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  1.     Introduction 

 It is well known that the morphology of 
organic semiconductor fi lms plays a sig-
nifi cant role in dictating their electrical 
properties. In particular, anisotropic 
packing of organic semiconductors typi-
cally results in anisotropic charge trans-
port properties, as has been demonstrated 
for a number of organic semiconductor 
materials. [ 1–12 ]  In single crystal small mol-
ecule semiconductors such as rubrene, 
the anisotropy in charge transport can 
be directly related to the molecular 
packing structure and subsequent band 
structure. [ 13,14 ]  In conjugated polymers, 
orienting the polymer long-axis to be pri-
marily in one-direction has been shown to 
result in anisotropic charge transport for a 
number of polymers including poly(3-hex-
ylthiphene) (P3HT), [ 1,11,15 ]  poly[9,9′-dioctyl-
fl uorene-co-bithiophene] (F8BT), [ 4,16 ]  and 
Poly[2,5-bis(3-tetradecylthiophen-2-yl)
thieno[3,2- b ]thiophene] (pBTTT), [ 3,6,12 ]  
among others. [ 2,17 ]  In these fi lms, it is 

typically found that charge transport is strongly favored in the 
direction of polymer backbone alignment over intermolecular 
paths, in agreement with theoretical predictions of mobility 
anisotropy in polymer crystals. [ 18,19 ]  However, due to the semic-
rystalline nature of polymers, the origin of the mobility anisot-
ropy may derive from characteristics of crystal packing, grain 
boundary character, inter-crystalline morphology, or a combi-
nation of these features. [ 20 ]  The diffi culty in determining the 
origin of the anisotropy is due in part to the practice of meas-
uring the in-plane charge transport in an organic thin fi lm 
transistor (OTFT) confi guration where transport occurs across 
a channel that is commonly between 1 μm to 100 μm. [ 21 ]  At 
these lengths the mobility is a convolution of transport through 
ordered and disordered regions of the fi lm and likely follows a 
percolation pathway through the material along a path of least 
resistance. [ 22 ]  

 In this paper, we consider the mobility anisotropy from 
both local and macroscopic perspectives to improve our under-
standing of morphological characteristics that drive anisotropic 
electrical properties in aligned conjugated polymer fi lms. We 
focus on the widely studied polymer, P3HT. Recently, straining 
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P3HT fi lms on a polydimethylsiloxane 
(PDMS) substrate has been shown to be a 
simple and effective alignment method. [ 1 ]  
It was shown that as the fi lm is uniaxially 
strained, the P3HT backbone preferentially 
aligns in the direction of strain. A major ben-
efi t of this approach is that the strain-aligned 
fi lms can be transferred onto a number of 
substrates for detailed electrical and mor-
phological characterization. In this paper 
we study the infl uence of intergrain mor-
phology on charge transport by correlating 
morphological characterization with local 
and macroscale mobility measurements. We 
differentiate intergrain from intragrain trans-
port characteristics by comparing macroscale 
fi eld effect mobility measured in an OTFT 
confi guration with the local charge mobility 
from time-resolved microwave conductivity 
(TRMC) measurements. This comparison 
shows the importance of polymer tie-chains 
bridging aggregates in facilitating charge transport, and sug-
gests the mobility in the π−π stacking direction is similar in 
magnitude as that in the intrachain direction.  

  2.     Experimental Results 

  2.1.     Morphology Characterization 

 The fi lms are characterized using a suite of complementary 
tools that provide a relatively complete morphological pic-
ture. [ 23,24 ]  These characterization tools include ultraviolet-visible 
(UV-vis) optical absorption spectroscopy, grazing incidence 
wide-angle X-ray diffraction (GIXD), small-angle X-ray scat-
tering (GI-SAXS), atomic force microscopy (AFM), and 
transmission electron microscopy (TEM). Throughout fi lm 
characterization we refer to P3HT aggregates and crystallites. 
We consider aggregates as a group of π-stacked conjugated 
segments that impart a specifi c optical absorption profi le as 
discussed below, and crystallites as aggregates with enough 
interacting segments that allow for discernable X-ray diffraction 
peaks. [ 25 ]  The crystallites are all considered aggregates, however 
not all aggregates will diffract. 

 The in-plane orientation of the polymer long-axis was char-
acterized using UV-vis optical spectroscopy with polarized light. 
With the primary optical transition dipole moment (π–π*) in 
P3HT parallel to the polymer backbone axis, [ 26 ]  the average ori-
entation of the polymer backbone can be determined by consid-
ering the absorbance anisotropy of the fi lm. Uniaxially straining 
the fi lm results in signifi cant dichroism with absorbance being 
favored in the direction of strain, as shown in  Figure    1  . This is 
indicative of the polymer long-axis aligning in the direction of 
strain. Annealing the fi lms at 180 °C for 10 min shows a slight 
increase in the dichroic ratio where the absorbance increases 
parallel to the strain direction and decreases in the perpendic-
ular direction. To quantify the degree of alignment of the fi lms, 
a 2D order parameter,  S  2,mol  = ( R  – 1)/( R  + 1) is applied, where 
 R  is the dichroic ratio taken as the ratio of the peak absorbance 

for light polarized parallel to the strain direction to light polar-
ized perpendicular to the strain direction. [ 1 ]  Here,  S  2,mol  = 1 for 
complete alignment and  S  2.mol  = 0 for an isotropic distribution. 
The justifi cation of using a 2D order parameter is given in the 
Supporting Information. The change in  S  2,mol  with strain and 
thermal annealing is given in  Figure    2  d. It is found that  S  2,mol  = 
0.63 ( R  = 4.4) for the 140% as-cast fi lm and  S   2,mol   = 0.69 ( R  = 
5.4) for the annealed fi lm. The uncertainty of the order para-
meter is expected to be within ±0.02 and primarily attributed to 
the uncertainty in the percent strain of the fi lm.   

 In addition to the polymer backbone alignment, the vibronic 
features in the absorption spectrum provide information on the 
P3HT local order. [ 27–29 ]  The character of the absorption arises 
from a complex interplay between intramolecular vibronic coup-
ling and intermolecular, H-aggregate-like coupling. Previously, 
a weakly coupled H-aggregate model has been successfully 
applied to P3HT to quantitatively estimate the average conjuga-
tion length and quality of the aggregates in the fi lm. [ 27–30 ]  The 
absorption model fi tting parameters include the free-exciton 
bandwidth ( W ), the Gaussian line width ( σ ), and the 0→0 tran-
sition energy ( E  00 ).  W  can be interpreted in terms of the length 
of interacting chain segments forming the P3HT aggregates, [ 30 ]  
and  σ  a measure of the local interchain order. In addition to 
the P3HT local order, the absorption spectra are able to pro-
vide an estimate of the percent aggregate P3HT in the fi lms. [ 29 ]  
The absorption model is applied to the absorbance data given 
in Figure  1 , with the best fi t values of  W  and  σ , as well as the 
estimate of percent aggregate given in Figure  2 a–c. Details of 
the model are provided in the Supporting Information. It was 
found that while the aggregates align in the direction of strain, 
the overall percent aggregate does not change appreciably with 
strain. For the aggregates aligned primarily in the direction 
of strain, annealing the fi lm increased the aggregate quality 
(decrease in  σ ) signifi cantly while the average conjugated 
length increased (decrease in  W ) slightly. For aggregates aligned 
primarily perpendicular to the strain direction, annealing the 
strained fi lms decreases both the aggregate quality and conju-
gation length. This result may arise from increased alignment 
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 Figure 1.    Absorbance spectrum for strained P3HT fi lms. Films are measured under as-cast 
(AC) and thermally annealed (AN) conditions. The annealing conditions are 180 °C for 10 min. 
a) Films strained by 80% are compared to unstrained fi lms. b) Films strained by 140% are 
compared to unstrained fi lms.
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of the more ordered, initially misaligned regions of the fi lm, in 
agreement with the increase observed in  S  2,mo  l  with annealing. 

 Grazing incidence X-ray diffraction (GIXD) was used to 
probe the crystalline P3HT packing characteristics. Two-dimen-
sional GIXD images are given in  Figure    3   for fi lms strained 
by 140% as-cast, and after thermal annealing at 200 °C. The 
images are with the X-ray beams parallel and perpendicular 
(scattering vector nominally perpendicular and parallel, respec-
tively) to the strain direction for each fi lm. The as-cast fi lm 
shows highly anisotropic scattering behavior similar to that 
previously reported. [ 1 ]  The P3HT crystallites with the polymer 
long-axis aligned in the direction of strain have a broad out-of-
plane stacking distribution with preferential bimodal character 
consisting of both face-on (conjugated ring plane parallel to the 
substrate) and edge-on (conjugated ring plane perpendicular 
to the substrate) stacking. When the strained fi lm is annealed 
at 200 °C these aligned crystals show a sharper bimodal char-
acter. In addition, when the X-ray beam is incident perpen-
dicular to the strain direction, mixed index scattering peaks of 
the annealed fi lm become signifi cantly more intense as com-
pared to the as-cast fi lm. Additional details are provided by 
high-resolution in-plane GIXD line scans shown in  Figure    4  . 
It is observed that thermally annealing the fi lm at 200 °C sig-
nifi cantly increases the sharpness and intensity of the in-plane 
scattering peaks for the scattering vector parallel and perpen-
dicular to the strain direction. The scattering intensity increases 

for both (h00) and (0l0) suggesting that 
out-of-plane packing remains similar with 
annealing; however, the crystallite size and/
or quality increases signifi cantly. Finally, 
the (200) peak scattering intensity with azi-
muthal angle ( φ ) is given in Figure  4 b for an 
as-cast fi lm strained by 112%, and thermally 
annealed fi lms strained to 100% and 130%. It 
is seen that the scattering intensity increases 
for the annealed fi lms, consistent with the 
in-plane line scan. A 2D order parameter 
for the crystalline P3HT is given by  S  2,cryst  = 
2<cos 2 ( φ )> – 1. This order parameter can be 
shown to have the same origin and limits as 
the  S  2,mol , but only considers the orientation 
of the P3HT crystallites (additional details 
provided in the Supporting Information). [ 1 ]  It 
is found that  S  2,cryst  = 0.84 for the 112% as-
cast fi lm,  S  2,cryst  = 0.85 for the 100% strained 
annealed fi lm, and  S  2,cryst  = 0.89 for the 130% 
strained annealed fi lm. These values were 
calculated by subtracting an approximate 
background scattering intensity, as given 
in Figure  4 b. The uncertainty in the order 
parameter is expected to be similar to  S  2,mol . 
Assuming that the out-of-plane stacking is 
consistent with azimuthal angle,  S  2,cryst  can 
be taken as the crystalline P3HT order in 
the fi lm. We fi nd that the crystallites of the 
highly strained as-cast fi lms are well aligned 
in the direction of strain, and annealing the 
fi lms only increases the order parameter 
slightly.   

 To determine morphological features at a larger length scale, 
we measured the structural characteristics of strained fi lms 
using GI-SAXS and TEM.  Figure    5   shows GI-SAXS scattering 
for as-cast and annealed fi lms strained by 140% with the scat-
tering vector parallel and perpendicular to the strain direction. 
No scattering peak is observed for the as-cast fi lm, however 
when annealing the fi lm at 180 °C, a scattering peak appears at 
approximately 0.43 nm −1  for the scattering vector parallel to the 
strain direction. This peak is indicative of a characteristic perio-
dicity in the fi lm of approximately 15 nm. To gain a clearer pic-
ture of these features, fi lms strained by 140% were investigated 
with TEM, with characteristic images given in Figure S1, Sup-
porting Information. The dark-fi eld TEM image after annealing 
shows the formation of weakly visible small aspect ratio fi brils 
aligned perpendicular to the strain direction that correspond 
well to the scattering peak observed in the GI-SAXS. These 
fi brils are similar in width to fi brils previously observed in 
low-molecular weight P3HT fi lms. [ 31,32 ]  For the 140% strain 
annealed fi lms, the exciton bandwidth of the aggregates is 
approximately 110 meV, which corresponds to roughly 30 thio-
phene repeat units or 12 nm in length. [ 30 ]  This length corre-
sponds well to the GI-SAX scattering behavior suggesting that 
the fi brils are composed of P3HT aggregates. Finally, atomic 
force microsopy (AFM) measurements were performed on 
the strained fi lms, with results given in Figure S2 (Supporting 
Information), however no fi bril features were observed. 
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 Figure 2.    a,b) Weakly coupled H-aggregate absorption model parameter fi ts of strained P3HT 
fi lms: a) free-exciton bandwidth ( W ), b) the Gaussian linewidth ( σ ). c) The estimated percent 
aggregate for strained as-cast and annealed P3HT fi lms. Aggregate fraction estimated with 
polarized light and thus accounting for ≈1/2 of the amorphous material. d) 2D order para-
meter for as-cast and annealed fi lms. The Δ symbols are the ordered parameters obtained from 
absorbance measurements ( S  2,mol ) and the x symbols are the order parameters obtained from 
the X-ray  φ -scans ( S  2,cryst ) for annealed fi lms. Annealing conditions were 180 °C for 10 min.
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  Comparing the results from the various characterization 
tools allows for several important morphological features to 
be resolved. We fi nd that straining the P3HT fi lms aligns the 
polymer long-axis in the direction of strain. The crystalline 
domains with the polymer long-axis aligned in the direction of 
strain have a bimodal orientation preference with both face-on 
and edge-on packing. The percentage of aggregate P3HT in the 
strained fi lms increases slightly for both as-cast and thermally 
annealed fi lms. Annealing the strained fi lms improves align-
ment and average conjugation length slightly, but has a more 
signifi cant infl uence on increasing the quality of the aggregate 
P3HT with backbones aligned in the direction of strain. The 
increase in P3HT aggregate quality coincides with the forma-
tion of fi brillar P3HT grains aligned perpendicular to the strain 
direction. The fi brils have relatively well-defi ned widths as 
measured by TEM and GI-SAXS (≈15 nm), and are similar to 
the estimated aggregate length measured with UV-Vis (≈12 nm). 
Therefore the fi brils are believed to be composed of P3HT 
aggregates with the polymer backbone aligned along the fi bril 
short axis direction. The fi brils appear to be relatively short 
(ratios of 1:3) and variable in length.  

  2.2.     Field Effect Charge Mobility 

 The macroscale in-plane charge transport in the fi lms was 
studied in a bottom gate, bottom contact, thin-fi lm transistor 
confi guration with a focus on the saturated fi eld effect mobility. 
In our previous study of uniaxially strained P3HT fi lms, high 

mobility anisotropy was reported with the 
saturated fi eld effect mobility increasing par-
allel to the strain direction and decreasing 
in the transverse direction. [ 1 ]  In these fi lms 
there is a slight channel length dependence 
that we attribute to the fi eld dependence of 
the charge mobility and do not believe this 
is due to contact resistance. [ 33 ]  Annealing 
the aligned fi lms decreases the fi eld effect 
mobility for transport both parallel and per-
pendicular to the strain direction, as shown 
in  Figure    6  . The reduction in mobility is 
more severe for transport parallel to the 
strain direction, resulting in a large drop in 
mobility anisotropy also given in Figure  6 . 
To determine the evolution of the drop in 
mobility with thermal annealing, the fi eld 
effect mobility parallel to the strain direc-
tion for a 140% strained fi lm under varying 
annealing temperatures is given in  Figure    7  . 
It is observed that the mobility increases 
slightly at a low anneal temperature of 
80 °C, but decreases continuously with fur-
ther increases in annealing temperature. 
Within this entire temperature range, P3HT 
is above its glass transition temperature and 
below its melting temperature, [ 34,35 ]  and the 
fi lm microstructure likely evolves to greater 
extents with increasing anneal temperature.   

 To determine if there is a unique energetic 
barrier to charge transport between the thermally annealed and 
as-cast fi lms, the temperature dependence of the fi eld effect 
mobility for the 140% strained as-cast and annealed fi lms is 
given in  Figure    8  . The mobility in the temperature range of 
300 K to 150 K is fi t to an Arrhenius type transport behavior, 
 μ  =  μ  0  exp(– E  A / K  b  T ), where  E  A  is the activation energy,  μ  0  is 
the mobility prefactor, and  K  b  is the Boltzmann constant. [ 22 ]  
The activation energy and mobility prefactor values for the 
fi lms are tabulated in Figure  8 , with the uncertainty given as 
the standard error in the exponential fi t. The E A  of the fi lms 
are found to be similar with a slight but statistically signifi cant 
decrease after thermal annealing the fi lm. The similar tempera-
ture dependence suggests that transport in each direction has 
a similar transport bottleneck, which can be attributed to the 
disordered regions of the fi lms.   

  2.3.     Time-Resolved Microwave Conductivity 

 Field effect mobility measurements sample charge transport 
across the entire channel length, convoluting the infl uence of 
aggregates, disordered regions, and the boundaries between 
these domains. Thus, even with the detailed structural anal-
ysis described above, it is impossible to discern the relative 
importance of specifi c structural features to charge transport 
without a complimentary technique. To address this problem 
we use fl ash-photolysis time resolved microwave conductivity 
(TRMC) to probe the average microscopic mobility anisot-
ropy. Due to the high frequency (9 GHz) and low electric fi eld 

Adv. Funct. Mater. 2014, 24, 3422–3431

 Figure 3.    2D-GIXD images for fi lms strained by 140%. The images on the left are for the X-ray 
beam parallel to the strain direction (scattering vector nominally perpendicular to the strain 
direction). The images on the right are for the X-ray beam perpendicular to the strain direction 
(parallel scattering vector). The fi lms are measured as-cast and thermally annealed at 200 °C 
as given in each image.
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strength (≈100 V cm −1 ) used in this measurement, the micro-
wave probe merely perturbs the random diffusive motion of 
charges, sampling local mobility without forcing carriers to 
traverse unfavorable paths. [ 36 ]  The TRMC measurement and 
data analysis are described in detail elsewhere. [ 37–40 ]  Briefl y, 
the sample is mounted at one electric fi eld maximum of a 
rectangular TE 102  microwave cavity tuned to ≈9 GHz. The 
continuous microwave probe beam (≈100 mW), is polarized 
along the short axis of the rectangular cavity cross-section. We 
measure the time-resolved photoconductance of the sample in 
response to a short (4 ns) polarized laser pulse by monitoring 
the change in microwave power absorbed in the sample. The 
resulting photoconductance transients are fi t using a sum 
of three exponential functions convoluted with the response 
function of the cavity, [ 37 ]  and the sum of the exponential 
pre-factors is used to estimate the initial photoconductance, 
accounting approximately for any trapping or recombination 

that takes place during the laser pulse, as well as for the 
smoothing of the transient at early times due to the fi nite (ca. 
10 ns) response time of the microwave cavity. From the ini-
tial photoconductance we calculate the product of charge car-
rier yield ( φ ) and the sum of charge density-weighted average 
mobility of electrons and holes, Σ μ  (=  μ  e  +  μ  h ), where  μ  e  is 
the density-weighted average electron mobility and  μ  h  is the 
density-weighted average hole mobility. [ 37 ]  

 Without an external measure of either yield or GHz-fre-
quency mobility sum, neither can be quantifi ed independently. 
However, by maintaining equivalent sample excitation con-
ditions, and thus nominally constant carrier yield, we obtain 
quantitative values for the GHz mobility anisotropy in the 
strain-oriented fi lms. We performed TRMC measurements 
both with the microwave electric fi eld parallel and orthogonal 
to the axis of strain, while maintaining a constant relation-
ship between the optical pump polarization and strain orien-
tation. Conversely, we can obtain quantitative values for the 
anisotropy in carrier yield by measuring the ratio of  φ Σμ for 
excitation polarization parallel and orthogonal to the strain 
direction, while maintaining a constant microwave probe 
polarization. The various laser pump (E P ) – fi lm (S) – micro-
wave probe (E GHz ) orientations are schematically provided in 
the inset of  Figure    9  . Figure  9 a shows the GHz mobility ani-
sotropy for fi lms strained to 50% and 100%, both in as-cast 
and annealed condition. We fi nd that the GHz mobility ani-
sotropy increases with strain, and decreases with annealing. 
These results were found to be independent of optical pump 
orientation relative the axis of strain. Figure  9 b shows the yield 
anisotropy ratio; exciting the polymer parallel to the strain axis 
provides a lower yield of charge carriers than when exciting 
with orthogonal polarization. We expect the photoconductance 
signal to be dominated by holes in the crystallites, irrespective 
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 Figure 4.    a) GIXD in-plane line-scan of 140% strained fi lms, with scat-
tering vector parallel and perpendicular (perp) to the strain direction for 
as-cast (AC) and thermally annealed (AN) at 180 °C for 10 min. b) GIXD 
 φ -scans of the (200) peak for several strained fi lms both as-cast and 
thermally annealed. The fi lms are under different strains, nevertheless, 
annealing is shown to strongly increase scattering intensity.

 Figure 5.    GI-SAXS data for 140% strained fi lms with scattering vector par-
allel and perpendicular to the strain direction. One fi lm is left as-cast (AC) 
and the other is annealed (AN) at 200 °C for 5 min prior to data collection.
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of absorption location. It has been shown that the generation 
of free long-lived (lifetimes ≥ 10 ns) charge in neat conjugated 
polymers is dominated by the interface between crystalline and 
amorphous domains, resulting in a microwave photoconduct-
ance signal dominated by holes (for p-type polymers such as 
P3HT) injected into the crystallites. [ 37 ]  This suggests that the 
observed yield anisotropy may be due to a difference in the 
location of light absorption in the material, altering the prox-
imity of excitons to defects and grain boundaries that assist 
exciton dissociation. [ 37–41 ]  When the excitation pulse is polar-
ized parallel to the strain direction absorption in the oriented 
crystallites will be favored, whereas the orthogonal polarization 
will favor absorption in the remaining disordered or unaligned 
regions of the fi lm. 
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 Figure 8.    The temperature dependence of the fi eld-effect mobility for 
4 fi lms all strained by 140%. Two fi lms are as-cast (AC), one with strain 
parallel to the channel, one perpendicular. Two fi lms are annealed (AN) at 
180 °C 10 min, one with strain parallel to the channel, one perpendicular. 
Two 10-um channel length transistors are tested per fi lm. The solid lines 
are fi t using  μ  =  μ  0  exp(– E  A / K  b  T ), where  E  A  is the activation energy,  μ  0  is 
the mobility prefactor, and  K  b  is the Boltzmann constant. The fi t is over 
the fi rst 5 higher temperature data points with values tabulated above 
the plot.

 Figure 6.    a) Field-effect mobility for fi lms transferred without strain, 
strained by 80% and by 140% for as-cast (AC) and thermally annealed 
(AN) conditions (180 °C for 5 min). The mobility is given for channel 
lengths of 5 μm, with data for 10 μm channel lengths provided in the 
Supporting Information. b) The mobility anisotropy for transport parallel 
relative to transport perpendicular to the strain direction. The mobility 
anisotropy is given for OTFT channel lengths of (5, 10, and 20) μm.

 Figure 7.    Normalized saturated fi eld effect mobility parallel to the strain 
direction for a series of 140% strained fi lms under various thermal-
annealing temperatures. The normalization is made by measuring the 
mobility of the fi lm in its as-cast condition relative to the mobility after 
annealing for 10 min at the given temperature.
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     3.     Discussion 

 In our previous study of as-cast, strain aligned fi lms, [ 1 ]  we 
found signifi cant orientation of the crystalline regions with 
the polymer chain axis oriented along the strain direction, 
moderate orientation of the entire fi lm from UV-Vis and slight 
changes in the excitonic bandwidth (optical order). The most 
surprising observation was the development of a signifi cant 
crystalline population that was face-on, in contrast to the nearly 

complete edge–on orientation of the initially spin-coated fi lm. 
The development of signifi cant anisotropy in the morphology 
was accompanied by the emergence of signifi cant anisotropy in 
the OTFT mobility. The macroscopic mobility increased by ≈ a 
factor of 2 along the strain direction, and an anisotropy of up to 
9 at 140% strain was observed. The increase in mobility along 
the strain direction was taken as clear evidence that the anisot-
ropy was not attributable to signifi cant cracks (or other major 
defects) from the strain process. 

 In the current study, we fi nd that moderate thermal anneals 
(below the melting point) result, in general, in small improve-
ments in the orientational and aggregate order. In addition, 
there does not appear to be a signifi cant change in the popu-
lation of face-on material. The most signifi cant morphological 
change upon annealing is the development of a distinct mor-
phology of ≈15 nm wide fi brils oriented perpendicular to the 
strain direction. The development of fi brils strongly suggests 
ripening of the initial ordered regions due to removal of chain 
defects and tie-chain pull-out. This is consistent with the known 
behavior of semicrystalline high molecular weight polymers, 
where crystalline tie-chains are largely formed during primary 
crystallization. [ 42 ]  Subsequent annealing can improve aggregate 
quality, but an increase in the number of tie-chains chains does 
not typically occur. In fact, aggregate quality may improve at the 
cost of tie chain removal. [ 43 ]  

 In contrast with the small morphological changes observed 
upon annealing, the OTFT mobility is observed to change dra-
matically upon annealing, with a nominal reduction by a factor 
of 4 in the strain direction, a reduction by a factor of 2 in the 
perpendicular direction, and a concomitant (2×) decrease in 
the anisotropy. As virtually all local measures of order (exciton 
bandwidth, GIXD intensity) and orientation ( S  2 ) increase upon 
annealing, the drop in macroscopic transport is attributed to 
loss of intergain connectivity due to tie-chain pull out. Thus, a 
large portion of the observed mobility in aligned as-cast fi lms is 
attributed to favorably aligned tie-chains, in agreement with the 
generally accepted hypothesis that grain boundaries are crucial 
to transport in semicrystalline polymers. [ 22,25 ]  Tie-chain removal 
greatly reduces favorable percolation pathways for charge trans-
port and reduces the fi eld effect mobility in the polymer long-
axis alignment direction. The average polymer chain length for 
the P3HT used in this study (≈120 nm) is much longer than 
an individual fi bril width (≈15 nm), suggesting that a given 
polymer chain may traverse a number of aggregates separated 
by disordered domains. Thus, it is unlikely that all tie-chains 
are removed, and the remaining chains may actually improve 
in local order and alignment, resulting in the small decrease in 
activation energy observed in the low-temperature OTFT meas-
urements. The second, and more important, implication of the 
observed changes in macroscale mobility with annealing is that 
transport due to tie chains in the as-cast material must be signif-
icantly anisotropic. Using estimates for the aggregate fraction of 
the fi lm to be ≈0.4 and assuming the aggregate P3HT does not 
deviate substantially from the angular distribution of the crystal-
line P3HT, the anisotropy in the UV-Vis relative to the GIXD 
suggests that the disordered material still exhibits an  S  2  of ≈0.56 
(addition details provided in the Supporting Information). This 
is consistent with simple connectivity arguments for tie chains 
between oriented aggregates. In recent quantum-chemical 
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 Figure 9.    a) TRMC mobility anisotropy as a function of strain and 
annealing. b) TRMC yield anisotropy as a function of strain and annealing 
(180 °C for 10 min). Anisotropy values are obtained by dividing the φΣμ 
value obtained at low pump intensity for the polarization parallel to the 
axis of strain in the sample (A) by that obtained with the orthogonal 
polarization (B): ( φ Σ μ ) A /( φ Σ μ ) B . The mobility anisotropy is obtained by 
varying the microwave probe polarization relative to the strain axis while 
maintaining constant pump polarization. The data is for an average of 
the two possible pump orientations. Conversely, the yield anisotropy is 
obtained by varying the pump polarization relative to the strain axis while 
maintaining constant probe polarization, and taking an average of the 
data for the two possible probe orientations. The relative orientations of 
the fi lm strain alignment direction (S), laser pump (E P ), and microwave 
probe (E GHz ) is given in the inset. The two crossed arrows indicate that 
the measurements were taken in both possible orientations and aver-
aged. The black circle in (a) is defi ned as 1 and provided as a guide to the 
eye. The black circle in (b) is an experimental data point. The indicated 
error bar in (a) is the estimated standard deviation of the mean.
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studies of transport in the inter-grain regions, it was found 
that intrachain transport along “bridging” (tie) chains is facile 
(mobility comparable to that along the chain axis on grain) 
while interchain transport was signifi cantly slower. [ 18 ]  

 The surprising observation in this study is that of a small 
anisotropy in TRMC measurements. The microwave photo-
conductance is expressed as the product of charge carrier yield 
and mobility ( φ Σ μ ) as previously described. Thus, the technique 
will strongly favor the most ordered (highest  μ ) regions, and 
intrachain mobility is expected to be much higher than inter-
chain mobility, even within crystallites. Furthermore, the car-
rier mobility along the lamella stacking direction should be 
extremely small due to poor electronic coupling. [ 18 ]  This means 
that while both the face-on and edge-on crystallites will con-
tribute photoconductance signal from intrachain transport, only 
the edge-on aggregates are oriented properly for probing the 
intermolecular transport (i.e., along the π−π stacking direction). 
Therefore the TRMC anisotropy will overestimate the anisotropy 
associated with transport along the chain vs. transport along the 
π–π stacking direction for bimodal out-of-plane stacking fi lms 
as found in the aligned fi lms in this study. Despite these con-
siderations, we fi nd that the TRMC mobility anisotropy is quite 
small, 3.5 at most for a 100% strained fi lm. Between the consid-
erations outlined above and the relatively large effective mass 
(low bandwidth) estimated in the π–π stacking direction [ 19 ]  this 
low anisotropy is very surprising. In recent studies of rigid, 
ladder polymer oligomers it was observed that TRMC could pro-
duce artifi cially low estimates of the mobility when the grain 
ends are probed during the microwave cycle. This effect results 
in a strong grain size dependence to the extracted mobility. [ 44,45 ]  
However, in a recent pulse radiolysis-TRMC study of P3HT as a 
function of molecular weight, no strong crystal size dependence 
was observed in  μ . [ 46 ]  We estimate that the scattering length of 
carriers will be on the order of 10 nm, [ 46–48 ]  and thus the local  μ  
is accurately refl ected in the present data and the anisotropy is 
small. We suggest the low anisotropy arises from the extremely 
low energy barrier to torsional disorder in the relatively fl exible 
P3HT, limiting mobility along the chain axis. This is consistent 
with the similar activation energies reported for OTFT and local 
mobility from PR-TRMC in unstrained fi lms. [ 46 ]  An additional 
minor contribution to the small anisotropy is believed to be due 
to low-order aggregates not aligned in the direction of strain 
that remain effi cient intramolecular transport paths. These 
aggregates may not diffract signifi cantly but do have weak 
vibronic character as observed in the absorbance and contribute 
to the difference observed in order parameters  S  2,mol  and  S 2,crys    t  . 
The reduction in the local mobility anisotropy with thermal 
annealing occurs while the alignment is shown to increase and 
is thus attributed to the improved aggregate quality, favoring 
improved transport in the π–π stacking direction to a greater 
extent than the backbone direction. 

 In summary, the high bulk mobility anisotropies demon-
strated in conjugated semicrystalline polymers, such as P3HT, 
are likely due to intergrain morphological features, in particular 
favorably aligned tie chains that couple well orientated aggre-
gates. The local GHz-mobility anisotropy is lower than the 
macroscopic mobility anisotropy, believed to be due to local 
polymer disorder along the P3HT backbone direction being a 
limiting factor.  

  4.     Experimental Section 

  Film Preparation : P3HT was purchased from Plextronics Inc. with 
a number-averaged molecular mass  M  n  = 50 kDa, a regioregularity of 
99%, and a polydispersity of 2.1. [ 49 ]  The P3HT solution is dissolved in 
Chloroform at 8 mg/ml and heated for a minimum of 4 h at 75 °C. The 
fi lms are spin coated at 104.7 rad s −1  (1000 rpm) onto octyltrichlorosilane 
(OTS) treated Si for 45 s at room temperature in a Nitrogen fi lled 
glove box. Strained fi lms are prepared by fi rst laminating PDMS onto 
the cast P3HT fi lms and removing the PDMS quickly resulting in the 
P3HT fi lm adhering to the PDMS slab and being fully removed from 
the OTS-silicon substrate. The P3HT-PDMS stack is strained, plastically 
deforming the P3HT. These strained P3HT fi lms are then laminated onto 
a secondary substrate and the PDMS is removed. Unstrained fi lms are 
prepared in the same manner without straining the P3HT-PDMS stack. 
Final substrates include glass, fused quartz, and OTS-silicon with a 
native or thermal oxide layer. All substrates are cleaned with sonication 
in acetone, isopropanol, and DI water followed by UV ozone treatment. 
The OTS treated silicon consists of immersing the cleaned silicon 
substrates in a 0.002 mol L −1  solution of OTS in anhydrous hexadecane 
for 12 h to 16 h followed by sonication in chloroform, isopropanol, and 
deionized (DI) water. The substrate is then heated on a hot-plate at 
150 °C for 10 min followed by DI water rinse. PDMS was prepared by 
mixing the elastomer with the cross linker at a ratio of 15:1 and heating 
for 14 h at 60 °C. The PDMS base to cross linker ratio was chosen to 
maximize the strain limit of the elastomer. 

  Morphology Characterization : The UV–vis absorbance measurements 
were performed with a Perkin Elmer Lambda 950 UV–visible-near-IR 
spectrometer. The absorbance was measured for fi lms on glass 
substrates with the absorbance of a clean glass reference substrate 
subtracted from the data. X-ray diffraction measurements were 
performed at the Stanford Synchrotron Radiation Lightsource (SSRL) on 
beam lines 7–2 and 11–3. The point detector GIXD measurements were 
conducted on beam line 7–2. The fi lms were illuminated with an 8 keV 
beam at a constant incidence angle of approximately 0.2°. The sample 
in-plane orientation relative to the beam was adjusted at each q-value 
to maintain the scattering vector parallel or perpendicular to the strain 
direction. For  φ -scans, the sample tilt was adjusted to make the sample 
normal collinear with the rotation axis of the  φ  motor and maintain a 
constant incidence angle as the sample was rotated. The 2D GIXD 
measurements were conducted on beam line 11–3 with an area detector 
(MAR345 image plate), an energy of 12.735 keV, and an incidence angle 
of ≈0.12°. For area detector measurements, the samples were aligned 
with their in-plane orientation either perpendicular or parallel to the 
incident beam. This orientation resulted in the scattering vector being 
aligned away from the strain direction by  θ  B . For the energy used,  θ  B  
was 3.3° for the (200) and 7.3° for the (010) scattering peaks, both less 
than the FWHM observed in the  φ -scans. All sample chambers were 
purged with helium during the scattering experiments to reduce beam 
damage and background scattering. The GI-SAXS measurements were 
performed at the X-9 beamline at the National Synchrotron Light Source, 
Brookhaven National Laboratory. The incident X-ray beam ( E  = 14 keV) 
was collimated using slits and focused onto the sample position using 
Kirkpatrick-Baez mirrors. The samples and beam path were in vacuum. 
The TEM measurements were made with a Philips EM400T transmission 
electron microscope, operated at 120 kV. For TEM sample preparation, 
a thin layer of carbon (≈10 nm) was deposited onto the strained P3HT 
fi lm supported by Si wafer. A poly(acrylic acid) (PAA) aqueous solution 
(20% by mass) was then drop-cast on top of the carbon-coated fi lm 
and heated overnight at 55 °C. The dried PAA was removed from the 
substrate taking along the P3HT fi lm underneath. The delaminated fi lm 
was fl oated on water for ≈3 h until PAA was dissolved away, and then 
picked up with a blank TEM copper grid. The retrieved specimen was 
rinsed with water prior to imaging. 

  Electrical Characterization : The OTFT transistors were bottom gate, 
bottom contact transistors where the gate electrode was a highly doped 
p-type silicon that also acted as the device substrate. The gate dielectric 
was a 300 nm thermal oxide layer and the source drain electrodes 
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consisted of a 5 nm Ti wetting layer followed by 40 nm Au. The test-
beds were OTS treated as described above. The P3HT fi lms were then 
printed onto the test structures to complete the device. The channel 
widths for all devices were 1000 μm while the channel lengths included 
(5, 10, and 20) μm. The transistors were measured using an HP 4156b 
parameter analyzer in an argon fi lled glove box. Room-temperature TFTs 
were measured in the saturated regime by sweeping the gate voltage 
( V  G ) from 20 V to –70 V, with a source–drain voltage ( V  SD ) of –70 V. 
Low-temperature measurements were performed with a Desert Inc. 
cryogenic probe station in the saturation regime, with V G  swept from 
20 V to –70 V and V SD  = –60 V. Low-temperature measurements were 
conducted at a pressure of approximately 1.3 × 10 −6  Pa (10 −8  Torr). 
The saturated fi eld-effect hole mobility was calculated from a linear 
fi t of  I  SD  1/2  versus  V  G , where  I  SD  is the source-drain current. In room 
temperature measurements, the mobility was taken as an average of a 
minimum of 4 devices. The low temperature mobility values are from 
an average of 2 devices. In the TRMC measurements, the fi lm is excited 
with a polarized 4 ns FWHM laser pulse at  λ  = 532 nm using an OPO-
Continuum Panther pumped with the 3 rd  harmonic of a Nd:YAG laser: 
Continuum Powerlite. The polarization of the laser pulse was purifi ed 
using a quartz beam splitting cube, and the polarization axis controlled 
via a quarter-wave plate. Microwave absorption originates from the non-
resonant interaction of mobile photogenerated charges in the sample 
with the microwave electric fi eld. Samples are mounted at the electric-
fi eld maximum of an X-band TE 102  microwave resonance cavity tuned 
to 9 GHz, which increases sensitivity at the expense of time resolution 
due to the ring-down time of the cavity (≈10 ns). All samples were stored 
and measured under nitrogen. All of the TRMC data reported here were 
derived from fi ts to the photoconductance transients using a triple-
exponential function convoluted with the instrument response function, 
the latter of which is modeled using a Gaussian laser pulse convoluted 
with the (known) single exponential decay time of the microwave cavity. 
The experimental setup and data analysis procedures are documented in 
detail elsewhere. [ 37–40 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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