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Abstract 

Tunable multi-wavelength polymer lasers based on two-dimensional distributed 

feedback structures are fabricated on a transparent flexible substrate using 

interference ablation. A scalene triangular lattice structure was designed to support 

stable tri-wavelength lasing emission and was achieved through multiple exposure 

processes. Three wavelengths were controlled by three periods of the compound 

cavity. Mode competition among different cavity modes was observed by changing 

the pump fluence. Both a redshift and blueshift of the laser wavelength could be 

achieved by bending the soft substrate. These results not only provide insight into the 

physical mechanisms behind co-cavity polymer lasers but also introduce new laser 

sources and laser designs for white light lasers. 
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Many efforts have been made to explore the properties of polymer lasers with 

particular attention to the electrically pumped organic lasers.
[1-7]

 It offers additional 

possibilities to realize cheap and versatile light sources. The distributed feedback 

(DFB) cavities have been investigated extensively because they are the most 

promising solution for polymer lasers.
[1,8-15]

 Solid-state polymer lasers based on DFB 

configurations possess a low threshold emission because of their good mode 

confinement and long gain path.
[16,17]

 Recently, tunable polymer DFB lasers have 

been successfully fabricated by several groups.
[7,18,19]

 The theory of photonic crystals 

are employed to understand the emission behavior of DFB polymer lasers.
[20-23]

 

However, multi-wavelength polymer DFB lasers based on flexible compound cavities 

have not been reported. The fabrication of such a laser will not only provide insight 

into the physical mechanism of co-cavities and tunability but also introduce 

multi-wavelength laser sources and laser designs. In our previous work, a simple 

interference ablation technique was proposed to fabricate DFB cavities at large scale 

and at low cost,
[4]

 which makes the design of compound cavities more effective and 

convenient. 

In this paper, the construction of a tunable polymer DFB laser with compound 

cavities on a transparent flexible substrate using the laser interference ablation 

technique is reported. Stable tri-wavelength lasing emission was observed, which 

could be tuned by bending the soft substrate. The lasing behavior can be explained by 

the grating diffraction theory due to that the compound cavity is a combination of 

conventional one-dimensional DFB lasers. The compactness and simplicity of this 
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laser configuration, combined with its excellent emission properties, enables the 

development of new laser sources and laser designs. 

A typical light-emitting conjugated polymer, poly[(9,9- 

dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-{2,1’,3}-thiadiazole)] (F8BT) was 

dissolved in xylene at a concentration of 20 mg/ml before being spin-coated onto a 

polyethylene terephthalate (PET) film at a speed of 2000 rpm. The PET film (20 

mm×20 mm×0.4 mm) was employed as the flexible substrate. The polymer layer on 

the PET film acts as both an active material and as a “recording” material. The 

thickness of the polymer layer was about 120 nm. DFB cavities can be constructed on 

a polymer film using an interference ablation technique as shown in Fig. 1(a). The 

polymer film was exposed to an interference pattern of two ultraviolet (UV) laser 

pulses, which was generated by a 355 nm pulsed laser with 5 ns pulse duration, 60 mJ 

pulse energy, and 1 Hz repetition rate. Ablation of the polymer film occurs at the 

bright fringes, whereas almost no ablation takes place within the dark fringes. Thus, a 

DFB cavity corresponding to the interference pattern was realized on the polymer film. 

The period of the DFB cavity is decided by = 2sinλ θΛ , which can be adjusted by 

changing the included angle (θ) between the two laser beams. The spectroscopic 

properties of the F8BT film before and after UV exposures are illustrated in Fig. S1 in 

the supporting information, indicating the transient exposure of the polymer film to a 

5-ns UV laser pulse did not lead to the degradation of the remaining polymer. 
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Figure 1. (a) Optical layout of the interference ablation. The period of the interference fringes 

can be tuned by the included angle θ. (b) A scalene triangular lattice consists of three gratings 

with different periods, forming by three exposures as identified by ○1 , ○2  and ○3 . The angle 

between two gratings is 60 degrees. (c) The results of the simulation of a scalene triangular 

lattice. The maximum and minimum values of the intensity distribution of the interference are 

indicated by red and blue colors, respectively. (d) AFM image of the scalene triangular lattice 

structure. The modulation depth is 64 nm. Three periods of the structure were 355 nm, 360 nm, 

and 365 nm, which are indicated by the blue, green, and red arrows, respectively.  

For the fabrication of a scalene triangular lattice structure, three exposures were 

performed by rotating the sample twice by 60 degrees. Three exposures formed three 

corrugations with different periods as shown in Fig. 1(b). The results of the simulation 

of the intensity distribution of the three exposures are demonstrated in Fig. 1(c). The 

same triangular lattice was fabricated in the polymer materials. After recording the 

pattern in the polymer layer using interference ablation, the scalene triangular lattice 

structure could be constructed, which has an effective area with a diameter of about 4 
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mm. The atomic force microscopy (AFM) image is shown in Fig. 1(d). The three 

periods of the scalene triangular lattice were 355 nm, 360 nm, and 365 nm, which are 

indicated by the blue, green, and red arrows, respectively. Note that the modulation 

depth of the pattern is about 64 nm in the polymer film, which is enough to guarantee 

the feedback. 

For a given period Λi of the scalene triangular lattice structure, there are 

wavelengths λi satisfying the Bragg condition,
[1]

 

2neff i imλΛ =  (i=1, 2, 3) 

where neff is the effective refractive index of the structure and m is the order of the 

diffraction. Thus, the scalene triangular lattice structure is a compound cavity 

consisting of three morphologically independent cavities. In this work, the 

second-order structures were employed to achieve a surface-emitting DFB laser. The 

laser wavelength will be redshifted when the period of the cavity is increased and the 

tuning rate ( λ∆ ∆Λ ) is approximately 1.
[24]

 So, if the three periods of the scalene 

triangular lattice are 355 nm (Λ1), 360 nm (Λ2), and 365 nm (Λ3), the wavelength 

spacing of the tri-wavelength lasing emission will be 5 nm. Clearly, polymer lasers 

based on single- and double-grating structures follow the same mechanism as shown 

in Fig. S3. 

The sample was excited by a 400 nm femtosecond pump beam, which had a 

repetition rate of 1 kHz and a pulse length of 200 fs. The optical layout is shown in 

the upper panel of Fig. 2(e). The pump beam was incident on the sample at an angle 

of 20° to facilitate the actual test. The spot size of the pump laser on the polymer film 
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had a radius of about 2 mm. The pump pulse energy was controlled by a variable 

optical attenuator. The emission was collected by a spectrometer. 

 

Figure 2. (a) Photograph of the operating tri-wavelength polymer laser. (b) Enlarged view of the 

laser spot. ○1 , ○2 , and ○3  identify the emission wavelengths of the 355 nm, 360 nm, and 365 

nm cavity, respectively. (c) The measured lasing emission spectra of the tri-wavelength polymer 

laser at different pump fluences. (d) Output intensity of the polymer laser as a function of the 

pump fluence, showing that each cavity of the compound cavity has two thresholds. The 

optimum operating zone is indicated by a yellow square. (e) Optical layout for the experimental 

measurement. β=20°. (f) The bandwidths (FWHM) of the three emission peaks just above the 

first threshold. 

Figure 2(a) and (b) show a photograph of the lasing device when the pump energy 

was above the emission threshold. The shape of the laser spot looks like an “asterisk” 

consisting of three bright lines, which is defined by the Bragg diffraction of the DFB 

cavity. Multiple laser-emission spots can be observed in Fig. 2(b), which are ascribed 

to the reflection of the polymer/PET interface. The spectroscopic characterization of 

the output of the laser device is shown in Fig. 2(c) and (d), where Fig. 2(c) shows the 
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spectrum of the laser emission at different pump fluences and Fig. 2(d) summarizes 

the emission intensity as a function of the pump fluence. A stable tri-wavelength 

lasing emission with approximately 5 nm spacing was observed. The emission 

wavelengths of the 355 nm, 360 nm, and 365 nm cavities are 575 nm, 579 nm, and 

584 nm, respectively. The bandwidths of three peaks just above the threshold are less 

than 1 nm at full width at half maximum (FWHM) as shown in Fig. 2(f). The 

emission spectra were recorded as a function of the pump power. An intriguing mode 

competition occurred, as shown in Fig. 2(b). Each cavity had two thresholds. One 

threshold was the emergence of the laser emission and the other was the weakening of 

the laser power. The first threshold of the 355 nm, 360 nm, and 365 nm cavity were 

375 µJ/cm
2
, 256 µJ/cm

2
, and 140 µJ/cm

2
, respectively, as shown in Fig. 2(d). The 

polymer lasers fabricated by interference ablation have similar pump thresholds and 

narrower emission linewidths with respect to their counterparts fabricated using the 

conventional technique as shown in Fig. S2, which confirms that the degradation of 

the polymer film is negligible. The second threshold of the 355 nm, 360 nm, and 365 

nm cavity were 625 µJ/cm
2
, 624 µJ/cm

2
, and 408 µJ/cm

2
, respectively, which is 

attributed to the mode competition. The dominant mode in the compound cavity 

depletes the exciton, leading to the weakening of the laser power of other cavity 

modes. The pump slope efficiency of the 355 nm, 360 nm, and 365 nm cavities are 

measured about 5%, 3%, and 6%, respectively. Thus, the polymer laser based on 

compound cavities has an optimum operating zone, guaranteeing that the emission 

intensities of all wavelengths are approximately equal. For the sample shown in Fig. 
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2(a), the optimum operating zone is indicated by a yellow square in Fig. 2(d), where 

the pump fluence is around 625 µJ/cm
2
. The red curve in Fig. 2(c) demonstrates the 

emission spectrum of the device operating at the optimum operating zone. The Ocean 

Optics Maya 2000 PRO spectrometer is employed to characterize the spectra of the 

laser emission. 

 

Figure 3.  Photographs of the operating laser (a) before and (b) after bending using a sample 

holder with a height that could be adjusted, as indicated by the red arrow. (c) The influence of 

the curvature of the substrate on the periodicity of the corrugation. The black dotted line h1 and 

the purple dotted line h2 are the length of the PET film before and after bending, respectively. Λ 

Page 8 of 14Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



9 

 

Note that the periodicity of the scalene triangular lattice structure can be altered by 

taking advantage of the natural flexibility of PET film, which in turn tunes the 

emission wavelength of the laser device. Upon mechanical bending the emission 

wavelength shifts toward either the short or long wavelength direction as shown in 

Fig. 3(d)-(f). During the tuning measurement, the direction of laser emission will 

change slightly due to the bending curvature of the substrate. In order to ensure the 

reliability of the experiment, the spatial relative position of the spectrometer and the 

sample keeps unchanged. Thus, the spectrometer may cannot collect the total energy 

of the tri-wavelength lasing emission. In addition, when the soft substrate is bent, the 

laser device deviates from the optimum resonance condition. The laser output power 

decreases with the bending curvature of the substrate due to the destruction of 

resonance condition. Thus, the relative power among wavelengths in Fig. 3(d)-(f) 

suffers a great change. 

The flexible laser device was clamped on a sample holder that could have the 

height adjusted to a precision of 100 µm, as indicated by the red arrow in Fig. 3(a). 

The operating laser can be quantitatively tuned by gradually bending the laser sample. 

The curvature of the laser sample was determined by the decrease in height of the 

sample holder [h1−h2 in Fig. 3(c)]. Figure 3(c) illustrates the influence of curvature of 

the substrate on the periodicity of the corrugation. The surface length of the substrate 

is the period of the corrugation, t is the thickness of the PET film, r is the bending radius, and α 

is half of the bending angle. The red and blue dotted lines denote the two surface lengths of the 

bent sample. Measured spectra of the polymer laser (d) without bending, (e) with bending 

upward, and (f) with bending downward, where h1=20 mm, h2=18 mm and t=400 µm. 
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changed during the bending process. The outside surface was stretched and the 

internal surface was compressed, which is denoted by the red and blue dotted lines in 

Fig. 3(c). The variation in surface length was redistributed to all periods of the 

corrugation. Thus, the variation of the period of the corrugation on the bent substrate 

can be estimated using Λtα/h1. For the case in Fig. 3(e) and (f), with h1=20 mm, h2=18 

mm, t=400 µm, and Λ=360 nm, the variation of the period of the corrugation was 

around 5 nm, which is in good agreement with the experimental results. To check the 

repeatability of the device, a bending and restoring experiment is performed. A lens is 

set before the spectrometer to collect the lasing spectra of the bent sample. Figure 4 

demonstrates spectroscopic response of the flexible multi-wavelength polymer lasers. 

For specific bending direction, one wavelength can keep unchanged while the other 

two wavelengths are tuned as shown in Fig. S4. 

 

Figure 4.  The spectroscopic response of the flexible laser device for bending and restoring 

processes, respectively. The variation of the laser emission wavelength is calculated by Λtα/h1, 
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In summary, we demonstrated a mechanically tunable tri-wavelength DFB polymer 

laser based on a scalene triangular lattice cavity fabricated using interference ablation. 

A stable tri-wavelength output with 0.9 nm linewidth was achieved. Two thresholds 

were observed with each laser emission because of the mode competition of the 

co-cavity. This work not only demonstrates a simple and efficient method for 

fabricating a tunable multi-wavelength DFB polymer laser but also explores the 

physical mechanisms behind co-cavity polymer lasers.  
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