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The optoelectronic properties of macromolecular semiconductors depend fundamentally on their solid-state microstructure and
phase morphology. Hence, it is of central importance to manipulate — from the outset — the molecular arrangement and
packing of this special class of polymers from the nano- to the micrometer scale when they are integrated in thin film devices
such as photovoltaic cells, transistors or light-emitting diodes, for example. One effective strategy for this purpose is to vary
their molecular weight. The reason for this is that materials of different weight-average molecular weight (Mw) lead to different
microstructures. Polymers of low Mw form unconnected, extended-chain crystals because of their non-entangled nature. As a
result, a polycrystalline, one-phase morphology is obtained. In contrast, high-Mw materials, in which average chain lengths are
longer than the length between entanglements, form two-phase morphologies comprised of crystalline moieties embedded in
largely un-ordered (amorphous) regions. Here, we discuss how changes in these structural features affect exciton dissociation
processes. We utilise neat regioregular poly(3-hexylthiophene) (P3HT) of varying Mw as a model system and apply time-resolved
photoluminescence (PL) spectroscopy to probe the electronic landscape in a range of P3HT thin-film architectures. We find that
at 10 K, PL originating from recombination of long-lived charge pairs decays over microsecond timescales. Tellingly, both the
amplitude and decay-rate distribution depend strongly on Mw. In films with dominant one-phase, chain-extended microstructures,
the delayed PL is suppressed as a result of a diminished yield of photoinduced charges. Its decay is significantly slower than in
two-phase microstructures. We therefore conclude that excitons in disordered regions between crystalline and amorphous phases
dissociate extrinsically with yield and spatial distribution that depend intimately upon microstructure, in agreement with previous
work [Paquin et al. Phys. Rev. Lett., 2011, 106, 197401]. We note, however, that independent of Mw, the delayed-PL lineshape
due to charge recombination is representative of that in low-Mw microstructures. We thus hypothesize that charge recombination
at these low temperatures — and likely also charge generation — occur in torsionally disordered chains forming more strongly
coupled photophysical aggregates than those in the steady-state ensemble, producing a delayed PL lineshape reminiscent of that
in paraffinic morphologies at steady state.

1 Introduction

Understanding how the solid-state microstructure of neat
polymeric semiconductors influences their photophysical
properties is of fundamental importance for many plastic opto-
electronic devices. For example, understanding of such inter-
relationship may assist in gaining insights in organic solar
cells, which generally rely on so-called bulk heterojunctions,
in which electron acceptors (typically fullerene derivatives)
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are blended with a π-conjugated polymer, which acts as the
electron donor.1 The resulting solid-state microstructures can
be highly complex, typically involving multiple phases that
consist of crystalline and amorphous domains that are rich in
each component, and potentially intermixed phases, such as
amorphous solutions comprised of molecularly mixed donor
and acceptor molecules, or, more rarely, ordered co-crystals
composed of the two components.2–4 This structural complex-
ity has rendered elucidation of relevant details of the disor-
dered energy landscape that drives electronic processes such
as charge separation challenging.

In this article, we address the relationship between the poly-
mer microstructure and electronic dynamics by focusing on
exciton dissociation and recombination processes in neat, re-
gioregular P3HT. In a previous letter,5 we reported that tightly
bound geminate-polaron pairs are formed on sub-picosecond
timescales following ultrafast photoexcitation, which subse-
quently recombine by tunnelling over distributed timescales,
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producing delayed PL. We speculated that these are generated
in intermediate regions between crystalline and amorphous
phases, and that the recombination dynamics depend upon the
local energy landscape in these regions. In order to develop
this hypothesis, we present here time-resolved PL measure-
ments in neat P3HT films of Mw ranging over 12–348 kg/mol.
For Mw . 40 kg/mol, polycrystalline one-phase morphologies
dominate in solution-processed films (Fig. 1(a)).6–8 For sim-
ilar processing, material of Mw & 50 kg/mol produces com-
plex two-phase architectures, in which crystalline lamellae
are embedded in largely amorphous regions (Fig. 1(b)).9 In-
dependent of Mw, predominantly chain-extended microstruc-
tures are induced by pressing the polymer in the solid state
(Fig. 1(c)).10,11 As a consequence, by choice of molecular
weight and processing route, solid-state microstructures rang-
ing from one-phase polycrystalline through semicrystalline
(two-phase) P3HT architectures can be prepared. We utilise
this approach to obtain information on how certain struc-
tural features affect the electronic landscape in this interesting
class of materials, and find that indeed exciton dissociation is
favoured by the disordered landscape at gradual interfaces be-
tween crystalline and amorphous regions, with a yield of pho-
toinduced charges that depend on the solid-state microstruc-
ture. Furthermore, as the disorder along the π–π stacking di-
rection increases, the mean electron-hole separation increases,
leading to a slower distribution of charge recombination times.
Our conclusions, using neat P3HT, help to shed light on how
structural and energetic disorder plays a role in driving ex-
citonic processes in more complex systems, such as the im-
portant bulk heterojunction structures. More generally, our
work provides a general fundamental link between organic-
semiconductor photophysics and classical polymer science.
For instance, insights gained may be adapted to establish a
more refined picture of the structural evolution of bulk com-
modity polymers, where spectroscopic methods used for con-
jugated macromolecules cannot be applied.

2 Experimental Methods

2.1 Polymer processing

P3HT films of weight-average molecular weight in the range
of 12, 50, 200, 270, and 350 kg/mol were investigated. All
materials had a similar regioregularity and a polydispersity of,
respectively, 1.7, 1.8, 2.6, 2.1, and 3.7. Samples were pro-
cessed in two different ways. They were wire-bar-coated from
p-xylene solution (1.4% by wt) on glass substrates. The so-
lution and substrate temperature was 70 ◦C. Throughout this
paper, we refer to samples processed this way as “solution-
processed” films. Alternatively, they were solid-state pressed
from powder as described elsewhere;11 these samples are de-

Fig. 1 Schematic of the different solid-state microstructures
produced by the P3HT samples used in this work. (a) P3HT films of
Mw 6 40 kg/mol lead to isolated, unconnected extended-chain
crystals, forming polycrystalline one-phase morphologies. In this
regime, the chain length is shorter than that correponding to the
molecular weight, Me, over which chain entanglement occurs. Any
particular oligomer chain (e.g. that highlighted in blue) is part of
only one crystal on average. (b) P3HT of Mw > 50 kg/mol, where
chain lengths exceed Me, leads to a two-phase microstructure, in
which crystalline lamella are embedded in amorphous regions. This
structure results from chain entanglements in the liquid state, which
hinder molecular ordering during solidification.9 Individual
polymer chains may serve as tie molecules connecting different
crystals through amorphous regions (highlighted in blue). (c) By
pressing the polymer powder at temperatures below the melting
point Tm, the lamellar crystal thickness is enlarged, thereby inducing
predominantly chain-extended morphologies that depend weakly on
Mw. 11

scribed here as “solid-state-processed” films.

2.2 Photoluminescence spectroscopy

Steady-state PL measurements were carried out with a
continuous-wave laser (Ultralasers Inc., 200 mW maximum,
532 nm) and chopped at 100 Hz with a mechanical chopper
(Terahertz technologies). The sample was positioned inside
a sample-in-exchange-gas, closed-cycle cryostat (Cryoindus-
tries of America) and kept at 10 K. The PL was coupled to a
300-mm spectrometer (SP2300i, Princeton Instruments) and
detected with a Si/PbS photoreceiver (S/PBS-025/020-TE2-
H, Electro-Optical Systems Inc). The signal from the pho-
toreceiver and the synchronization signal from the chopper
controller were sent to a lock-in amplifier (SR830, Stanford
Research Systems). PL spectra were collected by scanning
the spectrometer, and were corrected for the instrument spec-
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tral response of the experimental apparatus. Time-resolved
PL measurements were carried out with a 40-fs, 532-nm
(2.33-eV) pulse train derived from an optical parametric am-
plifier (Light Conversion TOPAS), pumped by a Ti:sapphire
laser system (KMLabs Dragon, 1-kHz repetition rate). Maxi-
mum pump fluences were 5 µJ cm−2. Spectra were measured
with an intensified CCD camera (Princeton-Instruments PI-
MAX 1024HB) coupled to a 300-mm spectrometer (SP2300i,
Princeton Instruments), with a 5-ns electronic gate synchro-
nized to the pulse train. Time-resolved PL spectra were ob-
tained by varying the gate delay and temporal width elec-
tronically with respect to the laser-pulse arrival time. All
time-resolved PL spectra were corrected for the instrument re-
sponse of our spectrometer.

2.3 Wide-angle X-ray scattering

X-ray scattering experiments were performed at the Stanford
Synchrotron Radiation Lightsource (SSRL) on beamline 7-2
(high-resolution grazing incidence), with an incident energy
of 8 keV. The diffracted beam was collimated with 1 mrad
Soller slits for high-resolution in-plane scattering. For graz-
ing incidence experiments, the incidence angle was slightly
larger than the critical angle, ensuring that we sampled the
full film depth. All synchrotron X-ray scattering measure-
ments were performed under a He atmosphere to reduce air
scattering and beam damage to the sample. Full Warren Aver-
bach peak shape analysis and single peak estimates of grazing
incidence diffraction peaks were performed as detailed else-
where.12,13

3 Results and analysis

Fig. 2 shows time-resolved PL spectra for solution-processed
films at time delays indicated in each panel. With the shortest
temporal gate of our detector (5 ns, Fig. 2(a)), these films dis-
play spectral lineshapes that depend on Mw. Over this short
gate window, we measure the integrated PL intensity over the
exciton intrinsic lifetime in neat P3HT.5 Because this compo-
nent is the dominant emission, the early-time gated PL spec-
tra resemble the steady-state PL spectra, which are shown in
Fig. 3.

As Mw increases, two clear trends in both the prompt and
steady-state PL spectral lineshapes are evident: (i) the rela-
tive amplitude of the 0–0 peak at 1.88 eV, when spectra are
normalized to the 0–1 feature at 1.70 eV, increases at high
Mw; (ii) the effective Huang-Rhys parameter, here defined as
λ 2

eff = 2I0−2/I0−1, decreases from λ 2
eff = 1.5± 0.2 at Mw =

12 kg/mol to λ 2
eff = 0.9±0.1 at Mw = 348 kg/mol. In a sepa-

rate publication, we have reported steady-state PL spectra of
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Fig. 2 Time-gated photoluminescence spectra measured at 10 K.
Prompt (a) and delayed (b) spectra for solution-processed films of
different weight-average molecular weight, indicated in the legend
of panel a, are displayed. The time delay after excitation is indicated
in each panel. In both panels, the spectra were normalised to have
equal intensity at 1.70 eV, the energy of the 0–1 vibronic peak.

solution-processed P3HT thoughout this range of Mw, sim-
ilar to the spectra shown in Fig. 3, and modelled the spec-
tral lineshape evolution with Mw within the framework of a
photophysical aggregate model taking into account both intra-
and intermolecular electronic dispersion.14 The 0–0/0–1 ra-
tio depends entirely on the intrachain excitonic (resonance-
Coulomb) coupling,15–17 and λ 2

eff reflects the degree of tor-
sional disorder along the chain backbone.14

Using such a photophysical aggregate model, we have re-
ported that the interchain excitonic coupling, characterised by
the 0–0/0–1 absorbance ratio, decreases abruptly for mate-
rials with Mw ≥ 50 kg/mol.14,18 This coincides with a tran-
sition from a one-phase microstructure (Fig. 1(a)) to a two-
phase system (Fig. 1(b)).6–8 Importantly, this abrupt transition
in excitonic coupling around Mw ∼ 50 kg/mol influences the
exciton coherence length derived from steady-state PL spec-
tra:14 in the low-Mw regime, the exciton coherence length is
larger along the π-stack direction than in the high-Mw regime.
Conversely, as Mw increases, polymer chains constituting the
lamellar lattice are on average more planar as they are steri-
cally less influenced by chain ends, and more susceptible to
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Fig. 3 Steady-state photoluminescence spectra measured at 10 K for
solution-processed films of different weight-average molecular
weight, indicated in the legend. The spectra were normalised to have
equal intensity at 1.70 eV, the energy of the 0–1 vibronic peak.

neighbouring chains in the π stack.8 Therefore, the decrease
of λ 2

eff and the increase of the 0–0/0–1 PL ratio with increasing
Mw is consistent with longer, more torsionally ordered, pla-
nar chains with decreasing interchain excitonic coupling. The
time-resolved PL spectral lineshapes in Fig. 2(a) reproduce the
steady-state PL specra reported in Fig. 3,14 and we interpret
this trend accordingly.

On longer time windows, we observe delayed PL
(Fig. 2(b)), which can in principle arise from triplet bimolec-
ular annihilation dynamics, but that we assigned in ref. 5
to recombination of geminate charge pairs over distributed
timescales by considering its fluence dependence as well as
due to the lack of triplet photoinduced absorption signatures
in quasi-steady-state photoinduced absorbtion measurements.
Furthermore, linear fluence dependence over more than one
order of magnitude to lower fluences5 rules out extrinsic
charge generation by two-step excitation events.19,20 In all of
the samples, the relative 0–0 PL intensity is lower than that on
short time windows, and it depends weakly on Mw. In fact,
in all samples, the relative 0–0 intensity resembles that in the
steady-state spectrum of films of the lowest Mw (Fig. 3). Fur-
thermore, the Huang Rhys parameter is similar in the delayed
PL spectra of all samples, at λ 2

eff ∼ 1.5, which is again reminis-
cent of that in the lowest Mw samples at early time (Fig. 2(a))
and at steady state (Fig. 3).14 These observations suggest that
slow charge recombination events populate a sub-ensemble
that is always characterized by a structural features similar to
the ones found in the average bulk of films with the lowest
Mw, characterized by higher interchain excitonic coupling and
higher intrachain torsional disorder than the broader ensem-

ble of emitters over the fast gate window, resulting in longer
interchain spatial coherence and more limited intrachain one.
This points to a Mw-independence of the microstructure host-
ing charge recombination, which we have argued is the same
environment as the charge separation environment at 10 K.5

We therefore conclude that charge separation occurs in re-
gions with highest configurational disorder, which resemble
low-Mw average microstructures, in all samples.
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Fig. 4 Time-resolved photoluminescence intensity measured at
10 K. The weight-average molecular weight is indicated in the figure
for both solution (a) and solid-state processing conditions (b). The
intensity was determined by integrating time-resolved spectra such
as those displayed in Fig. 2. The data were normalised to have equal
intensity at a 1-ns delay.

In order to quantify differences in geminate-pair genera-
tion and recombination kinetics, we consider the evolution of
the spectrally integrated PL intensity. Fig. 4(a) shows time-
resolved PL intensity of solution-processed films of differ-
ent Mw, measured at 10 K. We have previously assigned the
long power-law component to distributed recombination of
geminate-polaron pairs.5 Here, we observe a marked depen-
dence of the power-law decay kinetics on Mw; the long-lived
emission amplitude increases significantly (> 36% of total PL
intensity) for samples with Mw = 348 kg/mol, relative to that
in ref.5 (Mw = 48 kg/mol; > 12% delayed PL intensity). The
increased delayed PL intensity with increasing Mw is accom-
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panied by a slow-down of the power-law decay. We note that
power-law component of PL decay for lower molecular weight
samples is very similar to the weak power law decay character-
istics observed in isolated P3HT nanofibers of similar molec-
ular weight.21

Tellingly, while the power-law decay kinetics are dramati-
cally different in the diverse solid-state microstructures aris-
ing from solution processing, they are weakly dependent on
Mw in the solid-state processed films (Fig. 4(b)). These show
a significant decrease in the amplitude of the power law for
all Mw studied, as well as an increase of the decay rate with
respect to solution-processed films. We underline that in the
solid-state processed samples, the surface area of photophysi-
cal aggregate and non-aggregate phases is reduced in all sam-
ples regardless of molecular weight (see Fig. 1(c)), leading to
a substantial reduction in the geminate pair yield, as the vol-
ume of conformationally disordered regions is reduced sub-
stantially.

We now consider the evolution of the slope of the power-
law decay with Mw in greater detail. To explain the time-
resolved PL intensity decay, we have invoked in a previous
publication a model which accounts for rapid branching be-
tween bright excitons and dark geminate polaron pairs fol-
lowing photoexcitation, followed by a distribution of times
for recombination.5 The initial exponential component thus
arises from relaxation of the emissive state during the excited-
state lifetime, while the power-law component results from
regeneration of excitons via recombination of geminate po-
larons with a distribution of rates. The absence of any marked
temperature dependence in the power-law decay, as demon-
strated in ref. 5, suggests that recombination of geminate
pairs occurs via tunnelling of charges on distinct polymer
chains, such that the recombination rate constant is exponen-
tially distance-dependent, k(r) ∝ e−β r. Furthermore, follow-
ing Tachiya and Seki,22 we assumed an exponential distri-
bution of geminate-pair separation for the purposes of mod-
elling, f (r) = εe−εr. Within this model, the waiting time
distribution for recombination is determined by these spatial
functions, R(t) =

∫
∞

0 f (r)k(r)e−k(r)dr. The long-time PL de-
cay is governed by geminate-pair recombination events, and
is functionally of the form I(t � τ) ∝ t1+µ , where τ is the
excited-state lifetime and µ ≡ ε/β . Thus, if the characteristic
electron-hole separation ε in the distribution f (r) increases,
or if β decreases, µ increases and the power-law decays more
slowly. We show the dependence of µ on Mw in the solution-
processed films in Fig. 5(a), which shows a marked apparently
linear decrease with increasing Mw.

In order to explore the trend in µ by considering the evo-
lution of lamellar packing with Mw, we have calculated the
paracrystalline disorder parameter, g, in the π-stacking direc-
tion, which is the standard deviation in the π-stacking distance
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Fig. 5 (a) Power-law decay parameter µ (left axis) and delayed PL
relative intensity (right axis) versus Mw in solution-processed films.
The parameters are obtained by fitting the long-time time-resolved
PL data such as that displayed in Fig. 4 to a power law in the form
I ∝ t1+µ , with the delayed PL intensity corresponding to the
power-law amplitude. Within the model invoked here, µ represents
the ratio of the characteristic geminate-pair radii and the distance
dependence of the charge recombination rate. A linear fit to µ(Mw)
has intercept 0.66±0.03 and slope (−1.37±0.16)×10−3 mol/kg.
(b) Paracrystalline disorder g and π–π stacking distance dπ−π

versus Mw, derived from wide-angle X-ray scattering
measurements. Disorder in dπ−π is quantified by g.

as a percentage of its mean.12,23 Therefore, gπ is directly re-
lated to structural disorder in the inter-chain distance along
the stack. Through peak shape analysis of the principal and
higher order π-stacking diffraction peaks, deconvolution of
the effects of cumulative lattice disorder and finite crystallite
size is possible using a model based on that of Warren and
Averbach. This allows us to rank structural disorder quanti-
tatively, from a perfectly ordered crystalline lattice (g = 0%)
to an amorphous one (g ≥∼ 10%). It has been shown that for
semicrystalline polymers, especially those of high molecular
weight, the influence of paracrystalline disorder (g) dominates
the peak shape, thus allowing for single peak-width estimation
of g.12 Fig. 5(b) shows an increase in g with Mw from ∼ 6.5%
to > 8%. Clearly, as Mw increases, the π-stacking order de-

1–8 | 5

Page 5 of 8 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



creases, and consequently the average electron-hole separa-
tion increases, leading to a broader distribution of electron-
hole recombination rates and a slower power-law PL decay.
Another factor that contributes to this development is the in-
crease in interface area between crystalline and amorphous
phases, where the disordered energy landscape is more com-
plex than in one-phase systems.

It is now useful to attempt to quantify the characteristic
electron-hole separation in different samples based on Fig. 5.
We do not have a reliable measurement of β in this class of
materials, but assuming that β ∼ 1 Å−1, which is typical for
charge tunnelling in molecular systems,24 then characteris-
tic geminate-pair radii vary from ε−1 = 1.5 Å for films made
from 12 kg/mol materials, to 6.7 Å for those fabricated from
348 kg/mol material. For π–π stacking distances in these sam-
ples, ∼ 3.8 Å, this implies that the average electron-hole sepa-
ration is less than one nearest-neighbour distance in the lowest
Mw samples, and more than one nearest-neighbour distance in
the highest Mw samples. The paracrystalline disorder thus cor-
relates with the average radius and yield of geminate-polaron
pairs, underlining the influence of structural disorder and ex-
citon dissociation processes.

4 Discussion

The key results of the previous section are that (i) the am-
plitude of delayed PL contribution to the integrated PL inten-
sity increases systematically with increasing Mw in solution-
processed films (Fig. 4(a)), but drops dramatically in solid-
state-processed films independent of Mw (Fig. 4(b)); (ii) al-
though both the prompt PL spectral lineshape (Fig. 2(a)) and
the delayed PL decay kinetics (Fig. 4(a)) depend unambigu-
ously on Mw in solution-processed films, there is a striking
independence of the delayed PL spectral lineshape on Mw
(Fig. 2(b)). The platform to discuss these observations is our
preliminary report in which we concluded that geminate po-
laron pairs are generated on fast timescales with respect to
the exciton lifetime, without significant exciton diffusion, and
that these recombine in a distribution of times by quantum
tunnelling in the same region in which they were generated.5

Observation (i) establishes that as solution-processed solid-
state microstructures evolve from a polycrystalline morphol-
ogy (Fig. 1(a)) to a two-phase one featuring a higher frac-
tion of chain-entangled configurations (Fig. 1(b)), the yield of
photoinduced geminate polaron pairs increases, and the radial
distribution (the distance between the centre of mass of the
electron and hole) increases as well. When the microstructure
is forced to be predominantly chain-extended by solid-state
processing (Fig. 1(c)), both the yield and radius distribution
of geminate polarons decreases dramatically for all values of
Mw. Furthermore, observation (ii) establishes that while the
contribution of amorphous phases is important for the charge

generation yield, states that are re-populated by geminate-pair
recombination are characteristic of photophysical aggregates
in the long- and/or short-ranged ordered phases, but these ag-
gregates are often defined by a high degree of torsional dis-
order and high average interchain excitonic coupling, evident
from the spectral lineshape of delayed PL.14 Therefore, we
conclude that the polymer conformations that constitute re-
gions between moderately ordered domains and amorphous
phases are key in the geminate polaron pair photogeneration
mechanisms in neat P3HT. This microstructure dependence
on the yield and radius distribution of charge photogeneration
that we demonstrate in this communication is likely to be gen-
eral to semicrystalline semiconductor polymer films. In fact,
Labastide et al. showed that in P3HT nanoparticles formed
by processing from aqueous solution show a marked depen-
dence of delayed PL dynamics with particle size,25 with µ

increasing with increasing particle diameter, suggesting im-
portant microstructure evolution with particle spatial charac-
teristics.

A fundamentally important question that emerges from this
interpretation is: what is the mechanism of this fast branch-
ing between self-trapped excitons and geminate polaron pairs
in these complex microstroscures? A starting consideration is
that as this is a neat π-conjugated polymer system and as such
is characterized by highly bound Frenkel excitons at equilib-
rium, there should be no significant driving force for exciton
dissociation in the absence of molecular electron acceptors
such as fullerene derivatives or chemical defects. In fact, at
steady state, the interchain exciton coherence length across the
entire Mw range studied here varies by only ∼ 20%.14 The vi-
brationally dressed exciton density, that is, the electronic exci-
tation that is largely localised on a single chain with the vibra-
tional lattice distortion dressing it, spans 2–4 chains at equi-
librium, depending on Mw. Nevertheless, polaron signatures
have also been reported in P3HT neat films,26–30 nanofibres,21

and nanoparticles25 by diverse groups. A possible explanation
is that nascent excitons experience substantially longer spatial
coherence across different chains on ultrafast timescales.31

This phenomenon has been invoked to account for ultrafast
charge separation in polymer heterostructures.32–34 On ul-
trashort (� 100 fs) timescales, bath-induced quantum coher-
ence between Frenkel-exciton and delocalized charge-transfer
states is possible,35 and its dynamics would be correlated
to the dynamic motion of the molecular framework.36 Tran-
sient coherent photoexcitations would branch into the self-
trapped excitons inferred from steady-state PL spectra,14 or
into geminate polaron pairs, on ultrafast timescales corre-
sponding to decoherence dynamics. The excitation spectrum
of delayed PL demonstrates that exciting into states that do
not constitute photophysical aggregates in the ground state
(> 2.4 eV) enhances the delayed PL yield,5 and the role of
delocalized charge-transfer states coherently coupled to ex-
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citon states could be the origin of that phenomenon. Here,
the excitation photon energy employed in our measurements
is 2.33 eV, which is close to the isosbestic point between pho-
tophysical aggregate and non-aggregate absorption.37 Previ-
ous ultrafast PL studies on P3HT films have pointed out that
even upon excitation with ∼ 3-eV photon energy, well into
the non-aggregate absorption range,15 the transient PL spec-
trum is characteristic of photophysical aggregates within the
experimental instrument response, typically ∼ 100 fs.32 This
indicates that even upon excitation well into energy ranges
in which chromophores do not ‘feel’ significant intermolec-
ular coupling in the ground state, photoexcitations rapidly re-
lax into photophysical aggregates, on timescales much faster
than vibrational relaxation of the chains (whose signatures are
evident from transient PL spectra on > 10-ps timescales.38)
Hot photoexcitations are argued by some to play a crucial role
in driving photocarrier generation at polymer donor-acceptor
heterojunctions used in photovoltaic diodes.39,40 Similarly, we
argued in ref. 5, and we maintain here, that excitons with ex-
cess energy in disordered, complex multi-phase P3HT films
yield charge pairs on ultrafast timescales in these neat sam-
ples. Note however, that as demonstrated and discussed in
ref. 5, we generate tightly bound geminate polaron pairs in
neat P3HT, not photocarriers as in bulk heterostructures op-
timised for polymer-based solar cells. Here we only spec-
ulate that the nature of the transient coherent excitation fol-
lowing the first few femtoseconds after light absorption, and
the local chain conformations hosting them, might be what
drives branching into predominantly charge-transfer-like ex-
citations. Direct spectroscopic probes of spatial coherence of
these highly transient states remains an important challenge
for the ultrafast spectroscopy community concerned with the
photophysics of plastic semiconductors, but may be probed by
multidimensional spectroscopies.41

Steady-state PL spectral lineshapes in P3HT films are very
well described by a hybrid HJ-aggregate model, introduced
by Yamagata and Spano,42 over the range of Mw used in this
work.14 In that model, the hybrid HJ coupling is composed of
Mott-Wannier (intrachain) and Frenkel (intrerchain) excitonic
coupling, and charge-transfer (CT) interactions. The sign and
magnitude of the CT contribution is expected to be highly
sensitive to interchain order. We presume these interac-
tions to give rise to interchain excitons in crystalline domains
which can either decay radiatively, as discussed extensively by
Labastide et al.,21 or separate into polaron pairs. In isolated
crystalline fibers, this branching ratio is essentially unity in
favor of excitons,21 similar to the solid-state processed sam-
ples discussed in this work. We consider that this branching
depends on the total area of gradual interface between crys-
talline and phases dominated by chain entanglements, which
depends strongly on Mw.

Perhaps a more banal but plausible explanation of the mi-

crostructure dependence of delayed PL phenomena reported
here involves chemical defects, likely arising from photo-
oxidation of P3HT. Majewski et al. have reported that degra-
dation of field-effect transistors based on P3HT show marked
kinetics depending on processing conditions, and attributed
the differences to the extent to which water and oxygen dif-
fuse to crystalline/amorphous interfaces due to differences in
microstructure.43 As the volume fraction of amorphous re-
gions of the film increases with Mw, it is possible that the
density of dopants at interfaces also increases, producing a
higher amplitude of delayed PL in our samples. We cannot
rule out this possibility, although it is unclear why the decay
kinetics would depend on Mw in this scenario. However, even
if dopant-induced quenching accounts to a substantial extent
for the delayed PL dynamics reported here, the same funda-
mental semiconductor polymer science issues stand: there is
a clear relationship between solid-state microstructure and ex-
citon quenching dynamics, and two-phase microstructures en-
hance this process due to the complex energy landscape intrin-
sic to these disordered architectures. This complexity can then
be generalized to binary systems involving electron acceptor
moieties.

Reid et al. reported time-resolved microwave conductivity
measurements on the same Mw series and processing routes
(Fig. 1) as reported here,18 allowing direct comparison with
this work. Those measurements were carried out at room tem-
perature and probe photocarriers, in contrast to the tightly-
bound charge pairs probed by our delayed PL measurements
at 10 K.5 Their data show that the yield of photocarriers in-
creases with increasing molecular weight in the paraffinic
regime (Fig. 1(a)) and saturates at the transition into the en-
tangled, semicrystalline regime (Fig. 1(b)). The main conclu-
sion was that the evolution of semicrystalline microstructure
with well-defined interfaces between amorphous and crys-
talline polymer domains is necessary for spatial separation of
the electron and hole, which controls the yield of free charges.
We consider that there is a general conclusion to be drawn
from both types of optical probes involving the importance of
solid-state microstructure on electronic dynamics in semicrys-
talline organic semiconductors. The development of chain
configurations defining two-phase semicrystalline microstruc-
tures define a complex disordered energetic landscape that in-
fuences the branching of transient photoexcitations into charge
separated states.

Generally, in classical polymer science, understand-
ing of the complex architectures formed by high-
Mw macromolecules is essential because many of the
properties of bulk commodity “plastics” are dictated by
two-phase morphologies of long-chain polymers. The devel-
opment of mechanical properties with Mw is fundamentally
no different in P3HT than in common plastics, and electronic
properties such as charge transport display a corresponding
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development.8 Here we have demonstrated that excitonic
processes in neat P3HT are also profoundly dependent on
microstructure via Mw and processing routes, and we consider
that this is a general property of plastic semiconductors.

5 Conclusions

By means of time-resolved PL spectroscopy at 10 K, we have
explored geminate-polaron-pair yields and their recombina-
tion dynamics in films composed of neat P3HT of vary-
ing Mw, and processed either from solution or in the solid
state. Over the range of Mw studied and the distinct pro-
cessing used, the solid-state microstructure varies from be-
ing polycrystalline (one-phase) to semicrystalline (two-phase
crystalline/amorphous). The yield of photogenerated gemi-
nate polaron pairs, their distribution of radii (the separation
between electron and hole), and their distribution of recom-
bination rates depends sensitively on the nature of the mi-
crostructure. These findings illustrate that the key considera-
tion to determine electronic properties in semicrystalline poly-
meric semiconductors is to control the solid-state microstruc-
ture by appropriate choice of molecular weight and by pro-
cessing routes.
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L. X. Reynolds, S. A. Haque, N. Stingelin, F. C. Spano and C. Silva, Phys.
Rev. B, 2013, 88, 155202.

15 J. Clark, C. Silva, R. H. Friend and F. C. Spano, Phys. Rev. Lett., 2007,
98, 206406.

16 F. C. Spano, J. Clark, C. Silva and R. H. Friend, J. Chem. Phys., 2009,
130, 074904.

17 F. C. Spano and C. Silva, Ann. Rev. Phys. Chem., 2014, 65, 477–500.
18 O. G. Reid, J. A. N. Malik, G. Latini, S. Dayal, N. Kopidakis, C. Silva,

N. Stingelin and G. Rumbles, J. Polym. Sci. Part B Polym. Phys., 2012,
50, 27–37.

19 C. Silva, A. Dhoot, D. Russell, M. Stevens, A. Arias, J. MacKenzie,
N. Greenham, R. Friend, S. Setayesh and K. Müllen, Phys. Rev. B, 2001,
64, 125211.

20 C. Silva, D. M. Russell, A. S. Dhoot, L. M. Herz, C. Daniel, N. C. Green-
ham, A. C. Arias, S. Setayesh, K. Müllen and R. H. Friend, J. Phys.:
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