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ABSTRACT: We show that polybis(thienyl)thienodia-
thiazolethiophene (PDDTT), a high-performance semicon-
ducting polymer for photodetectors and field-effect transistors,
has strong performance dependence on annealing temper-
ature. An unprecedented increase of 3 orders of magnitude
is observed in both transistor and photoconductive proper-
ties. XRD and AFM evidence points to increased ordering in
PDDTT films with annealing. This correlation highlights
the importance that order has in determining performance
in PDDTT and has possible implications in the design of
polymers.

Conjugated polymer semiconductors are promising candi-
dates as active layers for low-cost, flexible electronics due to

their solution processablity, mechanical flexibility, compatibility
with thermally sensitive substrates, and electronic tunability.1

Their utility in organic field-effect transistors (FETs) has been
buoyed by recent reports of mobilities approaching or exceeding
1 cm2 V�1 s�1,2 the benchmark mobility for amorphous Si thin-
film FETs. Despite considerable improvements in the perfor-
mance of conjugated polymer semiconductors, more work has to
be done to enhance their performance.

Control of morphology is widely acknowledged to be essential
in achieving high performance in polymer FETs,3 particularly
with regards to the role of order. Until recently, experimental
evidence generally indicated that high crystallinity was necessary
for good transport in polymer FETs.4 However, it is also
known that good mobilities in amorphous polymer FETs have
been around 10�2 cm2 V�1 s�1,5 a level comparable to that of
crystalline low-molecular-weight polymers.6 Moreover, recent
reports have shown that very high mobility can nonetheless be
achieved in fairly disordered materials via immediate interchain
interactions.7

We have observed in situ thermally induced improvement in
transistor performance of the donor�acceptor polymer PDDTT
(Figure 1a, inset) with strong correlation to ordering, providing
insight on the role of order in the device performance of PDDTT.
An in situ observation has advantages over an ex-situ experiment:
a sample-to-sample comparison based on a sequential chemical
or process modification, as external factors beyond ordering that
affect performance (such as molecular weight or film thickness)
are decoupled from it. This in situ improvement correlated
well with the improvement in photoconductivity, indicating that
the improvements have both bulk and surface effects. The high

performance of PDDTT IR photodetectors has been reported,8

but not the FET performance. We report high-performance
p-type FETs with mobilities above 0.1 cm2 V�1 s�1 for thermally
optimized films of PDDTT and explain how morphology is
critical in achieving high performance.

The synthesis of a PDDTT analogue has been described
previously.8 However, instead of conventional heating methods,
we employed microwave heating in chlorobenzene during synth-
esis, resulting in polymers with 3 times the molecular weight
synthesized in less than 1% of the time. In our current synthesis,
we used a dodecyl side chain on thiophene instead of a hexyl
chain to increase the solubility and processability of PDDTT. A
synthesis scheme and comparisons of the variations in synthesis
method are shown in Scheme S1 and Table S1 in the Supporting
Information, respectively. Because molecular weight generally
has a positive correlation with transistor performance,6,7a the
resulting high molecular weight of PDDTT made it a strong
candidate for high-performance FETs. Bottom-gate, Au bottom-
contact FETs were patterned on highly doped silicon substrates
with a 200 nm SiO2 dielectric layer passivated with decyltrichlor-
osilane (DTS). PDDTT was spin-cast from chloroform (CF),
chlorobenzene (CB), or orthodichlorobenzene (ODCB) solutions,
directly dropped onto the spinning substrate. We observed little
variation in FET performance among the solvents used. All samples
were dried at 60 �C for 0.5 h after casting and subsequently were
annealed for 10 min at each temperature prior to testing.

Transfer curves, both linear source-drain current (ISD) and
|IDS|

1/2, of an FET with PDDTT cast from CB are shown in
Figure 1a. Multiple curves were taken at several annealing steps
with the source-drain voltage (VSD) at �60 V. We observed
steady improvement in FET performance, shown by the rise in
current with temperature for gate voltages (VG) < 0 V. For
VG =�80 V, ISD improved from 2 μA after annealing at 60 �C to
2mA at 220 �C, an increase in 3 orders of magnitude. Output curves
of the FET annealed at 220 �C in Figure S1 in the Supporting
Information show excellent performance, as reported. Current
was not observed after the device was annealed at 250 �C, due to
chemical degradation of PDDTT, as shown by thermogravi-
metric analysis (Figure S2 in the Supporting Information).

To more accurately quantify and compare FET performance with
annealing temperature, mobilities (μ) were determined from
∂|IDS|

1/2/∂VG of the standard equation describing metal�oxide FETs
operating in the saturation regime: IDS = 1/2(W/L)μCi(VG� VT)
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We note in Figure 1a the excellent fit of |IDS|
1/2 with the FET

model described above, with linear dependence on VG at all
temperatures for all VG beyond the threshold voltage VT. The
excellent linearity over such a wide range is truly impressive, rare
even for high-performancematerials. Mobilities (μ) of five devices
were plotted against annealing temperature in Figure 1b. We
observed that mobilities remained around 10�4 cm2 V�1 s�1 from
60 to 120 �C. A steady rise occurred beyond that, hitting a plateau
above 10�1 cm2 V�1 s�1 just after 200 �C. For all devices, the
change inμ precisely scales with the increase in ISD in Figure 1a. In
both, an increase of 3 orders of magnitude is observed. Despite an
extensive search through the literature, we have not been able to
find any reports of improvement in p-typemobility as large as what
we observed for PDDTT.

The significant improvement in PDDTT FET performance
with annealing temperature is not only limited to mobility.
Figure 1b also plots FET on�off ratios (ION/IOFF) with anneal-
ing temperature for the same devices. The dependence of ION/
IOFF with annealing essentially follows that ofmobility, with a low
plateau just before 120 �C and a high plateau after 200 �C. All
benchmarks of FET performance, ISD, μ, and ION/IOFF, show the
same dependence with annealing temperature.

Annealing temperature also affected the photoconductive
properties of PDDTT. Figure 2a shows plots of the photocon-
ductive response of samples of neat PDDTT with different
annealing temperatures. Again, photoresponsivity scales with
the other benchmarks described above, with negligible respon-
sivity when annealed below 120 �C and a slight jump at 160 �C,
followed by a significant jump in photoresponse after the sample
was annealed at 240 �C. In particular, at λ = 500 nm, the
photoresponse jumps 3 orders of magnitude from 10�5 A/W
with annealing at 80 �C to 10�2 A/W at 240 �C. We note that,
although strong photoresponsivity was not observed in the
infrared in neat PDDTT films, blending with PCBM resulted
in high infrared responsivity.8 Although it may be argued that the
improvement in photoresponse could be due to improvement
in the absorption properties of PDDTT, we show that this is not
the case. Figure 2b shows the absorption spectra of PDDTT
dissolved inODCB and PDDTT films on quartz annealed at differ-
ent temperatures. No significant shift in absorption is observed in
PDDTT films with annealing, indicating that the improvement in
photoresponse is not due to photophysical properties, but rather,
transport-related. In contrast, a bathochromic spectral widening
occurs from solution to film, with development of a red shifted
shoulder related to increased interchain interactions in the solid
state, such as π�π stacking.9

The observation that improvement in photoresponse is con-
gruent with improvement observed in FET properties is highly
significant. Transport within an FET is limited to the semicon-
ductor�dielectric interface, whereas photoconductivity is a bulk
effect. The improvement from annealing affects PDDTT as a
material in general, both equally in the bulk and at the surface.
Therefore, subsequent correlations of performance with mor-
phology are definitely within context.

We describe X-ray diffraction (XRD) and atomic force
microscopy (AFM) measurements of PDDTT, correlating mor-
phology with performance. Figure 3a shows out-of-plane spec-
ular diffractograms of PDDTT films spin-cast onDTS-passivated

Figure 1. (a) FET transfer curves (ISD and |ISD|
1/2) at various anneal-

ing temperatures, with the PDDTT chemical structure in the inset.
(b) Mobility and on�off ratio vs annealing temperature for a set of
five FETs.

Figure 2. (a) Photoresponsivities and (b) absorption spectra for PDDTT
films annealed at various temperatures, with the PDDTT solution spectrum
in ODCB plotted in (b).

Figure 3. (a) Out-of-plane specular and (b) in-plane grazing incidence
XRD spectra for PDDTT films cast onDTS-passivated SiO2, annealed at
various temperatures.
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oxidized silicon substrates annealed at various temperatures.
At 80 and 160 �C, no peaks are observed, but at 200 �C, a peak
centered at 2θ = 4.2� appears, shifting slightly at 240 �C to 2θ =
4.3�. This scattering feature can be assigned to alignment of
polymer sheets parallel to the surface, with an intersheet spacing
around 2.1 nm at 200 �C and 2 nm at 240 �C, similar to that
of RR-P3HT and other polymers.4,7b,10,11 Additional peaks
observed below 3.5� are Kiessig fringes, as described in the
Supporting Information.

Thermally induced ordering can also be observed via in-plane
grazing incidence XRD, as shown in Figure 3b. Diffractograms of
a bare substrate, a PDDTT-covered substrate annealed at 80 �C,
and another annealed at 200 �C, all DTS-passivated, are com-
pared. Out-of-plane measurements were performed, and the
resulting XRD spectra corroborated with specular spectra. No
peaks were observed for the bare substrate, but for the PDDTT
film annealed at 80 �C, a shallow peak around 2θ = 25� was
observed, increasing for the sample annealed at 200 �C. This
corresponds to a length scale of around 3.5 Å, a typical length
scale of π�π stacking in conjugated polymers.4 This indicates
that π�π stacking already exists at 80 �C, albeit sparse, shown by
the shallow peak. The increase of the peak at 200 �C is due to
expansion of π-stacked regions, indicating that the polymer
sheets that form at 200 �C also consist of π-stacked polymer
chains. Thus, we can infer from both measurements that anneal-
ing results in increased ordering from the evolution of π-stacked
polymers sheets.

AFM measurements of surface morphology on similar sam-
ples annealed at the same temperatures as in the XRD are shown
in Figure 4. Topology profiles of a segment of each AFM image
(delineated by a red line) are included. Additional images in
Figure S4 and calculated height distributions (Figure S5) are
available in the Supporting Information. At 80 �C (Figure 4a), we
observed a film of uniformly distributed, polymeric nodules. At
160 �C (Figure 4b), grain ripening was observed, correlating with
the slight increase in transport observed in other experiments.

Height distributions at 80 and 160 �C showed no significant
features. At 200 �C (Figure 4c), where strong improvement in
transport was observed, a significant change in morphology also
occurred. Nodules aggregated to form terrace structures, as
shown by the high color contrast due to height differences
between terraces. From the height histogram, the terrace height
was determined to be around 2.1 nm, corresponding well to step
features measured in the topology profile and to the spacing
lengthdetermined inXRD.This confirms that the terraces are formed
due to the stacking of molecular sheets. At 240 �C (Figure 4d), loss
in color contrast indicated that the terraces have coalesced and
individual nodules are observed again. This possibly explains the
decrease in separation length from 200 to 240 �C observed in XRD.
The height distribution at 240 �C showed no significant features.

Comparing morphology with the performance of PDDTT in
this experiment, we see that the disorder-to-order transition, that
is, the evolution of π-aligned, vertically stacked polymer sheets
from disordered polymer nodules, is intimately related to the
substantial increase in FET performance and photoresponsivity
in PDDTT, indicating that ordering is critical for good perfor-
mance for PDDTT. This rather intuitive observation, however,
has not been commonly observed in polymer semiconductors.
Indeed, it is generally observed that little variation in mobility
occurs in polymer FETs through in situ experiments.10a,12

Samples subject to either solvent annealing or thermal processing
typically show improvement in mobilities generally within 1
order of magnitude, up to a maximum of 2 orders of magnitude,
sometimes despite large morphological variations. This is mainly
due to pre-existing order in as-cast films of polymers that show
thermally induced structural transitions, such as liquid crystalline
polymers.4d�g A more accurate corollary would be based on
observations of P3HT. While P3HT has no thermally induced
structural transitions, solvent-induced structural variations can be
achieved and a similar correlation with order and performance can
be observed.4b,6 Thus, we believe that the properties of PDDTT are
nonetheless similar to those of many other polymers and can be
applied toward the better design of polymers with high performance.

In conclusion, good correlationbetweenmorphological variations
and device performance in PDDTT was determined via thermally
annealed samples. We find that up to 3 orders of magnitude in
improvement can be observed in current, mobility, and on�off ratio
in PDDTT FETs, and in photoresponse in neat films of PDDTT.
We observe that annealing causes polymer nodules that make up as-
cast PDDTT to form π-aligned polymer sheets, stacked parallel to
the substrate. We conclude that structural and morphological
ordering are critical determinants of high performance in PDDTT,
and such factors should be taken into consideration when designing
polymers with improved performance.
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Figure 4. AFM images for PDDTT films cast on DTS-passivated SiO2

annealed at (a) 80, (b) 160, (c) 200, and (d) 240 �C. For each section,
the top is the surface image and the bottom is the topology profile of a
section of the surface image above, as outlined by the red line. All images
and profiles share the same scaling with each other.
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