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In this paper, we studied the optical properties, lasing properties, and time-resolved spectroscopy (TRS) dy-
namics of the energy transfer between the conjugated oligomer (CO) 1,4-bis(9-ethyl-3-carbazo-vinylene)-9,9-
dihexyl-fluorene (BECV-DHF) and conjugated-polymer (CP) influencer poly[2-methoxy-5-(2'-ethylhexyloxy)-
1,4-phenylene vinylene] (MEH-PPV) in a toluene environment. The oligomer 1,4-bis(9-ethyl-3-carbazo-vinyl-
ene)-9,9-dihexyl-fluorene (BECV-DHF) exhibits single amplified spontaneous emission (ASE) in a solution for
a wide variety of concentration and solvent environment, but it produces dual ASE under the influence of MEH-
PPV. The dual ASE of the oligomer is due to the interaction between these two laser materials, and it is studied
using various spectroscopic techniques. The TRS showed that the presence of the CP in the CO solution does not
change the excited state dynamics of the CO, and the fluorescence of the CO is quenched, and the fluorescence of
CP is enhanced simultaneously; hence, the underlying mechanism could be modulation of the absorption band at
specific wavelength region (460 + 10 nm). Under an optical cavity (100%-60% reflectivity plane mirrors and
with internal grating), a tunable laser with a 6 nm full width at half maximum (FWHM) from 560 nm to 580 nm
and attenuation from 600 to 650 nm was observed. Spectrally narrow peaks were obtained at various wave-
lengths by changing the cavity mirror distance. This strategy of obtaining a laser tunable from 560 to 580 nm, in
addition to dual ASE (436 nm and 464 nm), from a CP and CO blend could potentially facilitate the development
of an efficient, low-cost laser.

1. Introduction

Conjugated oligomers (COs) are relatively new materials often
ignored in favor of regular conjugated polymers and other molecules.
Nevertheless, they have advantageous properties of small molecules,
such as easy solubility and synthesis, high scalability, robust photo-
physical and photochemical properties, and inherit the desirable prop-
erties of conjugated polymers, such as flexibility and self-assembly
[1-3]. The spectroscopic and optoelectronic properties of CPs have been
extensively studied, and their applications are widespread in many
fields, such as biomedicine [4,5], defense [6] and aerospace [7], and in
optoelectronic devices, such as lasers, energy storage devices, sensors,
and light-emitting diodes [8-17]. Similarly, COs have been found to be
useful in many efficient devices, such as optically pumped lasers,
photovoltaic devices, and sensors [18-25]. A new synthesis of
co-oligomers with lasing properties that can be tuned throughout the
visible spectrum is ongoing research. Thiophene phenyl co-oligomers

are found to produce lasers in single crystal form with high effi-
ciencies [26].

The photophysical properties, such as absorption, fluorescence,
quantum yield, and energy transfer process, of oligomers, have been
extensively studied. However, the oligomer BECV-DHF is relatively new.
In general, a CO has a very high quantum yield and a high stimulated
emission coefficient; hence, it is considered an efficient material in
transferring energy. In general, the energy transfer between chromo-
phores can occur through three different mechanisms. The first, which
occurs over a very short range (distance < 10 A), is called the Dexter
type. It is a nonradiative energy transfer, including fluorescence
quenching, where the two molecules exchange their electrons. The
second type is Forster resonance energy transfer (FRET), which is a
nonradiative process from a donor molecule to an acceptor molecule
without emission of a photon. It occurs due to dipole-dipole interactions,
in which the distance between the donor and acceptor should be in the
range of 10-100 A (Angstrom). The third is long-range dipole-dipole
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energy transfer (LFRET), where the distance between the acceptor and
donor can be greater than 100 A but less than 150 A. This mechanism
does not require any dipole or orbital interaction between A and D, so it
can occur over a large distance [25].

Previously, FRET was found to be a mechanism between conjugated
materials. Additionally, energy transfer between quantum dots and
MEH-PPV through the Dexter energy transfer type has been demon-
strated [27]. This was proven through measurement of the rate of
change in the absorption and fluorescence rate over time, where the
quenching reached a maximum and then decreased. Radiative-type
energy transfer between a CO and a CP was observed using
time-resolved spectroscopy by Parasd et al. [25]. The energy transfer
between the water-soluble trimethylalkyammonium group and
water-soluble cationic oligomers was considered to be FRET. The dis-
tance between the donor and acceptor is critical to the energy transfer
efficiency [28]. A. Heeger et al. showed that a few water-soluble olig-
omers had a good spectral overlap between D and A; hence, FRET is
efficient between them [29]. A time-integrated three-plus stimulated
echo peak shift (3PEPS) experiment was utilized to investigate the en-
ergy transfer between the CP MEH-PPV and polymer pom-DEHOMSSB,
and the results showed that the interplay of conjugation and confor-
mation disorder gives rise to the optical properties of the CP, which are
quite different from those of normal molecular dyes [30]. Intrachain
energy transfer between organometallic co-oligomers and polymers was
studied. The results showed that energy transfer occurs through possible
triplet sites [31].

S. Dineshkumar et al. designed mesoporous oligomers with
aggregation-induced enhanced emission (AIEE) properties. The
enhanced energy transfer between the conjugated mesoporous oligomer
and picric acid was attributed to the larger pore size and pore density in
the mesoporous network of the mesoporous oligomer. This property was
used for sensing trace amounts of nitroaromatic compounds for explo-
sives detection [32]. Similarly, intramolecular energy transfer of the
FRET type was used to detect 2,4,6-trinitrotoluene (TNT) using a fluo-
rescence dye and an organic amine at the surface of silica nanoparticles
[331.

Azobenzene-based materials are very versatile and robust. It found a
wide range of applications [34,35], especially it has unique optical
nonlinear and laser properties that rival ordinary conjugated polymer
materials. In laser, Azobenzene-based materials produced a tunable
laser using distributed feedback configuration (DFB) with a 200 nm
spectral tunability range in the red and IR region [36]. A copolymer
made using poly (methyl methacrylate) (PMMA) and azo-monomer was
found to be efficient in the second harmonic generation [37]. A com-
plete series of azobenzenes substituted with 2,4-nitro/cyan moieties
were investigated for its nonlinear optical properties. The result showed
the formation of table Z isomers in N, NO —dimethylformamide solution.
The Z isomers have potential applications in optical data storage. These
materials showed high thermal relaxation rate values in toluene, which
have potential optical switching applications [35]. NMR, FTIR, and
quantum chemical calculations of nitro/cyano mono and disubstituted
azo-monomers show that fast thermal relaxation is due to the substitu-
tion pattern azo-moieties [38]. Simultaneous two and three-photon
resonances and third-order nonlinear optical susceptibility are effi-
ciently and stability produced by a polymer (PMMA-M3, poly
(4-((2-cyano-4-nitrophenyl) diazenyl)phenyl methacrylate-co-methyl
methacrylate)) [39].

Both CPs and COs are exceptional laser materials and produce lasers
at an appropriate concentration in many solvents and thin films. COs
have specified molecular weight and better control of molecular struc-
tures. In this study, we utilize a blue-emitting oligomer and a red-
emitting polymer to study the interaction between them. We show
that the CP can also influence the photophysical properties of the CO.
The combination of MEH-PPV and BECV-DHF increases the quantum
efficiency and stability of both when compared to the individual solu-
tion. It could lead to the design of efficient optoelectronic devices such
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as thin-film laser, OLED, and OFETs. The presence of MEH-PPV affects
and modulates the spectral and ASE properties of the CO and forces the
CO to produce dual ASE, which is impossible for the pure CO in solution.
Furthermore, utilizing this composite solution in an optical cavity sys-
tem, the broadband at 550-610 nm was converted to a tunable laser
with a divergence of 15 mrad.

2. Materials and methods

The CP MEH-PPV and CO BECV-DHF with molecular masses of
100,000 g mol~! and 773.12 g mol~?, respectively, were used in this
study. These materials were obtained from the American Dye Source
(Montreal, Quebec, Canada) and used without any treatment as
received. The molecular structures of BECV-DHF and MEH-PPV are
presented in Fig. 1 (a) and (b). The relative concentration of the two
materials in the blends has been changed by mixing proper amounts of
the CO and the MEH-PPV toluene solutions [40]. To measure the spec-
tral characteristics and laser properties of the solutions of these mate-
rials, the following experimental setup was used. A quartz cuvette (1 cm
x 1 cm x 4 cm) and an optical path length of 10 mm were used. Ab-
sorption spectra and fluorescence spectra were obtained using a
Perkin-Elmer Lambda 950 spectrophotometer (Llantrisant, United
Kingdom) and a Perkin-Elmer LS-55 spectrofluorometer, respectively.
The simulation study was done using TD-DFT with the B3LYP/6-31G*
(d,p) basis sets using Gaussian software [41]; the molecules were kept
in toluene cavitation.

The pump source was a 355 nm Nd:YAG laser (Les Ulis, France) with
a pulse duration of 5-10 ns and a repetition rate of 10 Hz. To achieve
transverse excitation of samples, a 5 cm focal length quartz plano-
convex lens functioned to focus the UV pulsed laser into the samples.
The tunable laser arrangement was made two ultrafast mirrors 100%
and 60% reflectivity, with a grating 1000 line/inch in before 60% output
mirror. The output emission, ASE, and laser were fed to a PI MAX 4
ultrafast camera (Princeton Instruments with an Acton spectrograph)
through an optical fiber. The ultrafast camera had an actively gated
emCCD with a gate time of 400 ps. Another fiber was utilized to feed the
emission output to a spectrometer equipped with a linear array charge-
coupled device (CCD) [Ocean Optics Spectroscopy, USB4000-XR1-ES].

3. Results and discussion
3.1. Optical properties of the pure CO and CP

The absorption and fluorescence spectra of the CO are shown in
Fig. 2. The absorption spectrum shows a shoulder at approximately 375
nm and two peaks at 398 nm and 420 nm, whereas fluorescence peaks
are observed at 441.5 nm and 466 nm with a shoulder at 495.5 nm. Note
that the CO produces ASE only at approximately 464 nm in solution,
even at the minimum concentration at which ASE is achievable.

Fig. 3 (a) shows the absorption spectrum for the CP MEH-PPV. Two
peaks are observed at approximately 500 nm and 332 nm, with a wide
gap of 188 nm between them. The simulation of the absorption spectrum
of MEH-PPV (4 unit approximation) was done using TD-DFT with the
B3LYP/6-31G* (d,p) basis sets and in toluene cavitation. The theoreti-
cally simulated value of A, at 470 nm showed a strong agreement with
the experimental Apax at 500 nm with a 30 nm difference, as shown in
Fig. S1. Fig. 3 (b) displays the normalized fluorescence spectra of the CP
at different concentrations. The major peaks redshift and change with
increasing concentration. The peaks at 567 nm and 598 nm are due to
the 0-0 and 0-1 vibrational transitions.

Fig. 4 (a) presents the absorption spectra of CO/CP composite solu-
tions at ratio (1:0.4) as well as pure CO and CP. The CO has the same
peak positions, whereas the CP has a broad absorption peak from 450
nm to 550 nm. The absorption spectra of both are superimposed
constructively with a minimum around 420 nm, which coincides with
0-1 vibrational band of the pure CO. since the absorption of MEH-PPV in
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Fig. 1. Molecular structure of the (a) conjugated oligomer BECV-DHF and (b) conjugated polymer MEH-PPV.
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Fig. 2. Normalized absorption and fluorescence spectra of the CO at a con-
centration of 10 pg/ml in toluene.

this region is weak and it allows 0-1 transition of the oligomer to
become dominant in fluorescence and ASE (as discussed in the latter part
of this article). Note the increase in absorption of CO under the influence
of MEH-PPV; this could to due the time of measurement is close to the
time of sample preparation. Later the absorption of CO is quenched and
stabilized; please see Fig. 5 (a). Fig. 4 (b) fluorescence spectrum of the
materials composite in solution shows quenching of the CO peak when
50 pL of the CP is added. The fluorescence peak of the oligomer is
quenched to approximately 80% of the original strength. The coinci-
dence of the fluorescence band with the absorption minima at 441 nm is
very strong evidence for modulation in the HOMO-LUMO structure.
The absorption spectra of the CP and CO at different times (minutes)
were measured to investigate the reaction between the CP and CO and
are plotted in Fig. 5 (a). The inset in Fig. 5 (a) shows the absorbance at
the 400 and 506 nm peaks with respect to time. Initially, when no MEH-
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|
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|
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Absorbance (a.u.)
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PPV is present, the peak absorbance is 1.6 (a.u.). At 2 min after the
addition of CP molecules (50 pL), the absorbance of the CO increases
slightly, and the peak of the MEH-PPV also rises but at a much faster
rate. At 24 min, the absorbance peaks at 440 nm, and 506 nm reach the
maximum. At 30 min, the absorbance at 404 nm drops suddenly,
whereas the absorbance at 506 nm decreases slightly. After this time,
both of them maintain an almost constant absorbance.

InFig. 5 (b), we study the fluorescence reaction of the composite. The
fluorescence is quenched immediately after the introduction. At 2 min,
the fluorescence is quenched to 50% of the initial intensity. The inset
figure shows the fluorescence peak intensity with time. At approxi-
mately 10 min, the fluorescence drops to the minimum value of
approximately 40% of the original value. The fluorescence intensity at
466 nm increases slightly up to 48% at approximately 30 min and then
remains around the same intensity. Note that the intensity of the peak
corresponding to MEH-PPV is unchanged since the concentration re-
mains constant. The absorbance of the CP does not increase mono-
tonically but attains a maximum at 30 min and then decreases slightly.
The fluorescence quenching of the oligomer due to the presence of the
CP is not monotonically increasing (decreasing intensity); at 10 min, it
attains the lowest value of 40% of the original intensity. However, the
intensity increases up to 48% after 30 min; the ratio between the olig-
omer peaks varies dramatically over time, as shown in Fig. 5 (a).

Fig. 5 (b) indicates that the minimum intensity appears at approxi-
mately 12 min, and the intensity ratio changes in the presence of the
MEH-PPV, suggesting an energy transfer. A similar observation was
made between PbS QD and MEH-PPV system by Y. Zhang et al. [27]. The
increase, decrease and stabilization of blend solution absorption spectra
indicated a permanent physical interaction between CO and CP. The
simulation also shows the proximity of HOMO and HOMO+-2 level of CO
and CP. The modulation of absorption spectra is also observed experi-
mentally. Modulation of absorption spectra occurred due to a change in
the HOMO - LUMO structure of CO under the presence of MEH-PPV. In
order to influence the HOMO - LUMO structure, the CO and CP must be
close. The Dexter-type energy transfer is possible when CO and CP are
closed. The TD-DFT calculation shows that LUMO of oligomer and
LUMO+2 of MEH-PPV was very close with a gap of 80 meV (see Sup-
plementary Fig. S2). Note, the literature and our calculations are in
agreement. The LUMO level of the oligomer is —2.022 eV [19], which is
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Fig. 3. (a) Absorption spectra and (b) fluorescence spectra of MEH-PPV at different concentrations in toluene.
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Fig. 4. (a) Absorption spectra for BECV-DHF, MEH-PPV and their blends. and (b) fluorescence spectra of the pure CO at 0.25 mg/ml and BECV-DHF/MEH-PPV
blends with the same ratios. The ratios of BECV-DHF/MEH-PPV were 1:0.2, 1:0.4, 1:0.6, 1:0.8 and 1:1.
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Fig. 5 (a). Absorption spectra of the CO/CP at a ratio of 1:0.2 at different re-
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Fig. 5 (b). Fluorescence spectra of the CO/CP at a ratio of 1:0.2 at different
reaction times.

678 meV above the LUMO of MEH-PPV (—2.700 eV) [42]. Even though
there is a high overlap between the CO emission and CP absorption but
still not enough evidence for Dexter energy transfer. But the above
observation, along with the new ASE peak, can also be explained as
follows, a CO ASE modulation is due to the MEH-PPV absorption at 464
nm. From the MEH-PPV absorption spectra (Fig. 4b), it is evident that
the absorbance is higher at 464 nm than at 436 nm. Thus, in the presence
of MEH-PPV, the absorption losses at 464 nm are increased more than
the one at 436 nm, allowing this 436 nm peak to produce ASE (see ASE
discussion). We are able to observe the influence of CP on CO; it could be
most likely due to the modulation of absorption spectra and less likely
involving Dexter energy transfer.

Fig. 6 (a) shows the ASE action from the pure CO at a concentration
of 0.5 mg/ml. The pure oligomer produces ASE only at 464 nm for the
minimum energy (4 mJ) and for the lowest concentrations in toluene
below, which ASE is not possible. This oligomer does not produce dual
ASE on its own, regardless of the pump energy, below this concentration,
in contrast to some other COs [43] and CPs [44]. Fig. 6 (b) shows the
ASE spectrum for pure MEH-PPV; here again, ASE is achieved at 605 nm
without any other emitting species. However, in an earlier report, it was
found that MEH-PPV could produce dual or triplet ASE under special
conditions such as very high concentration and high pump energy or in
the presence of quantum dots [45].

Fig. 7 shows the laser-induced fluorescence spectra of CO/CP blends
at an 8 mJ pump energy and different concentrations of MEH-PPV
except for the inset of Fig. 7 (b), where the pump energy is increased
to 12 mJ. The concentration of MEH-PPV was increased in steps of 50 pL.
Immediately after the addition of 50 pL of the CP to CO solution, a peak
starts appearing at 436 nm, and the two peaks of MEH-PPV are visible at
565 nm and 603 nm. When the concentration of the CP is increased to
100 pL, the band at 436 nm becomes 50% of the band at 464 nm, as
shown in Fig. 7 (b). The inset in Fig. 7 (b) clearly shows that when the
pump energy is increased, the pump energy only increases the strength
of the 436 nm peak since MEH-PPV is at a low concentration. The in-
crease in pump energy did not improve the intensity of the MEH-PPV
peak since it is already at maximum intensity. Fig. 7 (c) showed the
LIF spectrum of the composite solution when the concentration of the CP
was increased to 150 pL. The addition of the MEH-PPV increases the
intensities of the oligomer band at 436 nm to 62% of the intensity of the
464 nm band, indicating dual ASE of the CO, and the broad LIF band of
the CP with a 565 nm peak and a 603 nm shoulder, but MEH-PPV does
not produce an ASE band. When the concentration of MEH-PPV is
further increased to 200 pL, the intensity of the 436 nm peak of the CO
becomes dominant, approximately 1.5 times that of the 464 nm peak.
The strength of the 436 nm peak increases proportionally due to the
increase of MEH-PPV concentration. The presence of MEH-PPV alters
the vibrational equilibrium of the oligomer in the excited state, and both
the 0-1 and 0-2 bands of the oligomer achieve population inversion and
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Fig. 6. (a) ASE spectrum of the CO in toluene, and (b) ASE spectrum of the CP in toluene.
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are able to produce dual ASE. Herein, the CO produces dual ASE under
the influence of MEH-PPV due to the strong interaction between the two
materials. The ASE peak at 436 nm coincides with the absorption min-
imum of the oligomer/MEH-PPV, as shown in Fig. 4 (a). Dual ASE is
achieved only in the presence of MEH-PPV, i.e., the oligomer cannot
produce ASE at the 0-1 band on its own. Fig. 7 (d) shows the relationship
between the intensity of the oligomer peak at 436 nm at different pump
energies and different concentration ratios of MEH-PPV. The ASE peak
at 436 nm is produced only under the influence of the presence of MEH-
PPV. The intensity at 436 nm was almost zero when MEH-PPV is not
present in the solution in conjunction with Fig. 6 (a). When a MEH-PPV
is added to form a concentration of (1:0.4), the peak appears, and when
the pump power increased, it produces a distinctive ASE peak. And for
higher pump energies, the intensity of ASE increased sharply, as shown
in Fig. 7(d) ii. When more MEH-PPV is added to form a concentration of
(1:0.8), the threshold of ASE decreased to 4 mJ; also, with an increase in
pump energy, the intensity at 436 nm increases more rapidly, as shown
in 8(d) iii.

Fig. 8 (a) shows the TRS spectra of the CO/CP, which has a similar
concentration as in Fig. 7 (a). They show a time delay of 1 ns for
interaction with the oligomer. The BECV-DHF/MEH-PPV dynamic ex-
changes can be found using time-resolved studies. Fig. 8 shows that
when a small quantity of MEH-PPV (50 pL) is added to the CO solution,
the 436 nm peak starts appearing. To exclude the possibility of the 436
nm peak appearing due to a reduction in concentration, 50 pL of toluene
was added to the pure oligomer solution, and the TRS spectra showed
only one peak at 465 nm, with no trace of the 447 nm band. However,
the presence of MEH-PPV altered the spectrum of the oligomer. Addi-
tionally, note that the 436 nm peak appears 1 ns later than the
appearance of the 464 nm band, whereas the MEH-PPV band appears
simultaneously with the 464 nm band of the CO. The simultaneous oc-
currences of the BECV-DHF/MEH-PPV bands at a concentration of more
than 100 pL show that exchange occurs on a much faster time scale than
the resolution of the TRS camera.

3.2. Oligomer/MEH-PPV solution in a cavity

To determine the tunability and lasing action of the CO/CP solution,
an optical cavity of length 28 + 10 mm (length tunable) with one mirror
of 100% reflectivity and another of 60% reflectivity was designed. The
CO/CP solution produces a two-broadband LIF spectrum with two
bands, one from 440 to 466 nm and the other from 550 nm to 650 nm.
The oligomer is very efficient and able to produce dual ASE at 436 nm
and 464 nm in the presence of MEH-PPV. However, the fluorescence
band from 550 nm to 650 nm cannot be used to produce ASE for the
concentration studied. Without the laser cavity, the broadband from
550 nm to 650 nm cannot be narrowed at these low concentrations of
MEH-PPV.

The same CO/CP solution was used in Fig. 9 (a) to (c), which shows
the CO/CP spectra in the cavity. The pump energy and relative CO/CP
concentration were kept constant. The length of the cavity was varied
with the help of the mirror distance. When the length of the cavity is
altered by a few mm, the emission wavelength also changes from 560
nm. The fluorescence becomes spectrally narrow, and the divergence of
the light beam becomes 15 mrad when the length of the cavity is 28 mm.
When the length of the cavity is 30 mm, a single band is observed at
approximately 560 nm, with a divergence of 12 mrad. Without the
cavity setup, it is impossible to achieve a very intense laser from MEH-
PPV at 560 nm. Depending on the length of the cavity, dual peaks at 563
and 574 nm are also achieved. MEH-PPV inherently produces an ASE
peak at 575 nm [45], but due to the presence of BECV-DHF, the
MEH-PPV peak is blue-shifted to 563 nm. The simple cavity used here
allowed us to produce three narrow peaks simultaneously; the ones at
440 nm and 464 nm were developed with the cavity in a single pass,
which does not depend on the cavity geometry. However, the sharp peak
at 560 nm with an FWHM 6 nm is a laser peak due to the cavity, and

Optical Materials 111 (2021) 110575

Fig. 8. Time-resolved dynamics of the CO/CP in toluene at pump energy of 8
mJ and ratios of (a) 1:0.2 and (b) 1:0.4.

multiple wavelengths receive feedback; hence, this laser spectrum is
quite broad.

The TRS spectra of the CO/CP composite solution are shown in
Fig. 10. They show that both MEH-PPV and the CO are in constant
competition to be excited by pump photons. The large dip (hole) at
approximately 600 nm is due to the attenuation of the cavity. The
fluorescence at this band is cut off due to the bandgap cut-off effect. The
band beyond 650 nm is the tail fluorescence of MEH-PPV, which is
mostly fluorescence net amplified by feedback within the cavity. When
the concentrations of MEH-PPV and the CO are sufficiently high, and the
pump energy is approximately 8 mJ, the TRS spectra show that ASE of
the oligomer and lasing from MEH-PPV are produced simultaneously,
and the oligomer produces ASE at 436 nm through the spectral modu-
lation process. This is not altered under the cavity setup. MEH-PPV,
instead of producing broadband LIF, produces a sharp laser peak,
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Fig. 9. (a) Laser spectra of BECV-DHF/MEH-PPV blends in toluene at a ratio of 1:0.4. and a 10 mJ pump energy.

Fig. 10. Time-resolved dynamic lasing of BECV-DHF/MEH-PPV blends in
the cavity.

indicating that the cavity does not affect the dynamics of MEH-PPV.
4. Conclusions
The oligomer is forced to produce dual ASE in the presence of MEH-

PPV due to the modulation of HOMO-LUMO structure. The new peak of
436 nm appeared as a result of the MEH-PPV that can absorb high at 464

nm. TRS spectra reveal the simultaneous occurrence of oligomer and
polymer bands. However, the appearance of the 436 nm band at a low
concentration of the CP showed a time delay of 1 ns. The intensity of the
436 nm peak is proportional to the MEH-PPV concentration and pump
energy. This phenomenon is used to design a tunable laser using an
optical cavity with two mirrors (100% and 60%) and grating with a
suitable cavity length. The laser is tunable from 560 nm to 580 nm.
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