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Abstract 

Red-green-blue polymer laser emission is achieved in a free-standing membrane 

device consisted of three distributed feedback cavities. The polymer membrane is 

fabricated via interference lithography and a simple lift-off process. Multilayer 

structures can be assembled by cascading several polymer membranes. Thus optically 

pumped, simultaneous, red-green-blue laser emission is obtained from a three-layer 

cascaded membrane structure. This simple and low-cost fabrication technique can be 

used for compact, integrated laser sources. 
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Red-green-blue (RGB) polymer lasers compatible with miniaturization and on-chip 

integration are highly desirable for optoelectronics.
1,2

 A variety of fabrication 

techniques have been used to construct simple polymer laser cavities, such as 

nano-imprint lithography,
3-6

 micromolding,
7
 holographic polymerization,

8
 electron 

beam lithography,
9
 reactive ion etching,

10
 and interference ablation.

11-13
 However, 

because of the multilayer configuration, there are few methods that can be used to 

fabricate integrated polymer laser sources. The most promising approach for 

integrated sources is thin film deposition technology.
14-19

 Recently, monolithic 

integration of multiple laser devices via complex procedures has been 

demonstrated.
20-23

 Much simpler methods are needed, however, for large-scale, 

low-cost integration of RGB laser devices.  

Here, we fabricate a RGB polymer laser from three cascaded membranes layers. 

Distributed feedback (DFB) lasers are fabricated using red-, green-, and 

blue-light-emitting polymers, respectively. After a lift-off process, the DFB polymer 

laser detaches from the glass substrate and forms a free-standing membrane laser, 

which is similar to the reported free-standing polymer laser.
23

 RGB polymer lasers 

can then be constructed by directly cascading three polymer membranes lasers. This 

fabrication technique is an alternative to the integration of polymer lasers. 

As noted above, the DFB cavities are fabricated with interference lithography. 

Specifically, the photoresist (PR, AR-P 3170) is spin-coated onto a 15×15×1 mm 

glass substrate at a speed of 2000 rpm, forming a 120-nm thick film, as shown in Fig. 

1(a). The PR film is then exposed to an interference pattern of a continuous wave, 
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30-mW, 325-nm He-Cd laser (Kimmon), and developed for 3 seconds (AR 300-47 

developer, Allresist) to dissolve the exposed PR film. The period Λ of the DFB cavity 

in Fig. 1(b) is defined by = 2sinλ θΛ , which can be adjusted by the angle θ between 

the two interference beams (λ=325 nm), as shown in Fig. 2(a)–(c). The effective area 

of the DFB cavity is about 50 mm
2
. The three light-emitting polymers 

Poly[9,9-dioctylfl uorenyl-2,7-diyl]–End capped with DMP (PFO, American Dye 

Source), poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt -co-(1,4-benzo-(2,1′,3) -thiadiazole)] 

(F8BT, American Dye Source), and 

poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV, 

Sigma-Aldrich) are employed as the active materials. PFO and F8BT are dissolved in 

xylene at concentrations of 12.5 and 22.5 mg/ml, respectively. MDMO-PPV is 

dissolved in toluene at a concentration of 8.5 mg/ml. Then, three active materials are 

separately spin-coated onto the appropriate DFB cavity at a speed of 1000 rpm, 

forming a 170-nm-thick film, as shown in Fig. 1(c). The sample is then immersed in 

the developer for 30 min to remove the residual PR film. Automatically, the polymer 

membrane embedded with PR cavities lifts off from the glass substrate, forming a 

free-standing polymer membrane laser as shown in Fig. 1(d) and (f). To facilitate the 

measurement process, a 15×15×0.5 mm polyethylene terephthalate (PET) substrate 

with a round hole (radius=8 mm) in the center is used as a frame to support the 

free-standing polymer membranes. The wet polymer membrane can be easily attached 

to the PET frame. The flatness of the free-standing membrane can be guaranteed by 

the surface tension. Fig. 1(g)-(j) are photographs of blue (PFO), green (F8BT), red 
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(MDMO-PPV), and RGB polymer membrane lasers on PET frames, respectively. The 

multilayer structure can be assembled by cascading several membranes. Thus, a RGB 

polymer laser is formed from a three-layer cascaded membrane structure, as shown in 

Fig. 1(e) and (j). All film thicknesses are measured with a NanoMap-500LS contact 

surface profilometer. 

 

Fig. 1 (a)–(e) Schematic of RGB polymer laser fabrication. (a) A 120-nm PR film is spin-coated 

onto the glass substrate. (b) A PR DFB cavity is fabricated by interference lithography. (c) A 

light-emitting polymer is spin-coated on the DFB cavity. (d) A free-standing polymer membrane 

laser is obtained by lift-off from the substrate. (e) RGB polymer laser based on a three-layer 

cascaded membrane structure. Photographs of (f) a membrane polymer laser floating on water, 

(g) blue (h) green, (i) red, and (j) RGB membrane polymer lasers drying on a PET frame with a 

round hole in the center, respectively. 

The RGB DFB cavity morphologies were characterized with scanning electron 

microscopy (SEM, Hitachi S-4800), as shown in Figs. 2(a)-(c). For the red, green, and 

blue cavities in the RGB polymer laser, Λ=285 nm, 355 nm, and 390 nm, respectively. 

For emission measurements, the polymer lasers are pumped by a 400-nm, 200-fs 

femtosecond laser at 1 kHz. The pump beam impinges on the RGB polymer laser at 

an angle α of 20 degrees to facilitate the actual test. Figure 2(e) is a photograph of the 

RGB polymer laser when the pump fluence is above the lasing threshold. Bright red, 
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green, and blue laser emission lines are observed, and the emission directions are 

determined by Bragg diffractions from the three DFB cavities. The emission from the 

polymer laser has a significant angular spread. Thus, the output of the 

surface-emitting laser should be measured in the center of the laser spots 

(Supplementary Section 4). 

 

 

Fig. 2 SEM images of (a) blue, (b) green, and (c) red DFB PR cavities. The periods in (a)-(c) 

are 285 nm, 355 nm, and 390 nm, respectively. The scale bar is 500 nm. (d) Schematic of the 

three-layer, cascaded polymer membrane laser pumped at an angle  α=20 degrees. (e) 

Photograph of laser spots from an operating RGB polymer laser. 

The emission from the RGB polymer laser was focused into a 400-µm-diameter 

optical fiber using a lens and ported to a spectrometer (Maya 2000 Pro, Ocean Optics). 

Figure 3 plots spectra of the polymers and the RGB polymer laser emission. The 
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absorption and photoluminescence (PL) spectra of PFO, F8BT, and MDMO-PPV are 

plotted in Fig. 3(a)-(c), respectively, which are obtained directly on the single free 

standing membrane. The overlaps of the three absorption spectra are sufficient to 

allow pumping of the RGB polymer laser with a single wavelength (400 nm). 

However, overlaps in their absorption and PL spectra result in energy transfer 

between the different polymers and thus significantly affect the performance of the 

RGB laser.
25,26

 Efficient energy transfer can be built up between two polymers. For 

example, part of the excitation energies in PFO and F8BT are transferred to F8BT and 

MDMO-PPV, respectively. Thus, the R, G, and B stacking order of the DFB cavities 

will affect the overall performance of the RGB laser. Here, the three DFB cavities are 

stacked and pumped as shown in Fig. 2(d). 

An emission spectrum from a RGB polymer laser pumped by 45 µJ/cm
2
 is plotted in 

Fig. 3(d). Three sharp laser lines at 448 nm, 566 nm, and 640 nm are shown in Fig. 

3(h), with pump thresholds of 18 µJ/cm
2
, 12 µJ/cm

2
, and 29 µJ/cm

2
, respectively. The 

full width at half maximum (FWHM) of the laser output is less than 1 nm, which is 

the resolution limit of the spectrometer. For a DFB polymer laser, the emission 

wavelength λ satisfies the Bragg condition 2n
eff

mλΛ = , where neff is the effective 

refractive index of the cavity, and m is the diffraction order. For the surface-emitting 

DFB laser, feedback is provided via a second order diffraction process. Thus, the 

effective refractive indices of the R, G, and B DFB cavities are 1.57, 1.59, and 1.64, 

respectively. Before stacking, the pump thresholds of the blue, green, and red polymer 
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lasers are 27 µJ/cm
2
, 14 µJ/cm

2
, and 29 µJ/cm

2
, respectively, as shown in Fig. 

3(e)-(g).  

Because of the cascaded energy transfer processes, there are small differences in the 

pump thresholds of the polymer laser before and after stacking. Although the pump 

thresholds of the individual cavities in the RGB laser increase slightly, the overall 

performance of the device is significantly improved via cascaded energy transfer 

(Supplementary Section 2). Thus, the largest observed threshold of the cascaded RGB 

laser is 29 µJ/cm
2
, which is the same as that of the R component. Note that the first 

threshold of the cascaded RGB polymer laser (~10 µJ/cm
2
) is significantly lower than 

that of similar polymer lasers in our previous work (~100 µJ/cm
2
)
12,27

, which is at the 

same level as that of the reported low-threshold polymer lasers
5,9

. This is attributed to 

the strong confinement mechanism of the free-standing membrane structure in the 

absence of a supporting substrate. It also implies that the polymer does not degrade 

during the lift-off process. So, the threshold of polymer lasers can be reduced by both 

employing high-efficiency light-emitting polymers
28,29

 and optimizing DFB cavities
30

 

as shown in this work. 

In Fig. 3(h), there is an intersection point among three lines of the pump slope 

efficiencies. This is because of the different pump slope efficiencies of the red, green, 

and blue DFB cavities. Thus, for the RGB polymer laser, there is an optimum 

operating zone indicated by the black square in Fig. 3(h), where the pump flence is 

around 48 µJ/cm
2
. In that zone, the three emission intensities of the RGB polymer 
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laser are approximately equal, which may enable potential applications in new 

sensors.  

Note that the best performance (maximum emission intensity) of the polymer laser 

can be obtained by adjusting the polarization of the pump beam along the grating 

direction of the DFB cavity, which is discussed in detail in Supplementary Section 1. 

Thus, a circular polarized light is employed as the pump to achieve simultaneously the 

best performance of three DFB cavities in this work. 
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Fig. 3 Absorption and photoluminescence spectra of (a) PFO, (b) F8BT, and (c) MDMO-PPV. 

(d) Emission spectrum of a RGB polymer laser, pumped by 45 µJ/cm
2
. The emission lines are 

located at 448 nm, 566 nm, and 640 nm. Output of (e) blue, (f) green, (g) red, and (h) RGB 

emission from the polymer laser as a function of pump fluence, indicating different lasing 
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thresholds. The FWHM of the laser output is <1 nm; the measurement was limited by the 

resolution of the spectrometer. The black square in (h) indicates the optimum operating zone of 

the RGB laser device. 

The output intensities of three laser components change with the pump fluence as 

shown in Fig. 3(h), which leads to the dynamic tuning of the mixed colors. Figure 4(a) 

demonstrates the emission spectra of B-DFB, G-DFB, R-DFB, and RGB polymer 

lasers, respectively, while Fig. 4(b) presents the calculated chromaticity of these 

emission spectra on a CIE 1931 color diagram, which are indicated by six white 

circles. The two black arrows indicate the evolution of the CIE coordinates with 

increasing the pump intensity. The corresponding pump intensities are 30 µJ/cm
2
, 40 

µJ/cm
2
, and 50 µJ/cm

2
, respectively.  

 

Fig. 4 (a) Emission spectra of B-DFB, G-DFB, R-DFB, and RGB polymer lasers, respectively. 

(b) Chromaticity of lasing spectra in (a), shown as six white circles. The two black arrows 

indicate the evolution of the CIE coordinates with increasing pump intensity. 

 

In summary, we demonstrate a RGB polymer laser constructed from three cascaded 

membrane structures. Each polymer membrane is fabricated via interference 

lithography and a simple lift-off process. Red, green, and blue laser emissions with 
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low thresholds are observed for both single-membrane and multiple-membrane lasers 

due to the strong confinement mechanism of the membrane structure and the cascaded 

energy transfer process. The RGB polymer laser fabrication provides a low cost 

alternative to design multiple color laser devices. 
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