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Broadly tunable (440-670 nm) solid-state organic laser with disposable capsules

An innovative concept of thin-film organic solid-state laser is proposed, with diffractionlimited output and a broad tuning range covering the visible spectrum under UV optical pumping. The laser beam is tunable over 230 nm, from 440 to 670 nm, with a 3 nm (FWHM) typical spectral width. The structure consists of a compact fixed bulk optical cavity, a polymeric intracavity etalon for wavelength tuning, as well as five different disposable glass slides coated with a dye-doped polymer film, forming a very simple and low-cost gain medium. The use of interchangeable/disposable "gain capsules" is an alternative solution to photodegradation issues, since gain chips can be replaced without

realignment of the cavity. The laser lifetime of a single chip in ambient conditions and without encapsulation was extrapolated to be around 10 7 pulses at a microjoule energyper-pulse level.

Widely tunable laser sources in the visible part of the spectrum are required for many applications such as, for instance, spectroscopy [1][2][3] or bio-chemo sensing [4][5][6] . While tunable liquid dye lasers have been reigning for decades over this spectral region in virtue of their unrivalled spectral coverage and wavelength agility, they require complex and bulky flow systems and are plagued by stability and toxicity issues. Optical parametric oscillators (OPO) or Generators (OPG) 7,8 provide a solid-state alternative solution to get tunable visible coherent radiation, but despite many recent improvements 9 , they still remain complex, cumbersome and expensive solutions. The landscape of tunable visible sources seemed to change deeply with the advent of supercontinuum sources, which offer broadband spatiallycoherent light covering the whole visible and IR spectrum (400-1800 nm); however these sources have still low output powers per unit nm (typ. ~mW/nm), and are hence not ideal whenever only a specific spectral region has to be addressed, since in that case only a tiny fraction of the light is useful after filtering. Tunable visible sources based on nonlinear fibers and frequency conversion recently appeared on the marketplace but are available at a cost comparable with that of dye lasers or OPOs. In pulsed regime, organic solid-state lasers (OSSLs) 10,11 are then very appealing devices which combine the advantages of dye lasers with those of conventional solid-state lasers, with a "low-cost" advantage. Two types of OSSLs can be distinguished: lasers with bulk (≈ cm) dye-doped polymer chips, and thin-film based lasers (which include organic semiconductor lasers 11 ). Bulk OSSLs are characterized by an open resonator, allowing for a perfect beam quality and enabling an easy insertion of optical elements inside the cavity for wavelength tuning 12 . These lasers can attain nearly four-level limit efficencies 13 , however the gain chip (typically a dye-doped polymer block prepared by radical polymerization or sol-gel 14 ) might be long and complex to produce, and mandatory requires optical polishing before use 15 . Conversely, the archetypal example of a thin-filmbased OSSL, i.e. an organic semiconductor distributed feedback (DFB) laser, will have a lowloss resonator with a very low laser threshold, but will not be so easily tuned. Continuous wavelength tunability of a solid-state organic DFB laser requires modifying the active medium shape in some way, either through a modification of the effective index of the layer (which can be done by playing on the index 16,17 , the film thickness 18,19 or the grating depth 20 ), or by mechanical means upon applying a stress to the active layer in order to induce a shift of the Bragg wavelength 21,22 . Their tuning range is limited to a few nanometers for a single grating, and at most limited by the gain bandwidth of a given material; a full coverage of the visible spectrum requires dozens of gratings with different pitches, leading to increased cost and fabrication issues. Moreover, DFB laser devices have a few drawbacks like a poorlydefined spatial beam quality 23,24 , a low optical conversion efficiency and a related low output energy.

In this letter, we report on the realization of a simple, diffraction-limited, efficient and broadly tunable organic solid state laser covering the whole visible spectrum. We use an innovative and cost-effective approach to bypass the photodegradation issue which is common to all organic lasers, based on the use of a very simple "gain capsule" that can be produced at negligible cost, and which can be easily replaced or exchanged without alignment once the material is degraded. Instead of waging a hopeless battle against the inevitable limited lifetime of any organic material under intense optical pumping, the use of such a "disposable" gain element takes full benefit of the low cost of organic materials.

Our experimental setup is described in Fig. 1. It consists of a modified version of the vertical external-cavity surface-emitting organic laser (VECSOL) architecture 26 recently demonstrated in our group. It shares the same general properties as vertical external-cavity surface-emitting lasers (VECSELs): diffraction-limited output, high efficiency, power scaling capability upon a simple increase of pump spot size (without higher photodegradation rate), possibility of long (cm) cavities that enable the insertion of intracavity elements, such as spatial or spectral filters. However, as antireflection coatings are not practically implemented onto low-index organic thin films, the VECSOL emission spectrum is comb-shaped since the 17-µm-thick active layer, directly deposited onto the rear mirror, acts as a Fabry-Perot intracavity etalon. In order to ensure a continuous tunability with a reduced linewidth the original structure was then slightly modified: the gain medium was physically separated from the rest of the cavity backbone to take the form of a "capsule". This capsule in its simplest form, consists in a glass substrate onto which a film of dye-doped polymer was spin-coated.

In order to demonstrate the low-cost and disposable potential, as well as the robustness, of our approach, the results of this paper were obtained with commercially available microscope plain-glass slides as substrates, which cost less than 10 cents each. Lasing was also successively observed with poly(ethylene terephthalate)) (PET) plastic sheets taken from commercial transparencies, coated with the same dye-doped polymer film. The pump laser source is a frequency-tripled Q-switched diode-pumped Nd:YAG laser (Harrier from Quantronix Inc.) providing 355-nm UV radiation with a 20-ns pulsewidth and a 10 Hz repetition rate. The pump beam was focused to a 200-µm-in-diameter waist onto the active "capsule" placed close to the input mirror and positioned at Brewster angle to remove the remaining etalon effect which arises from the index mismatch between the dye-doped polymer film and the glass plate.

The resonator was composed of a highly reflective plane dielectric mirror (R=99.5% in the visible) and a 200-mm radius-of-curvature broadband output coupler (R=98% +/-1% between 400 and 680 nm). The input plane mirror was highly transparent for the pump wavelength (T>95% at 355 nm).

To cover a wavelength range going from blue to red, five dyes belonging to three dye families, namely coumarins, pyrromethenes, and xanthenes have been chosen for their wellestablished laser performance. Coumarin dyes (coumarin 460 and coumarin 540 A) emit in the blue-green region, pyrromethenes (pyrromethene 567 and pyrromethene 597) emit in yellow-orange region while the chosen xanthene dye (rhodamine 640) emits in the red region.

All active materials were dispersed into polymethylmethacrylate (PMMA, molar mass 950000 in anisole solution, from Microchem Inc.) either alone or in the form of donor/acceptor mixtures according to their absorption properties at 355 nm. Depending on the nature of the dye, excitation occurs on the first excited singlet state S 1 (the case of coumarin dyes) or on higher excited singlet states S n, n>1 (n=2 for pyrromethene and xanthene dyes) Materials exhibiting a high absorption cross section at 355 nm were used as delivered, and dispersed at x% into PMMA, x being determined in order to obtain almost complete absorption over a 20-µm thick film. Hence, Coumarin 460 (x=1) and Coumarin 540A (x=2) were used to cover the blue (440-470 nm) and the green (470-550 nm) emission ranges, respectively (pumping on the S 1 level). In order to obtain yellow-orange laser emission, pyrromethene 567 (560-580 nm) and pyrromethene 597 (580-620 nm) were used, both of them with x=1, although for these materials pumping takes place on the S 0  S 2 transition. In order to address the red part of the spectrum, efficient direct pumping at 355 nm is unfeasible as most materials have too low absorption cross sections. To solve this problem, a donor/acceptor mixture was used: the "donor" dye absorbs the pump light up to its S 1 level and transfers its excitation to the "acceptor" dye by a Förster resonant energy transfer (FRET) mechanism 27 . Efficient FRET in a blend system fundamentally requires a good spectral overlap between the emission of the donor and the absorption of the acceptor as well as a good mixing of the two species. For this purpose we used Coumarin 540 A / Rhodamine 640 as a donor/acceptor pair. We blended coumarin 540 A and rhodamine 640 with weight ratios of 1% and 1.9% in PMMA, respectively, a mixture that was experimentally found to guarantee a complete energy transfer.

As discussed in [ref. 28], oscillation buildup considerations lead to laser performances that drop significantly with the cavity length because dye emitters have a short excited state lifetime which is also comparable, in a VECSOL, with the photon cavity lifetime and the pump pulse duration. Hence, the cavity length must be carefully chosen as a compromise between keeping some space to set intracavity elements and maintaining a correct efficiency.

Here we chose a pumping source delivering "long" pulses (20 ns FWHM), which relaxes the constraint on cavity length and allows lasing for up to 120-mm-long cavities, i.e. more than ten times the distance needed to insert a Brewster-angled gain capsule together with a tuning filter.

Each dye material has typically a bandwidth of 50 nm. To finely tune the wavelength within this range, an etalon with a free spectral range higher than 50 nm is required, which corresponds to a ~2-µm thick etalon assuming an index of 1.5. Such an etalon is difficult to realize from bulk glass plates which can hardly be made thinner than ~20 µm. To overcome this limitation we used a home-made free-standing PMMA film as an etalon: a mixture (1:1) of two PMMA solutions with different viscosities (PMMA A15, molar mass 950000 and PMMA A6 with molar mass 495000, from MicroChem Corp.) were used to obtain homogenous spin-coated films with a thickness in the desired micron range. After spin coating (3500 rpm for 75 s) the PMMA-coated glass samples were transferred to the oven and annealed at 50°C during 30 seconds to evaporate the solvent while keeping the film soft enough to enable the layer to be peeled off gently. The free-standing film was then glued to an annular mount. The thickness was controlled at the center of the mount by measuring the free spectral range in the arm of a spectrophotometer.

Figure 2 shows the lasing spectra recorded using a spectrometer (Jobin Yvon SPEX 270M) with a resolution of 0.8 nm. The wavelength can be continuously tuned over 40 nm for each dye material by tilting the etalon. Each peak has a full width at half maximum (FWHM) of 3 nm due to the weak finesse of the etalon (F≈ 4) and contains many modes of the external cavity, which cannot be resolved here. Note that this relatively large linewidth can be an advantage for biophotonic applications as it is spectrally narrow enough to address a given chromophore, but lacks the temporal coherence that would generate unwanted speckle patterns. In fine a continuous tunability is demonstrated between 440 and 670 nm using only five dye capsules (Fig. 2 and3).

Figure 4 shows the output power characteristics with a 10%-transmittance-output coupler in the case of Coumarin 540 A. Similar results were obtained with other materials.

The small-signal absorption of the active layer was measured to be 75% in a single pass. The thresholds and slope efficiencies are given here with respect to the absorbed energy. A clear lasing threshold is visible at 11 μJ (8.46 mJ/cm 2 ) with maximum output energy of 4.5 μJ corresponding to a slope efficiency of 8%. This efficiency was identical in a VECSOL configuration (i.e. with the gain medium directly spin-coated onto the rear mirror) with the same cavity length, proving that the Brewster-angled gain chip and the tuning etalon only brought negligible additional losses. The modest value of the laser slope efficiency and the relatively high threshold are mostly attributed here to the long (15 mm) cavity. Importantly, the laser keeps its diffraction-limited output, which is one of the key advantages of VECSOLs in general over organic edge-emitting lasers. A typical image of the TEM 00 beam profile measured at the laser output is shown in the insert of Fig. 4.

Finally, photostability was investigated at a fixed absorbed pump energy above threshold (20 μJ). The output emission decreased to half its initial value after » 600pulses for a fixed position of the pump spot. The modest capsule lifetime is the result of the energetic UV pumping and the absence of any encapsulation. To maintain stable lasing performance during hours of operation, the gain capsule could be translated to illuminate a fresh spot after degradation. As an example, a 100-µm-in-diameter pump spot and a 25 mm×8 mm capsule allows ≈ 25 000 spots equivalent to ≈ 833 hours of operation at 10 Hz (≈ 3×10 7 pulses).

Intrinsically the system is almost insensitive to misalignment: the gain medium is not bound to the resonator and is located at the pump laser waist and very close to the cavity beam waist, meaning that even though the gain capsule adds some phase distortion (because of e.g. surface inhomogeneity, possible thermal lensing, etc.) it will have only minor effect on the cavity alignment and laser pointing stability. Therefore, translation or replacement of the capsule has virtually negligible consequences on laser action, if adequate mechanical mounts and reasonably flat glass substrates are used. The low sensitivity can also be explained by the large gain of each capsule, a feature already shown in VECSOLs 28 , where lasing was demonstrated with output couplers of reflectivities lower than 80%. In our experiment, the replacement of a chip by another was usually not associated with a loss of lasing. However, we observed that a continuous scanning of the sample led to some regions where a slight realignment was necessary, certainly because of the lack of parallelism of our very basic microscope slide over large areas.

This type of laser structure can consequently be thought of as an innovative solution to photodegradation issues if the gain capsule is regarded as a disposable element. Adding the costs of dye powder, optical grade PMMA solution and glass slide, the cost of a single capsule does not exceed 1 euro. In this context it is useful to consider that most efforts directed towards solving photodegradation issues have been focused either on the development of encapsulation techniques 24 or on improved chemical designs of the chromophores. However, enhancing stability and lifetime at any price might be based on an inadequate idea of the targeted applications for OSSLs. Indeed, as the latter will never be able to compete with crystalline or semiconductor solid-state systems in terms of reliability and stability, most applications that strongly demand a truly tunable visible laser (e.g. biophotonics, spectroscopy, sensing, or more generally applications based on image capture or measurement), will need a laser with a stable intensity only for a limited amount of time, that is maybe only a few thousands pulses, depending of course on the required signal-to-noise ratio, which is absolutely compatible with OSSLs operating in ambient conditions such as the one presented in this paper.

In conclusion, we demonstrated a new concept of UV-pumped organic thin-film laser widely tunable between 440 and 670 nm with a diffraction-limited output, using an intracavity Fabry-Perot etalon for fine tuning and an extremely simple and low-cost gain medium made of a microscope slide covered with a dye-doped PMMA film. The open cavity allows the emission range to be further extended to UV range using an intracavity frequency doubling as demonstrated in [ref. 29]. Output energy in the µJ-range with an efficiency of 8% has been obtained. The originality of the concept stems on the use of disposable low-cost and easy-tomake gain capsules. Each capsule provides several hours of laser operation and can be replaced once completely degraded without realignment of the laser cavity. Moreover, the cost of the whole laser structure (including pump source) could be lowered significantly in the near future thanks to the advent of high-brightness UV-blue diode lasers. This kind of widelytunable laser source is likely to find applications in spectroscopy or sensing, where a highbrightness laser beam at a controllable visible wavelength is needed, but where stability is not a stringent requirement beyond the time needed for a single set of measurements. Also, being a colorful laser, straightforward to build with simple elements, easy to align and very close to a "textbook" linear cavity laser, it is an interesting tool for educational use.
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