JOURNAL OF APPLIED PHYSICS 100, 033712 (2006)

Relationship between the microscopic morphology and the charge
transport properties in poly(3-hexylthiophene) field-effect transistors
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We fabricate field-effect transistors (FETs) by depositing a regioregular poly(3-hexylthiophene)
(RR-P3HT) active layer via different preparation methods. The solvent used in the polymer film
deposition and the deposition technique determine the film microstructure, which ranges from
amorphous or granular films to a well-defined fibrillar texture. The crystalline ordering of RR-P3HT
into fibrillar structures appears to lead to optimal FET performances, suggesting that fibrils act as
efficient “conduits” for the charge carrier transport. Treating the silicon oxide gate insulator with
hexamethyldisilazane enhanced the FET performance. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2222065]

I. INTRODUCTION

Organic field-effect transistors (OFETs) are attracting
strong interest due to a number of attractive features ame-
nable for fabricating low-cost, flexible electronic devices
such as integrated circuits, electronic papers, smart tags, etc.!
Additionally, from the fundamental standpoint, OFETs have
been used for characterizing the charge transport properties,
and in particular the charge carrier mobility, in organic semi-
conductors, a parameter which is fundamental for the under-
standing of the electronic processes in semiconductors.” A
great effort has been devoted to conjugated polymers as
FET active layers because of their easy processing via solu-
tion deposition techniques. In particular, polythiophene
has appeared as the most promising polymer system as it
exhibits the largest carrier mobility, in the range of 107>
107" em? V7' s7!, ie., approaching that of amorphous sili-
con. This performance has been reached by “macromolecular
engineering,” i.e., by improving the regioregularity of the
alkyl groups on the polythiophene backbone and increasing
the polymer molecular Weight.‘g’4 Additional improvement
has been made by exploring various aspects of the device
preparation such as the active-layer film deposition tech-
nique,s’6 the solvent used,7 the nature of the dielectric
substrate® (which may strongly influence the polymer struc-
tural order) which in turn affect the overall FET device per-
formance.

It is worth nothing that, although significant progress has
been made, some discrepancies appear in recent literature;
for instance, Chang et al. suggest that the use of slowly
evaporating solvents for spin coating the soluble polymer
improves the structural order and thereby the FET perfor-
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mance as compared to films prepared from fast-evaporating
solvents.’ In contrast, Bao, Dodabalapur, and Lovinger sug-
gest that when drop casting is used,'’ the best performances
are obtained for fast-evaporating solvents such as chloro-
form.

The importance of the microscopic morphology of the
polymer layer has been demonstrated in a few recent studies:
for example, x-ray diffraction studies revealed that regular =
stacking with the stacking direction in the plane of the film is
important for obtaining efficient charge transport.4’11 Never-
theless, at this stage only a few studies have focused specifi-
cally on the microstructure in the FET channel, and no
consensus has yet been established as to the effect of the
microscopic morphology on the charge transport in FET. For
instance, Kline et al.'? proposed that the self-assembly of
regioregular poly(3-hexylthiophene) (RR-P3HT) into fibril-
like structures leads to lower FET performance than homo-
geneous, featureless films made of higher molecular weight
RR-P3HTs, whereas using dip coating of RR-P3HT solutions
at various dipping speeds, Wang et al. concluded that the
presence of such fibrillar morphology significantly enhances
the performance (especially the charge mobility) compared
to that of amorphous films.'>"

In order to elucidate the relationship between the perfor-
mance of polymer FETs and the polymer structural features
in the FET channel, we have systematically studied the mor-
phology and the FET characteristics of a variety of thin film
(in the 10—20 nm thickness range) FET made of RR-P3HT
prepared in various solvents and with different deposition
techniques. The microstructure was studied by means of
tapping-mode atomic force microscopy (TM-AFM), which
allowed probing of the thin film microstructure inside the
FET channel (of 5 um length) as well as the interfacial re-
gions near the gold electrodes. Our studies were focused in
particular on: (i) the comparison between the different pre-
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paation methods: spin coating, drop casting and dip coating
using different solvents; (ii) the influence of the dielectric
substrate (gate insulator) over which the RR-P3HT solution
was deposited. As is demonstrated in the following, this
study provides an insight into the interplay between the
charge transport properties, the microscopic morphology and
the film preparation methods, which constitutes a firm basis
for the fabrication of high-performance FET made of RR-
P3HT.

Il. EXPERIMENTAL APPROACHES

The FET substrates were prepared in a clean room using
heavily doped (n**) crystalline silicon wafer as the gate, over
which a 200-nm-thick silicon oxide (SiO,) layer (gate insu-
lator) has been thermally grown (bottom gate configuration).
The patterning of the bottom gold electrodes (grown over a
3-nm-thick titanium adhesion layer) was accomplished by
standard photolithographic methods. Gold electrodes 50 nm
thick were grown (by e-beam evaporation) on top of the
doped silicon, in order to control the gate voltage. On each
doped Si substrate, an array of FET was fabricated with
channel lengths of 5 or 10 wm. Prior to deposition, the sub-
strates were cleaned using a standard cleaning procedure (us-
ing different solvent treatments, and ozone plasma etching).
Hexamethyldisilazane (HMDS) treatment of the substrates
was done by soaking the FET substrates in HMDS for one
day followed by the spin coating of a HMDS droplet at
4000 rpm for a duration of 60 s.

The RR-P3HT used in this study was obtained from
Rieke Metals, Inc. (degree of regioregularity >98.5%).>®
The film deposition parameters were set to produce ultrathin
RR-P3HT films, i.e., in the range of 10—20 nm. Indeed, this
thickness represents a few polymer monolayers; this allows
us to compare the microscopic morphology within these lay-
ers and the device properties since it has been shown that in
OFETs all the charge transport occurs within the first 2 ML
of the active material channel, near the dielectric layer.z(b)
This thickness regime has been achieved using the following
procedures:

Dip coating: polymer solution concentration

=1.0 mg/ml; dip speed =1 mm/min.

Drop casting: polymer solution concentration
=0.1 mg/ml; 10 ul droplet.

Spin coating: polymer solution concentration
=1.0 mg/ml; spin speed =4000 rpm, during
60 s.

The electrical measurements were carried out at room
temperature under a nitrogen environment (in a glove-
box) using a Keithley semiconductor parametric analyzer
(Keithley 4200).

Tapping-mode AFM was performed with Nanoscope IIla
and Dimension 3100 microscopes from Veeco (operating in
air, at room temperature). Microfabricated silicon cantilevers
were used with a spring constant of ~30 N m~'. Images of
different areas of the samples were collected with the maxi-
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mum available number of pixels (512) in each direction. The
Nanoscope III v5.12 image processing software was used for
image analysis.

lll. RESULTS AND DISCUSSION

Spin coating, drop casting, and dip coating are the three
major solution-based thin film preparation methods. In the
first method, a droplet of solution is deposited to cover the
whole substrate surface, followed by a spinning process at a
controlled speed. Drop casting is the deposition of a droplet
of controlled volume followed by the evaporation of the sol-
vent; this process is similar to what happens in ink-jet print-
ing. Dip coating consists of the dipping of the substrate in a
solution followed by the vertical withdrawal of the sample at
a controlled speed. We have employed these three processing
techniques using three different solvents for dissolving
RR-P3HT which span a large range in terms of evaporation
speed: (i) chloroform (fast evaporation rate, boiling point
=61°C; vapor pressure at room temperature=159 mmHg),
(ii) p-xylene (intermediate evaporation rate, boiling point
=138.3 °C; vapor pressure=6.5 mmHg), and (iii) 1,2,4-
trichlorobenzene (“TCB,” very slow evaporation rate, boil-
ing point=213 °C; vapor pressure=0.29 mmHg). This
choice of solvents was particularly useful for determining the
effect of the evaporation rate of the solvent on the time scale
of the film-forming process.

The characteristics of the FET were examined in the
accumulation regime of hole transport (i.e., negative gate-
source voltage), since holes are the major charge carrier in
oligo- and polythiophenes using this type of device architec-
ture (the highest occupied molecular orbital energy of P3HT
is around 4.9 eV and the work function of gold is 5.1 eV). In
contrast, electron injection and mobility are inhibited due to
the large barrier at the gold electrode-polymer interface (the
lowest unoccupied molecular orbital energy of P3HT is
around 2.7 V) and to electron trapping at the dielectric sur-
face. Note that electron transport in polymer FET has been
recently achieved by Chua et al.’ by compensating the traps
in the Si0, gate insulator; nevertheless, the electron mobility
(on the order of 10* cm? V~'s™!) remains a few orders of
magnitude lower than the best reported hole mobilities
(1072107 em? V-1s7).

Figure 1 (top panel) depicts a typical set of I~V curves
for a FET device fabricated using spin coating from TCB
solution. Generally, the data indicate a good on/off ratio and,
for devices prepared from different preparation methods
(deposition technique, solvent), we observe rather large
variations in the source-drain current, from a few uA to a
few mA, at Vo =V4,=-60 V. In the example shown in Fig. 1,
the transfer characteristics (bottom graph) measured at con-
stant V4 =—60 V, show: (i) a relatively small threshold volt-
age, which indicates a rather low level of doping of the RR-
P3HT; (ii) a little hysteresis, which indicates a low density of
traps. We measured many different FETs for a given process/
solvent, and in Table I we summarize the average current
on/off ratios (i.e., the ratios of the current at Vgs=—60 V and
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FIG. 1. Example of output (top) and transfer (bottom, V4=-60 V) charac-
teristics for FET made of thin RR-P3HT films (here prepared by spin coat-
ing from TCB). (I4"* vs V,, graph: open circles =experimental data; solid
black line =fit line).

the current at V=0 V) and average the hole mobility u,
determined in the saturation regime (V4=—60 V), using the
equation

WC; )
Iys= z:u’(vgs - VT) s

where W and L are the channel width (1000 uwm) and length
(5 or 10 wm), respectively, C; is the capacitance of the SiO,
dielectric (C;=15 nF/cm?), V; the threshold voltage (V). The
carrier mobility x (cm? V™! s7!) is calculated by determining
the slope of /4"? vs V. The method is strictly valid when
the charge mobility is independent of V,; although a quite
good linearity is observed in all cases when plotting ,,'"? vs
Vs the mobility values in Table I have to be considered as
average values at highly negative values of V.
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From Table I it appears that different preparation condi-
tions result in variations over three orders of magnitude in
both the carrier mobility and on/off ratio. The highest carrier
mobility of ~0.085 cm?> V~!s™! was found for films pre-
pared using dip coating from polymer solutions in chloro-
form, while the lowest mobility is obtained for drop-cast
films prepared using the TCB solvent (~10™* cm? V~!s71).
When comparing the magnitude of the carrier (hole) mobility
along a given column in Table I, we observe that, for devices
fabricated using dip coating and drop casting, the general
trend is an increase in the performances for the rapidly
evaporating solvents, but the opposite trend is observed for
films prepared by spin coating. In terms of current on/off
ratio, the dip-coating process results in the highest values,
which are a few orders of magnitude larger than those ob-
tained for drop-cast films. We note that drop-cast films
showed large performance variations, apparently as a conse-
quence of the nonuniformity of the deposits; in contrast, both
dip coating and spin coating result in uniform and homoge-
neous films.

The data in Table I suggest that the film-formation pro-
cess, which determines the film microstructure, is quite dif-
ferent for the different deposition methods (e.g., dip coating
and drop casting as compared to spin coating). Therefore, a
careful investigation of the microscopic morphology, within
the FET channels, has been carried out for each sample, by
means of TM-AFM.

The TM-AFM images in Fig. 2 show that dip coating
from polymer/TCB solutions leads to untextured, homoge-
neous films while films prepared from chloroform [Fig. 2(b)]
and p-xylene [Fig. 2(c)] show a well-defined fibrillar mor-
phology. In the latter two cases, the length of the fibrils var-
ies from a few hundreds nm to a few wum, while their width
and height remain uniform (about 20 and 35 nm, respec-
tively); at the microscopic level, the deposits are made of a
web of randomly oriented fibrils. This fibrillar morphology is
the signature of the crystalline ordering of RR-P3HT chains,
where each single fibril is made of -stacked chains with the
backbone axis perpendicular to the fibril axis (the stacking
direction), as suggested by structural studies using x-ray
diffraction."*'® Each fibril corresponds to a crystalline
lamella, with an interchain distance of 0.38 nm (stacking dis-
tance between thiophene backbones) and an interlamellar
distance around 1.7 nm (due to interdigitation of hexyl

TABLE 1. Average hole mobility (u,cm? V~'s™!) and current on/off ratio (I on/off) of RR-P3HT FET using
different preparation methods and different solvents. Since the values have been determined testing different
FETs, the errors on the charge mobility values are noted below each value.

Solvent/Process Dip coating Drop casting Spin coating
" I on/off o I on/off w I on/off
TCB (b.p. 213 °C) 24%1073 ~10° 1.5%x10™ ~10° 23X1072 ~4X%10°
(£0.7 X 1073) (£1 X107 (£0.2X 1072)
p-xylene (b.p. 138 °C) 1.5X1072 ~10* 1.4%x1073 ~10? 1.5X102  ~3x10°
(£0.4 X 1072) (£0.5X1073) (£0.2X1072)
Chloroform (b.p. 61 °C) 8.5X 1072 ~5X10*  2.1x107? ~10° 1.1X1073 ~10°
(£2X 1072 (£0.3X1072) (£0.3x107%)
Chloroform 1.5x 107! ~2X10°  23%1073 ~10° 1.6X1073 ~10*
on HMDS-treated SiO, (02X 1071 (£0.2X 1073) (£0.4 X 1073)
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FIG. 2. TM-AFM 2 X2 um? height images (vertical grayscale=20 nm)
within the FET channel for deposits prepared by dip coating: (a) from 1,2,4-
TCB; (b) from p-xylene (inset: 600 X 600 nm? zoom image); (c) from chlo-
roform. (d): Schematic representation of the crystallization of RR-P3HT
chains into one fibril (one dimensional-lamella), due to 7 stacking of the
conjugated backbones and the interdigitation of the alkyl groups.

groups),'” as depicted schematically in Fig. 2(d). The width
and height of the fibrils are consistent with such a packing
structure, since the average chain length for a fully extended
molecule is estimated to be roughly on the order of the width
of the fibrils (contour length around 20-30 nm)'® while the
height in the short axis (along the interlamellar axis) is a few
nm, i.e., few stacked lamellae. It is worth pointing out that
films of regiorandom P3HT, which does not crystallize, do
not exhibit fibrillar structures, regardless of the film deposi-
tion method used."

The fibrillar structure appears to give rise to relatively
high charge mobility, in the 1072-107! cm? V-! s~! range,
while films made from TCB/polymer solutions, which lack
the above structural order, show mobilities around
1073 cm? V™' s7!. Since the fibrils are the result of strong
intermolecular interactions between adjacent conjugated
backbones, the charge hopping rate is large compared to that
in amorphous structures (in which the chains poorly
interact).20 Moreover, the fibrils are a few wm long, i.e., on
the order of the channel length, and therefore can act as
efficient paths for enhanced charge transport. Note that re-
cently Frisbie ef al. have measured the electrical properties
of a single fibril of RR-P3HT,”! and deduced a carrier mo-
bility around 1072 cm? V™! s7!, which is compatible with our
results. These authors proposed that, in those fibrils, the
charge transport is limited by the presence of traps, which
are probably located at the domain boundaries between
amorphous and crystalline regions and/or arise due to con-
formational defects (e.g., head-to-head linkages).

There is little difference in terms of microstructure
between dip-coated films from p-xylene (u=0.015
cm? V= s71) and chloroform (u=0.085 cm? V! s7!) except
their root mean square (rms) roughness, as determined from
AFM image analysis.22 Deposits from chloroform exhibit a
rms roughness of 3.1 nm while for those made from
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FIG. 3. TM-AFM 2 X2 um? height images (vertical grayscale=20 nm)
within the channel of FETs prepared: Left: drop-cast films: (a) from 1,2,4-
TCB; (b) from p-xylene. Right: spin-coated films: (c) from p-xylene; (d)
from chloroform.

p-xylene are slightly rougher (rms roughness around
4.2 nm). This difference is probably due to the presence of
small grains in the case of deposits from p-xylene [see Fig.
2(b) inset], which can decrease the mobility because of traps
located at the grain boundaries. In contrast, no such granular
defects are found for films made using dip coating from
chloroform, which exhibit well-defined fibrils and the high-
est mobility value reported in our experiments.

Drop-cast films show relatively poor performances, both
in terms of charge mobility (107*-1073 cm? V~!'s7!) and
current on/off ratio (~10%), most probably as a consequence
of the noncomplete coverage of the channel and/or the amor-
phous structure of the films [see Fig. 3(a)]. Even if bundles
of fibrils are present (in the case of deposits from p-xylene
[Fig. 3(b)], they only partially cover the silicon oxide dielec-
tric substrate. The relatively good charge mobility for depos-
its from chloroform (0.021 cm?® V~'s™!) can arise from the
relatively high structural order characterized by a fibrillar
texture with fibrils 15-20 nm wide. This finding is in agree-
ment with the studies of Yang et al.,14 who showed that the
use of chloroform leads to higher FET carrier mobility in
drop-cast films due to the higher crystalline order (as studied
by x-ray diffraction), compared to that observed in FET
made with higher boiling point solvents, such as toluene.

Interestingly, an opposite trend was observed for spin-
coated films: films prepared using higher boiling solvents
show higher performance, in agreement with the observa-
tions of Chang et al’ In this case, deposition from chloro-
form leads to smooth, untextured films with large holes
[Fig. 3(d)], which resulted in low carrier mobility
(10™* cm? V-!' s71), while films prepared from both p-xylene
and TCB display a fibrillar structure and a mobility larger
than 1072 cm? V™' s7!. We note that films prepared from
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p-xylene show a similar microstructure, whether they were
prepared by dip coating or spin coating (shown in Fig. 3),
and indeed similar FET performances.

Having described how the microscopic morphology dra-
matically influences the polymer FET performance, the ques-
tion arises as to how the various preparation techniques lead
to such different microstructures, even when the same sol-
vent is used. These observations can be rationalized in the
following way:

(1) For dip coating and drop casting, the quality of the
film depends on the solvent evaporation rate. Thus,
when using solvents with relatively slow evaporation
rate (slow film formation), it appears likely that other
processes operate before the crystallization, such as
dewetting of the solvent on the substrate and amor-
phous assembly of RR-P3HT chains. That is the case
for thin drop-cast films from p-xylene and TCB,
which do not cover the substrate (e.g., the FET chan-
nel) well, due to unfavorable interfacial interaction
between solvent and substrate.

(i)  In the case of spin coating, the film formation is in-
fluenced both by the solvent evaporation process and
by the spinning speed (and the viscosity of the solu-
tion). At speeds generally used to prepare thin poly-
mer films (>1000 rpm), the rapid spreading of the
solvent appears to accelerate its evaporation, which in
the case of chloroform prevents crystallization. In
contrast, for solvents evaporating more slowly, crys-
tallites can be formed during the somewhat longer
time available for the “mobile” polymer chains in so-
lution to crystallize. Moreover, the spin-coating pro-
cess “forces” a uniform thin liquid layer to form due
to high-speed rotation, and therefore preventing the
occurrence of dewetting.

Altogether, these results highlight that the microscopic
morphology is sensitively dependent on the interplay be-
tween the crystallization rate of the RR-P3HT chains and the
evaporation rate of the solvent, processes that can be ma-
nipulated by the choice of the processing technique and the
solvent. The dip-coating technique seems to yield the best
performances because it allows for the formation of a fibril-
lar structure (crystalline lamellae). Note that the dipping di-
rection with respect to the electrode orientation did not affect
the final device performance, as the fibrils appear to be ran-
domly oriented in the FET channel. Moreover, a careful
AFM investigation of the interface with the gold electrodes
showed that the fibrils, although being only a few nm thick,
are continuous over the channel-electrode interface, despite
the fact that the electrodes are by far thicker (around 50 nm
thick, as deduced from the phase image in Fig. 4). Note that,
for a given solvent and processing condition, we observe the
same morphology on the two different surfaces (SiO, chan-
nels and Au electrodes), confirming the fact that the solvent
drives the film morphology.

In order to further improve the device performance,
many groups have adopted a procedure of coating the silicon
oxide dielectric with self-assembled monolayers (SAMs) that
change the nature of the dielectric substrate (or using other
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FIG. 4. TM-AFM height (left) and phase (right) 1.5X 1.5 um? images of
dip-coated films from p-xylene, at the Au—SiO, interface.

polymeric dielectric layers).23 For example, by incorporating
SAMs, tuning of the surface polarity of the gate insulator
could be achieved by the choice of the terminal end glroups;24
this includes, for instance, hexamethyldisilazane (HMDS) or
trichlorosilanes, which react with the silanol (Si—O-H)
groups and form Si—O-Si—C bonds at the surface. In our
studies we have used HMDS in order to convert the rather
polar surface into a nonpolar one.

Untreated silicon oxide (SiO,) is typically characterized
by a relatively rough, granular surface with a rms roughness
of 2.1 nm. The HMDS-treated SiO, has a somewhat rougher
surface than SiO,, due to the presence of islands of the
HMDS on the surface (rms roughness of 3.3 nm). The FET
performance depends on the deposition method and the sol-
vent: for instance, p-xylene and TCB do not wet (cover)
properly the SiO, treated with HMDS, and the droplets
formed resulted either in nonworking or poorly working
FETs. For dip-coated and spin-coated films from chloroform
solutions on HMDS-treated SiO,, the charge mobility and
the on/off ratios are generally better than those for drop-cast
films. Note that dip-coated films prepared from chloroform
onto HMDS-treated substrates displayed similar morphology
as devices made using pristine SiO,, i.e., a well-defined
fibrillar morphology. Therefore, the slight increase in carrier
mobility and on/off current ratio in this case (see Table I, last
row) is not attributed to morphological changes but to the
decrease in the density of carrier traps at the SiO,/polymer
interface and possibly to the change in the local polarization
which may affect the extent of charge carrier localization at
the interface, as several studies have established that nonpo-
lar and defect-free interfaces result in significantly improved
OFET characteristics.”> Notice that, in contrast to the above
cases, drop-cast films display a reduced carrier mobility of
about one order of magnitude compared to that in devices
prepared on pristine SiO, gate dielectric.

A further improvement of the device performance was
achieved by thermally annealing the RR-P3HT layer with the
optimal fabrication conditions as described above; for ex-
ample, FETs prepared using dip coating of the HMDS-
treated SiO, substrates in polymer/chloroform solution were
subsequently annealed on a hot plate at controlled tempera-
ture in a nitrogen atmosphere, in order to reduce oxidative
contamination as described in detail by Cho et al.*® The mo-
bility gradually increasing from 0.15 cm? V=! 57! for the no-
nannealed device to almost 0.25 cm? V! s7! for the annealed
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device at 150 °C. Annealing at this temperature probably
improves the crystallinity within the fibrils, which enhances
the interchain interactions and consequently the charge mo-
bility.

IV. CONCLUDING REMARKS

Our studies provide an insight into the interplay between
the charge transport, the microscopic morphology, and the
film preparation methods of high-performance FET using
RR-P3HT. We have shown how the microstructure of the
RR-P3HT thin FET active layer influences the device perfor-
mance. The solvent used in the polymer film deposition as
well as the deposition method determine the film microstruc-
ture, which ranges from amorphous or granular films to a
well-defined fibrillar texture. The crystalline order of RR-
P3HT and the formation of the fibrillar structure appear to
lead to optimal FET performances, suggesting that fibrils act
as efficient paths for the charge carrier transport. This con-
clusion is in agreement with the relationship between FET
performance and the mesoscale crystalline structure of RR-
P3HT (in studies on drop-cast films using X-ray diffraction)
recently reported by Yang et al.,'* at variance with the con-
clusions of Kline ef al.,'"* who suggested that the fibrillar
structures are detrimental for charge transport. The dip-
coating process appears to provide the best FET perfor-
mances in our studies, with hole mobility approaching
107" em V! s7! and current on/off ratio of ~10°, i.e., values
that demonstrate the potential of RR-P3HT for low-cost FET
device applications.
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