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We present the optical properties of a directly patterned light-emitting polymer. The patterned
poly(2-methoxy-5¢3’,7' -dimethyloctyloxy-paraphenylenevinylene film is fabricated using hot
embossing lithography. The effect of the embossed microstructure on the light emitted from the
polymer is examined by measuring the angle-dependent photoluminescence and its photonic band
structure. The imposed grating modifies the emitted light by Bragg scattering into free space light
that would otherwise be trapped as waveguide modes. This simple patterning technique may find
application in improving the performance of light-emitting polymer devices.2@?2 American
Institute of Physics.[DOI: 10.1063/1.1502187

Semiconducting conjugated polymers are a very promisgraphic technique known as hot embossing similar to the
ing class of materials for use in optoelectronics. They arenethod used to microstructure a photodi6dehe polymer
easily-processible and are suitable for a range of applicationsas heated to 20 °C above its glass transition temperature
due to their high photoluminescen¢EL) quantum yield, (Tg~200°C7), that is, the temperature at which it begins to
large gain cross section, broad emission spectrum and thesoften and flow. A master copy of the desired structure was
ability to be electrically pumpet:3 The performance of la- pressed into the polymer with a pressure of 48 Nichhe
sers, light emitting diodes, and displays made from thes@ressure needed for embossing was relatively low compared
materials can be further improved by incorporating waveto other embossing methods. In order to prevent the
length scale microstructurésAt present such microstruc- OC,;C,,-PPV from sticking, the silica master was first coated
tured devices are made using one or a combination of conwith a monolayer of octadecyltrichlorosilane. Under pressure
plex techniques such as photolithography, electron bearfrom the master, the polymer indents and flows around the
lithography, and chemical etching. New fabrication methodsnaster conforming to its shape. After 20 min the polymer
that retain the ease of processing that is a key advantage wfas allowed to cool with the master still in place. This cool-
polymeric materials would therefore be very attractive. ing allows the polymer to drop below its glass transition

In this letter we use a simple technique known as hotemperature effectively “freezing in” the imprinted structure.
embossing lithograptyf to fabricate sub-wavelength scale The master was then removed from the polymer leaving the
microstructures in a light-emitting polymer film. We measurereplicated structure embossed into the polymer.
angle-dependent PL to show how the microstructure affects In the present work the master structures were crossed
the light emission from the film and explain the results bygratings formed in photoresist by multiple exposure to inter-
measuring the photonic band structure and by theoreticgkring laser beams and etched into silica as shown in Fig.
modeling. 2(a). The angle¢ between the two gratings was 90°, and

The conjugated polymer used in this study is ply  each grating had a period of 400 nm and a peak-to-trough
methoxy-5¢3’,7'-dimethyloctyloxy-1,4  paraphenylenevi- depth of 30 nm. The entire procedure was carried out in air.
nyleng (OC,C,¢-PPV) and its structure is shown in Fig. 1. In order to characterize the embossed structure, the patterned
Thin films of OGC,,-PPV were formed by spin coating polymer films were examined using an atomic force micro-
from chlorobenzene onto flexible plastic substrateger-  scope. An image of the embossed @g- PPV film obtained
head transparenciesThis results in films of about 100 nm in ysing atomic force microscopy is shown in Fig. 1. The im-
thickness. These films are then patterned using a soft lithgorinted crossed grating structure can be clearly seen in the
film. The embossed structure has a period of 400 nm and a

aAuthor to whom correspondence should be addressed: electronic maifl€Pth Of_ _20 nm. The period matches exa_ctly_ that of the
idws@st-andrews.ac.uk etched silica master but the embossed grating is shallower.
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FIG. 3. Measured photonic mode structure of directly patterned
OC,C,¢PPV film when probed wittta) s and (b) p-polarized light.

than the critical angle, thereby causing the light to wave-

1000 guide inside the film. In Fig. @) it can be seen that for each
5000 incident polar angle there are two wavelengths that are
FIG. 1. An atomic force microscope image and chemical structure of theStrongly scattered by the microstructure. This behavior is ex-
OC,C,-PPV film patterned by hot embossing. plained by Fig. 2. The scattering process of the grating can

be thought of as adding a wave vectéy € =27/A) to the

In order to understand how the microstructure affects thé@ptical modes of the waveguid&< 2mney/N), whereA is
light emission, the photonic mode structure of the film wasthe period of the corrugatiomy is the effective refractive
measured by angle-dependent transmission as shown in Figidex of the waveguide, andis the wavelength of the inci-
2(b).8° The impact of the embossed microstructure on thedent light. When a light beam is directed onto the guide from
photonic band structure is shown in Fig. 3. Figut@3hows  free space at a polar angle éfto the substrate normal, the
the modes observed when the incident bears-polarized field has an in-plane wave vector component ofr(&n 6)/\.
and Fig. 3b) showsp-polarization. When the incident light If this component matches the differenide- k|, light will
is s-polarized, two dark bands are observed, both starting &€ strongly coupled into the waveguide mode. For each
w=1.63um ! and ending at 1.55 and 14Zm?, respec- angledthere are two wavelengths for which this condition is
tively. For p-polarized incident light there is a single hori- satisfied:|k|>|ky| and|k|<|k,|, as illustrated in Figs. )
zontal dark band showing little dispersion and centered aand 2d).
w=1.63um L. These dark bands correspond to a drop in  Having measured the photonic band structure of the film,
transmission, which indicates that the incident light has beemwe now examine the effects of the microstructure on the light
coupled into a waveguide mode. The incident light is dif-emission. To investigate this we made measurements of the
fracted by the periodic microstructure at an angle greateangle-dependent PL. The patterned polymer film was housed
in a circular vacuum chamber and excited using the second
harmonic output of a diode pumped continuous wave

 poymer - Nd:YAG laser (532 nm. Light emitted from the film was
Substrate lamp PMT collected by an optical fiber and detected using a CCD spec-
Rerne trometer. The end of the optical fiber was attached to a free-

rotating moveable arm mounted on the vacuum chamber to
enable light emitted over a wide range of angles to be de-
tected.

Figure 4a) shows the PL spectrum of the directly pat-
terned OGC, PPV film measured at various angles. As the
angle of observatiof¥in Fig. 2(a)) changes, the central peak
splits into two peaks which move to longer and shorter
wavelengths due to Bragg scatterifid? This can be seen
more clearly in Fig. &) where each PL peak is plotted as a
function of its wavelength and angle of observation. All scat-
FIG. 2. (a) Polymer film with imprinted crossed grating. The plane of inci- tered features shown in Fig.(B) originate from emission
dence was aligned parallel to one of the sets of gratiffysExperimental into the T, mode of the waveguideshown in Fig. 3, which
setup for measurement of photonic mode structure. Bragg scattering whe
the magnitude of the incident wave vectois () greater than andd) less IS then scattered by one of the crossed gratings. The feature

than that of the grating vectds . indicated by the squares is due to light coupling to the wave-
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FIG. 4. (a) Angle dependent PL spec-
trum of a directly patterned
OC,C,¢PPV film and(b) PL peak po-
sitions as a function of in-plane
wavevector and frequendpointg and
theoretical fit(lines).
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guide mode via Bragg scattering arising from the grating thating the emission of light from within it. The patterned film
has grooves running perpendicular to the plane of observawas examined by atomic force microscopy and shown to
tion, that is, Bragg vector in plane of incidence. The featureclosely follow the shape of the master structure. The effect of
indicated by the triangles is due to light coupling to thethe embossed microstructure on the emitted light was exam-
waveguide mode via Bragg scattering arising from the gratined by comparing angle dependent PL with the photonic
ing that has grooves parallel to the observation plane. Thenode structure. It was found that the imposed grating en-
frequencies and in-plane wavevectors for optimum couplingbles light trapped in waveguide modes to be Bragg scattered
in these two cases can be given by Eds.and(2), respec- out into free space. The observations also agree with wave-

tively guide mode structure deduced from measured refractive in-
> dex data. Hot embossing processes such as this should lead
- _ 2N 2T to simpler device fabrication and provide flexibility i
w=*kEmk=*——*m—, (1) o simpler device fabrication and provide flexibility in new
A A device design.
2 2
W=+ k2—(mkg)2: + \/( 27 Ne _ ( m2_7r) e We are grgteful to EPSRC and SHEFC for financial sup-
A A port, and Covion for the supply of QC,4-PPV. One of the

authors(l. D. W. S) is a Royal Society University Research

whereA is the fundamental grating period antis an inte-
Eellow.

ger. These equations are used to fit the experimental dat
The fit is shown as a solid line in Fig(ld). The refractive
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