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’ INTRODUCTION

Conjugated polymers, with inherently rigid molecular back-
bones, have attracted much attention due to their relatively
favorable charge transport properties, high optical absorption
coefficients, and ease of processing from common organic
solvents.1�3 However, these materials form a semicrystalline
film upon solution-casting that is far removed from the equilib-
rium microstructure; therefore, the processing history of the
active layer in an electronic device greatly influences the mor-
phology, which in turn affects performance.4�8 The degree of
crystallinity is a particularly crucial factor in obtaining high-
performance organic thin film devices.9�11 Usually in thin film
polymeric semiconductors, the charge mobility in the amor-
phous regions is significantly lower than that in the crystalline
domains.12�15 As such, studying the degree of crystallinity in
semiconducting polymer thin films and developing polymers and
processing conditions that control the fraction of amorphous
polymer is of great interest. In general, previous experimental
studies have varied the degree of crystallinity in semiconducting
polymer thin films by varying deposition conditions, solvent
vapor pressures, solid-state processing, and postprocessing con-
ditions (e.g., annealing treatments) to kinetically trap films at
various points during crystallization.12,16�19 However, these
methods allow only limited control, making it difficult to form
completely amorphous films or to dictate the crystalline fraction in
order to generate a series of specimens with a continuum in the
polymer percent crystallinity. Furthermore, nonideal film-to-film
reproducibility hinders an easy interpretation of these experi-
ments. As a result, determining how semicrystalline polymer
films crystallize, and the effect of this sequence on observable
optoelectronic properties has proven extremely difficult. Because
this fundamental understanding is lacking, the synthesis of each
new polymer requires the reformulation of a new set of proces-
sing conditions in order to maximize device performance.20 As
such, the practical limits of these materials are unknown, and
optimization of polymer-based electronics is largely Edisonian
and significantly time intensive.

Poly(3-alkylthiophenes) (P3ATs), specifically, have risen to
the fore of the organic electronics community over the past 15
years due to their useful optical and electronic properties.21�24 In
fact, poly(3-hexylthiophene) (P3HT) has become the standard
p-type material in polymer-based organic field-effect transistors

(OFETs)25,26 and the standard electron-donating material in
bulk heterojunction organic photovoltaic (OPV) devices.18,27,28

Usually these active layers are deposited from solution at room
temperature, which is significantly removed from the crystal-
lization temperature of P3HT (Tc ∼180 �C).29,30 This large
degree of undercooling leads to kinetically trapped microstruc-
tures, and the morphology is difficult to control.31�33 On the
other hand, we have shown recently that poly(3-(20-ethyl)
hexylthiophene)34�36 (P3EHT, chemical structure inset in
Figure 2) has comparable optoelectronic properties to that of
P3HT and poly(3-dodecylthiophene) (P3DDT) and that its
melting and liquid crystal transition temperatures are much lower
(T < 120 �C).37 This makes P3EHT an ideal candidate for
understanding the impact of crystallization on optoelectronic
properties for a technologically important class of semiconductors
polymers, poly(3-alkylthiophenes), especially as interest in solid-
state processing of organic electronic materials is increasing.38,39

Here, we correlate the physics of semicrystalline ordering of a
P3EHT (Mn ∼10.8 kg/mol, PDI ∼1.2) thin film to the poly-
mer’s optoelectronic properties utilizing in situmeasurements on
an experimentally convenient time scale when quenching from
the melt to room temperature. Specifically, we demonstrate that
while the polymer crystallinity continually increases over time,
the field-effect transistor (FET) hole mobilities abruptly increase
60-fold at a threshold time. We attribute this mobility onset to
the formation of a thin film crystalline network in an amorphous
matrix. Furthermore, we show that the evolution of ultravio-
let�visible (UV�vis) absorption and photoluminescence (PL)
profiles in the thin film correlate well with the polymer crystal-
lization. The polymer solidification process is readily observed as
the crystal structure of the P3EHT thin film is monitored as a
function of time after quenching to room temperature (from the
melted (Tm ≈ 80 �C) state) with grazing-incidence X-ray dif-
fraction (GI-XRD). The appearance of higher order reflections in
the GI-XRD spectra with time after quenching indicates three-
dimensional crystallization occurring over the course of ∼1 h.
These real-time observations of crucial structure�transport
relationships of this model macromolecular semiconductor
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provide insight into how polythiophene ordering influences hole
transport and optical absorption, which, in turn, should lead to
design rules for semiconducting polymer architectures, the
opportunity for solid-state processing of semiconducting poly-
mer thin films, and better control of the final active layer
microstructures in polymer-based organic electronics.

’RESULTS AND DISCUSSION

Thin films of P3EHT are crystallographically highly oriented
(strong crystalline texture) relative to other P3ATs, as evidenced
by greater resolution of reflections in grazing-incidence X-ray
diffraction (GI-XRD) patterns and pole figures (Figure S5). This
allows for determination of a potential triclinic unit cell for
P3EHT (a≈ 0.73 nm, b≈ 1.03 nm, c≈ 1.54 nm, R≈ 72�, β≈
98�, and γwas assumed to be 90�), which is qualitatively different
from that of the cells proposed for other P3ATs.32,40,41 From the
GI-XRD pattern of P3EHT (Figure 1i), the (100), (200), and
(300) reflections are observed along the vertical axis at q = 4.38,
8.62, and 12.9 nm�1, respectively; this preferential alignment
relative to the substrate is seen in the P3HT film as well
(Figure 1j). However, unlike other P3ATs, the (01l) line of
reflections is located at qxy = 6.15 nm�1 (e.g., the (010) can be
seen at qxy = 6.15 nm�1 and qz = 2.0 nm�1). This indicates that
P3EHT does not occupy an orthorhombic unit cell. While the
complete molecular packing determination are beyond the scope
of this paper, the position of the (010) reflection leads to lattice
parameter of b = 1.03 nm (see Figure S1b for complete peak
assignments). While this unit cell description results in an
intermolecular distance very similar to P3HT, an exact determi-
nation of the π�π stacking distance between first and second
P3EHT chains in the unit cell is precluded without a complete
P3EHT crystal structure.

In addition to the improved crystalline texture, the lower
thermal transitions of P3EHT relative to other P3ATs allows
crystallization to be monitored in situ and correlated to changes
in optoelectronic properties, which are also measured as a
function of crystallization time. GI-XRD patterns of the
P3EHT thin films collected after quenching from the isotropic
melt to room temperature reveal the progression of crystal-
lization as a function of time. Shortly after quenching (Figure 1a),
the diffraction pattern is similar to that of the polymer film in the
melt (Figure S1) with an amorphous halo being the dominating
feature. A weak peak exists along the vertical near 4.50 nm�1,
corresponding to the expected repeat distance of∼1.4 nm along
the sample normal (nominally the alkyl stacking direction)
according to powder diffraction of bulk P3HT and P3EHT,
and is indexed as the (100) Bragg reflection.37 After 10 min, two
additional orders of (h00) peaks are visible, and the intensity of
the (h00) peaks continues to increase with time (labeled in
Figure 1i). Approximately 31 min after quenching, a number of
off-axis peaks appear, including the (010), corresponding to the
π�π stacking repeat. With further increasing time, the amor-
phous halo decreases in intensity, and the (h00), (010), and off-
axis peaks become more defined, but without significant in-
creases in intensity.

A 60-fold increase in the field-effect hole mobility occurred
over the course of polymer crystallization after quenching from
themelt (vide infra) and can be explained by the crystallization of
the P3EHT film. Specifically, the relative degree of P3EHT
crystallinity is determined quantitatively as a function of time
by measuring approximate pole figures of the (100) reflection
(Figure S2).42,43 The measured crystallinity steadily increases
over ∼75 min after quenching before reaching a constant value
(Figure 2). Because of the geometry of grazing-incidence diffrac-
tion, these approximate pole figures (Figure S2b) do not probe

Figure 1. Grazing-incidence X-ray diffraction (GI-XRD) patterns of a P3EHT thin film at (a) 5, (b) 11, (c) 17, (d) 31, (e) 45, (f) 59, (g) 79, and (h) 92 min
after quenching to room temperature from the isotropic melt. Comparison of patterns for (i) P3EHT 92 min after quenching to room temperature and
(j) P3HT with the (100) reflection labeled. The color scale for (j) is 0�600 au due to a longer exposure time for the P3HT thin film.

http://pubs.acs.org/action/showImage?doi=10.1021/ma201316a&iName=master.img-000.jpg&w=499&h=254
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crystallites with their (100) direction oriented within a few
degrees of the substrate normal; this requires local specular
scans. However, in our case, the approximate pole figures are
quite accurate (see Supporting Information). The relative degree
of crystallinity (rDoC) was calculated from the approximate pole
figures according to eq 1.

rDoC �
Z π=2

χmin

sinðχÞIðχÞ dχ ð1Þ

where χmin is the minimum χ allowed by the GI-XRD geometry.
The film with the highest degree of crystallinity in this data set,
corresponding to the longest time after quench, was assigned a
value of 1.0, against which other thin films were compared.

In addition to the increased intensity of peaks in GI-XRD, thin
film UV�vis absorption and photoluminescence (PL) profiles
show a clear red-shift, a signature of increased conjugation length
in organic semiconductors,44 with time after quenching from the
melt. When the isotropic melt is quenched directly to room
temperature, the absorption profile is initially broad and features
only onemaximum at λ = 463 nm (Figure 3a).45 This absorbance
profile is akin to a dilute solution of a regioregular P3AT in a good
solvent46 and the absorbance profile of a regiorandom P3AT thin
film.47,48 In both of these, the P3AT lacks semicrystalline order
and no interchain optoelectronic coupling exists. This compar-
ison shows that the P3EHT film is noncrystalline immediately
after quenching to room temperature, consistent with the GI-
XRD profile. However, at a rDoC value as low as 0.15 (10 min
after quenching), the profile begins to red-shift and a vibronic
shoulder appears at a higher wavelength (λ ≈ 573 nm), indicat-
ing the formation of small crystalline regions. As the time after
quench approaches 1 h, the P3EHT absorption coefficient
increases and reaches a relatively high value in agreement with
previous reports.46,49 This thin film absorption behavior of
P3EHT is in stark contrast to that of a P3HT thin film quenched
to room temperature from the melt.50 In the P3HT case, the
absorption profile remains constant over the course of 1 h
(Figure S3); this is consistent with rapid crystallization of the
straight-chain alkyl-substituted P3AT at room temperature due
to significant undercooling.

Furthermore, the absorption profiles show an isosbestic point
is present at λ = 452 nm during the course of crystallization. This

indicates that only two species contribute to the overall absorp-
tion profile and that the total absorption profile is a linear
combination of each component’s absorption spectrum.51,52

These two absorbing species are taken to be the amorphous
domains, where the absorption occurs without interchain cou-
pling, and crystalline domains, in which correlations between
neighboring chains increase the P3EHT conjugation length. This
increase in conjugation length decreases the bandgap and shifts
the absorption profile of the crystalline domains to longer
wavelengths.25 Thus, the decrease in absorption intensity at
shorter wavelengths (λ < 452 nm) and the increase in absorption
intensity at longer wavelengths (λ > 452 nm) can be recognized
as a signature of the conversion of amorphous to semicrystalline
polymer domains with time.

Thin film photoluminescence (PL) data collected in real time
(Figure 3b) further demonstrate the formation of interchain
P3EHT aggregates over∼1 h after quenching from the isotropic
melt. Immediately after quenching, the PL data resemble that of
an amorphous P3AT thin film53 or a dilute P3AT solution with a
broad peak at λ < 600 nm.54,55 As early as 10 min, a clear red-shift
in the maximum of the emission profile to λ = 617 nm is observed

Figure 2. Relative degree of crystallinity (rDoC) as a function of time
for the P3EHT thin film, based on intensity of the (100) Bragg
reflection. Here, all rDoC values are normalized such that the final time
(t = 93 min) has a value of 1.0. The chemical structure of P3EHT is
the inset.

Figure 3. (a) Time-resolved thin film UV�vis light absorption spectra
of P3EHT during crystallization. Thin films were heated to the isotropic
melt (T = 120 �C) under vacuum and then quenched to room
temperature to obtain an amorphous morphology which exhibits an
absorption profile similar to that of a dilute P3EHT solution. A red-shift
in the absorption profile is observed over the course of crystallization,
and the presence of a low-energy vibronic shoulder is observed also. The
isosbestic point at λ = 452 nm is consistent with a nondegradation event
that shows the transition from one absorbing species to another. (b) Real
time, steady-state photoluminescence (PL) emission spectra of a
P3EHT thin film during crystallization. Thin films were heated to the
isotropic melt (T = 120 �C) under vacuum and then quenched to room
temperature. A red-shift in the emission profile is observed over the
course of crystallization, and a secondary, lower energy emission peak
emerges. The excitation wavelength was chosen as the isosbestic point to
ensure a constant absorption value. Final film thicknesses were∼60 nm
as estimated by profilometry.

http://pubs.acs.org/action/showImage?doi=10.1021/ma201316a&iName=master.img-001.png&w=160&h=146
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and a small shoulder at lower energy (λ = 665 nm) emerges. This
difference of∼0.18 eV commonly is interpreted as the energetic
difference associated with the phonon energy of the CdC
symmetric stretch of the conjugated backbone.54 With time,
there is an increase in the emission at λ = 665 nm and a decrease
in emission at λ = 617 nm. Previous efforts have shown that the
lower wavelength peak is associated with amorphous regions of a
P3AT film while the higher wavelength peak is representative of
emission from a crystalline region of the film.33 Furthermore, it
has been demonstrated that the increase of the lower energy
emission peak relative to the higher energy emission is consistent
with an increase in polythiophene conjugation length.48,54 In fact,
the decrease in emission at λ = 617 nm has been seen for P3AT
thin films with increasing regioregularity.56 Therefore, we con-
clude that the semicrystalline order in our films leads to
decreased PL emission at λ = 617 nm. Additionally, these PL
data and the P3EHT thin film absorption data confirm that the
optical properties are intrinsically coupled with the microstruc-
ture of the P3AT and that we can observe these structure�prop-
erty evolutions in real time.

In contrast to the relatively uniform increase in the rDoC and
absorption coefficient as a function of time, there is a much
sharper increase in the mobility (Figure 4). The first measure-
ment made after quenching (t = 12 min) shows a P3EHT hole
mobility (μh) of μh ∼6 � 10�7 cm2 V�1 s�1, which is low and
consistent with an amorphous scattering pattern observed in the
GI-XRD spectrum at this point after quenching to room tem-
perature. This low mobility persists up to rDoC ≈ 0.30 (t ≈
28min), at which time a dramatic increase (Figure 4, shaded region)
in hole mobility of ∼60-fold occurs, which suggests the forma-
tion of a semicrystalline network that is better suited for carrying
charge. Note that this is also the point where the π�π stacking
reflections and other off-axis peaks appear in the GI-XRD
spectrum. Finally, the hole mobility saturates at μh ∼4 �
10�5 cm2 V�1 s�1 for rDoC ≈ 0.5, remains relatively constant
over the remainder of the experiment, and is nearly of the same
order as for low molecular weight P3DDT and P3EHT poly-
mers.37 This asymptotic value of the hole mobility is ∼10-fold
less than that previously observed for a similar molecular weight
P3HT spun-coat from chloroform.57 Because our previous work
has shown that P3DDT and P3EHT have similar FET hole

mobilities under similar deposition conditions,37 the lowered
hole mobility in the FET device shown here relative to previous
work is ascribed to the nonoptimized P3EHT FET fabrication
conditions (e.g., the lack of a surface modification at the organic�
dielectric interface) and the quick quench to room temperature
employed. Despite very high crystalline texture in P3EHT as
evidenced by the GI-XRD spectra, these device preparation
conditions could result in a large number of disorder-associated
transport barriers across the macroscopic channel, which would
hinder the absolute value of the hole mobility measured. Further-
more, we speculate that the difference in unit cell between P3EHT
and P3HT could also contribute to the lowered mobility in
P3EHT relative to P3HT. Importantly, however, these data allow
for the better understanding of how increases in crystallinity affects
charge transport due to the ease of processing associated with
P3EHT. For instance, at higher rDoC (>0.5) the hole mobility
saturates despite a 2-fold increase in the relative rDoC. Once a
series of semicrystalline domains that can be crossed easily are
available for charge transport, holes readily move along these high
mobility pathways.

In addition to having a much longer crystallization time than
straight-chain poly(3-alkythiophenes) at room temperature, the
final P3EHT diffraction pattern (achieved after ∼90 min,
Figure 1f) displays more off-axis peaks than a P3HT film
(Figure 1g) and has more highly oriented crystalline texture.
The presence of significant off-axis peaks implies coherent three-
dimensional molecular packing, which is the case for well-
ordered films of other liquid crystalline polymers such as poly-
(5,5-bis(3-dodecyl-2-thienyl)-2,2-bithiophene) (PQT)58 or poly-
(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene) (pBTTT).59

Both of these materials possess a lower density of side chains
compared to P3HT, allowing for molecular interdigitation.60 The
side-chain complexity in the P3EHT structure may result in a similar
interdigitation effect. Furthermore, the broader peak in thepolefigure
for a P3HT film of comparable thickness indicates significantly more
oriented crystalline texture in the P3EHT film (Figure S5). This
texture is independent of quenching time, as shown by the similar
shapes of the approximate pole figures (Figure S2c). The crystallites
are well-oriented with the (h00) vector normal to the substrate
(Figure S2b), which suggests that on average there is smaller spread
in out-of-plane orientations between neighboring crystallites. In other
systems, polymer films with long-range crystallographic align-
ment have been used to make high-performance field-effect
transistors.9,61 Therefore, P3EHT may prove to be a material
whose microstructure can be manipulated easily for the fabrica-
tion of high-performance organic electronic devices as well as a
useful material for the real-time study of P3AT crystallization
and optoelectronic studies.

’CONCLUSIONS

Because it has readily accessible melting and liquid crystalline
transitions, poly(3-(20-ethyl)hexylthiophene) was used as a
model polymer to study the time-resolved crystallization of
poly(3-alkylthiophenes), an important class of semiconducting
polymers. Because of the slow crystallization of P3EHT when
quenched from the melt to room temperature, we observe the
formation of a semicrystalline thin film with a strongly preferred
crystallographic orientation over the course of ∼1 h, and we are
able to correlate this microstructural ordering in the film directly
with changes in the optoelectronic properties of the polymer.
Specifically, a P3EHT thin film shows a clear transition in hole

Figure 4. Field-effect hole mobility (μh) as a function of the relative
degree of crystallinity as determined from the data in Figure 2 (the upper
axis shows the time after quenching from the melt). The inset schema-
tically depicts the silicon oxide-gated bottom gate, bottom contact field-
effect transistor (FET) device geometry. A bottom contact geometry
ensures that the polymer is not confined by an electrode interface during
microstructural organization. Mobility values were calculated in the
saturation regime (VD = �60 V).

http://pubs.acs.org/action/showImage?doi=10.1021/ma201316a&iName=master.img-003.jpg&w=145&h=125
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mobility that we interpret as the formation of a percolating
crystalline network; at this point (rDoC increasing from 0.3 to
0.5), the hole mobility increases 60 times relative to the amor-
phous film. Furthermore, the optical properties of the polymers
shift from a regime of amorphous-like behavior where there are
only intramolecular correlations to that of a crystalline P3AT
where intermolecular interactions play crucial roles at the same
point that FET hole mobility sharply increases. By utilizing a
P3AT that crystallizes on an experimental convenient time scale
at room temperature, we can correlate how the degree of
crystallinity in P3AT thin films affect the material’s optical and
electronic properties in real time. The better understanding of
these crucial relationships, in turn, can help guide the design of
new semiconducting polymers and the new active layer proces-
sing conditions in organic electronic devices.
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