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Abstract

Laser dyes Rhodamine B and Perylene Red were incorporated at different relative concentrations into hybrid ma-

trices synthesized using the sol–gel process. Energy transfer from Rhodamine B-donor to Perylene Red-acceptor

molecules was observed. Using the different co-doped samples, solid-state dye laser systems were achieved with tuning

band position control and increased efficiency with respect to the materials using solely one type of dye.
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1. Introduction

Solid-state dye lasers� research has attracted

much attention during the past years, because of
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technical and economical advantages in compari-
son with classical liquid dye lasers. The main re-

search has been devoted to material hosts which

disperse well the dye molecules, and for which la-

ser efficiency and operational photostability are

high. It has been found that materials with an

amorphous network structure like organic poly-

mer polymethylmethacrylate (PMMA) and inor-

ganic porous polymer sol–gel glass and their
derivatives are good hosts for dye molecules [1–9].

A lot of work was devoted to incorporating
ed.
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Fig. 1. Absorption (empty symbols) and fluorescence (filled

symbols) of Rhodamine B (up-pointing triangles) and Perylene

Red samples (down-pointing triangles).
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different dyes into solid matrices in order to obtain

solid-state laser emission from the near UV to the

near IR light range like classical liquid dye laser

emission [10–14]. Recently, most of the promising

results have been obtained with the pyrromethene-

doped materials because of their high laser effi-
ciency and high photostability [4–6,8–11,13,15].

But until now, few results have been published on

dye-doped solid-state lasers emitting in the red

part of the light spectrum near 610–650 nm.

One of the red-emitting dyes, which adapts very

well to solid-state hosts because of its high

photostability, is Perylene Red, which lases in the

610–640 nm range [7,10,11]. It was calculated that
the photostability of Perylene Red in sol–gel glass

is 200,000 GJ/mol, which is much higher than that

of the Rhodamine family dyes (the photostability

of Rhodamine B is 9000 GJ/mol and that of

Rhodamine 6G is 4500 GJ/mol), which are well

known to be fairly stable [16]. But we can note that

Perylene Red has a poor lasing efficiency, which is

around 12% in hybrid sol–gel matrices when
pumped at 532 nm.

Dye mixtures have already been used in solu-

tions in order to improve laser performance and

produce multicolor output [17–24]. In this type of

laser, one kind of dye molecule, which is referred

to as the donor dye, absorbs pumping light and is

thus optically excited. The excited donor dye

molecule relaxes by transferring the energy to an-
other kind of dye molecule, which is referred to as

the acceptor dye. The acceptor dye molecule is

thus indirectly pumped by the pumping source. In

this way, the acceptor dye molecules may act as a

laser source.

There are a few publications pertinent to the

incorporation of dye mixtures into solid matrices.

Law et al. [25] obtained the lasing emission of di-
sodium fluorescein (DF) at 530 nm with a 3.3%

conversion efficiency, using DF concentration be-

low its lasing threshold value by solidifying a

mixture of coumarin 460 and DF into a sol–gel

silica matrix. Fukuda et al. [26,27] fabricated a

solid-state dye laser with a mixed dye-doped thin-

film ring resonator, which oscillated at four dif-

ferent ‘‘cascaded’’ laser wavelengths (respectively
433, 548, 610 and 655 nm) with a pulsed Nd:YAG

third-harmonic generation laser as pumping
source. Kumar et al. [28] obtained a fluorescence

enhancement of Rhodamine B of the order of

226% thanks to energy transfer between Rhoda-

mine 6G and Rhodamine B in a polymer matrix.

Recently, Oki et al. [29] have also used the donor–

acceptor approach, with Rhodamine 6G as a do-
nor dye and different infrared dyes, known as

LDS, as acceptor dyes, to reach the near infrared

region with distributed feedback plastic wave-

guided dye lasers.

To attempt producing a solid-state laser with a

rather high lasing efficiency, a wide tuning range

and a high photostability in the red region, we

doped the methyltetraethoxysilane (MTEOS)-
derived xerogel with a mixture of Rhodamine B

and Perylene Red with different concentration

combinations. Fig. 1 shows the normalized ab-

sorption and fluorescence spectra shapes of such

xerogels doped with Rhodamine B and Perylene

Red only, together with the position of the exci-

tation line (532 nm) for fluorescence and laser

experiments [30]. The spectral overlapping in the
wavelength band ranging from 550 to 650 nm be-

tween the fluorescence band of the Rhodamine B

dye and the absorption band of the Perylene Red

dye is suitable for energy transfer from excited

Rhodamine B donor molecules to Perylene Red

acceptor molecules. In this paper, we report Per-

ylene Red lasing in xerogel matrices obtained by

energy transfer from Rhodamine B to Perylene
Red molecules with combination of efficiency and

tunability, which could otherwise not be obtained

when directly pumping the Perylene Red molecules.
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2. Experimental

2.1. Material and experimental set-up

Xerogel samples were prepared from alkoxysi-
lane MTEOS (Me–Si(OEt)3) according to similar

published procedure [15]. The Rhodamine B and

Perylene Red dyes were added into a matrix with

different concentration combinations as reported

in Table 1. Some samples were doped with only

one type of laser dye at different concentrations. In

the case of Rhodamine B, they are noted as sam-

ples #1 and #2, with dye concentration, respec-
tively, of 1� 10�4 and 2� 10�4 mol/l, and for

Perylene Red as samples #10, #11 and #12, with

dye concentration, respectively, of 2� 10�4,

1� 10�4 and 0.5� 10�4 mol/l. Other samples were

co-doped with both dyes, keeping constant the

total concentration equal to 2� 104 mol/l and us-

ing a step of 0.25� 10�4 mol/l (samples #3–#9).

The fluorescence emission measurements were
obtained with excitation at 532 nm using a HIT-

ACHI F-4500 Fluorescence Spectrophotometer

3-D Scan. Absorption spectra were measured with

a UV–VIS-NIR Varian spectrophotometer type

Cary 5E. The fluorescence lifetime was measured

using a pulsed second harmonic mode-locked

Nd:YAG laser with 100 ps pulses as pumping

source. A fast 100 ps risetime Hamamatsu silicon
Table 1

Sample reference numbers and concentrations of Rhodamine B and

together with their fluorescence maximum wavelength kF, fluorescenc
and fluorescence lifetime

No. RhB

(�10�4)

Pery Red

(�10�4)

kF
(nm)

kL
(nm)

FW

(nm

1 1 0 583 595 45.5

2 2 0 584 604 45

3 1.75 0.25 586 613 61

4 1.5 0.5 593 616 70.5

5 1.25 0.75 602 619 75

6 1 1 603 621 74.5

7 0.75 1.25 607 621 73

8 0.5 1.5 607 625 71.5

9 0.25 1.75 609 626 71.5

10 0 2 611 627 72.5

11 0 1 610 616 72

12 0 0.5 610 612 71
photodiode and Tektronix oscilloscope TDS 7254

2.5 GHz were used as detector system.

The laser characterizations were performed us-

ing the same laser cavity configuration as reported

in our previous papers [10,15], i.e. a 10-cm long

stable plano-concave linear cavity. The concave
mirror, with a 10 m radius of curvature, is di-

chroic, with Tin ¼ 80% at 532 nm, and Rin > 80%

in the 550–650 nm range. The flat output coupler

transmits 90% energy in the 550–650 nm range.

The excitation laser is a frequency-doubled

Nd:YAG emitting 6 ns pulses at 532 nm, and its

repetition rate may be varied between single shot

and 10 Hz. The laser spectra and tunability were
registered with an OMA type spectrophotometer

ARC SpectraPro 275.

2.2. Results

The absorption spectrum of each sample has

been measured though only the edges could be

seen due to the saturation of the spectrometer. The
linear variation of the absorption coefficients with

respect to the expected relative dye concentrations

has been checked.

The fluorescence spectra of all the samples are

shown in Fig. 2. In Fig. 2(a), we show the fluo-

rescence spectra of the samples #1–#6, for which

the Rhodamine B concentration is equal to or
Perylene Red in the series of samples reported in this work,

e FWHM, laser peak wavelength kL, slope efficiency, tunability

HM

)

Slope

efficiency (%)

Tunability (nm) Fluorescence

lifetime (ns)

22 588–618 7.0

32 597–617 7.1

23.3 604–624 7.8

20 609–629 7.7

15 612–629 7.8

12.6 613–633 9.8

11.5 614–634 10.2

8.2 617–637 10.6

8.4 618–638 10.1

7.7 621–641 10.3

11 613–633 10.3

12 Not available 10.0
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higher than the Perylene Red�s and of the sample

#10 (Perylene Red only) for comparison. In

Fig. 2(b), we have selected the fluorescence spectra

of the samples #6–#11, for which the Rhodamine

B concentration is equal to or lower than the

Perylene Red�s and of sample #2 (Rhodamine B
only) for comparison. The fluorescence maximum

wavelength kF and FWHM (full-width at half-

maximum) values are reported in Table 1 and their

dependence on the dye concentrations is shown in

Figs. 3 and 4. It can be clearly seen that the spectra
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Fig. 2. Fluorescence spectra of Rhodamine B, Perylene Red

and dye mixture samples: (a) Rhodamine B (#1 and #2), Per-

ylene Red (#10) and dye mixture (#3–#6) samples with Rho-

damine B concentration higher than Perylene Red�s one. (b)

Rhodamine B (#2), Perylene Red (#10, #11) and dye mixture

(#6–#9) samples with Perylene Red concentration higher than

Rhodamine B concentration.
for the high Rhodamine B concentration mixed

samples vary quickly towards Perylene Red spec-

tral properties with a drastic shape change : the

spectrum intensity decreases quickly and the kF
and FWHM shift abrubtly towards Perylene Red

fluorescence properties with increasing Perylene
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Fig. 3. Fluorescence peak wavelength kF of Rhodamine B,

Perylene Red and dye mixture samples as a function of Rho-

damine B and Perylene Red concentrations. The calculated

values have been obtained from spectra equal to the relative

concentration weighted sum of the 2� 10�4 mol/l Rhodamine B

and Perylene Red samples� spectra.
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Red content. In contrast, the spectral change is

slow for high Perylene Red concentration mixed

samples: the spectra are very similar in shape and

intensity, their maximum fluorescence wavelength

increases slowly towards Perylene Red kF with

decreasing Rhodamine B concentration, and their
FWHM is already stabilized around Perylene Red

FWHM. These observed shape modifications of

the fluorescence spectra are therefore expected to

affect the performances of the materials when used

as the gain media of laser systems.

The fluorescence lifetime measurements re-

corded in Table 1 also present interesting aspects,

they can be grouped by successive steps: the
Rhodamine B samples (#1 and #2) have the

shortest responses, the Rhodamine B dominant

mixed samples (#3–#5) have a slightly slower re-

sponse, then the 50–50 Rhodamine B–Perylene

Red sample #6 stands with a response just below

Perylene Red fluorescence lifetime and finally the

Perylene Red dominant mixed samples have a

similar lifetime to the Perylene Red samples. The
fact that the fluorescence lifetimes change show

that the presence of another dye perturbs the usual

response: the dyes interact, which may also influ-

ence the lasing properties of the materials.

The lasing characteristics of each sample have

been studied. The laser peak wavelength kL, slope
efficiency and tunability were measured and the

results are summarized in Table 1. In Fig. 5,
the evolution of the laser peak wavelength with the

different dye concentrations can be seen. It can be

noted that the one-dye samples (#1 and #2 for

Rhodamine B, and #10–#12 for Perylene Red) are

red-shifted with increasing dye concentration.

Also, the dye mixtures� peak wavelengths are

slightly red-shifted compared to the Perylene Red

samples. The slope efficiency�s dependence on the
lasing wavelength of the Perylene Red samples

(#10–#12) and the mixed dye samples (#3–#9) is

represented in Fig. 6. For an equivalent lasing

wavelength, the dye mixtures are more efficient

than the Perylene Red samples. In Fig. 7, the

tunability measurements are recorded for the

Rhodamine B dominant mixed samples #1–#5

and for the Perylene Red sample #10. The tun-
ing bands red-shift with increasing Perylene Red

content.
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3. Discussion

3.1. Analysis of laser characteristics

3.1.1. Qualitative analysis of laser kL peak wave-

length

In Fig. 5, we can first see that the laser peak

maxima kL of the dye mixtures are in the 613–627

nm range, i.e. the range of a Perylene Red laser.

This indicates that the laser emission of the dye

mixtures originates essentially from the Perylene

Red dye although the Rhodamine B molecules are

the ones that are pumped in majority by the
Nd:YAG laser. Secondly, we can see that the be-

havior of the lasing wavelength kL with respect to

the Perylene Red concentration in the mixtures is

close to that of the behavior of Perylene Red

samples with varying concentration. This estab-

lishes the fact that the laser emission is due to the

Perylene Red dyes only. Such behavior has also

been observed in solutions[10,31–34]. This is a
manifestation of energy transfer processes.

3.1.2. Evolution of kL with concentration

In Fig. 5, we have seen that the kL of Rhoda-

mine B samples and Perylene Red samples in-

creases with higher dye concentration. Indeed, the

increase of dye concentration increases the ab-

sorption peak, thus the gain over losses ratio is
red-shifted, and the lasing wavelength is red-shif-

ted through self-absorption in the material at

shorter wavelengths. Fig. 5 also shows that the kL
of the dye mixture samples is always higher than

that of the Perylene Red samples with an equal

Perylene Red concentration and the same external

pump power. Therefore, it shows that the Perylene

Red molecules in the mixed samples have absorbed
more energy than in the Perylene Red one-dye

samples. This may be explained by the existence of

two pumps: an external direct pump at 532 nm and

an indirect pump by energy transfer from Rho-

damine B to Perylene Red molecules probably

close to the maximum of the peak absorption of

Perylene Red (Fig. 1). Thus the red-shift of the

lasing wavelength for the mixed samples compared
to the Perylene Red samples is a signature of en-

ergy transfer processes. It is also important to note

that the lasing wavelength of the mixed samples is
much closer to Perylene Red lasing than to Rho-

damine B lasing.

3.1.3. Analysis of laser slope efficiency

In Fig. 6, we can see that the slope efficiencies of

the mixtures are higher than the ones of the Per-
ylene Red samples though the pumping energy is

identical. Also, the sloping efficiencies increase

much more with decreasing wavelength (i.e. de-

creasing Perylene Red to Rhodamine B ratio) than

in the case of the dye alone. As seen in Table 1, the

Rhodamine B one-dye samples have quite higher

slope efficiencies, up to 32%. Thus, it seems that

the Perylene Red molecules in the mixtures impose
the lasing wavelength (as has been seen in Section

3.1.2) but the Rhodamine B molecules impose the

lasing efficiency of the samples.

These results once more show that the Peryl-

ene Red molecules in the dye mixtures are excited

both by direct pumping at 532 nm and by reab-

sorbing the energy transferred from the Rhoda-

mine B molecules, which initially absorb the pump
photons.

3.1.4. Tuning range analysis

As seen in Fig. 7 and in Table 1, the tuning

range of the samples was not increased with the

dye mixture. Yet, the dye mixtures present an in-

teresting aspect for the tuning bands: although

they were not enlarged, their central wavelength is
shifted, and the lasing band needed for a particular

application can be precisely determined by fine-

tuning the dye mixture.

3.2. Concentration dependence of the energy trans-

fer

The two main mechanisms of energy transfer in
liquid dye lasers are radiative and non-radiative.

The radiative transfer involves the emission of a

photon by the donor molecule and its subsequent

absorption by the acceptor, which causes its fluo-

rescence. For this mechanism, the donor emission

is affected by the absorption of the acceptor mol-

ecule. This type of transfer must occur in two

successive steps: first, the emission of the donor,
and second, the emission of the acceptor. The

second energy transfer mechanism is non-radiative
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transfer due to interaction between donor and

acceptor molecules during the excitation lifetime

of the donor, before its emission of a photon

[31,35–38]. This can be due to long-range dipole–

dipole resonance transfer or to collisional transfer,

where the excitation energy of the donor is trans-
ferred to the acceptor via collisions, which depend

on the viscosity of the medium. Experimental ob-

servations in the liquid medium confirm that the

radiative transfer is the dominant mechanism for

multicolor laser emissions at low concentrated

solutions (Cacceptor < 104 mol/l) and the non-radi-

ative transfer is the main mechanism of energy

transfer for higher concentrated solutions
(Cacceptor > 104 mol/l) [32–34,39,40]. In many cases,

these two mechanisms act simultaneously and it is

difficult to distinguish between them.

In Figs. 3 and 4, we have seen that both the

fluorescence maximum wavelengths kF and the

FWHM of both Rhodamine B and Perylene Red

one-dye samples are nearly concentration inde-

pendent in the studied range, while such kF and
FWHM values for the dye mixtures exhibit a

non-linear shift with respect to calculated linear

concentration combination. This is clearly a man-

ifestation of the energy transfer processes occur-

ring in these co-doped solid xerogel matrices [20].

In these figures, one can clearly see that the energy

coupling with the different Perylene Red to Rho-

damine B ratios allows the tuning of the fluores-
cence band (Fig. 3) while its FWHM remains

relatively constant (Fig. 4), explaining the results

displayed in Fig. 7.

Now, if we attentively look at the evolution of

the shape of the fluorescence spectra with con-

centration, we can classify these results in two

parts as has also been done in the case of liquid

medium results: in one part (Fig. 2(a)), mixed
samples with Rhodamine B concentration higher

than or equal to Perylene Red�s, i.e. the case of

samples #3–#5 (CD > CA), and in the other part

(Fig. 2(b)), mixed samples #6–#9, where Rhoda-

mine B concentration is equal to or lower than

Perylene Red concentration (CD 6CA).

3.2.1. CD 6CA

In Fig. 2(b), we have seen that the shapes of the

fluorescence spectra of the solid matrices doped
with a mixture of the two dyes are very similar to

the Perylene Red sample�s spectrum with an ob-

servable spectral blue-shift mainly in the short

wavelength side of the spectra when the Rhoda-

mine B concentration increases, such as already

observed in mixture solutions [40]. The experi-
mental fluorescence spectra are different from the

weighted sum of the one-dye samples� spectra,

which present an isobestic point. In consequence,

this shows that there is a specific interaction be-

tween the two dyes in the mixture samples.

Fig. 4 shows that the fluorescence FWHM of

the mixed samples #6–#9 are similar to the

FWHM of Perylene Red samples. Table 1 also
shows that the fluorescence lifetimes of samples

#6–#9 are similar to the lifetime of the Perylene

Red samples. Thus we can say that the fluores-

cence emission of the mixture samples is due to the

Perylene Red molecules only and that they totally

quench the emission of Rhodamine B. This aspect

has also been noted with the lasing wavelength

primarily due to the Perylene Red dye for these
samples. The fact that we do not observe much

trace of the fluorescence of Rhodamine B seems to

imply that the non-radiative mechanism is the

main process of energy transfer [33,34,39].

3.2.2. CD > CA

Figs. 2(a) and 3 show that the fluorescence

spectra and the kF of the Rhodamine B samples
are identical for concentrations varying between 1

and 2� 10�4 mol/l. If a few Perylene Red mole-

cules are incorporated in the matrices in the same

time as the quantity of Rhodamine B is lightly

decreased (#3, #4 and #5), we observe a big de-

crease in the spectral intensity and a giant-like red-

shift of the spectra and kF. This enormous effect is

due to the energy transfer from Rhodamine B to
Perylene Red molecules. The spectral shapes

(Fig. 2(a)) and FWHM (Fig. 4) of these mixed

samples show that the emission is a mixture of

both the emission of the Rhodamine B molecules,

which contributes mainly to the short wavelength

part of spectra, and the emission of Perylene Red

molecules, which is located in the long wavelength

part of the spectra. Furthermore, the fluorescence
lifetime of these mixed samples is only slightly

longer than the lifetime of Rhodamine B samples
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(Table 1). These facts lead us to think that the

radiative energy transfer could be dominant at this

stage [40].
4. Conclusion

The use of a mixture of Rhodamine B and

Perylene Red dye-doped xerogel matrices as a laser

medium allows us, for the first time, to obtain a

series of broad-band solid-state Perylene Red dye-

doped lasers with different emission bands which

can be tuned in the range from 604 to 638 nm, with

slope efficiencies in the range of 8–23%, which
could otherwise not be obtained with direct

pumping of Perylene Red molecules. This is thanks

to the energy transfer from Rhodamine B to Per-

ylene Red molecules. The energy transfer studies

seem to indicate that in our solid samples, as in

liquid medium, both energy transfer mechanisms,

radiative and non-radiative, are present for ac-

ceptor and donor concentration around 10�4 mol/l.
Further investigations of solid-state lasers using

dye mixtures as an active medium will have to take

place in order to improve lasing efficiency and also

to better understand the energy transfer mecha-

nisms in solid-state medium.

These results, especially those concerning the

slope efficiency, are promising and encouraging in

terms of future applications as solid-state dye-
doped materials for laser sources in following

years.
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