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Abstract

In this paper we report a detailed study of emissignamics of an organic solid-state laser strectar-
called VECSOL standing for Vertical External Cav@yrface Emitting Organic Laser recently developed
in our group. An optical-optical efficiency of 43%nd 6.3% were reported for a 4-mm-long cavity
incorporating 18tm-thick film of Poly (methyl methacrylate) (PMMA)Yged with 1 wt% of Rhodamine
640 when pumped with pulses of 7-ns and 0.5-ns-tesgectively. In order to understand the diffeeenc
seen in lasing efficiency as a function of diffdrgrarameters such as cavity length or pump pulse
duration, Tang-Satz-deMars cavity rate equations are used to model the emmidséhavior in a pulsed
regime. Based on this model, conversion efficieooyld be optimized practically to values as high as
57%. Furthermore, some characteristics of thisrlasehitecture such as lasing lifetime (up to 14000
pulses at two times above lasing threshold), wangthe tuning (over 40nms) and the system power
scalability with potential operation up to mJ leaed investigated.

1) Introduction

Organic semiconductor lasers based on polymer aral snolecules have been an intense field of
research in recent years[1-3]. This is mainly dwevide spectral tunability and simple processing
techniques of organic materials (e.g. via spin ingabr thermal evaporation) which has led to
sometimes compact, tunable and inexpensive staid-$aser sources with potential applications in
different fields such as spectroscopy[4, 5], biefolb sensing[6, 7] and short-haul data
telecommunications via plastic optical fibers[8heFe are numerous reports of such devices under
optical pumping in different laser configurationgck as distributed feedback resonators[9], vertical
microcavities[10, 11] and external-cavity resonsi{tti2]. In the perspective of having compact organic
laser sources which integrate the pump and the taséty in a small-volume device, there have been
several achievements through indirect electricalhping of organic solid-state lasers via Light
Emitting Diodes[13] or nitride diode lasers[14, 15} means of somehow sophisticated electronic
circuitry systems for the pump source to make grafe in a pulsed regime. This indirect excitation
approach has been chosen since realization oftditectrically-pumped organic semiconductor laser
is hindered by several heavy constraints like Idwarge-carrier mobility of organic semiconductor
materials as well as several loss mechanisms sueteetrode losses and polaronic absorption[16-18].
Therefore, optically-pumped organic semicondudseets are of foremost importance.

Among several existing laser architectures for agiy-pumped organic lasers, the external-cavity
resonators are of great interest to provide efiic@mitput power extraction possibility, excelleetim
guality and power scalability. Nonetheless, in mastes the organic amplifying medium addressed in
reports concerning this kind of laser architeciarprepared by complicated and long processes such
as sol-gel[19] or radical polymerization[20] teaiunés which sometimes may take up to several days
or weeks. Zavelani-Rosst al.[21] has proposed an external cavity model basespamcoated neat
films of electroluminescent oligothiophenes. Howelvased on this report regarding the cavity length
(~6 um) and the low output energy, it would rather Bessified as a microcavity.

Recently, we have reported on a very simply-buitemal cavity organic laser, so-called Vertical
External_Cavity Surface-emitting Organic Laser (\&QL) which has brought together a combination
of high output powers, excellent efficiency as waslgood beam quality in a single device [22]. The
laser architecture was basically inspired from treitional inorganic_Vertical External Cavity



Surface_Emitting Laser (VECSEL) and consisted dfighly reflective dielectric plane mirror (R>
99.5% within the range of 600-600nm) onto which anorphous ~18m film of Poly (methyl
methacrylate) (PMMA) doped with 1 wt% of Rhodamié®0 was directly deposited through spin
coating process. A meniscus output coupler of 98féativity within the range of 600-680nm closed
the cavity (Figure 1.a). The whole set up was aemted by a frequency-doubled Nd:YAG laser at
532 nm. In this configuration and for a typical €ad 4-mm-long laser cavity, a diffraction-limited
laser emission (R&1) with an optical-optical efficiency as high a&3% and 6.3% were obtained for
7ns and 0.5-ns-long pump pulses respectively, uth@elz repetition rate excitation regime. Lasing
was observed for cavity lengths up to 60 mm in cdgeumping with 7-ns-long pulses whereas this
was limited to 10 mm for 0.5-ns-long pump pulsesiciiceable feature of the VECSOL architecture
is its open cavity, allowing intracavity frequendgubling and consequently UV emission from an
organic device[23].
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Figure 1.a Figure 1.b
Experimental setup of the VECSOL cavity under op Schematic representation of different cavity
pumping parameters (see text)

In the present article we perform a detailed stofifhe VECSOL performance through experiment
followed by theoretical modeling via applicationtbe Tang-Statz-deMars rate equations in a pulsed
regime. This may help to understand how variatioihdifferent parameters such as cavity length or
pump pulse duration would affect emission behavidfsirthermore, VECSOL performance
optimization is carried out by inspecting amondfetiént resonator elements and then wavelength
tuning, photostability and power scalability arendmstrated in the last part.

2) Theoretical background

Consider an amplifying gain medium (indeXx of thickness §” and a pumped region of cross
sectional areaS’ inserted between two mirrors witR, andR; reflectivities to build a laser cavity
with an optical length of=(n-1)d+ .y Wherelcaiy is the physical length of the cavity (Figure 1.b).
The cavity rate equations over tBd¢. volume (mode volume) showing the evolution of théput
laser intensity and the population inversion wdegdhe following[24]:

@t = o L U+ 52) 1] @
= T:ff AN, —an (1+ ﬁ)] @)

wherel is the laser intensity in photonic unit (photofrsf$ and c is denoting the speed of light.
AN=N,-N, is defined as the population inversionnn a four-level system between the low excited-
state and one of the ground-state vibronic lexagpending on the emission wavelengti,;, is the
population inversion at threshold,,,, is the photon life time inside the cavity and ésided as
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with T, representing the single-pass cavity passive ladgedo gain medium absorption, diffusion or
mirror scatteringze is described as the effective non-saturated eksitate lifetime as it determines
the excited state filling time whdrO0 ;

T

Teff= [ Tp_ (4)

Ipsar

with 7, I, and Ipsat symbolizing the singlet excited-state radiativietime, the pump intensity

(assumed to be constant during the pump pulseidnyand saturation pump intensity respectively.
| IS defined as the laser saturation intenaitg AN, stands for the non-saturated population inversion
with N showing the density of molecules in the activeaagi

ANy = —Let (5)

It should be mentioned that the theory which igodticed here to be used for the following
simulations, holds for a four-level system opemtin a single-mode regime. It does not take into
account the existence of a microcavity formed kg dihganic film which was shown to control the
emitted spectrum. It also neglects intramolecusawall as intermolecular phenomena that occur once
the molecules are in the excited state such aschuenor triplet state absorption which make this
system more complex than a true four-level systernthe following part we investigate the observed
VECSOL emission characteristic behavior and thguaéx this behavior through some simulations.

3) VECSOL dynamicsanalysis

Before starting the analysis, it should be reminted a rectangular-shape pump profile is used for
the modelling purpose. Based on simulations whpghlyathe cavity rate equations to a typical case of
4-mm-long VECSOL withR; =99.5% andR, =98% and an amplifying gain medium of ~{i8+thick,

in case of exciting the cavity with 7-ns-long pslsend 10 Hz repetition rate, the laser oscillation
builds up in a rather short time with respect te gump pulse duration (Figure.2). In this case the
steady state is reached before the pulse finighesvauld last till the end of the pulse which cauar
efficient extraction of the pump energy during @nsl thus very high conversion efficiency. In cake o
pumping the cavity with 0.5-ns-long pulses andtfa same cavity length, the population inversion is
also created in a fraction of a ns after excitation the laser field does not have enough time to
exceed the cavity losses within the pulse timeggerin this case the created population inversagtsl

for ~0.25ns after the end of the pump pulse andrbdhe beginning of laser oscillation buildup sinc
the excited-state life time (7.5 ns)[25] is longkan the pulse duration. When the laser oscillation
starts, the pump pulse has already terminated lemg@dpulation inversion has a descending trend to
zero and the steady sate will never be reachedefidre the conversion efficiency would be low in
this case even if a rather high output peak poveerdcbe obtained. A comparison between the
experimental conversion efficiencies (43% and 6.88fresponding to 7-ns-long and 0.5-ns-long
pump pulses respectively) confirms the above-desdrianalysis. Theoretical calculation of the
efficiency values follows the same trend as a fioncof pump pulse duration but with a difference
(30% instead of 43% and 2.5% instead of 6.3%) witdikely to be due to model limits introduced
previously and above all negligence of the existimigrocavity for the simulations.

The pulse-duration-dependant VECSOL behavior cao bé justified numerically by estimating the
number of absorption/emission cycles that each cotdels used within the pump pulse duration. In
the case of 7-ns-long pulses, the output energudfobtained from an excited region containing ~
3.10” molecules would mean an average number of 6 phataritted per molecule and per pulse.
This can be interpreted as the case where eaclcut®lendergoes an average of 6 times during 7ns.



When the pulse duration is 0.5ns, the output enef@y71J corresponds to an average photon number
of 0.7 per molecule during the pulse time. Thisidatks the conclusion taken from Figure.2 that
steady state is reached for 7-ns-long pulses whdreanot the case for 0.5-ns-long pump pulses.
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Oscillation buildup time simulations for 7-ns-lopgmp pulse (left) and 0.5-deng pump pulse (right) and below are
corresponding experimental efficiency curves focheaase. In practice as well as for the modelihg, davity is 4-mm-
long. The only fitting parameter for the simulasas the roundtrip passive loss which is considegad

Consequently, as the pump pulse duration has aati@effect on the laser efficiency, similarly the
cavity length is an important parameter as it diyemtervene in the oscillation buildup time for a
given pump pulse duration. This behavior is theoadly modeled for pump pulses of 7ns and 0.5ns
and for sake of comparison each time for two différcases of Gaussian and rectangular pump
profiles (Figure.3). In both cases the VECSOL eynehgpps down as the cavity length increases. The
collapse of output energy by lengthening the castyld be explained in a similar way as shortening
the pump pulse duration by an increase of the latoih buildup time with respect to pump duration
and therefore a decrease of efficiency.
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VECSOL output energy dependency on cavity lengthviar different pump pulse durations (7ns and 0.5nkg
only fitting parameter is the roundtrip passiveslagich is considered 2%



4) VECSOL performance optimization

These results can now serve as a basis to fintheudptimum parameters for lasing action in order t
achieve the highest possible output energy. Ondeotriteria which would help to achieve the best
lasing efficiency is to look for the optimum outpeupler. This is due to the fact that one might
expect an increase in the output signal intensity therefore the efficiency by reducing the mirror
reflectivity but this would also shorten the intravity photon life time followed by a decreasehe t
output energy. In this case there is compromisernthest be respected in choosing the output coupler
in order to have the best lasing performance. Bamedthe previous simulations, the highest
conversion efficiency is obtained for an output mleu of 95% reflectivity. This is also shown
experimentally for four different available outprduplers (80%, 90%, 95% and 98%) and a cavity
length fixed to 10mm (Figure.4). As it is seen, tperimental data and the simulation are in good
agreement. From these data, the output couple8%fr@flectivity used in ref [22] was replaced bg th
optimized output coupler of 95% reflectivity andetECSOL conversion efficiency was improved

from 43% to 57% for a cavity length of 1mm when ited with pulses of 7-ns-long at 10 Hz
repetition rate (Figure.5).
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Filled circles are the experimental data obtair@dl0- (Left axis) Laser energy, (Rightaxis) conversio
mme-long cavity length, 18m-thick gain medium and : efficiency as a function of the absorbed pump faedor
incident pump fluence of 100mJ/énThe dashetine is an optimum output coupler of 95% reflectivity, 1-mm
a model showingthe evolution of the conversi long cavity and 18um-thick gain medium.The sma
efficiency by output coupler reflectivity variatioim & efficiency drop seen at the end could be du
range from zero to hundred. The only fitting partan& degradation issues at this excitation intensity.

the roundtrip cavity loss which is set to 2%.

5) VECSOL emission characterization

VECSOL emission spectrum is a result of a FabrypPetalon formed by the organic gain medium
which is coupled to the external cavity. It corsist several peaks, with 7.8 nm distance between th

peaks which corresponds to the free spectral rafgiee ~18um-thick etalon. 1 = ;—:l with n the

refractive index of the medium ahdhe film thickness) (Figure.6). Each of these paaksontaining
the external cavity modes with a free spectral eatitat would be decreased as the cavity length
increases. The free spectral range correspondiagltom-long cavity is a fraction of nm. Therefore
the external cavity modes are not resolved with rdsolution (0.5nm) of the spectrometer (Spex
270M) at disposal. By modulating the rotation spededng the spin coating process and by using
lower density PMMA it is possible to reduce thenfithickness in order to have only one mode of the
Fabry-Perot etalon under the gain spectral regfdhe organic material. Single-peak laser operation

was observed for 2.3bm-thick film which still contains the external cgvimodes inside of it
(Figure.7).
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6) Tunability

Certainly, among the most interesting featureshef VECSOL emission is the wavelength tuning
achieved thanks to clever use of film thicknessati@n obtained via spin coating by going toward th
sample edge. The intrinsic characteristic of thadirealized through spin coating is a flat zonéhim
middle and then a gradual increase as it goes tbtharedge. This fact is verified experimentally by
measuring the deposited film thickness with a jpvofeter from the center to the edge on a standard-
size plane mirror (diameter = 25.4mm) (Figure.8pr Rhe purpose of wavelength tuning
demonstration, a sample 2.8B-thick sample was prepared to operate in singldenregime. When
the coated plane mirror moved transversely to timagpbeam, as it approached to the edge, a tuning
range of around\=40 nm (from 615nm to 655nm) could be obtainedjtéchby the gain spectrum
and the mirror reflectivities (Figure.9).
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7) Laser emission lifetime and power scalability

In terms of stability, the VECSOL was irradiated1@t Hz repetition rate by two pump sources with
7ns and 0.5ns pulse durations. As it is seen iorBi@0 the laser energy reduced to half of itgainit
value after 140000 pulses in case of pumping witls-fong pump pulses whereas this happened after
5000 pulses when the VECSOL is pumped by 0.5-ng-nrises and an absorbed pump fluence of ~
15mJ/cm in both cases. The higher degradation rate ircéfse of pumping with 0.5-ns-long pulses
might be mainly due to higher absolute pump poweictvis ~ 20 times higher in this case. The lasing
lifetimes are comparable (or even far better, gitrenhigh pump fluence used in our case) to values
reported in the literature for organic thin filmuilees[26].
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VECSOL normalized intensity versus the number of psipulses for two different pump pulse duration8.6fns an
7ns and a pump fluence of ~15mJfémboth cases.

Another interesting feature of the VECSOL is thevposcalability or in other words the possibilitly 0
increasing the output power or energy without desirey the laser lifetime. As an example, we were
interested to show that the output energy is daliblleen the VECSOL is pumped by incident energy
twice higher while the incident pump fluence andseguently the degradation rate are kept constant.
For this purpose, we started the experiment witto@tput coupler of 98% reflectivity with 50mm
radius of curvature. The TEjMfundamental mode waist radius corresponding todbrsature is 52
um. Therefore, a pump waist radius of @@ was chosen in order to have only a predominamppu
area over the TEM fundamental cavity mode and not the higher ondersiverse modes. In another
case, the pump waist size ofy®d was chosen in order to enlarge the pump surfiezelsy a factor of
two. So the output coupler was replaced with apututoupler of 98% reflectivity and 200mm radius
of curvature to match this pump size and the furetaed TEMy, cavity mode (having in this case
75um waist size) together. The experimental resulfgatied in Figure 11 show identical degradation
rates in accordance with our expectation for aidamt pump fluence of 20mJ/émwhich is roughly
two times above lasing threshold in the case dé-fong pump pulses.

It would be also useful to estimate the maximuraiadtble output energy of the VECSOL at the same
pump fluence with a maximum pump beam diameternaindfor example (for higher diameters, the
beam spatial quality is likely to be disturbed bgrmal effects) and a relevant output coupler that
could match this pump beam size to T&Nundamentamode. In this condition, output energy of
~1mJ would be achievable all by assuring the degi@a rate constant.
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8) Conclusion

In conclusion we have explored through simulatiand experiments, the VECSOL emission behavior
in terms of lasing efficiency when the cavity ldmgir the pump pulse duration is varied (7ns and
0.5ns). We saw that higher laser efficiency is aiyerelated to longer pump pulse durations or
similarly shorter cavity lengths due to shorteriketion buildup time with respect to pump pulse
duration. The realized simulations paved the waymnjrove VECSOL lasing efficiency to values as
high as 57% by utilizing the optimum output couplEne spectrum is controlled by the Fabry-Perot
and a single-peak lasing operation could be acHi#yereducing gain medium thickness to 2.35.
Wavelength tuning over 40nm (615nm-655nm) obtaittexhks to thickness variation of the gain
medium realized by spin coating process. In terfighotostability, we have demonstrated half lasing
lifetime after 140000 pulses in normal conditionemhthe VECSOL pumped by 7-ns-long pulses.
Finally, power scalability was an added value fematf the VECSOL architecture that opens the way
toward high-energy organic lasers based on thim fitocess.

The authors are grateful to Manal Yewakim for vhleaassistance on the film thickness
measurements, and the French National Researclcp@8NR, Young researchers program, grant #
07JCJC0029), for financial support.

References

1 N. Tessler, Advanced Materials. 11, 363 (1999)

2. M.D. McGehee and Heeger A.J., Advanced Materials. 12, 1655 (2000)

3. I.D.W. Samuel and Turnbull G.A., Chemical Reviews. 107, 1272 (2007)

4 T. Woggon, Klinkhammer S., and Lemmer U., Applied Physics B-Lasers And Optics. 99, 47
(2010)

5 Y. Oki, et al., Opt. Rev. 12, 301 (2005)

6. M. Lu, et al., Applied Physics Letters. 93 (2008)

7. Y. Yang, Turnbull G.A., and Samuel I.D.W., Advanced Functional Materials. 20, 2093
8 K. Kuriki, et al., Applied Physics Letters. 77, 331 (2000)

9. H. Rabbani-Haghighi, et al., Applied Physics Letters. 95 (2009)

10. N. Tessler, Denton G.J., and Friend R.H., Nature. 382, 695 (1996)

11. L. Persano, et al., Applied Physics Letters. 88 (2006)

12. I. Garcia-Moreno, et al., Advanced Functional Materials. 19, 2547 (2009)
13. Y. Yang, Turnbull G.A., and Samuel I.D.W., Applied Physics Letters. 92 (2008)
14. T. Riedl, et al., Applied Physics Letters. 88 (2006)

15. H. Sakata and Takeuchi H., Applied Physics Letters. 92 (2008)

16. M. Reufer, et al., Applied Physics Letters. 84, 3262 (2004)

17. T. Rabe, et al., Physical Review Letters. 102 (2009)

18. B.K. Yap, et al., Nature Materials. 7, 376 (2008)

19. W.T. Hu, et al., Appl. Optics. 36, 579 (1997)

20. A. Costela, et al., Applied Physics B-Lasers And Optics. 76, 365 (2003)
21. M. Zavelani-Rossi, et al., Synthetic Metals. 139, 901 (2003)

22. H. Rabbani-Haghighi, et al., Opt. Lett. 35, 1968 (2010)

23. S. Forget, et al., Applied Physics Letters. (2011 - in press)

24. O. Svelto, Principles of Lasers. 5th edn. (Springer Science, 2010)

25. M.C. Ramon, et al., Journal Of Applied Physics. 97 (2005)

26. V. Navarro-Fuster, et al., Applied Physics Letters. 97



