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The results of a brief investigation of the amplified spontaneous emission and lasing characteristics of
Coumarin 540 dye in as many as ten different solvents are reported. It has been found that C 540 dye

solutions contained within a rectangular quartz cuvette give laser emission with well resolved equally

spaced modes when pumped with a 476 nm beam. The modes were found to originate from the subcavities
formed by the plane-parallel walls of the cuvette containing the high-gain medium. While the quantum
yield remains a decisive factor, a clear correlation between the total width of the emission spectra and the
refractive indices of the solvents of the respective samples has been demonstrated. The well-resolved

mode structure exhibited by the emission spectra gives

clear evidence of the lasing action taking place in

the gain medium, and the number of modes enables us to compare the gain of the media in different
samples. A detailed discussion of the solvent effect in the lasing characteristics of C540 in different
solutions is given. © 2007 Optical Society of America

OCIS codes: 140.2050, 140.3380.

1. Introduction

The wide use of organic dyes and dye doped poly-
pers in optical and optoelectronic applications has
produced & renewed interest in the area of laser
dyes [1-5]. The broad spectral range covering the
blue to the IR region, the high efficiency, the large
spectral bandwidth, and fairly simple implementa-
tion offer unique operational flexibility for dye lasers.
Recently the coumarin dyes are drawing renewed
interest for the development of blue and green lasers
owing to their emission in this region of the wave-
length. With their large quantum yields and strong
absorption, the coumarin dyes are excellent laser
gain media in the near-UV to green wavelength
region [6—9]. Many coumarin derivatives are found
to be strongly fluorescent with their quantum yield
often close to unity [10]). Coumarin-doped biphenyl
flms are suggested to have possible applications as
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organic semiconductors, efficient laser media, and
optical memory materials. Recently coumarin dyes
have been introduced as dopants in electrically excited
organic light emitting diodes (OLED). They have also
been successfully introduced in high-brightness OLED
devices [11,12].

The coumarin dyes are found to be very sensitive
to the polarity of solvents and to microenvironments.
Strong polarity-dependent Stokes’s shifts are ob-
served in many coumarin derivatives [11-16]. The
7-NEt, coumarin dyes are seen to exhibit quite un-
usual behavior in certain nonpolar solvents. It is re-
ported that the dye adopts different conformations of
this group in nonpolar and some other solvents [11-
13]. A linear relation is reported between quantum
yield and solvent polarity for moderate to high polar-
ity solvents but it deviates to higher values in non-
polar solvents [16].

Here we report the effect of solvents on certain
characteristics of laser emission observed from Cou-
marin 540 (C 540) dye solutions. Since the C 540 dye
is a high-gain medium, for a pump intensity of



65 kW/cm?, laser emission is observed with well re-
solved, equally spaced resonant modes. The mode
structure in the emission spectrum is attributed to
laser emission due to the optical feedback from the
parallel windows of the quartz cuvette in which the
dye solutions are taken. A more or less linear rela-
tionship is observed between the quantum yield and
the laser modes in most of the solvents used, with
exceptions being seen for a few highly polar solvents.
For such solvents the refractive index of the solvent is
found to be a decisive factor, which moderates the
lasing efficiency of the dye. We have done the inves-
tigations in a variety (ten) of solvents, which com-
prises polar protic, dipolar aprotic, and nonpolar
solvents.

2. Experimental Details

The gain medium for the present study was C 540 dye
in different solvents. Coumarin dye shows excellent
solubility in all these solvents. Figure 1 shows the
typical absorption spectra of dye in ethanol and tol-
uene with polarity indices 5.2 and 2.4, respectively.
These spectra were recorded using a UV-VIS spectro-
photometer {(JascoV-570, Japan). The dye solution in
ethanol with a concentration of 1 X 10~ M has the
absorption peak at 456 nm with a bandwidth of
74 nm, whereas the peak is at 442 nm with a band-
width of 64 nm for C 540 in toluene.

The first part of the experiment was conducted in
dye dissolved in methanol. The concentration of
choice was 4 X 107* M. The laser emission studies of
the dye solution were made by taking the sample
solution in a quartz cuvette of 1 cm inner length. The
emission spectra were recorded by exciting the sam-
ple with 476 nm radiation from a Quanta Ray MOPO
(MOPO 700, USA), pumped by @-switched Nd:YAG
laser at 355 nm that emits pulses of 7 ns duration at
a repetition rate of 10 Hz. A cylindrical lens was used
to focus the pump beam in the shape of a stripe on the
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Fig. 1. Absorption spectra of C 540 solution in (a) toulene, (b)

ethanol.
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sample. Owing to the high-absorption cross sectiondf
the dye solution, the pump beam was fully absorbed
by the front layer of the sample, and it createdz
stripe like an excited gain medium. A vertical slit was
incorporated in the path of the beam between the
cylindrical lens and the sample so as to vary the
stripe length on the sample, and it was adjusted tofs
the pump beam width of 7 mm in the present case.
The output was collected from the edge of the front
surface of the cuvette using an optical fiber in a d-
rection normal to the pump beam. The emission spe:
tra were recorded with an Acton monochromate
attached with a CCD camera. The emitted beam from
the edge of the cuvette was so strong and highly
directional that we could collect it without any focus-
ing.

In the second part of the investigations, the emis
sion spectra were recorded for ten solvents of differ
ent polarities to study the effect of solvents on laser
emission from the dye solution. All the investigations
were done in dye solutions with a constant concen-
tration of 4 X 107* M, while all other experimental
conditions such as pump intensity, excitation length
of the gain medium, and mode of collection remained
the same.

3. Results and Discussions

To study the nature of emission from the dye dissolved
in methanol, the emission spectra were recorded for
various pump intensities starting from 45 kW/em,
keeping the excitation length of the beam as 7 mm.
For a pump beam intensity of 45 kW/cm? the flue
rescence spectrum recorded was highly broad witha
spectral width of 33 nm. With the increase in pump
intensity, the fluorescence emission spectrum nar
rowed and gave amplified spontaneous emission
(ASE). With a pump intensity of 65 kW/cm? ASE
was observed with a spectral width of 7 nm (Fig. 2.
When the pump intensity was further increased, a
periodic modulation structure was observed in the
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Fig. 2. Emission spectra of C 540 solution in methanol (a) fluc
rescence spectrum, (b) ASE.
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:mission spectrum. At higher pump intensities, well
wolved equally spaced resonant modes were ob-
srved, which could be attributed to laser emission
rhere the emission beam was highly directional (Fig.
9. The occurrence of similar resonant modes was
rported by Yokoyama et al. [17] in a dye medium
wded with dendrimers, By encapsulating the dye,
the dendrimer reduced the self-aggregation and the
mlecular quenching of the dye at higher concentra-
tons and thereby increased its gain. They had re-
lited the spacing of the modes to the penetration
depth of the beam in the medium. To verify the va-
ldity of this explanation, the emission spectra were
reorded for various concentrations of the dye rang-
ngfrom 1 X 107* to 8 X 10~* M, which corresponds
w different penetration depths. The same mode
structure was repeated with more or less equal spac-
ing and a redshift in the spectra (Fig. 4). This con-
firms that the mode spacing is not directly related to
penetration depth.
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Fig. 4 Lasing spectra in methanol for two concentrations. (a)
1%x107*M, (b) 8 X 107* M.
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Further investigations were done by changing the
excitation length of the pump beam. For a dye solu-
tion of concentration 4 X 10™* M and pump beam
intensity above 150 kW/cm? the emission spectra
showed the features of ASE when the excitation
length was increased to 2 mm. The spectral width
was again approximately 7 nm for this length, but
when the excitation length was further increased the
narrowed spectrum showed well resolved resonant
peaks with equal spacing. With a further increase in
excitation length, the modes became prominent with
very high output intensity. The emission spectrum
observed in the dye, dissolved in methanol for an
excitation length of 4 mm, was exactly similar to the
one observed for an excitation length of 7 mm (Fig. 3).
An increase in pump intensity gave the same mode
structure with the same mode spacing. However, the
less prominent modes increased in their strength at
higher pump intensities.

The occurrence of mode structure from dye solution
was reported by Guang et al. [18] where the laser
emission was attributed to the Fresnel reflection
feedback from the two parallel optical windows of
the cuvette. Considering the two surfaces of the
windows and the gain medium, a multicavity struc-
ture can be formed between the two plane-parallel
walls of the cuvette. The resonant conditions for the
four subcavities formed between the two windows
can be written as

2[nL +n'(ly + )] = K\,
2nL = Ko\,
2(nL +n'ly) = K3\,

2(nL +n'l) =K\, (D

where L is the length of the dye medium, n' is the
refractive index of quartz, /, and [, are the thick-
nesses of the two parallel walls of the cuvette, n is the
refractive index of the gain medium and K, K,, K,
and K, are arbitrary integers [18]. The resonance
condition providing the widest spectral periodicity is
obtained by the subtraction of the last two conditions
of Eq. (1), which yields

2n'(lz_ll) =K)\, (2)

where K = (K; — K,).

This equation is equivalent to the maximum trans-
mission condition of a Fabry—Perot etalon. Thus the
partial reflections from the windows of the cuvette
produce the effect of a Fabry—Perot etalon and pro-
vide the optical feedback necessary for laser emis-
sion. For the lasing spectrum the wavelength spacing
between the different modes is given by

)\2

= m, 3

AN
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1 mm
Fig. 5. Typical figure showing the variations in the thickness of
the bottom and one of the side walls of a cuvette of 1 cm thickness
(photograph of the image obtained with microscope attached with
a CCD camera).

where \ is the average lasing wavelength. Substitut-
ing for refractive index n’ as 1.46, the average lasing
wavelength A as 515 nm, and the mode spacing A\ as
1.62 nm from the experiment with a cuvette of 1 cm
path length, [, — [, is estimated as 56 pm. To check
the validity of the above conclusion, the thickness of
the windows was accurately measured using a micro-
scope attached with a CCD camera (Panasonic) and
the I, — [, value was found to be 55 * 5 pm at dif-
ferent positions of the cuvette, which is in close agree-
ment with the observed value. The photograph of the
CCD image taken for two walls of a cuvette is given
in Fig. 5, which clearly indicates the change in thick-
ness of the different walls of the cuvette. To confirm
this result, the emission spectrum of the same dye
solution in a cuvette of path length 0.5 cm was taken.
Figure 6 shows the mode structure observed with a
different spacing of 0.92 nm. Substituting for the
peak emission as 514 nm, the thickness difference
(I — 1) of the parallel walls was obtained as 98 pm.
The measured value of (I, — /,) for this 0.5 cm cuvette
was 100 = 5 pum, which confirms the existence of a
Fabry-Perot optical cavity effect due to the reflec-
tions from the walls of the cuvette.

The incidence angle of the pump beam was varied
in order to check the effect of its deviation from the
cavity axis on the mode structure. We could observe
the mode structure even when the cuvette was tilted
to approximately 15° from the direction of incidence
[17,18]. Owing to the high gain of the dye medium,
even a portion of the reflection from the windows
along the cavity axis is sufficient to produce the cavity
lasing.

In the second part of the study, the features of the
mode structure were employed to investigate the ef-
fect of solvents on the laser emission of the dye. De-
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Fig. 6. Laser emission spectrum of dye solution in a cuvetted
0.5 em. Mode spacing 0.92 nm.

tailed investigations were done with ten solvents of
different quantum yields (®,) and polarities. The pho-
tophysical properties of laser dyes were found to be
highly sensitive to the nature of solvents and to the
environments [11,14-16]. The polarity of solvents,
their viscosity, and dielectric constants are found to
be critical in the photochemical behavior of laser
dyes. The solvents of choice include polar protic, di-
polar aprotic and nonpolar ones. A comparative
method [19] was applied to estimate the quantum
yield values in different solvents using Rhodamine
6G (Rh 6G) in ethanol as the reference [20]. Absorp-
tion and fluorescence spectra were recorded usinga
Jasco, Japan, V-532 UV-VIS spectrophotometer and
a Cary Eclipse, Australia, fluorescence spectrophe
tometer, respectively. Both polar protic and dipolar
aprotic solvents exhibited very high quantum yield
Coumarin dye in ethanol has a quantum yield of
approximately 1, and toluene, which is a nonpolar
solvent, gives the least value of 0.76. Though a direct
correlation between ®; and polarity could not be o
served, generally the &, values were found to be high
with solvents of high polarity.

The emission spectra were recorded for all the sol
vents with a fixed dye concentration of 4 x 107*M.
All the experimental conditions remained the same
throughout the investigations. Interesting results
were obtained and these showed a correlation be
tween the quantum yield of the dye in different sol-
vents and the mode structure observed due to cavity
lasing. With ethanol, which has a quantum yield of
~1, the emission spectrum recorded has a total spec-
tral width of 7 nm consisting of approximately 12
modes (Fig. 7). With methyl ethyl ketone having a
quantum yield of 0.97, the spectral width was 5.6 nm
with nine as the number of modes (Fig. 8). For butyl
acetate with a quantum yield of 0.85, the number of
modes was reduced to five (Fig. 9). In the case of
toluene with a quantum yield 0.76, no mode pattem
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7 observed. Toluene gives only an ASE spectrum
7ith a total spectral width of 3.4 nm (Fig. 10). The
e medium is found to be sensitive to the polarity of
fesolvent in its nature of laser emission. In general,
fe gain of the medium increases with an increase in
wlarity. But the laser emission is observed to be high
aethanol, which is less polar compared to methanol.
This may be attributable to the more viscous nature
o ethanol, which may reduce the molecular interac-
imbetween dye and solvent molecules. Table 1 gives
s comparison of solvent polarity, refractive index,
uantum yield, and the number of modes observed in
the emission spectrum.

Though Table 1 shows the correlation between the
nmber of modes and the quantum yield of the dye in
{ifferent solvents, some discrepancy is noticeable in
the case of a few high-polarity solvents. In the case of
{imethyl formamide (DMT), the number of modes is
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Fig.8. Laser emission spectrum from C 540 dye solution in MEK.
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Fig. 9. Laser emission spectrum of dye solution in butyl acetate.
Mode spacing 1.69 nm.

fewer and for dimethyl sulphoxide (DMSO) no laser
emission is observed though both of them have high
quantum yields. Cyclohexanone which is a less polar
solvent, also shows the same result. All these solvents
have a comparatively high refractive index, which is
close to the refractive index of quartz. The reflection
coefficient of the surfaces is also an important param-
eter in determining the lasing threshold. For a gain
medium in a resonator cavity with length L and end-
face reflectivities R, and R,, oscillations will build up
when the loop gain R,R, exp(2¢L) > 1 [21]. The re-
flectivity at the end face is given by

R= (n‘ - n2>2. @

ny+n,

The absence of lasing modes in the above solvents can
be attributed to the reduced value of the reflection
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Fig. 10. ASE spectrum of dye solution in toluene.
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Table 1.

Comparison of Polarity, Quantum Yield, Refractive Index, Number of Modes and Reflectivity for Different Solvents

Solvent Nature Polarity Index Ref. Index Q. Yield No. of Modes Rx10%
Ethanol pp°® 5.2 1.36 0.99 12 125.7
Dichloromethane dap?® 34 1.42 0.98 10 19.29
Methyl ethyl ketone dap 4.5 1.376 0.97 9 87.7
Methanol PP 6.6 1.326 0.91 7 231.3
Butyl acetate dap 39 1.394 0.85 5 534
Dimethyl formamide (DMF) dap 6.4 1.431 0.94 4 10.06
Dioxane dap 4.8 142 0.8 3 19.29
Toulene np° 24 1.494 0.76 — 13.24
Dimethyl sulphoxide (DMSO) dap 6.5 1.478 0.96 — 375
Cyclochexanone dap 4.5 1.45 0.97 — 118

“Polar protic.
Dipolar aprotic.
°Nonpolar.

coefficients. For example, cyclohexanone with a re-
fractive index of 1.45 acts as an index matching
medium yielding a negligible reflection coefficient
(R = 1.181 x 107®) and laser emission is not observed
with such a small feedback, resulting from the neg-
ligible value of R. In the case of ethanol, where the
difference in refractive indices is comparatively large
giving R = 125.7 X 107%, a good lasing spectrum is
obtained at a low threshold pump beam intensity. For
comparison, the reflectivity at the end faces for dif-
ferent solvent media is also included in Table 1. The
lasing behavior of the gain medium is explicit from
the nature of the emission spectrum observed with
the mode structure. The total spectral width of the
emission spectra gives a clear indication of the gain of
the medium in different solvent environments. A cor-
relation is explicit between the gain of the lasing
medium and the spectral width of emission and cor-
respondingly the mode structure exhibited by it.
The emission spectrum of Rh 6G, the best known of
all laser dyes is also recorded for the same absorbance
as coumarin dye in methanol. The emission spectrum

25000 4

20000+

15000

10000 -

Intensity (arb.units)

5000
o] A

1
500

U U

EH T 1
540 560 580

Wavelength (nm)

T
520

Fig. 11. Emission spectrum in methanol (a) C 540, mode spacing
1.65 nm, (b) Rh 6G, mode spacing 2.01 nm.
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exhibited only two modes with a spectral width of
2.4 nm whereas the emission spectrum of coumarin
has a spectral width of 5 nm with seven to eight
modes (Fig. 11). Even though the quantum yield of C
540 in methanol is slightly lower than that of Rh G,
the spectral width for C 540 is found to be greater
than that of Rh 6G, which is the well-known efficient
laser dye.

4. Conclusion

The gain characteristics of C 540 in different solvents
are investigated. Laser emission is observed from
dye solution taken in a quartz cuvette. The partial re
flections from the two parallel walls of the cuvette
provided the optical feedback necessary for laser
emission. The subcavities formed between the win-
dows of the cuvette produced the effect of a Fabry-
Perot optical cavity resulting in well-resolved equally
spaced resonant modes. The mode spacing was re-
lated to the difference in thickness of the parall
walls of the cuvette.

The features of the mode structure in the emission
spectra are employed to study the effects of solvents
on the laser emission of the dye. Dye solutions with
high quantum yields exhibited good lasing spectrz
with a finite number of modes. The discrepancy no-
ticed in certain solvents of high quantum yield, with
a reduced number of modes or no lasing at all, is
explained in terms of the low reflection coefficient.
These solvents with refractive indices close to the
refractive index of quartz act as index matching me-
dia yielding a low reflection coefficient, which is in-
sufficient to produce the necessary feedback for laser
emission. The observation of mode structure is a clear
evidence of laser emission from C 540 dye solution,
The total width of the emission spectrum observed for
the gain medium in different solvent environments
clearly marks the gain of the medium. The emission
spectra with sufficient gain exhibited laser modes.
The gain, in turn, is a function of quantum yield and
the refractive index of the medium. This work en-
ables us to make a comparison of the gain of the
media and the spectral width of the emission spectra
exhibited by them in different solvent environments.
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