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We report a complete study of the properties of amplified spontaneous emission (ASE) of the
merocyanine form of the photochromic system,31dihydro-1,3,3-trimethyl-6-nitrospiro[24-1-
benzopyran-2,2(2H)-indole], under nanosecond excitation conditions. ASE line narrowing is clearly
observed for excitation densities larger than 400cm 2 with a threshold pumping length in the range
0.5-1.2 mm. Remarkable waveguiding properties were observed, with losses throughout the organic
slab of about 5.7 cnt. The observation of ASE is discussed in terms of a posstbidominated
photoconversion and excitation/de-excitation dynamics of the photochromic system. These results are
important in view of the application of merocyanine-based films as active layers for potentially gateable
laser devices.

I. Introduction molecular-weight organic blend8,and substituted oligo-
thiophenes? The feedback mechanism for optically pumped
lasing action can be accomplished also by different geom-
etries, such as microring$, microdropletsi? planar and
Sircular distributed Bragg reflectotdyertical microcavities,
and distributed feedback resonatéts.

For a conjugated compound to be used as an active
medium of a laser, many conditions have to be fulfilled.
Hence, the realization of these devices requires a lot of efforts
both from the chemistry and the nanofabrication points of
view. Basic prerequisites are a high luminescence efficiency
and a large separation between the spectral regions of gain
and absorption (native and photoinduced). Large Stokes’
shift, that is, low self-absorption, strongly favors the lasing

relahtz_au(l)ln do_f org:nlc ?)emlﬁondgcto; (Ijasers, evzntﬁally action?® The lasing condition for conjugated compounds is
electrically driven. A number ot conjugated compounas Nave g0, ¢ifijjed by a four-level scheme based on the vibronic
been demonstrated to show optical gain, such as fluorene-

Highly fluorescent conjugated materials, such as polymers
and low-molar-mass molecules, have been increasingly
investigated in the past decade, because of their appealin
features for the realization of active optical devices and
especially solid-state plastic lasers and optical amplifiers.
Conjugated systems exhibit high photoluminescence (PL)
efficiency, tunability of the emission wavelength from the
near-ultraviolet (UV) to the near-infrared, and high process-
ability by cheap and simple deposition and patterning
techniques. The observation of optical gain by stimulated
emission in organic compoundsgspecially in thin-film
form?2 has further raised their interest, in view of the
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progressions of the electronic ground st&gand the first-
excited electronic stat&. The population inversion is indeed
accomplished by the photoexcitation from the ground
vibrational level ofS, to a vibrationally hot sublevel d,
followed by the subsequent rapid decay to the ground
vibrational level ofS,, by Internal ConversiohFor cavities
with effective feedback, the lasing threshold in conjugated
polymers and low-molar-mass molecule systems is limited
by the radiation losses along the cavity, including both self-
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absorption and scattering losses. Because in organic opto- (c)

electronic devices, and especially optical amplifiers, a crucial (b) MC(S,)

role is played by the waveguiding capability of the active (a) (e) )

films, the determination of the waveguide performances of (d) MC(T)

active organic slabs is of particular interest. ) 1
A strategic class of conjugated molecules that so far have BIPS (S) MC(S)

not been mvestlgated as pOSSIble media for stimulated Figure 1. Reversible transformations between the closed (a) and the open
emission and optical gain are given by the photoinduced color (b) forms of the photochromic molecule (6-nitro-BIPS and MC, respec-
forms of photochromic compounds. Photochronﬂ%n&mely, tively), by irradiation with UV and visible light. (c) General scheme for

. . . the excitation/de-excitation dynamics of 6-nitro-BIPS upon optical pumping.
the reversible photomduced transformation of molecular The different letters in part c indicate the following processes: (a) optical
structures, is attracting increasing interest because of itsexcitation from the ground) to the vibrationally ho&; BIPS state $*);
possible application to optical devices and memoties, (b and c) decay to the triplet and singlet groBdBIPS states, respectively;

. . d) back decay to the BIPS electronic ground state; (e) excitation to
switchable molecular recognitidfgateable volume changes @ y I (€

vibrationally hotS, or S, MC states; (f) singlet decay to the ground MC
for photoactuatior? and interfacial properties for analytical state; and (g) tripletsinglet decay to the ground MC state. For clarity
reasons only the transitions of direct interest for ASE are shown.
Intermediate transitions (triplet and singlet BIPSMC photoconversion
pathways throughis-MC intermediate states, ground-stateMC — BIPS

back-conversion, and singlets-MC decay to the ground electronic state)

chemistry and microfluidic® In particular, spiropyran
moleculeg? such as the indolinospiropyran’ @-dihydro-
1',3,3-trimethyl-6-nitrospiro[MH-1-benzopyran-2;42H)-in-

dole]) (6-nitro-BIPS) are initially nonpolar and transparent '€ omitted.
at visible wavelengths and absorb in the Uv< 400 nm),
whereas they are reversibly converted to the visible-absorbing
(4 = 680 nm) isomeric formtirans-merocyaninet(ansMC),
upon UV irradiation through the photochemical cleavage of
the C-0O bond in the spiropyran ring (Figure 1). The MC
form exhibits indeed ar-electron delocalization. Further-
more, it was found by a number of techniques that a high-
energycis-MC form acts as a transient intermediate in the
transition kinetics, leading to the rearrangement tattaes

form in short time €100 ps)y? A general scheme of the
BIPS == MC photoconversion and excitation/de-excitation
is depicted in Figure 1c.

Notwithstanding the wide range of the application fields
of photochromic molecules, the mechanism of the BtPS
MC photochemical conversion has not been fully assessed
yet. In particular, the electronic character (singlet or triplet)
of the conversion is not yet completely understood. Many
studies enlightened the importance of substituents in affecting
the conversion dynamics. A recent comprehensive theoretical
study by Sheng et &k.found that, upon irradiation with UV
light, the coloration process (given by the cleavage of the
C—0 bhond of the spiro moiety and the eigans transforma-
tion) proceeds through the excited singlet states for spiro-
pyrans having the indoline functionalized by electron-
withdrawing groups and the chromene functionalized by

F. N.: Giordani, SProc. Natl. Acad. Sci. U.S.£002 99, 4941. (n)  €lectron-donating groups (“acceptatonor”, such as HCHy),
Tyson, D. S.; Bignozzi, C. A.; Castellano F. B.. Am. Chem. Soc whereas the conversion is more favored via a triplet manifold
ggf’églf"" 4562. (i) Tsujioka, T.; Kondo, HAppl. Phys. Lett2003 for “donor—acceptor” (H-NO,, CHs—NO,) substituted
(18) (a) Inouye, M.; Ueno, M.; Kitao, T.; Tsuchiya, K. Am. Chem. Soc compounds. This is in agreement with previous studies about
ring openings involving a N@functionalized chromen®.
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Yamaoka, T.Appl. Phys. Lett1996 69, 1188. (c) Willner, I.Acc.
Chem. Res.1997 30, 347. (d) Emmelius, M.; Pawlowski, G.;
Vollmann, H. W.Angew. Chem., Int. EA998 28, 1445. (e) Hobley,

J.; Fukumura, H.; Goto, MAppl. Phys. AL999 69, 945. (f) Cinelli,
R. A. G.; Pellegrini, V.; Ferrari, A.; Faraci, P.; Nifosi, R.; Tyagi, M.;
Giacca, M.; Beltram, FAppl. Phys. Lett2001, 79, 3353. (g) Raymo,

199Q 112 8977. (b) Inouye, M.; Kim, K.; Kitao, TJ. Am. Chem.
Soc 1992 113 778. (c) Willner, |.; Blonder, R.; Dagan, Al. Am.
Chem.Soc.1994 116, 3121.

(19) (a) lkeda, T.; Nakano, M.; Yu, Y.; Tsutsumi, O.; KanazawaA&w.
Mater. 2003 15, 201. (b) Yu, Y.; Nakano, M.; lkeda, Nature2003
425, 145. (c) Athanassiou, A.; Kalyva, M.; Lakiotaki, K.; Georgiou,
S.; Fotakis, CAdv. Mater. 2005 17, 988.

(20) (a) Freemantle, MChem. Eng. New$999 77, 27. (b) Ichimura, K;
Oh, S.; Nakagawa, Mscience200Q 288 1624. (c) Rosario, R.; Gust,
D.; Hayes, M.; Jahnke, F.; Springer, J.; Garcia, ALAngmuir2002
18, 8062. (d) Rosario, R.; Gust, D.; Garcia, A. A.; Hayes, M.; Taraci,
J. L.; Clement, T.; Dailey, J. W.; Picraux, S. J. Phys. Chem. B
2004 108 12640. (e) Bunker, B. C.; Kim, B. I.; Houston, J. E.;
Rosario, R.; Garcia, A. A.; Hayes, M.; Gust, D.; Picraux, SNano
Lett. 2003 3, 1724.

(21) Berkovic, G.; Krongauz, V.; Weiss \Chem. Re. 200Q 100, 1741.

(22) (a) Goner, H.; Chibisov, A. KJ. Chem. Soc., Faraday Trank998
94, 2557. (b) Chibisov, A. K.; Gmer, H. Chem. Phys1998 237,
425. (c) Wojtyk, J. T.; Kazmaier, P. M.; Buncle, Ehem. Mater
2001 13, 2547. (d) Goner, H.Chem. Phys. Letl998 282, 381. (e)
Gorner, H.Chem. Phys1997 222 315. (f) Bohne, C.; Fan, M. G.;
Li, Z. H.; Laing, Y. C.; Lusztyk, J.; Scaiano, J. Q. Photochem.
Photobiol., A1992 66, 79. (g) Malatesta, A.; Neri, C.; Wis, M. L.;
Montanari, L.; Millini, R. J. Am. Chem. Sod 997 119 3451. (h)
Chibisov, A. K.; Ganer, H.J. Phys. Chem. A997 101, 4305. (i)
Levitus, M.; Talhavini, M.; Atvars, T. D. Z.; Aramendia, P. F.Phys.
Chem. B1997 101, 7680.

(23) Sheng, Y.; Leszczynski, J.; Garcia, A. A.; Rosario, R.; Gust, D.;
Springer, JJ. Phys. Chem. B004 108 16233.
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Instead, the MEBIPS conversion (decoloration process)
was found to rely only on one singlet-driven mechanism,
regardless of the specific substituent emplosfed.

6-Nitro-BIPS was also found to exhibit a good thermal
stability and a large quantum vyield of photocoloratién.
Indeed, the nitro group at the 6 position of the benzopyran
moiety strongly favors the conversion to the MC form. For
instance, the photocoloration efficiency is in the range-0.6
0.8 for molecules in solvents of low polarity at room
temperature, decreasing to less than 0.2 in polar solvents,
such as acetonitrile and ethai8l.A remarkable effect of
reduction of the photocoloration yield was also observed
upon decreasing the temperature and upon increasing the
medium viscosity?° Embedding the photochromic molecules
within possibly highly viscous polymeric matrixes for the
realization of solid-state light emitters can, therefore, affect 640 660 680 700 720 740
significantly the photoconversion properties. In addition, after
L-JV iradiation the BIPS form can be recovered by green Figure 2. Emission spectra from the photochromic-SRC/PEMMA films
light exposure or even thermally, although the thermal under diﬁerent excitation fluences (from bottom to top: 0.3, 2.5, 3.7, and
decoloration within polymeric matrixes (time scale of 6.1 mJcm?). Spectra are shifted vertically on a log scale for clarity reasons.
hundreds of minutes at room temperattfe€an be neglected

PL Intensity (arb. units)

Wavelength (nm)

for the time scales of typical optical experiments. Concerning E‘ o T . 460

the fluorescence efficiency of MC, once it is formed, values ‘¢ 1

of the order of 1% in solution at room temperature, increasing = | : 450

up to 80% at 77 K, have been reporté¥. 8] © e 3
The importance of achieving optical gain by a particular < 1% L=

state of photoswitchable molecules stands in the possible -? g 130 2

realization of, eventually, gateable lasing devices. We 2 ® é

recently reported the accomplishment of optical gain by the -.2 i 120 I

open form of the MC resulting from the UV irradiation of = |

6-nitro-BIPS, embedded in a polymeric matrix at the solid % : 0 o 11

state?® In this paper, we present a complete study of the < ] ™ ~ O % L IO """ O 0

properties of amplified spontaneous emission (ASE) and 0 1 2 3 4 5 6 7 8 9

waveguiding in MC-based films under pulsed optical excita- Excitation density (mJ cm'z)

t'on' \_Ne meas_ured a threfshold excitation density for optical Figure 3. Dependence of the ASE integrated emitted intensity (solid circles,
gain-induced line narrowing of about 400 cnT? and a left scale) and spectral width (fwhm, open circles, right scale) on the pump

threshold length in the range 6-3.2 mm and remarkable energy density. The continuous line is the best fit to the data up to 4.0 mJ
cm~2 by an exponential-like ASE model. The dotted line is the best fit of

Wavegmding proPertieS (Iosses of about 5'7_é)nThese the data between 4.7 mJ cfand 8.6 mJ ci? to the square root behavior
results strongly support the use of the BH3C photo- predicted by the bimolecular annihilation model. The dashed curve

chromic system for realizing solid-state organic lasers. interpolating the fwhm data is a guide for the eye only.

was employed for the measurements varying the excitation fluence.
All the measurements presented in this paper were carried out under
vacuum (10% mbar) to inhibit photo-oxidation of the active
material.

Il. Experimental Details

6-Nitro-BIPS/poly(ethyl methacrylate)e-poly(methyl acrylate)
(PEMMA) films were cast by spin coating from toluene solutions
with a relative concentration of 10% (w/w) on Corning quartz
substratesr(= 1.46). With a spin-coating speed of 2000 rpm we [ll. Results and Discussion

obtained neat films of thickness comprised between 690 and 750 . .
nm, measured by a profilometer. The third harmoiie=(355 nm) In Figure 2 we show the PL spectra of 6-nitro-BIPS doped

of a 3 nsQ-switched Nd:YAG laser (Spectra-Physics, repetition IN PEMMA under pulsed optical pumping at various excita-
rate of 10 Hz) was employed as the excitation source. The pump tion densities ). For low values of the excitation fluence
beam was focused on the sample by a system of lenses, including(E < 400uJ cnT2), we could observe only a featureless and
a cylindrical lens providing a rectangular excitation stripe of width broad (full width half-maximum, fwhm= 60 nm) PL
500um. The sample emission at room temperature was collected spectrum, such as the bottom one in Figure 2. Instead, for
from the sample edge by means of a 6-cm diameter, 10-cm focal |arger values oF, a narrow peak arises from the PL spectra

length lens, then dispersed by a monochromator, and detected by,rqyng 675 nm, resulting in a significant line narrowing down
a Si charge coupled device. A constant stripe length of 10 mm to fwhm = 3.3 nm (Figure 3)

(24) Lenoble, C.. Becker, R, S. Phys. Chem1986 90, 62 The spectral position of the rising peak is consistent with
enople, C.; becker, R. 3. yS. e , . P .
(25) Pisignano, D.; Mele, E.; Persano, L.; Athanassiou, A.; Fotakis, C.; the emission from the MC ope_n fprm of the _phOtOChr0m|C

Cingolani, R.J. Phys. Chem. B006110, 4506. molecular system. Possible excitatietie-excitation schemes
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are through vibrationally hot states wittnor higher excited 50
states §&,) or may involve different MC isomer states (eis
trans or transtrans), as proposed for 6,8-dinitro-BIPS in
acetonitrile solutiond® and ultimately the decay to th®&
state of the open form. In particular, the line-narrowing can
be attributed to ASE assisted by waveguiding along the
organic slab. The light confinement in the direction perpen-
dicular to the spin-cast film is indeed provided by the
different refractive indexes of the substratg,f, the active
material Qwc), and vacuumriy). In fact, the investigated
thicknesses of the active molecular layer are well above the 10+
cutoff threshold, teuor, Which for a transversal electric I~ T & 17 T T Ty T T o1

o 2 3 4 5 6
fundamental mode is given By

A

Excitation length (mm)
Figure 4. fwhm vs excitation length. Inset: Emission spectra by different
Ng? — Nyt excitation lengths: 0.47 (a), 1.04 (b), 1.62 (c), 3.35 (d), 3.92 (e), 4.50 (f),
auoft = ——————=arctan, [ ———— (1) 5.08 (g), 5.65 (h), and 6.23 mm (i).
270/ Ny ” — Ngyl Muc” ~ Nsup S _

The emission intensity due to the narrow band shows an
where the guided wavelength, lies in the PL spectral abrupt. (approximately exponen;ial) increase up to excitation
region. In our experiments, we also observed a remarkabledensities of about 4.0 mJ crf) without the occurrence of a
dependence of the wavelength of the ASE peak on the film distinct threshold (Figure 3). For larger excitation intensities

thickness, namely, a red shift was found for thicker samples, (E > 4.5 mJ cm?), an exponential-like behavior is no longer
which is a signature of ASE gain narrowing in conjugated able to fit the experimental data, and the ASE output exhibits

organic material&® For instance, ASE peaked around 675 saturation. Such a sublinear evolution of the integrated in-
and 710 nm for films of thicknesses 690 and 730 nm. tensity indicates the presence of nonradiative decay proces-
respectively. ses, increasing with increasing the pump density. In previous
A S-dominated energy excitation scheme would be reports, the resulting gain saturation has been mainly attri-
particularly suitable for optoelectronic applications. The ring Puted to nonlinear effects, like bimolecular exciton annihila-
closure kinetics of 6,8-dinitro-BIPS and its carboxyethyl 10N, induced by the high density of excitons formed under
derivative in acetonitrile, studied by pumprobe spectros-  VerY intense photon fluxe8.In the case of MC/PEMMA
copy and time-resolved PL, could be explained in terms of films, such a behavior, characterized by the square root de-
a purely singlet state manifofd.As a matter of fact, in our pendence of the high power emission on the excitation den-
photopumped system both the forms, BIPS and MC, are sity, may be compatible with the detected experimental trend,
present at the same time. In particular, the radiative transition Which seems to follow a nonlinear, asymptotic functional
originating ASE in the MC spectral region could be related law, consistent with the bimolecular annihilation model (dot-

to the singlet decay to the MC ground state, after the t€d curve fitting the intensity data in Figure 4 far> 4.5
excitation to vibrationally ho, or S, MC states, namely, mJ cnt?). 829We found that very high excitation densities

the transition labeled as () in Figure 1c. Previously reported &0 also produce sample ablation, without a further increase
data collected in solution indicated a characteristic time as ©f the ASE output. .

fast as 500 fs for forming the excite® MC state from To assess in depth the gain performances of the MC/PE-
higher-energy states after photoexcitation of the ground MC MMA system, we also carried out measurements by the var-
state and that such & state exhibits short and long decay iable stripe length methqd, WhICh' provides the optical gain
times (in the range of tens and hundreds of picoseconds,SPectrumg(4), of the active medium through the relation
respectively) because of the transitions labeled as (e) in k?3eotween the emitted intensitl, and the excitation length,
Figure 1c and of the back-conversion pathway, respectifely.
These values are of the same typical order of magnitude as
the stimulated emission dynamig/spof other organic gmplifiers 1(2) = I expig)1] — 1} 2)
working at the solid state, as measured by time-resolved The PL spectra collected with different excitation stripes are
femtosecond pump and probe experimentsnebhPPP (8  reported in the inset of Figure 4. It can be clearly observed
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ps)? poly[2-butyl-5-(2-ethylhexyl)-1,4-phenylene vinylene]
(60 ps)?® and 2,5-dioctyloxy polygaraphenylene vinylene)
(240 ps). In MC, the S excited state is very likely
responsible for the population inversion at the origin of the
four levels lasing scheme.

(26) Hobley, J.; Pfeifer-Fukumura, E.; Bletz, M.; Asahi, T.; Masuhara, H.;
Fukumura, HJ. Phys. Chem. 2002 106, 2265.

(27) Marcuse, MTheory of Dielectric WaeguidesAcademic: New York,
1974.

(28) Schwartz, B. J.; Hide, F.; Andersson, M. R.; Heeger, ACldem.
Phys. Lett.1997 265, 3427.

that the line narrowing is enhanced by longer pump lengths
(Figure 4). The fwhm values suddenly drop from 47 to less
than 10 nm upon increasing the excitation length around 0.5
mm, and then it stabilizes. Figure 5 shows the output intensity
at the peak of the emission spectrum (710 nm) for a 750-
nm-thick MC/PEMMA film, as a function of the pump stripe
length, at an excitation fluence of 0.5 mJ ¢inThe ASE

(29) Maniloff, E. S.; Klimov, V. I.; McBranch, D. WPhys. Re. B 1997,
56, 1876.
(30) Shaklee, K. L.; Nahory, R. E.; Leheny, R.F.Lumin.1973 7, 284.
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Gain (cm™)

1

640 660 680 700 720
Wavelength (nm)

Intensity (arb. un.)

Output intensity (arb. units)

6o 1+ 2 3 4 5 6 7 8 0.0 02 04 06 08

I (mm) Length (mm)
Figure 5. Dependence of the emission intensity at a wavelength of 710 g re 6. Dependence of the ASE output from the slab edge on the length
nm on the excitation length, for a film of thickness 750 nm. The solid line (d) of the nonexcited region between the pump stripe and the edge of the

is a fit to experimental data according to eq 2. Inset: Optical gain spectrum sample. The dotted line is the best fit of the data to the equatienio
for an excitation density of 0.5 mJ The continuous line is a guide for expad).

the eye.

intensity increases by about 50 times upon increasing theincreasing, thus suggesting the predominance of absorption
excitation length from 0.4 to 6.2 mm. In such an investigated l0sses (Figure 6). The measured loss coefficient of the MC
range, the experimental data are well-described by eq 2. Thewaveguide isx = 5.7 £ 0.7 cnm™. This value is quite inter-
corresponding optical gain Spectrug(ﬂ)’ is displayed in esting, 1 order of magnitude lower than that found in the
the inset of Figure 5, showing a well-defined peak, centered Poly[2-methoxy-5-(2ethylhexyloxy)-1,4-phenylene vinyl-

at about 710 nm with a spectral width of about 28 nm and ene]?? and of the same order of the best results reported for
a maximum around 5.6 crh. By the value of the maximum  conjugated polyfluorenésand poly[(9,9-hexylfluorenyl-2,7-
optical gain, one can extract the threshold lengthneeded  ditl)-alt-co-(9-ethyl-3,6-carbazole)[¥. The Stokes’ shift for

to clearly distinguish ASE, via the relation eg[)l] — 1 the investigated MC is indeed in the range 2480 meV

= 1, that is,l;, = In 2/g(1). We obtain for our photochromic ~ (i.€., @ wavelength distance between the absorption and the
systemly, = 1.2 + 0.1 mm, which is in good agreement €mission maximaj4, of 80—140 nm depending on the emis-
with the experimental finding about line narrowing (Figure sion spectral profile), determining low self-absorption losses.
4). Moreover, by the maximum optical gain one can estimate The effectiveness of MC slabs as potential Iasing systems

the stimulated emission cross section: is also confirmed by the fine lasing structures that we could
appreciate in the ASE spectra under intense optical excitation.

o.=9 3) These peaks (fwhm of about 1 nm) are, for example,

) o ¢ N ) observable in the spectra displayed in Figure 4, and their
whereN is the excitation density. We obtamy = 2.4 x occurrence is usually attributed to feedback induced by

10~ cn? (with N= 2.3 x 10*cm™?), which is significantly  randomly distributed scattering centers into inhomogeneous
larger than the value obtained by fitting the ASE output gain media®

behavior, although still 1 order of magnitude lower than the
typical values of some prototype conjugated oligomers and ) )
polymers, such as thien@S-dioxide compound& poly- The occurrence o_f _optlcal gain under long-pulse (nano-
(arylene vinylene)& and poly(phenylene vinyleneigdow- second) pump (_:ondltlgns suggests that MC/PEMMA slsbs
ever, we point out that this calculation assumes unity &€ Very promising active media for organic lasers operating
quantum efficiency for the emitting species (namely, the under steady-state excitation and under high injection densi-

stimulated emission cross section is determined by assumingfes- Besides obtaining light amplification, reducing optical

N equal to the number of absorbed photons per unit volume), 10S€s within the active media is also crucial for fabricating
so it underestimates the actual value of the gain cross sectionlasers. The here reported results (threshold excitation density

Finally, we investigated the waveguiding properties of the for ASE observation 409J cn, threshold pumping length
MC/PEMMA films upon optical gain. The guiding losses N the range 0.51.2 mm, and waveguiding losses as low as
throughout the slab were determined by fixing the excitation 57 €M) provide good indications that the photochromic
length ( = 4.5 mm) and by moving the pump stripe away Systém BIPS=MC can t_)e employed for optical ampln‘lpa—
from the emission edge of the sample, thus increasing thelion and lasing. A possibl&-dominated photoconversion
length @) of the unpumped regiok:33 We found that the and excitation/de-excitation dynamics is indeed compatible

ASE output intensity decreases roughly exponentially upon with the realization of efficient, possibly gateable, optoelec-
tronic devices.

IV. Conclusion
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