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Abstract: We report on improved gain and spectral control in co-exacud
all-polymer multilayer distributed feedback (DFB) lasemshieved by
folding and deliberate modi cation of the center “defectlyer. Because
DFB laser gain is greater at spectral defects inside thectme band than
at the band edges, manipulation of structural defects camsbd to alter
spectral defects and thereby tune the output wavelengthinamave laser
ef ciency. By experimentally terracing the layer that bewss the center
of the fold, we tuned the lasing wavelength across the réacstop-band
(25 nm) in controllable, discrete steps. The increased ten§istates
associated with the defect resulted in a lower lasing tlolelstind, typically,
a 3- to 6-fold increase in lasing ef ciency over non-foldedrples.
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1. Introduction and background

Recent advances in all-polymer, roll-to-roll processadders [1,2] (process in [3]) and in poly-
mer lasers in general [4—7] provide signi cant new oppoities for enhancing nonlinear opti-
cal processes through the controlled design of wave digpeirsa one-dimensional multilayer
“photonic crystal” (PhC) structure. These advances ireliaging in multiple con gurations,
such as Distributed Bragg Re ector (DBR) lasers (multilaf@agg re ectors surrounding a
center gain layer), Distributed Feedback (DFB) lasersn(gaédium layered throughout the
multilayer structure), various gain media [8], multi-wéegth lasing and broadly-tunable, re-
versible, mechanical tuning [9]. The engineering and eodogromise of the all-polymer,
roll-to-roll processable PhC laser is a result of the bra@adje of inexpensive polymers, dyes,
and other active media from which a diverse and controll¢@structures with gain across
various wavelength ranges can be fashioned. The compasicahyength of these exible
lasers (a few tens of microns at their thickest) has imporitaplications for tunability, in-
tercavity dispersion control and applications. Most imigotly for this study, the mechanical
properties of these multilayers enable simple post-pingssuch as folding and center layer
modi cation, to create additional phase-shifts.

Folding explicitly breaks the discrete translation symmyeif the stack, introducing, as is
well known [10], an “impurity band” in the center of the re #an band. The position of
the band is a function of the phase accumulation (“phasé Hiij) associated with trans-
port through that defect. As a class of metamaterials, thalséo-roll processable PhC's are
quite distinct, however, from semiconductor DFB lasers léondd crystal (LC)-based efforts.
The latter includes many promising advances such as désspetctral tuning and switching
(discrete- or step-tuning) of a defect [12, 13] that couldveeas a dispersive element in a
cholesteric LC (CLC).



Unlike in conventional DFB lasers, in the folded PhC DFB fadescribed here, lasing oc-
curs predominantly at the re ection band defect, a phenanehat we take advantage of in
two ways. First, by folding a 64-layer all-polymer DFB midifer laser Im made using our
previously reported coextrusion method [1], we have crba3-layer DFB laser Ims with a
thickened central region that leads to a narrow spectraladéife., a local transmission peak) in
the re ection band at which we observe low-threshold, higleiency lasing. The lasing spec-
tra and the threshold and optical conversion ef ciency @S folded Ims were compared to
their counterpart, a 128-layer DFB laser Im made by cohéstacking of two 64-layer multi-
layer DFB laser Ims in the same orientation. The defectdéal) Ims show better wavelength
controllability, lower lasing thresholds, and signi céynhigher optical ef ciencies.

Second, by creating a terraced central defect layer wittetdifferent center thicknesses in
a single folded Im, we demonstrate lasing at three diffén@avelengths within the re ection
band using the same extruded Im. This simple terracing oihgle central layer provides a
way of discretely tuning the lasing wavelength and also satfa way to continuously tune
the lasing wavelength by using a wedge central defect lagkimg advantage of the broad
tunability of the gain spectrum of the R6G lasing dye.

Finally, to better understand the contributions of disjper®f the defect lasing mode, we
simulate, using transfer matrix techniques, the predigaEd pro les of the multilayer struc-
tures and the effects of including a linear gain medium irdifferent constituents and different
fold con gurations. These simulations are consistent \hith experiment in that they qualita-
tively indicate signi cant increases in the system gairha&t te ection band defects.

2. Materials and experiment

The multilayer Ims used in the experiments described belesve fabricated using the coex-
trusion process reported previously [1, 3]. The experimesgtup shown in Fig. 1(a) charac-
terizes the DFB lasers. These Ims contain 64 alternatingia of dye-doped poly(styrene-
co-acrylonitrile) with 25 wt% acrylonitrile (SAN25, refcéive index=1.57) and a uoroelas-
tomer terpolymer of vinylidene uoride, exa uoroproplyenand tetra uoroethylene (Dyneon
THV 220G, refractive index=1.37), with an average bilayeripdicity of 200 nm and with
rhodamine-6g (R6G) laser dye dissolved in the SAN25 layeesreominal dye concentration
of 1 wt% [1, 8]. As detailed in our earlier work, the R6G dye vefissolved in the polymer
of higher refractive index layers (SAN25) for the practicedson that the R6G dye was not
compatible with the THV polymer during extrusion. In fadietTHV polymer was chosen in
part because it acted as a barrier layer, inhibiting dyesiifi.

Four types of samples were made and used in these experiments

#1 Folded 64-layer DFB SAN25/THV laser Im, which results & 128-layer
Im with a doubled SAN25 (higher refractive index) center felet layer,
(THV/SAN25Y2(SAN25/THV)?2, as illustrated in Fig. 1(b);

#2 Folded 64-layer DFB SAN25/THV laser Im, which results ia 128-
layer Im with a doubled THV (lower refractive index) centatefect layer,
(SAN25/THV)*2(THV/SAN25)*?;

#3 Stacked pair of 64-layer samples (no-folding) in the sanentation to obtain a
simple 128-layer laser Im, (SAN25/TH\f; and

#4 Folded 64-layer DFB SAN25/THV laser Im, as in #2, but witte center THV
layer etched before folding using a repeated ethanol wipeggthe edge of a glass
cover slip to form a terraced layer with three different kimesses.
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Fig. 1. (a) The experimental setup used to characterize the DFB |a$Brs (Neutral
Density, IR = Infra Red), (b) illustrations of a stacked and folded SANRY DFB laser
Im, (c) an AFM image of the rst etched step (etched region at left) in theaeed and
folded DFB laser with cross-section below taken at the marked locationeomtége, and
(d) photographs of laser emission from a DFB laser folded-on-SAdé2Bple type (#1)
showing approximately equal lasing from both faces of the microcavigr lasd a close-
up image of yellow beam spot with an additional ring due to diffraction.
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Thus, for sample #4, the nal 128-layer defect laser Im wamstructed with a tiered central
defect of three defect thicknesses at three different imesitwith etch steps of 60 nm. An
AFM image of one of the steps is shown in Fig. 1(c). Binding loé folded surfaces was
accomplished through static cling.

Layer thickness variations produced by the coextrusiongss (increasing with the number
of layers) were previously estimated to be abolit8% for the 64 layer Ims, but are not
Gaussian. These variations are discussed in [1, 3] wharex@omple, analysis of 59 of the 64
layers in an AFM cross-section of a different location on therevealed average THV and
SAN25 layer thicknesses of 96 nm and 105 nm, respectivehthesexperiments reported here,
samples were selected on the basis of re ection band unifpifiewest and least pronounced
defects, also suggesting better layer uniformity) priofdioling. The absence of signi cant



defects in the re ection bands of the stacked samples (#3hdu evinces that our stacking
method does not introduce signi cant air gaps between thases.

The DFB Ims were pumped at a 20dncident angle by frequency-doubled Nd:YAG laser
pulses [ =532 nm, 10 Hz, S-polarized). We used a knife-edge techrtigueeasure the spot
size of the pump beams. In two different experimental tespomted here, the pump beam
waists are 5@m and 120mm with 75 ns and 7 ns full-width at half-maximum pulse durasip
respectively. We measured the output spectrum using a adrspactrometer (USB4000UV-
VIS, Ocean Optics) and the laser powers using a fast sili¢arigaliode (Det110, Thorlabs)
triggered by a reference beam, where both the referencewpdtaletectors were calibrated
using a pyroelectric detector (QE12LP, Gentec).

Figure 2 shows a range of typical output powers of samplestygé) through (#3) (two
of each type) as a function of the input power. The correspgnttansmission (black line)
and emission (red line) spectra are shown above and belosy E{g) and 2(b), where the
arrows indicate the spectra graphs corresponding to eadkrefy curve. The transmission
spectra are similar except that each folded defect lasershows a spectral defect inside the
re ection band. Additional features in the transmissioedcpa are believed to be the result of
layer thickness variations. (The region spanning from 57@m 610nm is the re ection band,
whereas the absorption band of the R6G laser dye ends ar&0nuh’.)
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Fig. 2. (a) Comparative conversion ef ciency curves of sample sy@d)-(#3) with their
corresponding transmission and emission spectra pumped by the sdthi@ 75 ns pulse
duration. (b) A second set of comparative conversion ef cienayesifor the same sample

types but from a different section of the extruded multilayer Im and aedéht pump laser
with a 7 ns pulse duration and a larger spot size.



As the pump power incident on the Ims was increased, thesitenm from ampli ed spon-
taneous emission (ASE) to lasing was evident from the beguwirthe output normal to the
surface (Fig. 1(d) and the dramatic increase in output ehcl over a narrowed spectral range;
see also [1, 8]). (Note that ASE and lasing appeared at waytis well beyond the uores-
cence maximum at 552 nm.) The roughness of the surfacesyardhéckness variations across
the area pumped led to a multiple spatial modes, but we weabl@ro resolve the individual
modes with the broadband spectrometer used as its resolts limited by pixel-to-pixel
relative intensity.

Most interesting for this study are the different output elangths, ef ciencies, and thresh-
olds, which depend upon the type of sample #1-#3. The lasanglength for each stacked
Im (#3) corresponds approximately to the long wavelendtiw(energy) re ection band edge,
as expected. With the folded samples, #1 and #2, howevelasivg wavelength closely cor-
responds to the re ection band defects. Two different expental sets are shown in order to
illustrate the range of data observed with comparable lorssikperiments actually performed
several months apart. (The ef ciencies, thresholds, anguitspectra showed no special de-
pendence upon which pump laser was used, however.) Theseshiaw similar lasing slope
ef ciencies for the folded structures, but exhibit lasingdshold dependence on ner details
of the Ims' transmission and emission spectra. The differes in ASE and lasing thresholds
appear to be attributable to variations in layer thicknéss fead to unintended defect modes
that compete for gain at low pump levels. This effect can ke stor example, in the lasing
spectrum of sample type #1 (folded-on-SAN25) in Fig. 2(a}tgm left) at around 573 nm and
also in Fig. 3 at around 578 nm, leading to an additional (Wéssing line.

The optical ef ciency curves in both Fig. 2(a) and 2(b) inatie comparable lasing slope ef -
ciencies for both folding schemes (#1, #2) that are thre&tiinses higher than for the stacked
counterpart laser Im sample (#3) tested under identicgegdmental conditions. The lasing
slope ef ciencies of the #1 (folded-on-SAN25), #2 (folded-THV), and #3 (stacked) Ims
are found to be about 8%-10%, 8%-10%, and 1.3%-3.0%, rasphctin the ASE region, the
slope ef ciencies of Ims #1, #2, and #3 are approximatel@%-1.3%, 0.7%-0.9%, and 0.3%-
0.5%, respectively. We give the ranges of the observed détarthan the slope uncertainties
because the differences between locations were much l#@ethe uncertainties in the calcu-
lated slopes for each data set. To measure the ef cientiesetection of the pump beam at the
interface of the Im surface and air was subtracted from ti@dent power. The output power
was only measured from one side of the Im, and so the totgbaipower was multiplied by a
factor of 2, assuming equal output intensities from each taee Fig. 1(d)).

The measured threshold values are also typically much ltavdéolded sample types #1 and
#2 though additional defects due to random variations ofdier thicknesses throughout the
multilayered material compete, thereby increasing thesthold. We give thresholds in terms
of the intensity per pulse as opposed to uence because theescent lifetime at our concen-
tration of R6G (nominal concentration of 0.23 M) is in the 1®s timescale, which is an order
of magnitude less than the shortest pump pulse duration $edoptimum lasing threshold
intensities without additional defect competition for 81, #2, and #3, all pumped with a
Gaussian beam, are estimated at 110=kW?, 110 kW=cn?, and 240 kW, respectively,
though thresholds for the THV-fold lasers were often lovwent for the SAN25-fold lasers by
up to a factor of almost two.

Next, we studied sample #4, which was folded on the THV sitkr &rracing the thickness
of that outer layer as previously described to create a aktetraced defect layer. Figure 3(a)
shows the transmission curves of this terraced and foldeglseat three different center layer
thicknesses, which shows the shift of the spectral defacisache entire re ection band. All
three curves show two spectral defect peaks inside the tiere®and. The rst defect peak
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Fig. 3. (a) Transmission curve of 128-layer folded terraced-dédser Im. (b) Laser spec-
tra of the 128-layer folded terraced-defect laser Im at three diffecenter thicknesses.

around 578nm is due to the layer thickness variation withén m created during the extrusion
process [1]. The matching of the three transmission curvibgsadefect indicates that the laser
Im is uniform laterally over the size of our sample and thia¢ thickness variation at the center
of the fold is the primary distinguishing characteristidvaeen regions. The longer wavelength
spectral defect in each curve corresponds to the spectiedtdareated by the terraced center
thickness of the folded structure.

At each center thickness value, the laser initially las@diatwavelengths simultaneously. At
the different center thicknesses, only the longer lasingelemgth changes, corresponding to
the position of the spectral defects in the curves as seesniparing the laser spectrum in Fig.
3(b) with the transmission spectra in Fig. 3(a). Well abdweshold, however, we found that
lasing output at the spectral location associated withehmted fold defect was signi cantly
greater than that seen at the inherent shorter wavelengtttiom band defect. This technique
thus demonstrates a way of controlling the lasing wavelebgtchanging the thickness of the
central defect layer even in the presence of some layerrtegkvariation throughout the stack.

3. Discussion and numerical simulations

It is well known that the slowing of the group velocity (inesed density of states) at the
band edge and at band defects typically implies that thadasireshold will be lower at these
spectral locations in PhC lasers [14, 15], and re ectiondefect mode lasing appears to
be a promising archetype for low-threshold lasing in 1-d [, 17]. Ref. 16, for example,
which describes a PhC with a very thick defect layer, rel#teslasing enhancement at the
defect state to an increase in the local density of statesgoiiyalently, to a reduction of the
group velocity through the stack at the defect wavelengthil&ly, [18] found that a randomly
ampli ed layered lasing medium can lead to signi cantly lemlasing thresholds due to long-
lived localized modes that overlap spatially with the laoed gain medium.

To better understand the effects of microstructure on thiadethresholds and gain, we use
standard transfer matrix theory to model the effects of thétilayer geometries [19]. In Fig.
4(a), we graph the transmission of a perfect THV/SAN25 raylér with a thickness of 100 nm
per layer, (a) not folded and simply folded and (b) where wange the thickness of the central
(fold) THV layer. (The features are spectrally averaged twarclosely match our detection
and the lateral variation across the probing beam.) As caeée, the location of the re ection
band defect can be moved by controlling the thickness of #mec layer, so as to appear at
different positions inside the re ection band, as was se@eementally in Fig. 3(a). We believe
that the difference in sharpness of the defect is due to teealaas well as longitudinal layer
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mission of a folded multilayer, (SAN25/THW(THV/SAN25)32 (dotted red trace), both
with 100 nm per layer; (b) transmission of the folded 128-layer Im with ageed central
(THV) defect layer.

thickness variations and the nite spectral width detettid our broadband spectrometer. As
the center layer is thinned, the spectral defect moves tdeshwavelengths until the quarter-
wave thickness is reached and the re ection band defecpdess. As the center layer is
thinned still further, the spectral defect reappears nlearlaing wavelength band edge and,
from there, shifts again towards shorter wavelengths asehter layer is thinned further.

For further comparison, we also calculated the peak eteetid energy density for idealized
32, 64, and 128 layer folded and stacked structures in trssgm using the method described
in[20]. In each case, we found that (1) the folded structuoelpces a peak internal eld energy
density at the spectral defect that greatly exceeds thmaitesld energy density at either band
edge of a simple stacked structure with the same number efdaput that (2) the peak energy
density appears over a more localized region near the cefitiee fold. Increasing the number
of bilayers further increases and localizes the peak iatestectric eld energy density in the
folded structure relative to the equivalent stacked stmect

We now describe the effects of (linear) gain/absorptiomia of the materials making up the
multilayer by way of adding a (spectrally at) negative iniagry contribution to the refractive
index and plotting the resulting increased output (gairhim 5. Generally, the re ection band
edges are the rst to exhibit large gain, consistent with wedl known scaling of gain at a
re ection band edge (expected to go as/d near the band edge (see [21]), ads expected
to vanish as a power law in an in nite perfect system. In a disged system, howevery is
expected to vanish logarithmically with the disorder pagtan-which scales as the inverse of
the number of layers,=N, for a nite system [22]). Whether the lasing threshold ist fsund
at the high-energy or the low-energy edge of the re ectioncdbdepends upon whether the
gain medium is in the lower refractive index or higher refraeindex constituent, respectively.
Although band edge lasing is predicted for the perfectlyt@gmultilayer, this is not where
lasing typically appears in experiments where the layektiesses are not uniform or where a
phase slip defect appears in the stack. (In earlier work ametsat random thickness variations
resulted in lasing at a re ection band defect [1], even withiatentional folding.) The presence
of disorder decreases gain at the band edge, indicatinghthabrresponding lasing threshold
there has been consequently increased.

Figure 5, in whichA (B) is the higher (lower) refractive index material, showst tie op-
timal structure for the defect DFB laser is to have the gaithalow indexB material (here
THV) and at the center of the fold (the so-called “acceptabdmetry; see [10]). In the two
panels in Fig. 5, all for hypothetical structur@sB)32(BA)32 and (BA)2(AB)32, the same ab-
sorption/gain parameter is in entirely one species or theraind there is no layer thickness
variation except at the center fold. Cognizant of the oVesehling of gain/absorption with



1=vy, we have adjusted the gain in each species so that the profiinet gain times the index
is a constant for each plot. We note the following: (1) Gaiharcement is observed on both
band edges, but if the gain medium is in the high refractidexmaterial, the right band edge
is enhanced more, consistent with our experimental reshitie/n in Fig. 2; if the gain medium
were in the low refractive material, we would expect the éeftje to be enhanced more. (2) The
gain at the re ection band defect is enhanced more than thiiesband edges in either con-
guration. (3) The greatest gain enhancement is obtainednathe folding is against the low
refractive index material and the gain medium is also in tve lefractive index layers. (We
could not realize this case experimentally because the R&Gmads not compatible with the
THV polymer during extrusion.) In our experiments, lasirdgiencies were comparable for
samples folded in either direction so that we could not amtekhat one outperformed the other
consistently. This uncertainty is increased because tl@&drén curve is not spectrally at and
layer thickness disorder was not negligible, as compareditgsimulated results. The linewidth
of the defect peak will affect performance, and we expedt lHeer thickness variations may
further increase the laser linewidth as well as the threkhol

0.45 0.45

0.4 - —folded at A, gainin A 0.4 1 ——folded at B, gain in

0354 e folded at A, gain in B 0354 g folded at B, gain in
0.3 0.2 0.3
£0.25 1 £0.25 1
Goz2{ @ 0.1 /\ O 02
0.15 - 0 0.15 -
0.1 0.1

484 486 488 49C i
st 0.05 4, PR
Yy . r 0 - =
440 490 540 440 490 540
Wavelength (nm) Wavelength (nm)

0.05
0

Fig. 5. Gain enhancement in a 128-layer folded DFB laser Im. (a) Gain the higher
refractive indexA layers and the fold is against @nlayer (solid blue trace); gain is in the
lower indexB layers and the fold is against @nlayer (dotted red trace). (b) Gain is M
and fold is againsB (solid blue trace); gain is iB and fold is againsB (dotted red trace).

4. Conclusion

We have shown that the exibility of stand-alone all-polynmaultilayer DFB laser Ims allows
folding to create a thicker center layer. The result of toislihg is not only a spectral defect
in the re ection band that becomes the preferred lasing Veaggh, but also signi cantly im-
proved ef ciency and a lower lasing threshold, as has been seother lasing media [11, 23].
Through simulations, we understand that these improvesioamt be explained by the increased
interaction between the optical eld and the gain medium.rBanipulating the center phase
shift by terracing the center layer, we have shown that tbatlon of the re ection band defect
can be shifted, leading to post-extrusion tunability far folded DFB laser, taking advantage
of the broad inherent tunability of the dye-doped gain mediu
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