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T
hin films of conjugated polymers
(CPs) have attracted widespread in-
terest, owing to low-cost processing

possibilities, their unique mechanical prop-
erties, and tunable optoelectronic behavior
that make them highly appealing for lighting,
energy harvesting, and microelectronics.1�5

However, electronic states excited by photon
absorption6�12 are affected by self-trapping
and subsequent nonradiative processes,13 re-
sulting often in a lowphotoluminescence (PL)
quantum efficiency of CPs.14 The strong cou-
pling of the excited states to the phonon
spectrum1,2,6,9�12 prevails in the chain-like
molecules that are intrinsically softer than
inorganic crystalline materials. It occurs as
the time-integrated chain vibrations, swayed
by the local electric fields induced by the
excited states, causes local deformations of
the molecular strands and, in turn, may block
coherent energy or charge transport. Such
molecular deformationsusually lead toexciton
entrapment and obstruction of the radiative

pathways. In addition, ordered domains and
conformational changes of the polymers15�20

that arise due to environmental factors,
e.g., temperature variation21,22 or solvent ex-
posure,23,24 strongly influence opto-electronic
properties of CPs.
For amorphous dry films, the strong vib-

ronic coupling, however, may be sup-
pressed by putting the polymer strands
under a tension.7,25�27 Recently, dramatic
enhancement of PL efficiency was reported
in isolated molecules of poly[2-methoxy-5-
((20-ethylhexyl)oxy)-1,4-phenylenvinylene]
(MEH-PPV) dispersed in the solid films of
polystyrene when they were substantially
stretched.7 Similar results were also obtained
for the cyrstallizable CP of poly(3-hexylthi-
ophene).28 This, consistent with the electron�
phonon coupling mechanism, suggests that
optoelectronic behavior in this class ofmaterials
canbemodifiedor evencontrolledbymechan-
ical deformations and stresses.25 Thus, onemay
expect substantial variations in how the exciton
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ABSTRACT Due to the rather low efficiencies of conjugated

polymers in solid films, their successful applications are scarce.

However, recently several experiments indicated that a proper

control of molecular conformations and stresses acting on the

polymers may provide constructive ways to boost efficiency. Here,

we report an amazingly large enhancement of photoluminescence

as a consequence of strong shear forces acting on the polymer chains during nanofilm dewetting. Such sheared chains exhibited an emission probability

many times higher than the nonsheared chains within a nondewetted film. This increase in emission probability was accompanied by the emergence of an

additional blue-shifted emission peak, suggesting reductions in conjugation length induced by the dewetting-driven mass redistribution. Intriguingly,

exciton quenching on narrow-band-gap substrates was also reduced, indicating suppression of vibronic interactions of excitons. Dewetting and related

shearing processes resulting in enhanced photoluminescence efficiency are compatible with existing fabrication methods of polymer-based diodes and

solar cells.
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forms, moves, and annihilates when conjugated poly-
mers are put under a mechanical tension.
Such amechanical effect is expected to reign even in

liquid CP solutions. But there, the presence of solvent
alters and sometimes even dominates the energy
transfer pathways. Notably, energy transfer is reduced
between CP molecules. Moreover, arising from solvent
plasticization that leads to critical lowering of the
Young's modulus and thus decreased mechanical
work, exciton trapping via local mechanical deforma-
tions12 plunges. Consequently, self-trapping of exciton
dwindles, as evidenced by a less blinking and slower
photobleaching behavior of the dissolved molec-
ules.29,30 In addition, in a liquid solution segmental
mobilitymay varywidely evenwithin a singlemolecule
due to specific segmental interactions such as partial
adsorption. The notion of “mean chain conformations”
that often refers to the global ensemble average of
segmental distribution of the entire molecule is no
longer suitable for describing the molecular stress state
of the CP molecules. Rather, the focus has to be on the
local behavior of chain segments influenced by me-
chanical stresses.29,30 Likewise, for films of CPs annealed
in solvent vapor, exciton trapping is expected to decline
in the solvated state due to the presence of the solvent.
However, when these so annealed films are returned
back to the dry state, optoelectronic efficiency will
decrease due to enhanced mechanical interactions.24

For various optoelectronic applications, conjugated
polymers are packed into solid films of small thick-
nesses,31,32 sometimes even less than the character-
istic size of such molecules, i.e., their radius of gyration
(Rg). Often significant residual stresses are generated
by the processes involved in film formation.33�35 For
example, by spin-coating, duringwhich solvent evaporates
rapidly within a few seconds, the giant polymermolecules
are quickly transformed from isolated fully solvated mol-
ecules to dry aggregates consisting of densely packed, but
usually not equilibratedpolymers confined in the thin solid
film. Interactions with the substrate and the free surface
during solvent evaporation also strongly influence molec-
ular packing and themolecular stress state. Consequently,
onemay anticipate that, based on the effects of molecular
stresses and conformations, PL varyies with film thickness
(h) as the fractions of the MEH-PPV chains in contact with
the substrate and the free surface alter.

RESULTS AND DISCUSSIONS

As shown in Figure 1, PL of as-prepared thin films of
pure MEH-PPV showed a clear thickness dependence,
but also depended on the type of substrate used. The
general trend of increasing PLwith decreasing h shown
in Figure 1 is related to the effect of residual stresses33�35

from the highly nonequilibrated polymer molecules in
the solid films. Since in such thin films residual stress
increased as film thickness decreased,36,37 the data of
Figure 1 suggests that higher stresses acting in thinner

films gave rise to an increased PL efficiency. This
hypothesis is consistent with previously reported
stretching experiments.7 The higher PL efficiencies of
the films on SiOx wafer (Si wafers with a thick oxide
layer of∼500 nm) with respect to those on cover glass
may be related to differences in adsorption strength
and molecular packing, as suggested by X-ray reflec-
tivity measurements (see Experimental Section and
Supporting Information). In contrast, on Si wafers
which have a narrow energy gap (Eg = 1.12 eV com-
pared to Eg > ca. 2 eV for MEH-PPV)12 PL started to
diminish for h smaller than ca. 50 nm. This effect arose
from the quenching effect operative for films thinner
than approximately the exciton diffusion length,38,39

acting on the photoinduced excitons migrating near
the film/Si�wafer interface, where a large electric field
arising from Fermi-level alignment12 tore the excitons
apart and annihilated them.23 For substrates with band
gaps greater than that of the conjugated polymer, e.g.,
cover glass and SiOx�wafer, such effects did not exist
because the electric fields acting at the heterojunction
were not dissociative for the excitons.12

One expects that the increase of PL with decreasing h

on SiOx wafer or cover glass inherited from film prepara-
tion would disappear once the polymers are equilibrated.
This could be achieved by annealing the films above the
glass transition temperature, either by heating them or by
exposing them to solvent vapor.23�26,38�40 However, in
our system,dewetting tookplacewhensuchfilmsbecame
liquid. During the dewetting process, polymers were
moved over long distances by the capillary force and the
residual stresses (see Figure 2a). Ultimately, these sheared
polymers were deposited in droplets or remained as a
residual layer adsorbed on the substrate (see Figure 2b). In
order to explore the impact of dewetting on optoelec-
tronic properties, we measured photoluminescence in
parallel with dewetting.
When films of pure MEH-PPV, or blended with low

molecular weight polystyrene (PS), were annealed at
temperatures above ca. 100 �C, dewetting started after

Figure 1. Thickness-normalized PL peak intensity versus
film thickness of pristine 100% MEH-PPV films on different
substrates: Si wafer (bare Si wafer with a native oxide of
∼2 nm), SiOx�wafer, and cover glass. The broken lines are
drawn to guide the eye. The dotted line indicates the
asymptotic limit of PL for infinitely thick films where resid-
ual stresses have diminished.36,37
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an incubation time through the growth of small pin-
holes (Figure 2g), which grew in size (Figure 2c) and
later on coalesced (Figure 2d and h), leading to the
formation of droplets (Figure 2e, i, and f). The required
annealing times for initiating and completing dewet-
ting increased significantly with film thicknesses (h)
and concentration (c) of MEH-PPV in a PS matrix. For
films below h ≈ 10 nm on PDMS-coated substrates,
where the PDMS layer was introduced for facilitating
dewetting (please also see the Experimental Section),
the instability was probably driven by spinodal
dewetting,42 as no obvious incubation time was re-
quired for pinhole formation.
In the process of dewetting, a residual layer of

adsorbed polymers was “exposed” on the substrate
(see Figure 2b). The thickness of this residual layer,
measured by X-ray reflectivity43 using synchrotron
radiation as well as AFM topographic analysis on
scratched samples, was found to be ca. 2�3 nm, almost
independent of h and slightly increasing with c. The
existence of the residual layer reflects the anchoring of
polymers on the substrate. Forced by the flow field
generated by the dewetting front, chains were ex-
pected to be preferentially oriented in the direction
of the movement of the dewetting front similar to
“molecular combing” of DNA.44 Most likely, these
“combed polymers” were also stretched within the
recedingmeniscus exerted by the capillary forces. Finally,
when deposited in droplets and the residual monolayer,

polymer may initially still exhibit nonequilibrium chain
conformations and an altered entanglement structure
due to the previous shearing process in the course of
dewetting. The droplets formed during the final stage of
dewettinghad, dependingonh and substrate properties,
a height up to several hundred nanometers and a lateral
extension of some tens of micrometers. These droplets,
which had a contact angle ranging from approximately
5� to 10�, could be removed whenwashing the films in a
good solvent. However, the residual layer remained,
illustrating the large difference in substrate adhesion of
droplets and residual layer.
During dewetting, the PL of the films underwent

dramatic changes, as can be seen in Figure 3a and b.
During the initial incubation period, the still intact films
manifested a significant decrease of PL intensity along
with a red shift (from 565 to 585 nm for the 20 nmMEH-
PPV/PS films, Figure 3b). The data indicate that, before
the onset of dewetting, (partial) stress relaxation was
induced by annealing, during which some chain ag-
gregation was occurring as hinted by the decrease of
PL (see Figure 3a and b)7 in conjunction with the red
shift probably caused by an increase of conjugation
length. Although the stress reduction was significant,
e.g., asmanifested by the 20 nm films for 30min anneal-
ing on a glass substrate (Figure 3a and Figure 1), the
capillary force, arising from the long-range van der
Waals interactions between the free surface and the
film/substrate interfaces,40�42 was unchanged since the

Figure 2. (a) Schematic depiction of the dewetting process, with d, V, and θ being the dewetted distance, the dewetting
velocity, and the contact angle, respectively. (b) Schematic drawing indicating the stretching of polymerbydewetting and the
formation of a residual layer that has been left behind by the moving dewetting front. (c�e) Optical micrographs depicting
dewetting of a 40 nm thickMEH-PPV/PS film (c = 15wt%) after 1, 2, and 25min, respectively. Size of images is 286� 212 μm2.
Film dewetted at 135 �C in an inert nitrogen atmosphere on a silicon wafer coated with a thin layer of polydimethylsiloxane
(PDMS). (f�j) AFM micrographs of height topography depicting the dewetting sequence for 20 nm thick MEH-PPV/PS films
(c = 15 wt %) on bare Si wafer; zmax = 50 nm (for f, g) or 300 nm (for h�j).
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film thickness was approximately constant during this
period of annealing. Thus, due to the substantial and
continuous relaxationof the residual stresses prior to the
onset of dewetting, themolecular flows that created the
residual layer and droplets were driven by polymer
transport moving from the regions of lower heights to
that of greater heights in order tominimize the capillary
interactions. As evident from the considerable increase
of dewetted surface area, polymer chains are in motion
over distances many times their molecular dimension,
not only in the region of the residual layer but also in the
droplets, and are stretched by the acting frictional forces
during this flow process. Hence, the existence of
stretched chains in thedroplets, particularly in the upper
portion of the droplet, is clear.
Once dewetting started, a new PL peak appeared at

a wavelength blue-shifted relative to the original emis-
sion peak. Within a small uncertainty on the order of
1�4 nm arising from the use of multiple samples in
each annealing series (Experimental Section), the posi-
tion of this new peak (ca. 543 nm for 20 nm thick 15%
MEH-PPV/PS films) remained approximately constant
throughout the whole dewetting process. Its intensity,
on the contrary, increased by more than a factor of 10
(for h = 10 nm on silicon wafer). As can be clearly seen
in Figure 3c, the increase in PL followed the increase in
dewetted area with annealing time. As stated before,
since the residual stress diminished rather quickly
upon annealing, the driving forces for dewetting as
well as the observed enhanced PL may be dominated
by the actions of the capillary forces. Obviously, the
polymer chains are stretched into flows under tension
of this capillary force, as well as the remaining compo-
nent of the decaying residual stress.
Generally, due to the plasticizing effect of the low

molecular weight polystyrene, the blend films de-
wetted faster than pure MEH-PPV films. In addition,
an even stronger enhancement of PL compared to
pristine MEH-PPV films was observed. Separate experi-
ments of dewetting triggered by exposing the films to
solvent vapor (solvent annealing) (not shown) pro-
duced almost identical results, clearly indicating that
the new PL peak was not arising from thermal degra-
dation but from chain movements and deforma-
tions during dewetting. The exact wavelengths of the

red-shifted peak and the blue-shifted peak depended
on c, h, and substrate interactions. In contrast to the red-
shift observed for annealed but not yet dewetted films,
the blue shift of PL during dewetting indicates a decrease
of conjugation length of the MEH-PPV molecules that
were dragged over long distances during dewetting.
Probably, in the break-up of the dewetting films, polymer
chains underwent changes in conformational states and
alteration in intersegmental chain entanglements result-
ing in a reduction of conjugation length.
To gain further insight, PL spectra before annealing

were analyzed by Gaussian curve fitting. We obtained
for the peak positions of the emissions dominated by
intrachain and interchain interactions wavelengths of
565 and 595 nm, respectively, in good agreement with
those reported elsewhere.37 The spectra during dewet-
ting were analyzed by assuming unchanged wave-
lengths for these two emission peaks and adding a
third peak for the additional contribution at 543 nm
(for 20 nm films). Evidently, in the course of dewetting
the intensity of the new peak rapidly increased, while
the original emission peaks increased only modestly.
Qualitatively, the same behavior was observed for all
film thicknesses.
The influence of film thickness and film�substrate

interactions on the evolution of the PL intensities
during dewetting is illustrated in Figure 4a, b, and c,
respectively. We present the PL enhancement factor,
defined as PL in the course of annealing divided by PL
before annealing. The period before the onset of
dewetting, during which relaxations in the film were
able to reduce PL, was shortenedwhen decreasing film
thickness. For the thinnest films of h = 10 nm, only an
increase of PL could be detected. Thus, upon decreas-
ing the film thickness, the reduction of the incubation
time prior to dewetting and the enhanced molecular
stresses driving the dewetting (the recoiling residual
stresses and the capillary forces)33�37,40�42 caused an
almost instantaneous generation of a blue-shifted
peak and a strong enhancement of PL intensity.
In contrast to an initial reduction in PL before

dewetting, PL increased as soon as dewetting started.
There, the PL enhancement factor was larger the
thinner the films were. Here, the strong influence of
the substrate on PL properties of polymer films has to

Figure 3. Temporal evolution of the emission spectra for 20 nm thick films obtained during dewetting on (a) cover glass
(MEH-PPV/PS; c = 15wt%) and (b) PDMS-coated Si wafer (MEH-PPV/PS; c = 25wt%). (c) PL emission intensity of the emerging
new peak and fraction of dewetted area versus dewetting time for the 20 nm MEH-PPV/PS films in (b).
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be emphasized. For nondewetted films thinner than
50 nmon Si wafers, exciton quenchingwas responsible
for the low PL intensities of the as-prepared films (see
Figure 1). From Figure 3a and b, it is clear that upon
dewetting PL for such thin films on Si wafers increased
drastically. Interestingly, close to nonquenching inter-
faces (cover glass and SiOx wafers) dewetting also
induced an increase of PL intensity, but of a signifi-
cantly smaller magnitude, e.g., 50-fold (on Si wafer,
Figure 4b) versus 5-fold (on cover glass, Figure 4c) for
h = 10 nm. Intriguingly, the PL intensities of the fully
dewetted samples were approximately independent
of the choice of the substrate (see later). Obviously, in
addition to the effects by the stresses induced by
dewetting on the molecular strands of MEH-PPV, the
resulting changes in local film thickness in droplets can
be larger than the exciton diffusion length and thus
were able to reduce the exciton quenching effect.
Consequently, the much stronger enhancement of PL
observed for films on Si wafers was the result of a
dewetting-induced stress acting on the polymers in
combination with a reduction of the heterojunction
quenching effect due to the local increase of thick-
nesses in the droplets.
For thicker films, the dewetting-induced enhance-

ment was not always able to compensate for the initial
reduction in PL attributed to thermally induced relaxa-
tions of residual stresses. In a partially dewetted film, PL
from the dewetted regions was, however, always sig-
nificantly greater than PL from the annealed but not
yet dewetted regions of the film. By the same token,
the shifting of the dewetting-induced PL peak toward
the blue part of the light spectrum was generally more
pronounced the thinner the films were. For example,
this peak emerged at ca. 552 nm for h = 30 nm, ca.
547 nm for h= 20 nm, and ca. 536 nm for h = 10 nm (for
c = 25% MEH-PPV/PS films on bare Si wafer). The
increase of the blue shifts in the thinner films replicated
themore pronounced changes inmolecular conforma-
tions arising from the greater capillary forces and the
residual stresses operative in the thinner films during
dewetting. In Table 1we give a brief summary of the PL
enhancements and blue shifts for films (c = 15 wt %
MEH-PPV/PS) of different thicknesses dewetting on

various substrates. The molecular changes that are
attributed to the decrease of conjugation length were
most likely dominated by the creation of conjugation-
disruptive “molecular kinks” near the stretched chain
entanglements. As detailed separately for solvent-in-
duced dewetting (i.e., by solvent annealing), the blue
shift eventually reduced in magnitude at longer de-
wetting times, indicating the ultimate relaxation of
these molecular kinks. The small final blue shift of the
thinnest films (10 nm) dewetting on a SiOx wafer
(Table 1) can be tentatively attributed to the short
dewetting distances possible between neighboring
dewetting holes, a consequence of an extremely high
nucleation density of dewetting holes. In addition, part
of the blue shift may have been recovered by a
relaxation process similar to that observed in samples
of solvent dewetting.
As mentioned above, PL of fully dewetted films was

found to be independent of the substrate properties. In
order to identify the origin of this observation, we
measured PL from various regions of the dewetted
films using a confocal setup coupled with an AFM for
precision positioning that allowed spectroscopically
determining the PL with a spot size of about 1 μm2.
We compared PL spectra obtained from the as-cast film
with spectra obtained from dewetted droplets, the
residual layer remaining in the dewetted areas, and
the still intact parts of the film that had undergone
some annealing and thus contained relaxed polymers
(Figure 5a). The corresponding spectra for these re-
gions exhibited characteristic positions of the PL peaks
and thus represent reliable fingerprints of the respec-
tive contributors to the investigated PL enhancements.
The intensities, however, were used with caution, as
they sensitivly depended on the surface curvature of
the surveyed spots. Therefore, only planar objects,
such as films or residual layers, were compared for
the intensities.
The decrease of PL emission and the associated red

shifts in the stress-relaxed films before the onset of
dewetting, observed by using a PL spectrometer
that averaged over thewhole sample (see Figure 3), were
replicatedby usingmicro-PL on the intact (nondewetted)
parts of the film (Figure 5a). Surprisingly, the 20 nm

Figure 4. Temporal evolution of the PL enhancement factor for films (c = 15 wt %) in the course of annealing and dewetting:
(a) for different substrates (h = 10 nm): Si wafer, SiOx wafer, and cover glass; for various thicknesses on (b) Si wafer and (c)
cover glass.
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thermally relaxed but nondewetted film emitted, nor-
malized by thickness, an about 10-fold lower amount
of photons than the 2 nm thin layer remaining after
dewetting. Consistently, a cross-sectional PL mapping
over the partially dewetted films using a scanning
near-field optical microscope protrayed a substantial
PL increase within the hole regions relative to that
outside (not shown). Owing to the significantly easier
operation and finer spectral resolution, local optical
properties of the film were obtained mostly by using
the confocal micro-PL, however. The spectra from both
the residual layer as well as the droplets exhibited a
clear blue shift of the peaks, being larger for PL from
droplets. Thus, when integrating PL over the whole
sample, the emerging new peak (Figure 3) came from
both the residual layer and the droplets, suggesting
that large molecular deformations had taken place in
both the residual layer and the droplets.
The local PL efficiency (defined as the peak PL

intensity normalized by the local thickness) of the
residual layer was found to increase rapidly with the
onset of dewetting (Figure 5b). Interestingly, exciton
quenching was already switched off in the residual
layer on silicon at an early stage of dewetting, as seen
from the increased PL intensity relative to that of the
as-spun film on cover glass (Figure 5b). It is important
to note that the PL spectra from the approximately
equally thick residual layers on glass and Si waferswere
almost identical (Figure 5c). The absence of exciton
quenching indicated that charge recombination was

extremely efficient in these about 2 nm thick layers.
Evidently, our experiments indicate that a state of
molecular stress may dramatically alter the formation
and properties of excitons.
We attribute the extraordinarily large optoelectronic

enhancement to effective changes in the molecular
stress states resulting from shear flows induced by
nanofilm dewetting. When conjugated polymer chains
are stretched, self-trapping of excited electronic states
is significantly depressed due to increased difficulties
to accumulate local deformations for exciton entrap-
ment, yielding a much more efficient charge recombi-
nation. This enhancement of PL came along with the
formation of a new emission peak, emerging at a
wavelength blue-shifted relative to the emission of
initial film,which signifies extensivemolecular changes
of the CP chains stretched during dewetting. We
emphasize that dewetting did not change the total
number of illuminated molecules. Thus, the increase in
PL has to be attributed to a more efficient emission per
molecule. A similar stress-induced enhancement of the
optoelectronic efficiencies was observed in uniaxially
stretched films containing conjugated polymers.7 We
suggest that the deformation-induced changes in the
molecular stress states led to a reduced phonon�exciton
coupling of molecularly strained conjugated polymer
chains. The PL enhancement due to the stress-rigidified
effect under the molecular flows is consistent with the
widely reported effects of increased chain rigidity via

chemical routes such as covalent incorporation of the

TABLE 1. Final PL Enhancement Factors (ξ) and Blue Shifts (Δλ) for MEH-PPV/PS Films (c = 15%) of Different Thicknesses

Dewetting on the Various Substratesa

τ = 10 nm τ = 20 nm τ = 30 nm

Si wafer ξ = 48.8 fold; ξ = 5.2 fold; ξ = 2.5 fold;
Δλ = 37 nm (573 f 536 nm) Δλ = 15 nm (562 f 547 nm) Δλ = 10 nm (562 f 552 nm)

SiOx wafer ξ = 3.0 fold; ξ = 1.2 fold; ξ = 0.6 fold;
Δλ = 16 nm (556 f 540 nm) Δλ = 15 nm (560 f 545 nm) Δλ = 14 nm (564 f 550 nm)

cover glass ξ = 4.9 fold; ξ = 1.8 fold; ξ = 0.7 fold;
Δλ = 31 nm (571 f 540 nm) Δλ = 16 nm (564 f 548 nm) Δλ = 14 nm (565 f 551 nm)

a Raw data in Figure S4, Supporting Information. For the final peak positions of the dewetting samples, an uncertainty of ∼1-4 nm existed mainly arising from the use of
multiple samples for each annealing series (please see Experimental Section).

Figure 5. (a) Local PL spectra from a thin film (c = 15%, h = 20 nm) before and after dewetting on a Si wafer. (b) Temporal
variationwith annealing timeof the PL intensities from residual layers on a Siwafer and cover glass, respectively. Afixed value
of 2 nmwas used for the thickness of the residual layer. (c) PL spectra from residual layers of fully dewetted films on a Si wafer
and cover glass, respectively.
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bulky side chains,45 macrocycles,46 or cyclodextrin rings.47

To be reported separately,22 the time-resolved PL of
stretched CP strands illustrates significantly lesser tem-
perature dependence, revealing the suppressed exciton�
phonon coupling by molecular stresses.
Spatially resolved micro-PL spectroscopy revealed

that such strained polymer chains existed in both the
droplets and the thin residual layers on the “exposed”
substrate, but only to a much lower level in the non-
dewetted regions of the films. Intriguingly, these
strained chains within the 2 nm thin residual layer
displayed almost no exciton quenching, even when
they were adsorbed at a highly dissociative interface.
This indicates that formation, fine structures, and pro-
perties of excitons in conjugated polymers may be
altered and controlled through appropriate manage-
ment of the molecular stress states. Preliminary single-
molecule spectroscopy on thin PS films containing very
dilute MEH-PPV (c < 10�9 g/cm3) indicated that the CP
strands stretched in the residual monolayer blinked
significantly less with brighter PL emissions that de-
cayed considerably slower, in line with the molecular
stress effects observed and reported here. All these find-
ings support the view that, due to a weaker electron�
phonon coupling, energy dissipation in constrained poly-
mers can be substantially reduced. Thus, deforming
polymers, through dewetting or similar processes, can
induce a large enhancement of optoelectronic properties
in thin films, whichmay finduseful applications in energy
conversion and lighting devices. The here employed
processes of thin film preparation and annealing are
fully compatible with current prevailing technology for

microelectronics and display industries and thus may
allow generating efficient optoelectronic devices based
on conjugated polymers.

CONCLUSIONS

In summary, large increases of PL efficiency were
observed in the CP nanofilms dewetted on various
substrates when annealed at an elevated temperature.
The PL increases were attributed to the effect of tensile
molecular stresses acting on the CP segments resulting
mostly from the capillary force acting in the film during
dewetting. Stretching the entangling CP molecules
introduced variations of the molecular environment
of the CP chains and produced a reduction of the
effective conjugation lengths, causing aPLblue shift,most
likely via the formation of molecular kinks near the
stretching points between entangling chains. Further-
more, during the initial annealing stage before the onset
of dewetting, pronounced decreases of emission intensity
accompanied by red shifts were observed, revealing the
relaxation of the residual stress and simultaneous molec-
ular aggregation that gave rise to an increase of conjuga-
tion length. In addition, excitonquenching,whichnormally
takes place at the heterojunctions between CPs and low-
band-gap substrates, diminished when the CP molecular
chains were stretched under large molecular stresses,
indicating that the molecular stresses may strongly influ-
ence the formation and properties of the excitons. Finally,
themethods of dewetting and relatedmolecular shearing
are compatible with existing microelectronic fabrication
processes and thusmay be useful for the development of
polymer-based diodes and solar cells.

EXPERIMENTAL SECTION
Sample Preparation and Dewetting. The conjugated polymer

used here, poly[2-methoxy-5-((20-ethylhexyl)oxy)-1,4-phenyl-
enevinylene], MEH-PPV, was purchased from Sigma-Aldrich
Chemical Co., with amolecular weight (Mw) of ca. 250 000 g/mol
andwith a polydispersity (Mw/Mn) around 5. In order to enhance
the dewetting process, MEH-PPV was blended with low molec-
ular weight polystyrene, bought from Pressure Chemical Co.,
with a molecular weight ofMw = 2 kg/mol andMw/Mne 1.06. A
solvent mixture of equal parts toluene (HPLC/SPECTRO, Tedia),
tetrahydrofuran (THF, anhydrous, Tedia), and cyclohexanone
(GC grade, Sigma-Aldrich) was used to make the polymer
solutions used for preparing the film samples. Thin films of pure
MEH-PPV and of MEH-PPV/PS blends with an MEH-PPV fraction
(c) between 0 and 25% were prepared for the experiments. The
polymer solutions were stirred slowly at 50 �C for 12�24 h,
filtered (0.45 μm pore size) to remove any nondissolving
particles, and then spin-casted on a 1 cm � 1 cm substrate,
resulting in smooth and uniform films. By adjusting the spin-
speed, the film thickness (h) was controlled in the range from
10 to 60 nm.

Several different substrates were employed. Bare silicon
wafers with a thin native oxide layer of about 2 nm (Si wafer) were
used. In certain experiments, where dewettingwas to be facilitated,
a thin layer ofpolydimethylsiloxane (Sylgard182,DowCorning)was
coated, by spin coating and then cured at 130 �C, on the silicon
wafer before depositing the polymer film. The thickness of the
resulting PDMS layer was controlled to be around 3 nm for the

pristineMEH-PPVfilms and less than1nm for thefilmsofMEH-PPV/
PS blends. Substrates of cover glass (premium cover glass,
Fisherfinest) and SiOx wafer (thick silicon oxide coating ca.
500 nmgrown on Si wafer) were also used for examining the effect
arising from a built-in voltage at the substrate surface. After
preparation, the samples were always protected in aluminum foil
wrappings in an oxygen-free atmosphere before being tested.
Some control samples were prepared in a glovebox (MBraun,
Germany), but results were essentially identical to that prepared
in ambient conditions.

To induce dewetting, the films were annealed in a vacuum
oven at a temperature between 100 and 130 �C. Film morphol-
ogy and the luminescence spectra were monitored and re-
corded. To minimize the effect of transient heating and cooling at
the beginning and end of each annealing step, a number of
simultaneously prepared identical samples were used for each
dewetting experiment in which every sample was annealed
exclusively for one annealing time. Optical microscopy and atomic
force microscopy were used to visualize the film morphology.

PL Measurements and Sample Characterization. PL spectra were
obtained with a fluorescence spectrometer (Perkin-Elmer). The
dewetted film was also examined by utilizing a scanning near-
field optical microscope for PL mapping. A confocal micro-PL
optical system consisting of laser sources (473 and 632.8 nm), an
inverted optical microscope (Olympus IX71), and a detector
(Princeton Instrument, SP2300) in an optical circuit that integrated
with an atomic force microscope (AFM) (Catalyst II, Bruker) served
for probing the fluorescence property of small areas (ca. 1 μm2) of
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the samples. In order to explore the thickness of the residual
monolayer of dewetted films, specular X-ray reflectivity measure-
ments using synchrotron radiation (National Synchrotron Radiation
Research Center, λ = 0.154982 nm) were employed. The resulting
specular reflectivity curves were fitted to a multilayer model using
the Abeles formulation.43 The morphological information acquired
by using AFM was used as guides for the fitting. The simulated
curves fit well with the original data, as shown in Figure S1, and the
fitting data in comparison to the results derived from AFM mea-
surements are summarized in Table S1. From this fitting, the fine
structure of the dewetted film was obtained.
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