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We control the chain conformation of a semiconducting polymer by encapsulating it within the aligned nanopores of a silica host.
The confinement leads to polarized, low-threshold amplified spontaneous emission from the polymer chains. The polymer enters the
porous silica film from only one face and the filling of the pores is therefore graded. As a result, the profile of the index of refraction in
the film is also graded, in the direction normal to the pores, so that the composite film forms a low-loss, graded-index waveguide. The
aligned polymer chains plus naturally formed waveguide are ideally configured for optical gain, with a threshold for amplified
spontaneous emission that is twenty times lower than in comparable unoriented polymer films. Moreover, the optimal conditions
for ASE are met in only one spatial orientation and with one polarization. The results show that nanometre-scale control of
semiconducting polymer chain orientation and position leads to novel and desirable optical properties.

Conjugated polymers are remarkable materials that combine the
optical and electronic properties of semiconductors with the
mechanical properties and processing advantages of plastics1.
Although these materials are often thought of as homogeneous
low-cost organic analogues to inorganic semiconductors, in this
work we show that their unique one-dimensional polymeric
nature provides for new applications that are not available with
traditional inorganic semiconductors. Specifically, we take
advantage of the fact that the optical properties of these one-
dimensional organic semiconductors are not isotropic, but rather
are highly polarized along the chain axis2. As a result, physical
alignment of the polymer chains results in alignment of their
transition dipoles3, which in turn leads to new and interesting
optical properties. Here, we focus on amplified spontaneous
emission (ASE), the cavityless cousin of lasing4. We find that
spatially aligning the conjugated polymer chains on nanometre
length scales by encapsulation in an ordered nanoporous silica
film5–10 leads to the production of directional, highly polarized
ASE with a low excitation threshold. Although directionality and
polarization are common in lasing, it is generally an external
cavity that imposes such constraints. However, in this work, we
accomplish these characteristics by controlling the nanometre-
scale spatial position of the polymer chains using host–guest
chemistry11–13. This allows us both to achieve alignment by
molecularly orienting the polymer chromophores and to provide
optical feedback by spatially distributing the polymer
chromophores to form a low-loss, graded-index waveguide.

To achieve polymer alignment, we confine the polymer chains
within surfactant-templated nanoporous silica hosts5,6. Such
hosts can be formed by co-assembling silica precursors with

organic surfactants to produce structures reminiscent of lyotropic
liquid crystals with the solvent phase replaced by crosslinked
silica. Subsequent removal of the surfactant template produces
controlled, periodic nanoporous materials. Although a wide
range of nanoscale architectures can be produced14,15, the
hexagonal honeycomb phase is particularly interesting because it
contains long, straight pores with tunable pore diameter. Thin
films of these hosts can be formed from solution by means of
hydrothermal7 or evaporation-based methods8. In both cases, the
pores tend to lie in the plane of the film to optimize favourable
interactions with the substrate. It has also been shown that if
such films are grown on a rubbed polyimide substrate, uniaxial
in-plane pore alignment can be achieved9,10. Such oriented pores
provide new opportunities for using spatial confinement to
control the electronic properties of semiconducting polymers.

Previous work by the authors has established that spatial
confinement of semiconducting polymers in templated
nanoporous silicas can be used to generate optical materials
with unique properties, including control over emission
polarization3,11, energy transfer12,16 and the density of defect sites.
More importantly for this work, we have also shown that with
the proper choice of pore size, both chain conformation and
aggregation can be controlled to produce arrays of close-packed,
straight polymer chains13. Despite these advantages,
encapsulation of semiconducting polymers in nanoporous hosts
has not yet found an application for lasing, even though the use
of semiconducting polymers as the active medium for plastic
lasers is well established4,17,18. The large optical cross-sections,
high density of chromophores and relatively low optical losses of
conjugated polymers can lead either to ASE when the light is
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confined in the natural waveguide formed by a spin-cast polymer
film4, or to lasing when optical feedback is provided by an
external microcavity17 or in-plane distributed feedback18. In this
report, we show how controlling both the conformation and the
physical position of the polymer chains on the nanoscale
produces dramatic improvements in the ability of conjugated
polymers to undergo optical gain without the need for externally
imposed optical feedback.

For this work, optical-quality, aligned silica–polymer composite
samples were created using hydrothermal methods to produce
oriented nanoporous silica films, followed by diffusive
incorporation of the semiconducting polymer poly(2-methoxy-
5-(20-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV; ref. 19)
into the pores. Figure 1b shows a transverse electron microscopy
(TEM) image of the highly aligned, highly periodic silica
nanopores, and Fig. 1c illustrates schematically how the polymer
chains incorporate into these pores. For all the optical
measurements presented in this work, the film was covered with a
layer of glycerol sandwiched inside a second glass slide. To measure
the ability of our polymer–silica composite films to undergo
stimulated emission, we excited the samples using polarized laser
pulses of �120 fs duration tuned to the 500-nm absorption
maximum of MEH-PPV (ref. 20). Emission from the edge of the
films was collected through a polarizer and spectrally analysed with
a polychromator and charge-coupled device (CCD). We also
studied the ASE behaviour of spin-cast films of pure MEH-PPV
and blends of MEH-PPV in polystyrene (PS). To measure the

optical gain and loss in our samples, we used a cylindrical lens to
excite stripes of different lengths at different positions from the
edge of the films21. To refer to the orientations of the sample and
the polarizations of the light in our experiments, we describe each
experiment with three indices. The first index indicates whether or
not the polarization of the excitation laser is parallel (k) or
perpendicular (?) to the pore direction; the second index
describes whether the light emitted in the plane of the film was
collected along (k) or against the pore direction (?); and the third
index specifies whether the polarization of the collected light was
parallel (k) or perpendicular (?) to the plane of the substrate.

Figure 1a shows the polarized absorption of MEH-PPV
incorporated into the aligned mesoporous silica films. The
absorption spectra are shown on an absolute scale; the factor of
�6 difference at 500 nm between absorption polarized along the
pore direction (jj, red curve) versus polarized perpendicular to
the pore direction (?, blue curve) verifies that the polymer
chromophores are predominantly aligned along the pore
direction. This alignment also gives rise to highly polarized
emission11, which forms the basis for the unique optical gain
effects observed here. Figure 2 shows intensity-dependent
emission spectra from MEH-PPV/silica composite samples for a
variety of polarization combinations. Although the final
narrowed linewidth is limited by the resolution of our
spectrometer, the sharp spectral narrowing of the emission at
high excitation fluences in the jj,?,jj polarization combination
(Fig. 2a) is the classic signature of ASE, indicating that optical
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Figure 1 Composite films of aligned silica nanopores containing the semiconducting polymer poly(2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylene

vinylene) (MEH-PPV). a, The UV-visible absorption spectrum of a typical MEH-PPV/aligned mesoporous silica composite film for light polarized parallel (k) and

perpendicular (?) to the pore direction; the inset shows the chemical structure of MEH-PPV. b, TEM image of a thin section of a typical aligned nanoporous silica

film. c, Schematic of conjugated polymer chains incorporated into the aligned nanoporous silica channels.
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gain by means of stimulated emission is taking place4. The
amplified light is emitted along the plane of the film only in the
direction perpendicular to the pores; no narrowing is observed in
either the k,k,? (not shown) or k,k,jj geometries (Fig. 2d).

To make comparison easier, the upper panel of Fig. 3 shows
ASE thresholds, plotted as that the fraction the emission
spectrum has narrowed (measured at the full-width half-
maximum, FWHM) versus the excitation fluence. For the k,?,k
case (grey diamonds), the emission is 50% narrowed at
�300 nJ mm22. By contrast, for the ?,jj,jj and jj,jj,?
combinations, no line narrowing is observed even at intensities
of �5 mJ mm22, the highest we could apply without damaging
the sample. Although the optical density (OD) of the sample is
�6 times higher for k excitation than for ? excitation (compare
with Fig. 1a), the amount of absorbed excitation light is identical
for the k,?,k and the k,k,? or k,k,k geometries. The data thus
indicate that the ASE threshold for non-optimal geometries, such
as k,k,? or k,k,k, is at least 13 times higher, and likely orders of
magnitude higher than that for the k,?,k combination. Clearly,
the difference in ASE threshold is not simply an OD effect;
rather, it results from the high degree of alignment of the
polymer chains in the composite, which makes it impossible for
the chromophores to build up gain when the emitted light is not
polarized parallel to the pores.

Figure 2b shows intensity-dependent emission spectra from
the composites for the ?,?,jj polarization combination.
Even though the excitation polarization is against the pore
direction, line narrowing is still observed because the emission

direction and polarization are both favourable for ASE. The
black circles in Fig. 3a show that the ASE threshold for this
polarization combination is roughly five times higher than for
the jj,?,jj combination, similar to the difference in OD between
the two samples. In contrast, the difference in steady-state
emission intensity between these samples is only approximately
a factor of three, indicating that perpendicular excitations can
easily reorient to produce parallel emission, either through
energy transfer12 or through excited-state relaxation that rotates
the direction of the emission transition dipole.

Overall, the data in Figs 2 and 3a show that it is the orientation
of the polymer chains, not the polarization of the excitation laser,
which determines the directionality of stimulated emission and
gain in the composite MEH-PPV/silica films. Moreover, the data
show clearly that ASE can be controlled by pore orientation; the
ASE threshold can be modulated by a factor of �5 using the
polarization of the excitation laser (for example, jj,?,jj versus
?,?,jj), or line narrowing can be switched off using a fixed
excitation intensity either by rotating the sample (for example,
k,?,k versus ?,k,k) or by changing the spatial position of the
detector (for example, k,?,k versus k,k,k or k,k,?).

In addition to providing control over ASE, the encapsulation
and alignment of the polymer chains in the mesoporous silica
films also provides the advantage of lowering the ASE threshold
by over a factor of 20 relative to spin-cast polymer films.
Figure 3b shows ASE threshold plots for the k,?,k polarization
geometry from a composite sample (black diamonds) and for a
28% w/w blend spin-cast film of MEH-PPV in PS (grey squares).
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Figure 2 Intensity-dependent emission spectra from an MEH-PPV/aligned mesoporous silica composite film. a–d, Images are shown for four of the eight

possible sample alignment/polarization combinations: k,?,k (a); ?,?,k (b); ?,k,k (c); and k,k,k (d). The first index indicates whether the polarization of the

500-nm excitation laser was parallel (k) or perpendicular (?) to the pore direction; the second index describes whether the light emitted in the plane of the film was

collected along (k) or against the pore direction (?); and the third index specifies whether the polarization of the collected light was parallel (k) or perpendicular (?)

to the plane of the substrate. The excitation fluence for each measurement is indicated in nJ mm22. Line narrowing was not observed for the four polarization

combinations that are not shown, similar to k,k,k and ?,k,k.
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We chose the 28% MEH-PPV/PS blend to ensure the most fair
threshold comparison between the spin-cast and composite
films—the 28% blend had the same total thickness and twice the
OD as the composite film. As the polymer chains in the blend
are unoriented, however, the 28% blend has the same polarized
absorbance as the oriented composite film, making the effective
density of polarized chromophores the same in both samples.
The data indicate clearly that despite the fact that the spin-cast
film has comparable polarized polymer chromophore density, the
ASE threshold for the composite sample is �20 times lower.

To understand the origins of this dramatic lowering of the ASE
threshold in the MEH-PPV/silica composites relative to spin-cast
films, it is important to determine precisely how the emitted
light is confined in the plane of the composite film. A key to
understanding this comes from the observation that no line
narrowing occurs in any polarization geometry when the samples
are held in the air or under vacuum rather than in glycerol. This
suggests that the nature of the waveguide is very important to the
ASE process. Because the index of refraction of the composite

films is a volume-weighted average of the indices of the silica
host and the MEH-PPV guest, it appears that the index contrast
between the composite film and the substrate and/or cover layer
is insufficient to create a waveguide to confine the emitted light
in the plane of the film. If the pores are underfilled, however, the
polymer distribution is likely to be non-uniform throughout the
depth of the film. The polymer concentration gradient in such
underfilled composites thus produces an index of refraction
gradient, creating a graded-index waveguide that confines light in
the plane of the film and allows for ASE if a cover layer with
sufficiently high index, such as glycerol, is used.

To better understand how the index gradient from non-
uniform incorporation allows the creation of a waveguide, Fig. 4
shows electric-field intensity distribution calculations22 for a
typical 480-nm thick composite film (see Supplementary
Information for details). We assumed that the spatial distribution
of the incorporated MEH-PPV chains was Gaussian, with the
maximum polymer concentration at the exposed surface, as
expected for diffusive incorporation. We chose the gaussian
width of 160 nm to reproduce a typical film’s experimentally
measured OD of �0.45, which indicates that �42% of the pores
are filled. We also assumed that the index of refraction of the
MEH-PPV chains along the pore direction is 2.40. The black
curve in the upper part of Fig. 4 shows the resulting index profile
when glycerol (n ¼ 1.47) is chosen as the cover layer, and the
grey curve is the corresponding electric field intensity
distribution for 638-nm light, which clearly has a stable guided
mode that confines the emission in the composite. As the index
of the cover layer is lowered, the electric field distribution moves
further into the substrate, until a threshold is reached at which
there is no longer a guided mode (see Supplementary
Information), consistent with the fact that we observed no ASE
from this composite sample when the cover layer was air
(n ¼ 1.00). Thus, ASE can also be turned off by simply removing
the glycerol cover layer to destroy the guided mode. This graded-
index structure is a prime example of how simple solution-phase
methods can be used to create complex optical structures from
self-organized, nanoscale composite materials.
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Figure 3 The threshold for ASE depends on both the excitation polarization

and the nanoscale alignment of the polymer. a, The ASE threshold of an

aligned MEH-PPV/nanoporous silica composite for different polarization

conditions following excitation at 500 nm. Narrowing of 100% is defined as the

smallest emission linewidth (FWHM) measured with the k,?,k polarization

combination; 0% narrowed is defined as the natural emission linewidth following

excitation at low intensity, which is the same for all polarization combinations.

Optical damage occurred at excitation fluences above �5 mJ mm22.

b, Comparison between the ASE threshold for the k,?,k polarization geometry

from an MEH-PPV/aligned mesoporous silica composite film (black diamonds)

and a 28% w/w MEH-PPV/PS blend film (grey squares) that had the same

polarized optical density and overall thickness as the composite sample.
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To better characterize this intrinsic graded-index waveguide, we
measured the gain and loss for both composite samples and neat
spin-cast films of MEH-PPV in a series of experiments using
‘stripe’ excitation21. We found that the loss in the composite films
(23 cm21) is comparable to or lower than that measured for neat
MEH-PPV films (27 cm21). There are two potential reasons for
this reduction in loss, both of which stem directly from the
nanoscale architecture of the films. First and most importantly,
as discussed above, diffusive polymer incorporation into
nanometre-sized pores produces a polymer concentration
gradient and thus a graded-index waveguide that is not found in
spin-cast films. In such a graded-index structure, light is better
confined in the plane of the film (compare with Fig. 4), as
compared with a conventional planar waveguide where a
significant evanescent wave extends beyond the boundaries of the
active layer, creating losses by scattering and absorption in the
media immediately adjacent to the film. Second, it is also
possible that reducing the size of polymer domains down to a
few nanometres reduces scattering losses. Although
semiconducting polymers are often treated as homogeneous
optical media, a variety of studies indicate that there are clearly
domains in these films, and the length scale is usually in an
optimal range to scatter visible light23,24.

In addition to changes in the loss, our experiments show that
the gain in pure MEH-PPV films is not much higher than the
gain in the composite material (54 cm21 versus 43 cm21),
despite the fact that the polarized chromophore density in the
pure films is �3.6 times higher than in the composite, and that
the gain should scale exponentially with chromophore density25.
The relative improvement in gain in the pure MEH-PPV film is
thus smaller than that expected from an exponential dependence
on OD. This result stands in contrast to previous studies of
stretch-aligned conjugated polymer films, which found that the
ASE threshold scaled directly with the effective change in
chromophore density upon going from randomly ordered to
aligned chains26. We believe that the dramatic improvement in
gain in the composites stems largely from the graded-index
waveguide structure, which provides a more optimal guided
mode and thus increases the electric field strength in the active
layer of the composite film relative to that in both neat and
blended spin-cast polymer films. It is possible that the fact that
the ASE threshold of the composite samples is �20 times lower
than that of the 28% w/w blended spin-cast film (Fig. 3b) results
partially from the fact that blended spin-cast films have
additional optical loss from scattering due to phase-segregation
of the MEH-PPV in the PS matrix. Previous studies, however,
suggest that blending conjugated polymer chromophores in PS
affects only the gain due to dilution of the active chromophores
(that is, the losses upon blending are roughly constant because
spin-cast films are optically flat and phase segregation typically
occurs on a length scale much smaller than optical wavelengths;
see, for example, ref. 25). In addition, the polymer chains
in the composites are not only aligned, but are largely isolated
from each other in domains containing only a few polymer
chains. This isolation minimizes interchain electronic coupling,
which can be detrimental to luminescence and optical gain in
spin-cast films1,20,27. Moreover, the straight chain conformation in
the composite may also reduce the number of non-radiative
defect sites13.

The nanometre-scale architecture of these polymer composites
films thus provides a three-pronged method to improved ASE.
First, chain alignment leads to directional, polarized emission.
Second, the straight chain conformation and isolation of the
chains into nanoscale domains can both improve gain and
reduce loss. Finally, the spontaneous formation of a graded-index

waveguide also can both improve gain and reduce loss by
maximizing the electric field of the emitted light in the optically
active component of the composite and minimizing the field in
the substrate. Such films may find applications as secondary
emitters in polarized displays, and electrical contact to the
aligned polymers in the pores eventually could lead to dramatic
advances such as electrically pumped polymer diode lasers.

METHODS

A clean silica glass substrate was coated with polyamic acid, a polyimide
precursor, by spin-coating, and then baked at 200 8C for 1 h in air to produce a
polyimide film �10 nm thick. The polyimide film was then rubbed using a
nylon-covered cylindrical roller (a buffing wheel) to produce the
aligned substrate.

The mesostructured silica film was prepared under hydrothermal conditions
through the hydrolysis of silicon alkoxide in the presence of surfactants under
acidic conditions. A polyoxyethylene ether nonionic surfactant, Brij56
(C16H33(OCH2CH2)10OH, known as C16EO10), was used as the template.
Tetraethoxysilane ((C2H5O)4Si, known as TEOS) was mixed with an acidic
solution of C16EO10, stirred for 2.5 min at room temperature, and then
transferred into a Teflon vessel. The molar ratio of the reactant solutions was
0.10TEOS:0.11C16EO10:100H2O:3.0HCl. The rubbed substrate described above
was held horizontally in the mixture with the rubbed polyimide surface facing
downward. To obtain a uniform film, a glass plate was placed 0.2–0.3 mm from
the polyimide surface (Teflon spacers were used to control the solution gap).
The vessel was sealed at 80 8C for 5 days to allow for the formation of the
mesostructured silica films. These samples were calcined in air to produce
porous films. During calcination, the temperature was ramped at 1 8C min21 to
450 8C, held for 6 h at 450 8C, and then slowly cooled to room temperature.

For semiconducting polymer incorporation, the pore surface was first made
hydrophobic by submersion in a 1:1 solution of chlorotrimethylsilane and
1,1,1,3,3,3-hexamethyldisilazane for 2 h. Films were then baked at 200 8C for
2 hours before being rinsed repeatedly in series with chloroform and methanol.
The mesoporous silica films were then polymer incorporated by applying
approximately 0.1 ml cm22 of a 1% MEH-PPV solution in chlorobenzene onto
the centre of the film surface. The films were then placed in a large container with
an argon atmosphere and heated at 90 8C for 24 h. Any polymer not
incorporated into the pores after heating was dissolved away with chloroform by
repeated rinsing.
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