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We explore the influence of grating characteristics on the lasing performance of polymer
circular-grating distributed-feedback lasers. A range of circular-grating sizes and profiles were
fabricated on a single silica substrate, which was coated with a thin film of the conjugated polymer
poly�2-methoxy-5-�2’ethylhexyloxy�-1,4-phenylene vinylene�. Variations in lasing threshold and
surface-emitted slope efficiency were determined as a function of grating outer diameter and duty
cycle. The experimental lasing results are compared with predictions from a theoretical analysis
based on an adaptation of the transfer matrix method. We find that an outer diameter of at least
200 �m is required to minimize the threshold and optimize the surface-emitted slope efficiency. A
groove-to-period duty cycle of �25% gives the lowest lasing thresholds by optimizing the in-plane
feedback. We also find that the structure of the polymer–air surface varies substantially with
substrate duty cycle, which has implications for optimum device design. © 2005 American Institute
of Physics. �DOI: 10.1063/1.1935131�

I. INTRODUCTION

In recent years, conjugated polymers have emerged as a
promising new class of visible, solid-state laser gain
media.1,2 Such polymers are semiconducting and have been
applied as efficient light-emitting diodes.3 To date, however,
only optically pumped polymer lasers have been successfully
demonstrated, and there is considerable interest in achieving
electrically pumped lasing, as a route to very broadly tune-
able, visible diode lasers. A major challenge to this goal is
that the lowest threshold excitation densities reported in op-
tically pumped lasers are only marginally attainable using
electrical excitation. There is much interest in further reduc-
ing laser thresholds through exploring novel resonator struc-
tures and improved optical designs. In particular, a better
understanding of the photonic properties of such resonators4

should help towards this goal.
Distributed-feedback �DFB� lasers are a particularly

promising resonator geometry for achieving low oscillation
thresholds in a configuration that can also emit a narrow

linewidth and a well-defined output beam. One recent area of
interest has been the study of DFB resonators that apply
feedback in more than one direction in the organic semicon-
ductor waveguide.4–12 These include egg-box bigrating
structures,4–8 in which feedback is applied in two orthogonal
directions, and hexagonal photonic crystal structures,9,10 in
which feedback is applied in three directions. These two-
dimensional structures can significantly improve the operat-
ing characteristics of surface-emitting DFB lasers, compared
with conventional one-dimensional �1D� gratings.5–7 They
can lead to lower lasing thresholds, improved slope efficien-
cies, and near-diffraction-limited output beams. The mecha-
nisms by which these gratings control light emission and
propagation have been explored by relating the emission
properties of the laser with the photonic-mode dispersion of
the device.4

A natural extension of these basic two-dimensional �2D�
structures would be to apply feedback in all directions in the
plane. This is possible using circular DFB �CDFB� gratings
as proposed by Erdogan and Hall13 and demonstrated with a
GaInAsP/InP gain medium by Wu et al.14 A semiconducting
polymer CDFB laser was also recently demonstrated by
Bauer et al.,11 who have observed visible lasing following
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both one-photon11 and two-photon absorption.12 While the
other 2D gratings are usually produced holographically, the
CDFB structures are defined using electron-beam lithogra-
phy. This is a more complicated processing technique, but
offers much greater flexibility in the design and can allow
parameters such as grating profile and length to be system-
atically varied. Such parameters are likely to have a signifi-
cant influence on the operation of the laser; though these
have not been studied in detail for conjugated polymers with
any DFB resonator. In this paper, we explore the influence of
the grating size and shape in CDFB polymer lasers, both to
understand the device physics and identify an optimum reso-
nator design. We study a range of grating profiles and sizes,
and compare experimental lasing results with predictions
from a theoretical model. In doing so, we obtain new insight
into the practical design criteria for low-threshold polymer
lasers.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. General methodology—Choice of design
parameters

The generic structure of the CDFB lasers is shown sche-
matically in Fig. 1. It consists of a semiconducting conju-
gated polymer film deposited on a corrugated silica substrate.
The silica–polymer–air structure forms an asymmetric slab
waveguide, designed only to support the lowest-order trans-
verse electric mode within the emission band of the polymer.
The corrugated grating comprises a set of concentric circular
grooves. These are designed to have a radially periodic,
square-wave structure of period �, depth d, and duty
cycle—or groove width to period ratio—�. Individual grat-
ings were further defined by a given outer diameter of the
largest concentric ring, and an inner diameter defined by the
width of the inner cylindrical peak. For a given period and
depth of the grating, the duty cycle and inner and outer grat-
ing diameters constitute independent design parameters,
which can be readily adjusted to optimize performance. In
this work, we present an investigation of the effect on laser
performance of two of these parameters, the outer diameter
and duty cycle. While these are studied directly in the con-

text of CDFB lasers, many of our results are more widely
applicable to other one- and two-dimensional DFB
resonators.

B. Fabrication of laser structures and experimental
configuration

To carry out these experiments, two sets of gratings were
defined in the fused-silica substrate, each with a radial period
of 400 nm. In the first set, the inner diameter and duty cycle
were fixed at 300 nm and 25%, while the outer diameter was
varied between 50 and 300 �m. In the second set, the inner
and outer diameters were fixed at 300 nm and 100 �m, while
the duty cycle was varied between 20% and 70%. These
grating patterns were defined initially by electron-beam li-
thography on a Leica EBPG-5 Beamwriter at the University
of Glasgow, using a poly�methyl-methacrylate� resist layer
coated on top of the silica substrate. A thin film of NiCr �30
nm� was used as a charge-dissipation layer and removed
prior to development using chrome etch. The pattern was
subsequently transferred into the substrate via reactive ion
etching using fluorine chemistry �CHF3�. All of the gratings
had a radial period of 400 nm and a depth of 125±10 nm.
The corrugations in the structure provided both distributed
feedback and output coupling of the guided optical mode via
second- and first-order Bragg scattering.

To complete the laser structures, a thin film of poly�2-
methoxy-5-�2’ethylhexyloxy�-1,4-phenylene vinylene�
�MEH-PPV� was spin coated from solution in chlorobenzene
�5-mg MEH-PPV in 1-ml chlorobenzene; spin speed of 1200
rpm� onto the silica substrate. This formed a polymer layer
with an average thickness of �100 nm as measured on an
untextured region of the substrate using a DekTak-3 surface
profiler.

Immediately after fabrication, the sample was trans-
ferred to a vacuum chamber in which it was held under a
vacuum of �10−4 mbar during the subsequent optical char-
acterization. For the lasing measurements, the sample was
excited at 532 nm by the second harmonic of a Nd:YVO4

microchip laser that generated pulses of 1-ns duration at
5-kHz repetition rate. The pump-laser output energy was var-
ied using neutral density filters, and then focussed onto the
sample to a circular spot of �150-�m diameter. Output en-
ergies from the laser were measured using a calibrated sili-
con energy meter for a range of excitation powers. The spec-
tral output from the laser in an angular range ±5° around
normal incidence was measured using a fiber-coupled
charge-coupled device �CCD� spectrometer.

C. Theoretical analysis of CDFB structures

The theoretical analysis of polymer CDFB lasers has
been described in detail elsewhere,13,15–18 and so in this sec-
tion we only briefly outline the analytical approach used here
to calculate the curves in Figs. 6 and 7. The theoretical
analysis begins with the assumption that the field in the de-
vice can be separated into transverse, radial, and azimuthal
harmonic components.16 An adaptation of the transfer matrix
method �TMM� is used, with appropriate boundary condi-
tions, to derive an eigenfunction representing the dispersion

FIG. 1. The generic structure of the CDFB lasers: �a� schematic plan view
and �b� schematic cross section through laser structure.
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relation of the slab waveguide. By definition, the dispersion
relation has roots corresponding to the transverse electric
�TE� modes supported by the polymer waveguide. An argu-
ment principle algorithm is then used to locate the eigenval-
ues without the need for initial guesses.17 The eigenvalues
directly allow the calculation of transverse field profiles. The
strong pump absorption ��105 cm−1� and the resulting non-
uniform gain profile in the polymer are included in the TE
analysis for the calculation of mode-confinement factors.

Refractive indices of 1.9 and 1.46 are used for the poly-
mer and substrate layers, corresponding to the peak-gain
wavelength in MEH-PPV of 620 nm. Calculating the sup-
ported TE modes over a range of polymer film thicknesses,
an optimum confinement of 22% for the fundamental TE
mode occurs when the guide layer is 150-nm thick. For the
thickness of 100 nm used in the experimental devices, the
confinement factor is calculated to be 18%. These values are
lower than would otherwise be the case for a waveguide with
a uniform gain profile. Indeed, we find that the confinement
significantly reduces with increasing film thickness beyond
150 nm, because of a reduced overlap between the nonuni-
form gain profile and the optical field.

Once the TE confinement factor and field profile have
been calculated, the effect of the grating profile must be con-
sidered. In a circularly symmetric grating, a steady-state field
is assumed to oscillate harmonically in the azimuthal and
radial coordinates of the structure. The azimuthal-mode de-
pendence is first removed by an expansion of the cylindrical
field into its harmonic Fourier components. This leaves only
the radial propagating component to define the modes of the
laser during steady-state operation.

By applying an appropriate refractive-index perturbation
to the wave equation describing the radial propagation of the
field, a set of coupled partial differential equations are de-
rived that describe the amplitude changes in the optical
field.16 In the case of first-order gratings, two coupled equa-
tions are obtained representing inward and outwardly propa-
gating radial waves. For second-order gratings, an additional
third equation results from the analysis, describing the cou-
pling of the confined field to a vertically propagating radia-
tion mode. The coupled field equations are finally converted
into a matrix form relating the amplitudes of the inward and
outwardly propagating waves between two points along the
radius of the structure. For the polymer CDFB, the index
perturbation is assumed to arise from the 400-nm-period
square grating etched into the glass substrate prior to the
deposition of the polymer. The experimental gratings are de-
signed to have a tooth height of 120 nm. In the analysis we
also include a 60-nm modulation depth at the polymer-air
interface to account for the residual corrugation on this sur-
face, commonly found in spin-coated polymer DFB
lasers.19,20

Under steady-state operation, the radial field must be
evanescent at the outer circumference of the structure, while
remaining finite at the center. This unique boundary condi-
tion for circular DFB lasers is applied to the matrix product
to give an eigenfunction for the laser cavity modes, in a
similar manner to the calculation of the TE modes discussed
previously. The roots of the eigenfunction, once found, yield

the detuning and threshold gain of each mode. The values of
threshold gain shown in Figs. 5 and 6 represent the net gains
required to exceed only the Bragg-reflectivity losses in the
waveguide. Other losses such as absorption and random scat-
tering are not explicitly included in the calculation, but
would need to be overcome in achieving a net threshold gain.

III. RESULTS

A. Laser structures

Figure 2 shows the structure of a typical circular DFB
grating. Figure 2�a� shows an atomic force microscope image
of a 5Ã5-�m2 region located near the center of the circular
grating. The grating was designed to have a period of 400
nm, a duty cycle of 40%, and a central ring diameter of 300
nm. The figure shows that a very uniform circular structure
can easily be fabricated in the silica substrate. The exact
profile of the grating is shown more clearly in Fig. 2�b�,
which shows a cross section through the center of the grating
on the substrate. The depth of the grating is 125±10 nm. We
find that the grating differs from the ideal square-walled
shape, and hence slightly changes the effective duty cycle
from the intended value.

Figure 3�a� shows an atomic force microscope profile of
the polymer–air interface on the same grating. It is clear that
this surface has the same periodicity of 400 nm, however, the
depth of the grating is significantly reduced compared with
the substrate. This reduced grating depth on the top of the
polymer film is commonly found when spin coating polymer
layers on top of corrugated substrates.19,20 The difference in
grating depths on the two surfaces mean that the polymer
film is modulated in thickness by �80 nm. We find here that
this reduction in the top-surface grating depth changes sub-
stantially with the duty cycle of the substrate corrugation.
Figure 3�b� illustrates this with measurements of corrugation

FIG. 2. �a� Atomic force microscope image of the center of a CDFB sub-
strate grating. �b� Cross section of the substrate grating profile along the
white line in �a�.
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depths on the polymer–air interface for a range of duty
cycles. Two data sets are presented �A, B�, each for a single
polymer film deposited on a common substrate �grating
depth: 125 nm�. The thickness of the polymer films was mea-
sured on a nontextured region of the substrate, and was
found to be approximately 100-nm thick. It is clear that the
corrugation depth of the polymer–air surface increases sig-
nificantly with duty cycle. The depth of top-surface corruga-
tions ranges between �10% and 60% of the substrate grating
depth.

B. Power and spectral characteristics

Figures 4 and 5 illustrate the typical power and spectral
characteristics of the CDFB lasers studied. Figure 4 shows
the input–output characteristic of a laser of 250-�m outer
diameter. The laser had a threshold of 19 nJ and an energy
slope efficiency of 0.13%. This threshold is approximately
five times larger, and slope efficiency is significantly lower,
than that observed with MEH-PPV DFB lasers using holo-

graphically defined bigrating feedback structures.8 We at-
tribute these differences to both the shorter grating length
used here and the different grating profiles, which are de-
signed to minimize the surface output-coupling losses.

Figure 5 shows the spectrum of emission collected over
a small angular range ��±5° � around the normal to the
plane of the waveguide. The solid line shows the emission
when pumping 20% below the laser threshold. Two peaks
dominate this spectrum at wavelengths of 615 and 630 nm.
These arise from light that is initially emitted into the TE0

waveguide mode, and then subsequently Bragg scattered out
of the guide. The dip at 621 nm corresponds to a photonic
stop band in which the emission is reduced.4 The dashed line
in the figure shows the emission spectrum when pumping
20% above the laser threshold. The laser emission is stimu-
lated to emit in a mode at 618 nm, near one edge of the stop
band. Similar band-edge lasing has previously been observed
in other polymer DFB lasers.4,8,11 This narrow peak, of
around 1-nm linewidth, limited by the spectrometer resolu-
tion, rapidly grows with pump energy to dominate the
spectrum.

C. Threshold dependence on the grating outer
diameter and duty cycle

Figure 6 shows the dependence of CDFB lasing thresh-
old on the outer diameter of the gratings. The points on the
graph represent the experimental data for CDFB gratings of
diameters between 50 and 300 �m. Measurements were
taken for two polymer films deposited on the same substrate
under similar conditions. These two sets of data are shown to
indicate the film-to-film variability in threshold. We find that
the measured thresholds drop by a factor of three as one
increases the outer diameter from 50 to 200 �m. Above
200 �m the threshold becomes relatively insensitive to fur-
ther increases in diameter.

The full line in the figure shows the calculated behavior
of the threshold-gain coefficient. Assuming that the focusing
of the excitation beam remains constant, one would expect
the threshold-gain parameter to be directly proportional to
the pump pulse energy at the lasing threshold. The experi-

FIG. 3. �a� Radial profile of the polymer–air interface, measured for the
same substrate grating as Fig. 2 �N.B. Profile does not include the center
ring of the grating�. �b� Corrugation depths on the polymer–air interface for
a range of grating duty cycles.

FIG. 4. Typical power characteristics of a polymer CDFB laser. Inset shows
the chemical structure of MEH-PPV.

FIG. 5. Spectral characteristics of a typical polymer CDFB laser when
pumped 20% above and 20% below lasing threshold.
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mental data and theory should therefore exhibit the same
functional dependence on the grating outer diameter. We find
that the variation in threshold gain is qualitatively similar to
the experimental data, with a rapid change for grating diam-
eters below 150 �m, and only a slow decrease above
200 �m. The analysis, however, predicts a significantly
greater relative change in threshold over the 50–300-�m
range than is observed experimentally.

We also observed that the slope efficiencies of the lasers
increase significantly with increasing diameter. Indeed, lasers
with outer diameters above 200 �m exhibit output efficien-
cies as much as ten times higher than the smallest CDFB
lasers. This suggests that for small diameters much of the
laser output is emitted radially into the surrounding slab
waveguide.

The dependence of laser threshold on the grating duty
cycle is shown in Fig. 7. The groove-to-period duty cycle
was varied between 20% and 70%. Again, several sets of
data are shown to indicate the film-to-film variability in the
threshold measurements. We find that changes to the grating
profile can have a large effect on the lasing threshold, which
changes between 21 and 305 nJ over the range of structures
studied. Thresholds are low for small duty cycles �25%, and
reach a maximum around a duty cycle of 50%. At still larger
duty cycles, the lasing threshold again falls. The data is
asymmetric about the 50% point, with the lowest thresholds

observed around 25%. While the repeatability of threshold
data was good for the lowest and highest duty cycles, we
found that there was considerable variation for duty cycles of
40%, 50%, and 60%.

The full trace in the figure shows the dependence of
threshold gain on duty cycle, as predicted from the analysis.
The curve is roughly symmetrical about 50% duty cycle and
shows a sharp peak at this value. The calculated threshold
gains vary by a factor of ten over the range of duty cycles
studied.

We have also observed that the slope efficiencies of the
lasers are highest at low duty cycles and significantly drop
for duty cycles around 50%. Indeed the output from the 50%
duty-cycle laser is dominated by Bragg-scattered spontane-
ous emission, even when pumping well above the laser
threshold. It suggests that for 50% duty cycle, the first-order
scattering is sufficiently strong to compete effectively with
the build up of stimulated emission.

IV. DISCUSSION

The results from the previous section represent a system-
atic study of the design parameters of grating structures in
polymer CDFB lasers. Overall, we find broad agreement be-
tween the experimental results and the theoretical predic-
tions. In this section we critically compare the two and draw
conclusions for the optimum design parameters for polymer
CDFB lasers. It is worth emphasizing that the gratings fab-
ricated for this study differ slightly from the modeled square-
profile structures, but represent structures that can be realis-
tically produced, and are still useful for drawing conclusions
about the optimized design of these devices.

We will first consider the variation of threshold with the
grating outer diameter, and subsequently consider the depen-
dence on duty cycle. In the case of the outer-diameter experi-
ment, we find that the threshold drops with increasing diam-
eter, and that both the theory and experimental data show a
similar trend. There is a rapid change in threshold for diam-
eters below 150 �m, and above outer diameters of 200 �m
there is only a modest further drop in threshold. This repre-
sents a useful general result in the context of organic semi-
conductor DFB lasers, since most other resonators studied to
date have made use of long gratings of dimensions �1 cm.
The data in Fig. 6, however, provides a clear idea of the
feedback length required in a polymer DFB laser in order to
minimize threshold.

Naturally, the feedback length is strongly dependent on
both the depth of the corrugation and the difference in refrac-
tive index between the polymer and substrate layers. In each
respect, the structures studied here are typical of the param-
eters used in the literature. Many conjugated polymers, in-
cluding derivatives of poly�phenylene-vinylene� and poly-
�fluorene�, have an in-plane refractive index of around 1.9 at
the peak of the material gain �although ladder-type poly�par-
aphenylene� has a lower refractive index�. Frequently, poly-
mer DFB lasers have used feedback gratings of depths simi-
lar to the polymer film thickness in order to maximize
feedback. Typically, polymer films of thicknesses around 100

FIG. 6. Experimentally measured threshold energy �points� and calculated
threshold gain �line� as a function of the grating outer diameter. The tri-
angles and squares represent the data for different polymer films.

FIG. 7. Experimentally measured threshold energy �points� and calculated
threshold gain �line� as a function of the grating duty cycle. The triangles,
circles, diamonds, and squares represent the data for different polymer films.
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nm are used to give high absorption at the pump wavelength
combined with single transverse-mode waveguiding of the
laser light.

Considering the data in Fig. 6 in more detail, we find
that the calculated relationship of threshold gain to outer
diameter differs from that of the experimental threshold
pump energies. The experimental data show a smaller rela-
tive change in threshold across the parameter space investi-
gated. There are several possible explanations for this dispar-
ity. We recall that the values of threshold gain represent the
net gains required to exceed only the Bragg-reflectivity
losses in the waveguide. Other �parasitic� losses are not ex-
plicitly included in the calculation, but would first need to be
surmounted via optical pumping to achieve a positive net
gain. The offset between the zero levels of the theory and
experimental data suggests that in the fabricated waveguides,
there may be significant parasitic losses. These would in-
clude both absorption and random scattering, which must be
overcome to achieve transparency in the waveguide. An ad-
ditional explanation for the disparity may be that the pertur-
bation analysis used here is not completely adequate for such
strongly modulated waveguides. For example, the inherent
assumption that the electric field is unchanged between the
groove and peak of the grating is unlikely to be valid. This
could lead to TE-TM cross coupling, where the polymer
layer is thickest, that might significantly modify lasing
thresholds from those predicted by the analysis.

The values of threshold energy measured for these
CDFB lasers are comparable with other CDFB threshold
data in the literature,11 though are higher than the thresholds
obtained with “egg-box” bigrating feedback.4–8 One might
anticipate that, when feedback is applied in all directions in
the plane of the guide using CDFB structures, a lower lasing
threshold would result. Current data suggest that this is not
the case. We believe that a reason for higher lasing thresh-
olds may be related to a poor spatial overlap of the very
strongly localized radial mode with the optically pumped
region of the waveguide. This hypothesis is the subject of
ongoing studies.

We next consider the dependence of the laser threshold
on the duty cycle of the grating, as shown in Fig. 7. Signifi-
cantly, we find that the grating shape can have a very large
impact on the laser operation, and so represents an important
design parameter that has been largely overlooked in the
polymer laser literature. From our analysis, we can identify
the large increase in threshold at 50% duty cycle to result
from the combined effect of a minimum in the in-plane feed-
back and a maximum in surface-output coupling. For an
ideal square-wave grating, the in-plane feedback should drop
to zero at 50% duty cycle.18 Our experimental gratings are
not ideal square waves �particularly on the polymer–air in-
terface�, which means that they provide some weak feed-
back, even at the nominal 50% duty cycle.

Overall, we found a close correlation between the ex-
perimentally measured threshold powers and the calculated
values of threshold gain from the analysis. One noticeable
disparity is that while the theory suggests a symmetrical
variation in threshold about 50% duty cycle, experimentally

we found an asymmetry in the data, with the thresholds at
high duty cycles greater than those at low duty cycles.

To understand the asymmetry in the data, we must re-
consider the graph in Fig. 3, which shows the change in the
corrugation depth of the top surface of the polymer film as a
function of duty cycle. As the duty cycle increases, the cor-
rugation on the polymer–air interface becomes significantly
deeper, as a result of the spin-coating deposition process.
Thus the overall shape of the waveguide varies significantly
with changing duty cycle. One consequence of having a sec-
ond strongly modulated interface of the same period and
phase as the substrate–polymer corrugation is to partly can-
cel the coupling coefficient of the grating, and hence reduce
the feedback coupling strength. One may understand this
simply by noting that the coupling coefficient arises from a
periodic modulation of the effective waveguide index via a
modulation of the thickness of the polymer-guide layer. If the
polymer is corrugated on one interface, but flat on the other
interface, then there will be a strong modulation of the effec-
tive guide index. If, however, the polymer has a similar cor-
rugation on each interface, then the guide index at any point
along the waveguide will remain approximately constant.
The result of this effect is that the stronger modulation of the
polymer–air interface at large duty cycles leads to a lower
coupling of the counter-propagating waveguide modes, a
weaker feedback, and hence higher lasing thresholds.

The significant variations in threshold energies for duty
cycles between 40% and 60% may also be due to the fabri-
cation techniques employed. For this range of duty cycles,
we find, from the analysis, that the threshold gain is very
sensitive to small changes in the grating profile. In a previous
work we have shown that feedback coupling tends to zero at
50% duty cycle.16 It is also evident from Fig. 3�b� that there
can be some film-to-film variation in the corrugation of the
polymer–air interface. One might, therefore, infer that small
changes in the polymer deposition may lead to large relative
variations in the lasing threshold within this limited param-
eter space. In contrast, for duty cycles in the range 20%–
40%, the threshold is relatively insensitive to the grating pro-
file, and so variations in the waveguide fabrication will have
much less impact on the laser operation.

V. CONCLUSIONS

From the preceding discussion we may now summarize
the design features that will lead to a minimum oscillation
threshold in surface-emitting polymer CDFB lasers. In doing
so it is important to take into account practical fabrication
issues, in addition to guidance from the theoretical analysis.

For a substrate–polymer step in a refractive index of
�0.4 �typical in organic semiconductor lasers� and a grating
of �100-nm deep, both the analysis and the experimental
data suggest that one should use an outer diameter of at least
200 �m. Since fabrication using electron-beam lithography,
at high spatial resolution, is limited practically to small writ-
ing areas, a circular grating of 200–250-�m diameter would
be most realistic. For a second-order grating, the analysis
suggests that the groove-to-period duty cycle should either
be �25% or �75%. From a practical point of view, taking
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account of the spin-coating deposition of the polymer wave-
guide layer, it is clear that one should choose the shorter of
the two to minimize any reduction in the coupling coefficient
from a corrugation on the top surface of the polymer film.
Alternatively, one may employ a different fabrication proce-
dure, which might ensure that the polymer film had a grating
on only one side. One such procedure is solvent-assisted mi-
cromoulding, which has been successfully applied to poly-
mer lasers.21 In this technique the polymer is initially depos-
ited onto a flat substrate, and is subsequently patterned on the
top surface using an appropriate mould. Such a procedure
automatically makes one surface of the polymer layer flat,
meaning that the 75% duty cycle may be equally appropriate
for low thresholds.

Although the current study has focused on the device
physics of CDFB polymer lasers, many of our findings
should be more widely applicable to other polymer DFB
structures. The effect of duty cycle on feedback, for example,
is anticipated to be similar for lasers with linear gratings. The
substantial change of the top-surface structure with grating
shape is particularly important to the strength of the feed-
back, and potentially, the photonic dispersion of the device.22

While the threshold energies measured in this work are
higher than those reported for bigrating structures,11 we an-
ticipate that more sophisticated circular grating structures
should lead to lower thresholds.18 Additionally, the circular
grating geometry may offer several interesting device con-
figurations. These include the fabrication of isotropic edge-
emitting lasers, arrays of surface-emitting lasers with circular
beam profiles, and the possibility of controlling output-beam
focusing through chirping the gratings of individual
resonators.

We should finally note that there is one other parameter
of the CDFB structures that has not been explored in the
current study; that is, the central ring diameter of the grating.
By varying the inner ring diameter, one may introduce an
effective phase shift in the feedback. Quarter-wave-shifted
DFB structures are commonly used in first-order, linear DFB
lasers in order to achieve single-frequency operation. This is
generally not necessary in second-order DFB structures in
which surface-emitting output-coupling losses at the two
band edges tend to differ in magnitude, giving a robust fre-
quency selection mechanism of one band edge over the
other. Nonetheless, it has been shown theoretically that the
frequency of the lasing mode in CDFB lasers may be tuned
across the stop band, and this can result in a lower lasing
threshold.16 This effect has been explored in a recent experi-
mental study.23

To conclude, we have explored the design parameters of
CDFB surface-emitting polymer lasers, with the aims of un-

derstanding the physics of the devices and finding an opti-
mized resonator design for low-threshold operation. We have
found, for typical polymer laser structures used in the litera-
ture, that the optimum grating diameter is around 200 �m,
while the optimum duty cycle is 25%. We find that the prac-
tical considerations in the fabrication of these lasers are im-
portant in optimizing the design of the structures. While our
current study has focused on CDFB structures, the results
should be more generally applicable to other 1D and 2D
polymer DFB lasers.
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