suggest that a lower boiling point solvent like chloroform can
be used equally well, provided that conditions of slow drying
are applied (possibly in combination with thermal annealing).
Our results also shed light on the issue of top gate FETs often
displaying relatively high mobilities.

3. Conclusions

We have demonstrated relatively high and alkyl chain length
independent FET mobilities of 0.14 + 0.03 cm? V! s7! for
bottom gate FETs of P3AT films that were spin-coated from CB
and flipped such that the original polymer/air interface faces
the bare SiO, gate dielectric. These mobilities were almost 2
orders of magnitude higher than those previously obtained for
NFs of the same polymers spin-coated directly on bare SiO,
and 2 to 3 orders of magnitude higher than those previously
obtained for CB spin-coated films on bare SiO,. By means of
TEY NEXAFS of the polymer/air interfaces of the spin-coated
NF- and CB-P3AT films very high and almost identical levels
of oop oriented P3AT were found, much higher than previ-
ously obtained at the SiO, interface. The NEXAFS results on
both CB- and NF-P3AT/air interfaces suggest that the found
average thiophene tilt angle range of 64.4-69.1° represents
close to crystalline oop orientation levels. This was supported
with molecular mechanics calculations on ideal P3AT crystals
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in combination with the calculation of transfer integrals for
those crystals. On the basis of our results, however, a combi-
nation of more disorder and higher crystalline setting angles
(>80°) cannot be totally excluded. Finally, our results suggest
that a very small fraction of wrongly oriented polymer can have
a huge negative impact on charge carrier mobility and further-
more highlight the possibility of achieving excellent oop orien-
tation for hairy comb type polymers like P3AT at the interface
with air.

4. Experimental Section

The synthesis, purification and characterization of the P3ATs used in
this study and the preparation of the NF dispersions has been reported
elsewhere.}2 Layer thicknesses have been reported in the literature.l?®l

FET and NEXAFS Sample Preparation: The FET substrates (obtained
from Philips) contained heavily doped Si with a conductivity of (0.2
to 1) x 10° S cm™ as the gate electrode. A 204 nm thick layer of SiO,
with a unit area capacitance of 16.9 nF cm™ acted as the gate dielectric.
The source and drain electrodes consisted of Au (100 nm) on top of
Ti (10 nm). Prior to deposition of the polymer layer, the substrate
was cleaned using a standard procedure (20 min ultrasound in soap,
10 min ultrasound in acetone, 10 min in boiling isopropanol, 15 min of
UV-ozone to remove the HDMS layer, which is present on the SiO, gate
dielectric of the commercial FET substrates).

For NEXAFS, doped Si substrates with a =200 nm thick SiO, layer
were used. The SiO, layer was removed by immersing the substrate in
40% HF solution for 20 min, followed by extensive rinsing with 18 MQ
water. The substrates were then cleaned (and re-oxidized) as described
for the FET substrates prior to depositing the polymer layer.

Polymers were dissolved in CB (1 wt% for NEXAFS, 2 wt% for FET) at
120 °C and filtered through a 0.45 um pore size PTFE filter. The solutions
stirred at 120 °C for minimally 15 min. were cooled down to 50 °C just
before spin-coating at 2000 rpm (60 s). The P34T solution was cooled
down only to 100 °C (NEXAFS) or spun from 90 °C (FET) to prevent
aggregation. NF dispersions (0.4 to 0.6 wt%) were spin-coated at
1000 rpm (120 s) after stirring for several days at room temperature. In
all cases an acceleration of 500 rpm s~ was used. All layers were allowed
to dry overnight until all solvent had evaporated before proceeding. For
FET the films were flipped as described in Section 2.2.

Field-Effect Transistor Measurements: Current—voltage characteristics
were measured using two Keithley 2400 source meters. On/off ratios
were determined at a field of 0.1 MV m™ (linear regime) and Vg = -50 V.
The mobility was then obtained from a fit of the linear region of the
transfer characteristic (Figure 2c) at small V. Each mobility value
was measured for at least 4 channel lengths varying between 10 and
40 pum. The channel width was 10 or 20 mm. Light was excluded from
the samples at least 15 min before and during the measurements since
it was found to influence the results. The values obtained in this way
were very reproducible. All FET preparation and measurements were
performed under N, atmosphere.

AFM Measurements: Experimental details have been given before.l?%l
Typical fiber and domain sizes were extracted by dividing the AFM phase
image (500 nm x 500 nm for CB-P3AT layers and 1 um x 1 um for
NF-P3AT layers) in 10 equal rows in which at 5 points for each row the
fiber or nodule width was determined visually. Average values are given.

NEXAFS Measurements: NEXAFS measurements were performed
at the Soft X-Ray (SXR) Apple Il undulator beamline at the Australian
Synchrotron.l®l The undulator was set up to output horizontal polarized
light that was then monochromatized using a Peterson plane grating
monochromator (PGM) with a grating of 1200 lines mm™'. An ultrahigh
vacuum (UHV) chamber, which had a base pressure of 2 x 10710
mbar, was attached to the end of the beam line. Total electron yield
(TEY) carbon K-edge NEXAFS spectra were collected by grounding the
substrate and measuring the sample-to-ground current that corresponds
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to the total intensity of photoelectrons that are excited from core levels
into unoccupied states above the Fermi level. A clean sputtered Au
sample was used as a reference and the raw spectra were normalized as
discussed by Watts et al.l’”] The energy resolution at the carbon K-edge
is approximately 30 meV with an exit slit of 20 mm and a Cg (constant
fixed focus) value of 2. The photon flux is 3 x 10'" photons s™' (with a
storage ring current of 200 mA) and the spot size was approximately
0.6 x 0.6 mm however the spot was deliberately ‘“defocused” to
minimize beam damage of the samples. The effects of radiation damage
were assessed by repeating the same measurement on the same spot of
the substrate for a significant period of time in order to produce changes
in the normed carbon K-edge structure. Once the period of time to
produce beam damage on a sample was known scan parameters were
chosen to minimize this. Furthermore the beam was moved to a fresh
spot of the film in between each sample scan, allowing the recording
of subsequent measurements to be collected for this manuscript with
negligible beam damage. Likewise, no sample charging was observed.
It is well-established that the molecular orientation of adsorbates on
substrates can be determined from polarization-dependent NEXAFS
spectra obtained at various angles in relation to the substrate surface.*
In this manuscript carbon K-edge spectra were recorded at angles of 20°,
55°, and 90° measured between the direction vector of the incident linear
polarized light and the surface plane of the sample (meaning that for
an angle of 90° the electric field vector, E, will be parallel to the surface
plane, whereas at 20° E will be almost perpendicular to the surface
plane). The 7* resonance at 284.5 eV within the NEXAFS spectra was
identified and fitted with Gaussian peaks to find the integrated intensity
areas (/) under the resonance and the orientation of the thiophene units
with respect to the substrate were determined according to
I =1+ (3cos’0—1)(3cos* <a>—1) m
where 6 is the angle of incidence of the X-ray beam and <o is the
average tilt angle.2

Theoretical Calculations: The force field parameters for the Molecular
Mechanics calculations were obtained from the standard OPLS-AA
force field database except the following: 1) The atomic charges of
the thiophenes were calculated from the central thiophene ring in
2,2%5%2"terthiophene at the MP2/aug-cc-pVTZ level, based on the
fully optimized geometry at the computationally less expensive MP2/
cc-pVDZ level. These charges are shown in the inset of Figure 5.
2) The torsional potential between the thiophene rings was taken
from previous ab initio studies on 2,2-bithiophene using MP2/aug-
cc-pVTZ (see Figure 5).°% 3) The torsional potential between one
thiophene ring and an alkane chain was calculated at the same level on
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Figure 5. Calculated torsional potential of 2,2"-bithiophene (dash)®® and
3-ethylthiophene (solid) at the MP2/aug-cc-pVTZ level. The squares rep-
resent the torsions which are explicitly calculated ab initio in this study.
The calculated atomic charge distribution in the thiophene ring is also
shown (top right corner).
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3-ethylthiophene in the present study. As shown in Figure 5, constrained
optimizations with C—~C—C-C dihedral angle fixed at ¢ = 0°, 15°, 30°, ...,
360° were performed first. Starting from the optimized structure with
the lowest energy, an additional full optimization was then carried out
to get the global minimum of the potential energy curve. Afterwards,
an interpolation on these discrete data points by a truncated Fourier
expansion AE (¢) = Vo + Zle V; cos (it¢/180) was made and further
used to build up the force field. 4) The bond stretching and the bond
angle bending were described by harmonic potentials using the MM3
force field.[®7% Note that all the ab initio calculations in this work were
performed with the Gaussian 03 package.”"!

In the crystal structure optimizations both the atomic coordinates
and the lattice parameters were optimized through the XTALMIN
program within TINKER 5.1 molecular modeling package./’?

INDO Transfer Integrals: were computed by expanding the molecular
orbitals ¢; and ¢, of the two interacting molecules into atomic
contributions:”3l
t= @il =Y > CiuCou{xulhl 20 )

"

where Gy, (G,,) corresponds to the LCAO (linear combination of atomic
orbital) coefficients of the atomic orbital y, (xy) in the molecular orbital
¢ (9;). The matrix element (y, |h| x,) is implemented in the INDO
method as:

3)

where B, and [ are two parameters depending on the chemical nature
of atoms A and B, and S, is the overlap factor between the atomic
orbitals x, and y, corrected by empirical factors.l’l

DFT-Calculated (B3LYP/DZ) Transfer Integrals:®1:627°] Polarization
effects can create an offset between the electronic levels of the molecules
in the dimer. Such a contribution that overestimates the transfer integral
is taken into account trough the estimates of the site energies . In
practice, within the fragment orbital approach implemented in the ADF
package,’®l the orbitals of the dimers are obtained by solving the Kohn-
Sham equation using the molecular orbitals of the fragments as a basis
set. The site energies & and coupling elements t;; are then obtained from
the energies of the molecular orbitals of the individual fragments in the
dimer:

1 20) = 5 B+ Bo) Sy

d)JHOMO H

)= 10 A 47°°)

(4)

1y = (gjioMo £ rovo) (5)

Since the orbitals of the individual fragments are not orthogonal, an
orthogonalization (or Léwdin) transformation is applied to the Kohn-
Sham matrix to ensure invariance of the transfer integrals with respect
to the choice of the energy origin. The invariant transfer integrals (t)
then write:

(6)

where g, tj, and S; are the diagonal and non-diagonal elements of the
Kohn-Sham matrix and the non-diagonal elements of the overlap matrix.
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