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Abstract: Two-dimensional (2D) distributed feedback (DFB) lasers with gratings imprinted 
by thermal nanoimprint lithography on the active film are reported. They show thresholds for 
lasing of ∼10 kW/cm2, similar to the most efficient imprinted DFB lasers reported; and long 
operational lifetimes (under ambient conditions) of ∼12 × 104 pump pulses. The key for their 
successful operation has been the selection of a highly efficient and stable dye, perylene 
orange (PDI-O), and a proper matrix to host it, the fluoro-modified thermoplastic resist mr-
I7030R, which has enabled 2D imprinting while preserving the dye optical properties. The 
use of the UV-curable resist SU8 as an alternative matrix for PDI-O to be imprinted by 
combined nanoimprint and photolithography was also investigated, and was concluded to be 
unsuccessful due to severe photoluminescence quenching. By replacing PDI-O with 
Rhodamine 6G, lasers with reasonable thresholds, but with significantly inferior operational 
lifetimes in comparison to PDI-O/mr-I7030R devices, were obtained. 
©2017 Optical Society of America 
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1. Introduction 

Solution-processed planar waveguide organic lasers are inexpensive, integrable and 
mechanically flexible optoelectronic devices, with great potential in a variety of applications 
in the fields of spectroscopy, optical communications and sensing [1,2]. The distributed 
feedback (DFB) laser, consisting of a waveguide film which includes a relief grating, is a 
particularly interesting organic waveguide laser for various reasons: it requires low pump 
energy for operation, thus enabling pumping with compact and cheap sources; the resonator 
can be easily integrated into other devices; it can be mechanically flexible; has a potentially 
low production cost; and can be easily integrated with field-effect-transistor geometry, 
promising for the development of electrically-pumped organic lasers. 

In most organic DFB lasers reported, the resonators have been fabricated over common 
inorganic transparent substrates (glass, SiO2, etc..), by means of electron beam lithography 
(EBL), holographic lithography (HL), or nanoimprint lithography (NIL), followed by 
chemical or dry etching [1,2]. Resonator fabrication by directly engraving the active film by 
NIL is a very attractive approach for the purpose of obtaining flexible devices prepared in a 
simple way, thus with high potential to be scalable to mass production. A limitation shown by 
the organic DFB lasers with imprinted active films reported to date, is their relatively large 
thresholds (typically various tenths of kW/cm2 and higher) [3–5] in comparison to state-of-
the-art thresholds reported for DFB lasers based on highly efficient organic semiconductors 
and high quality resonators fabricated over inorganic substrates, often below 1 kW/cm2 [1,2]. 
The generally high thresholds of devices with imprinted gratings are a consequence of the 
difficulty for many active materials to use thermal-NIL (T-NIL) (also called hot-embossing). 
T-NIL, based on the use of high pressure and temperature (typically above 100 °C), is the 
simplest and most standard technique used to imprint conventional thermoplastics, such as 
polystyrene (PS) or poly(methyl methacrylate), which provides very high fidelity pattern 
transfer and good aspect ratio. Unfortunately T-NIL cannot be used to imprint most active 
materials because their optical properties degrade upon the high temperatures used in the 
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procedures. So, alternative techniques such as room temperature NIL [3,4], solvent-assisted 
micro-contact molding [5], or solvent immersion imprint lithography [6] have been used, 
which in turn led to lower quality gratings and therefore a detrimental laser performance. 

A breakthrough in the context of DFB lasers with gratings imprinted on the active film 
was the demonstration of one dimensional (1D) DFB lasers with imprinted films of PS doped 
with a perylenediimide (PDI) laser dye [7], which showed a threshold of only 8 kW/cm2, 
among the lowest reported for imprinted organic DFB lasers; and simultaneously a very high 
operational durability (~105 pump pulses, under excitation two times above threshold). Later 
on, 1D DFB devices based on PDIs dispersed in other thermoplastic polymers different than 
PS, were reported [8]. A key aspect for the success of these PDI-based imprinted devices was 
that the optical properties of the active materials were not affected by the T-NIL process to 
engrave the DFB gratings. This is a consequence of the use of certain PDIs, known for their 
excellent thermal, chemical and photostability; and well as the use of PS, very convenient 
from the processing point of view, for both film deposition and grating imprinting. 

For 2D organic DFB lasers, as for 1D devices, the most common geometry consists in a 
surface-relief grating engraved on top of a substrate over which the organic active film is 
deposited [1,2,9]. There are few reports of 2D DFB lasers with gratings engraved on the 
active film by T-NIL [10–12]. As 2D structures want to be prepared, the selection of a proper 
resist becomes challenging because higher demolding forces are needed. Moreover, the 
facility of thermoplastic resists to deform and/or break in the demolding step process 
increases when surface roughness, surface contact or trapping of the polymer increase due to 
negative slopes of cavity sidewalls, being these aspects even more crucial when high aspect 
ratio structures are imprinted or when low molecular weight polymers are used [13]. A 
variation of T-NIL, which combines thermal and UV-curing to imprint a resist at a moderate 
low temperature, is the so-called combined nanoimprint and photolithography (CNP). CNP 
has been used to obtain 2D DFB lasers using pyrromethane as laser dye dispersed in UV-
curable resists, such as Ormocore or SU-8 [14,15]. A drawback of CNP is that fewer resists 
are available, which constitutes a limitation to optimize properties such as the photostability. 

In this work, T-NIL imprinted 2D DFB devices have been fabricated by using the fluoro-
modified thermoplastic methacrylate-based resist mr-I7030R doped with the N,N’-di(2,6-
diisopropylphenyl)perylene-3,4:9,10-tetracarboxylicdiimide dye, known as perylene orange 
(PDI-O). The motivation to use PDI-O is to benefit from its high photoluminescence (PL) 
efficiency, excellent thermal, chemical and photostability and good performance as laser dye 
[7,8,16]. A key aspect is to find a proper matrix for PDI-O, so the material shows 
simultaneously a high performance as active laser media, a good capacity to be processed as a 
waveguide and to be imprinted with 2D relief gratings of sufficient quality. The possibility of 
using a CNP process with the SU8 resist, serving as host for the PDI-O, as well as for 
Rhodamine 6G (Rh6G), has also been investigated. 

2. Experimental techniques 

DFB devices were fabricated by either T-NIL or CNP (Fig. 1). The T-NIL process (Fig. 1(a)), 
consisted of the following steps: i) 270 nm and 500 nm-thick films of fluoro-modified mr-
I7030R resist (Micro Resist Technology GmbH) doped with 1 wt% of PDI-O (Mw = 711 
g/mol, purity > 99.5%; supplied by Phiton) were spin-coated over a silicon oxide (SiO2) layer 
grown over a silicon wafer; ii) the dye-doped resist was imprinted at 135 °C under vacuum, 
by applying a pressure of 20 bars for 15 min; and iii) manual demolding was performed at 40 
°C. CNP fabrication (Fig. 1(b)) was performed as follows: i) a 650 nm-thick SU-8 2000.5 
negative resist (MicroChem Corporation) film doped with 0.4 wt% of Rh6G (Mw = 464,98 
g/mol, purity > 95%; Exciton Inc.) was spin-coated over a SiO2 wafer; ii) a pressure of 15 
bars was applied for 10 min in vacuum at 90 °C; iii) the master/substrate stack was UV flood 
exposed and post exposure baked in a EVG620 UV aligner: 11 cycles of 21 s of UV exposure 
at 10 mW/cm2, followed by 15 s breaks for cooling; iv) the master was manually demolded; 
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and v) the substrate was developed. For both, T-NIL and CNP, a transparent fused silica 
stamp, fabricated by EBL and reactive ion etching, including 2D gratings with periodicities of 
190 nm and 350 nm and a depth of 100 nm, over an area of (2.5 × 2.5) mm2, was used. The 
master was subsequently treated with a fluorosilane coating, deposited from the vapor phase, 
to facilitate the demolding. DFB morphological characterization was performed by optical 
microscopy (AXIO Imager.A1m, Carl Zeiss), field emission scanning electron microscopy 
(FE-SEM, ZEISS Ultra Plus) and atomic force microscopy (AFM, NT-MDT Solver PRO). 
Film thickness was measured with a Dektak 8 surface profiler. 

Optical DFB characterization was performed under excitation with a pulsed Nd:YAG 
(YAG-yttrium aluminum garnet) laser (10 ns, 10 Hz) operating at 532 nm [7,16,17]. The 
pump beam (incident at a 20° angle with respect to the normal to the film plane), was 
elliptical with a minor axis of 1.1 mm. The emitted light was collected with an Ocean Optics 
MAYA fiber spectrometer (resolution of 0.13 nm) in a direction perpendicular to the sample 
surface. The PL and amplified spontaneous emission (ASE) properties of the films, prior to 
grating imprinting, were also measured. For PL, a Jasco FP-6500fluorimeterwas used. ASE 
characterization was performed with the same excitation source used for DFB measurements. 
The pump beam was shaped to a stripe of dimensions (3 × 0.5) mm2 and the emission 
collection was done from the edge of the film at the end of the stripe with an Ocean Optics 
USB2000 fiber spectrometer (resolution of 1.3 nm) [17]. 

 

Fig. 1. Nanofabrication techniques: (a) T-NIL, i) spin-coating, ii) imprint, iii) demolding; and 
(b) CNP, i) spin-coating, ii) imprint, iii) UV exposure, iv) demolding and v) development. 

3. Results and discussion 

3.1 PL and ASE spectra of films without gratings 

The potential of the resists mr-I7030R and SU8 to host the PDI-O dye was first investigated 
through their PL properties. Figure 2(a) shows the PL spectra for films of both resists without 
imprinted gratings doped with 1 wt% of PDI-O. For comparison purposes, data for a PS film 
doped with the same PDI-O content has also been included, because PS has been the matrix 
used with this and other PDIs in previous studies about 1D DFB lasers [7,16,17]. We chose 
this dye concentration because it showed the best performance, i.e. combination of lowest 
threshold and highest photostability [16]. It is seen that film PL intensity is highly dependent 
on the matrix: with mr-I7030R, significant PL intensity is obtained, although it is around four 
times smaller than the value obtained with PS; whilst with SU8, the PL emission is practically 
quenched, indicating that this matrix cannot be used with PDI-O. 

As expected from the PL results, ASE was observed only in the PDI-O-doped mr-I7030R 
film, but not in the one based on SU8. The ASE spectrum of the mr-I7030R film (shown also 
in Fig. 2(a)) is similar to that obtained with PS [16]: it appears at λ = 581 nm, close to the first 
vibronic PL peak, and has a linewidth (defined as the full width at half of its maximum, 
FWHM) of 4.3 nm. The ASE threshold, determined from a plot of the FWHM versus the 
pump intensity, as the pump intensity at which the linewidth decreases to half of its maximum 
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value, is 20 kW/cm2. This value is several times higher than the one obtained in PS (3 
kW/cm2) [16] and is attributed to the lower PL efficiency of PDI-O in this matrix. The ASE 
photostability half-life (number of pump pulses or time at which the ASE intensity decays to 
half of its initial value) in ambient conditions, is 1.5 × 104 pump pulses (25 min) under 
excitation at 40 kW/cm2 (two times above threshold). This value is significantly inferior to 
that obtained with PS (3 × 105 pump pulses, under excitation at 6 kW/cm2, i.e. two times 
above its threshold), mainly because the threshold is higher, so the film needs to be pumped 
stronger. Nevertheless, the important result here is that the obtained ASE parameters are still 
reasonably good as to progress forward into the fabrication of 2D DFB lasers. It should be 
noted that our attempt to fabricate 2D DFB devices with T-NIL using PS as a host for PDI-O, 
as an obvious extension of our previous work with 1D devices, has not been successful due to 
problems in the demolding step. 

 

Fig. 2. (a) Normalized PL spectra (i.e. PL intensity divided by film thickness) of 1 wt%- PDI-
O-doped films of PS, mrI-7030R and SU-8 (1 red, 2 blue and 3 green curves, respectively); 
and ASE spectrum for the mr-I7030R film (black curve); (b) PL and ASE spectra (blue and 
black lines, respectively) of SU8 doped with 0.4 wt% of Rh6G. 

In the case of SU8, since PDI-O shows severe PL quenching in this matrix, we tried Rh6G 
as an alternative dye. Films with Rh6G concentrations ranging from 0.1 to 3 wt% were 
prepared and their PL and ASE properties characterized (see data for the film with 0.4 wt% in 
Fig. 2(b)). A decrease in threshold with increasing dye concentration was observed up to 0.4 
wt%, at which the threshold reached a minimum value (4.5 kW/cm2). Then, it started 
increasing up to 8 and 12 kW/cm2, for the films with 2 and 3 wt% respectively, presumably 
due to aggregation-induced PL quenching. With regards to the photostability performance, 
the ASE half-life of the 0.4 wt%-doped film, under excitation two times above threshold (i.e. 
9 kW/cm2) was 3 × 103 pump pulses (5 min). This value is significantly lower than that 
obtained with PDI-O dispersed in mr-I7030R, despite the smaller pump intensity used. 

3.2 2D DFB lasers with PDI-O/mr-I7030R and Rh6G/SU8 active films 

Two 2D DFB lasers with T-NIL imprinted films of PDI-O-doped mr-I7030R with thickness 
270 nm and 500 nm were fabricated (devices labelled as I and II, respectively). Their laser 
spectra (Fig. 3(a)) show two narrow peaks (linewidths ~0.5 nm), located at wavelengths of 
560.5 and 563.1 nm (for device I) and at 575.7 and 577.2 nm (for device II). The separation 
between the two peaks is consistent with the two expected peaks at each side of the band gap 
[14,15,18]. The different emission wavelengths of devices I are II are a consequence of their 
different film thickness. Remarkably, a DFB threshold (Fig. 3(b)) of only 10 kW/cm2 was 
obtained for device II, which is among the lowest reported for DFB devices with gratings 
imprinted by NIL directly on the active film [10–12]. This threshold is significantly lower 
than that of device I (around 200 kW/cm2), firstly because device II has a thicker film, which 
implies a higher film absorption, PL efficiency and a better confinement of the waveguide 
mode; and secondly, because device II emits closer to the wavelength of maximum gain (i.e. 
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that at which ASE occurs, λASE = 581 nm) [19,20]. The DFB photostability half-life for device 
II is 1.7 × 104 pump pulses (28.3 min) under excitation at two times above threshold. 

A 2D DFB laser based on Rh6G-doped SU-8 was also prepared (device III), in this case 
by means of CNP. The laser spectrum showed two peaks, at 591.1 and 592.4 nm, and its 
threshold was around 30 kW/cm2 (see Figs. 3(a) and 3(b)) This value is somewhat larger than 
that obtained in device II, in spite of the lower ASE threshold, as discussed in section 3.1. 
This is attributed to the fact that laser emission occurs farther away from λASE, which could be 
easily changed by further adjustment of the grating parameters and active film thickness. A 
photostability half-life of 4.3 × 103 pump pulses (7.2 min) was measured for device III, under 
excitation at two times above threshold in ambient conditions. In agreement with the ASE 
observations, this indicates that the photostability of this material is significantly inferior to 
that of PDI-O-doped mr-I7030R. In previous works of 2D DFB lasers based on the Rh6G 
dye, fabricated by either NIL or CNP, the photostability performance was also rather poor. 
For example in Ref [12]. an operational half-life value of only 2 × 103 pump pulses, measured 
in vacuum, was reported. From the point of view of quality grating, for both types of 
processing, T-NIL or CNP, good fidelity pattern transfer was obtained (see Figs. 3(c) and 
3(d)): grating periods and depth were the same as those of the master stamp. 

 

Fig. 3. (a) Spectra and (b) output versus pump intensity curves for various 2D DFB lasers: 
devices I and II, with T-NIL imprinted gratings on 270 and 500 nm-thick PDI-O/mr-I7030R 
active films, respectively; device III: with a CNP imprinted grating on a 650 nm-thick 
Rh6G/SU8 film; (c) and (d) SEM images for devices II and III, respectively. 

4. Summary and conclusions 

We have fabricated T-NIL imprinted 2D DFB devices by using perylene orange (PDI-O) 
dispersed in the fluoro-modified thermoplastic resist mr-I7030R showing thresholds for lasing 
of ∼10 kW/cm2 and operational lifetimes of ∼2 × 104 pump pulses in ambient conditions. The 
good performance shown is a consequence of the proper selection of dye and matrix. 
Remarkably, the high PL efficiency and stability of the dye are preserved after grating 
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fabrication. We also found that the use of a CNP process with the PDI-O dye dispersed in the 
SU8 resist was not possible because of severe quenching of the PDI-O PL emission. 
Alternatively, for these SU-8 devices, the use of other dyes such as Rh6G has allowed to 
obtain lasers with reasonable thresholds (∼30 kW/cm2) but operational lifetimes (∼4 × 103 
pump pulses) significantly inferior than those of the PDI/mr-I7030R systems. 

Funding 

We thank support from the Spanish Government (MINECO) and the European Community 
(FEDER) through Grants MAT2011-28167-C02 and MAT2015-66586-R, as well as to the 
University of Alicante. M.M-V. has been partly supported by a MINECO FPI fellowship (no. 
BES-2009-020747) and by a Junta de Castilla y León grant (no. SA046U16). 

 

                                                                        Vol. 7, No. 4 | 1 Apr 2017 | OPTICAL MATERIALS EXPRESS 1301 




