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Abstract

Laser dyes such as rhodamine B, rhodamine 6G, pyrromethene 567, perylene orange and perylene red were doped

into GPTMS-, MTES- and VTES-derived organically modified silicates (ORMOSILs) by sol–gel process. A longitu-

dinal pumped solid-state dye laser was established with a Q-switched Nd:YAG laser source. The lifetimes of these dyes

in various ORMOSILs were investigated by using such an experimental setup at a pump repetition rate of 2 Hz and

pump intensity of 0.1 or 1.4 J/cm2. The lifetime of 60 000 pulses, 50 GJ/mol in normalized photostability, was obtained

for the pyrromethene 567 doped in MTES-derived ORMOSIL with the net sample thickness of 4 mm when its output

energy declined to 50% of its initial value. The slope efficiencies of pyrromethene 567 and perylene orange in various

host media were also measured.

� 2003 Elsevier B.V. All rights reserved.

Keywords: ORMOSILs; Pyrromethene 567; Perylene; Photostabilities; Dye laser
1. Introduction

The long developed liquid dye lasers were ex-

pected as a high efficient, low laser threshold, wide

tunable range and long lifetime laser source [1,2].

However, these lasers could not reach the com-

mercial marketplace widely because of their in-

herent defects such as bulky volume, flammable

and toxic solvents, and difficult to be manageable.
Without these disadvantages, solid-state dye lasers
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were seen as attractive alternatives and have been
studied intensively in recent years. Until now,

various dyes have been doped into several kinds of

solid-state host media such as polymer, copolymer

[3–10], epoxy [11], polycom, silica glass and OR-

MOSILs [12–18]. The main problems remained are

the damage threshold of host materials and

photostability of laser dye, in other words, the

longevity of dye-doped samples. Latest research
has gained a great progress with the synthesis of

pyrromethene and perylene family dyes and the

laser resistance host media. In this paper, we re-

port the lifetimes of such two kinds of dyes as well

as rhodamine dyes doped into various sol–gel

precursor-derived ORMOSILs.
ed.
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2. Experimental

2.1. Preparation of dyes doped ORMOSILs

The 3-glycidyl trimethoxisilane (GPTMS)-
derived samples doped with dyes were prepared by

the gel-casting technique [19]. Rhodamine B,

rhodamine 6G, pyrromethene 567 and perylene

orange were doped into GPTMS-derived OR-

MOSILs at the initial concentration of 0.25, 0.35,

2.1 and 1.4 · 10�4 mol/l respectively. Hydrolysis–
condensation reaction was performed under acid

catalysis with HCl as catalyst and ethanol as sol-
vent. The pH value of the mixed solution was

adjusted to approximately 4. The initial molar

ratio of GPTMS:ethanol:water was 1:4:4. All the

procedures were processed at room temperature.

The resulting clear viscosity sol with laser dye was

casted into a mould consisting of two optical K9

glasses of 1 mm thickness. All the outer surface of

these samples were antireflective coated with the
reflectivity less than 1% and the net thickness of

these samples can be easily controlled to 3 mm by

adjusting the distance between the two optical

glasses. By this technique, the mechanical process,

such as cutting, grinding and polishing, are omit-

ted for laser media.

The methyltriethoxysilane (MTES)- and vinyl-

triethoxysilane (VTES)-derived samples doped
with laser dyes were prepared by multi-step pro-

cess, i.e. acid-catalyzed hydrolysis and basic-cata-

lyzed condensation of the MTES and VTES

precursors. The pyrromethene 567, perylene or-

ange and perylene red were doped into MTES- or

VTES-derived ORMOSILs at the initial concen-

tration of 1.0 · 10�4 mol/l. Hydrolysis was per-
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Fig. 1. The second harmonic Nd:YAG longitudinal pumped solid-sta

splitter, 4: focus lens, 5: high reflectivity coupler, 6: experimental sam
formed under acid catalysis with HCl as acid

catalyst and ethanol as solvent. The pH value of

the mixed solution was adjusted to approximately

2. The initial molar ratio of MTES (or

VTES):ethanol:water was 1:3:3. After several

hours of hydrolysis, a small amount of amine-
modified silane, N-(3-(triethoxysily)-propyl)-ethy-

lenediamine), was added to neutralize the acidity

of the sol thereby to increase the condensation

reaction rate. After several more hours of stirring,

the sol were sealed in Teflon beakers and removed

into 40 �C oven for drying and aging. The MTES-
and VTES-derived ORMOSILs are machine or

hand polished. After optically polished to the 4
mm net thickness.

2.2. Measurements

The pore size distribution and specific surface

area of the ORMOSILs were measured by nitro-

gen absorption method with a Coulter Omnisorp

100CX gas sorption analyzer. The photolumines-
cence (PL) spectra were measured at room tem-

perature with a SP750 monochromator, a PMT,

and a NCL multi-channel data collecting analysis

system. The pump laser source used in this work

was a 532 nm, second harmonic of Q-switched

Nd:YAG laser with pulse width of 25 ns and beam

diameter of 1.5 mm. The pump repetition rate

could be adjusted from single shot to 10 Hz.
Longitudinal pump was chosen for such a config-

uration may be more efficient, as shown in Fig. 1.

In this configuration, a polarized reflector was

used as a filter to reflect 532 nm laser while

transmit 1064 nm beam. After an aperture, a beam

splitter was used to monitor the input energy fol-
7 8 2
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te dye laser experimental setup (1: reflector, 2: aperture, 3: beam

ple, 7: output coupler, 8: filter).
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lowed by a focus lens with a 16 cm focal distance.

The cavity consisted of a front high reflectivity

coupler and an output mirror with 50–60% trans-

mission at the laser wavelength, and the separation

between the two couplers was 3.5 cm. For fear that

the pump energy might transmitted the experi-
mental sample and be received by the energy de-

tector 2 together with the output energy of the

sample, a filter to reflect 532 nm laser beam was

placed in front of the energy detector 2.
3. Results and discussion

3.1. Fluorescence properties

The PL spectra of pyrromethene 567 in various

precursor-derived ORMOSILs are obtained and

shown in Fig. 2. The emission peak of pyrro-

methene 567 doped in GPTMS-derived ORMO-

SILs exhibits red shift with respect to that in

MTES- and VTES-derived ORMOSILs. Above
results may be induced by the residual water

molecules in the GPTMS-derived ORMOSILs. In

the previous study on the spectral properties of

coumarin dye doped in GPTMS-, MTES- and

VTES-derived ORMOSILs [20], it has been dem-

onstrated that there are still some amount of H2O

molecules and Si–OH functionalized groups re-
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Fig. 2. The photoluminescence spectra of pyrromethene 567

doped in various host media.
mained in the GPTMS-derived ORMOSIL, while

the residual water molecules and Si–OH func-

tionalized groups are hardly found in the MTES-

and VTES-derived ORMOSILs. The existence of

water molecules and Si–OH functionalized groups

in the GPTMS-derived ORMOSIL causes solvent
effects which lead to the red shift of the emission

spectrum of pyrromethene 567 doped in GPTMS-

derived ORMOSIL. Solvent effects include the

special solvent effect resulted from the H-bonding

between the dye molecules and the residual water

molecules and the general solvent effect. The ma-

trices relaxation caused by the polar H2O mole-

cules and Si–OH results in Stokes� shift. It is just
the solvent effects in the GPTMS-derived OR-

MOSIL caused the red shift of the emission peak

of the pyrromethene 567 in GPTMS-derived OR-

MOSIL compared with that in MTES- and VTES-

derived ORMOSILs.

3.2. Slope efficiencies of dyes doped in ORMOSILs

The slope efficiencies of perylene orange and

pyrromethene 567 doped in GPTMS-derived

sample in this longitudinal cavity have been re-

ported elsewhere [21]. In this work, the slope effi-

ciencies and laser thresholds of pyrromethene 567

in MTES- and VTES-derived ORMOSILs re-

spectively, perylene orange in MTES- and VTES-

derived ORMOSILs respectively, and perylene red
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Fig. 3. The slope efficiency of pyrromethene 567 doped VTES-,

MTES- and GPTMS-derived ORMOSILs.
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Fig. 4. The slope efficiency of perylene orange doped VTES-,

MTES- and GPTMS-derived ORMOSILs.
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Fig. 5. The slope efficiency of perylene red doped VTES-

derived gel glass.

Table 1

Performance of various dyes doped ORMOSILs

Dye/host/net

sample thick-

ness

Dye concen-

tration in

the sol (M)

Slope effi-

ciency and

laser thresh-

old

Lifetime

(50% reduc-

tion, 2 Hz,

0.1 J/cm2)

P567/MTES/

4 mm

1· 10�4 78.8%, 122.4

lJ
60 000

P567/VTES/

4 mm

1· 10�4 74.5%, 69.3

lJ
/

P567/VTES/

13 mm

1· 10�4 62.4%, 103.1

lJ
38 000

P567/GPTMS/

4 mm

2.1· 10�4 53.9%, 82.9

lJ
24 000

PO/MTES/

4 mm

1· 10�4 42.8%, 64.6

lJ
10 000

PO/VTES/

4 mm

1· 10�4 53.2%, 58.2

lJ
26 000

PO/GPTMS/

4 mm

1.4· 10�4 24.8%, 80.1

lJ
8000

PR/VTES/

4 mm

1· 10�4 7.6%, 178.9

lJ
40 000 (1.4

J/cm�2)

624 Y. Yang et al. / Optical Materials 24 (2004) 621–628
in VTES-derived ORMOSIL are also investigated

and shown in Figs. 3–5 respectively, as summa-

rized in Table 1. From the results above, it can be
deduced that the pyrromethene 567 and perylene

orange dyes have higher efficiency in MTES- and

VTES-derived ORMOSILs than in GPTMS-

derived ORMOSIL. The reason for the higher

slope efficiency of laser dyes in MTES- and VTES-

derived ORMOSILs than in GPTMS-derived

ORMOSIL is a result of the higher homogeneity
and lower optical loss for the MTES- and VTES-
derived ORMOSILs than for the GPTMS-derived

ORMOSIL. Moreover, pyrromethene 567 has the

highest efficiency while perylene red has the lowest

efficiency among the dyes in this work, which may

be induced by the natures of the laser dyes. The

laser thresholds of the samples in this work are

also very low, typically 50–100 lJ.

3.3. Laser lifetimes and photostabilities of dyes

doped in ORMOSILs

The key performance parameter of a dye laser,
which limits its applications, is the laser lifetime it

served on a meaningful energy level or the

photostability of the dye. Intensive research efforts

have been made to explore the mechanism of

photodegradation of the dyes [22,23]. It has been

demonstrated that the mechanism of photdegra-

dation occurs by the interaction of the dye mole-

cules in the excited state with other species such as
impurities, other dye molecules and singlet state

oxygen. Through the process of doping laser dyes

into a solid medium in order to obtain a solid-state

dye laser, the photochemical pathways can be

suppressed by caging or trapping the dyes within a

solid host, and the photostability of the dye mol-
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ecules doped in the solid host is improved as

compared with the dye molecules in a liquid sol-

vent. The improved photostability of the dye

within solid hosts has been attributed to caging

and immobilizing the dye molecules, thereby pre-

venting excited-state interaction with other species.
So in a solid host, the photodegradation of the

laser dye depends on the nature of dye molecule,

the composition and structure of the host, and the

impurities presented in the host. In order to fur-

ther improve the photostability and decrease

photodegradation of the laser dye, to control the

trapped surroundings of the dye molecules be-

comes the most critical issue for the solid-state dye
laser.

When the distance between the dye-doped solid

medium and focus lens is 22 cm and the input

energy is 350 lJ, i.e. 0.1 J/cm2 pump intensity, at

the repetition rate of 2 Hz, the normalized output

energy as a function of output pulses is recorded

for pyrromethene 567 doped in ORMOSILs, as

shown in Fig. 6. The laser lifetime of the sample is
defined as the number of pump pulses when the

output energy decreases to 50% initial value and

the results are also listed in Table 1. The lifetime of

pyrromethene 567 in GPTMS-derived ORMOSIL

is 24 000 shots. For comparison, the lifetimes of

rhodamine B and rhodamine 6G in GPTMS-

derived ORMOSILs are also obtained under the

same measurement conditions, 4000 and 3000
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Fig. 6. The output energy of pyrromethene 567 doped in

MTES- and GPTMS-derived ORMOSILs as a function of the

number of pump pulses.
shots respectively. This clearly indicates that pyr-

romethene 567 is not only more efficient than

traditional rhodamine dyes [21] but also more

stable. Also, we obtain the longevity of 60 000

pules for pyrromethene 567 doped in MTES-

derived ORMOSILs. For comparison with the
results obtained by other authors with various

experimental arrangements, we use the normalized

photostability which is defined as the accumulated

pump energy absorbed by the system per mole of

dye molecules before the output energy falls to one

half of its initial value [5].

Normalized photostability ðGJ=molÞ

¼ EpulseN1=2
p � r2 � l� C � 106

In such a formula, Epulse is the pulse energy (in
joules), N1=2 is the number of pulses to half output
power, r is the radius of the pump beam on the

surface of the sample and l is the sample thickness
(in centimeters) and C is the dye concentration

(molar per liter). The units are gigajoules per mole.

The normalized photostability for pyrrometh-

ene 567 doped in MTES-derived ORMOSIL is

more than 50 GJ/mol, far higher than 11 GJ/mol in

GPTMS-derived ORMOSIL. This indicates that
the pyrromethene 567 is more stable in MTES-

derived ORMOSIL than in GPTMS-derived OR-

MOSIL. This result, to our knowledge, may be the

highest for pyrromethene 567 in ORMOSILs [11–

18]. Another interesting phenomenon shown in

Fig. 6 is that the output of pyrromethene 567

doped in MTES-derived ORMOSIL declines more

slowly than that in GPTMS-derived ORMOSIL
and maintains at a high level with a terrace for a

long time. Moreover, the laser lifetime of pyrro-

methene 567 doped in VTES-derived gel glass with

the net sample thickness of 13 mm is also obtained

for 38 000 pulses under the same experimental

conditions, far lower than that in MTES-doped gel

glass. The excellent laser performance of pyrro-

methene 567 in MTES-derived ORMOSIL than in
other ORMOSILs indicates that there may be a

different mechanism of photodegradation for

pyrromethene 567 in MTES-derived ORMOSIL

concerning the microstructure of the ORMOSILs

induced by the organic modifier functionalized
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derived ORMOSIL.

Table 2

Pore distribution parameters of the ORMOSILs

ORMOSILs BET sur-

face area

(m2/g)

Pore vol-

ume

(cm3/g)

Average pore

size (nm)

MTES-derived

ORMOSIL

82.95 19.07 1.6, 2.0, 2.8, 4.2

VTES-derived

ORMOSIL

6.65 1.53 3.8

GPTMS-derived

ORMOSIL

161.45 37.12 /
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group together with the preparation procedure,

and needs further study.

At the pump repetition rate of 2 Hz and the

pump intensity of 0.1 J/cm2, the photostabilities of

perylene orange doped in GPTMS-, MTES- and

VTES-derived ORMOSILs are also studied. The
lifetimes of these three samples are 6000, 10 000

and 26 000 pulses, respectively, and the normalized

photostability are 4, 9 and 24 GJ/mol, respectively,

as shown in Fig. 7 and Table 1. From the results

above, it is clear that perylene orange is more

stable in VTES-derived ORMOSIL than in

MTES-derived ORMOSIL, and the latter is also

slightly more stable than in GPTMS-derived OR-
MOSIL, just like pyrromethene 567, which offers

the highest longevity in MTES-derived host me-

dium than in GPTMS- and VTES-derived host

media. The differences on the photostabilities of

pyrromethene 567 and perylene orange in various

ORMOSILs may be resulted from the pore dis-

tribution induced by the different organic groups,

as shown in Table 2, Fig. 8. The results of the pore
distribution of ORMOSILs show that there is

difference between VTES-derived ORMOSIL and

MTES-derived ORMOSIL, and the latter is simi-

lar to GPTMS-derived ORMOSIL. It can be in-

terpreted that the bulky volume of the organic

modifier group of GPTMS-derived ORMOSIL

sharply decreases the inorganic caging, while the
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Fig. 7. The output energy of perylene orange doped in various

precursor-derived ORMOSILs as a function of the number

of pump pulses.
relatively smaller organic group of MTES-derived

ORMOSIL provides both the mechanical proper-

ties needed by mechanical process and the inor-

ganic caging. This may be the reason that the dyes

were more stable in MTES-derived ORMOSIL
than in GPTMS-derived ORMOSIL. The pore

distribution result clearly indicates that the mi-

crostructure of VTES-derived ORMOSIL is dif-

ferent from that of MTES- and GPTMS-derived

ORMOSILs and the pore size distribution of

VTES-derived ORMOSIL is far more concen-

trated compared to the other two kinds of OR-

MOSILs in this work.
The pore distribution results may interpret the

phenomenon that pyrromethene 567 is more stable

and has a longer laser lifetime in MTES-derived

ORMOSIL than in other ORMOSILs while per-

ylene orange exhibits its best performance in

VTES-derived ORMOSIL. The dye molecules are

introduced into the silicate network during the

hydrolysis–condensation reaction and the micro-
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environment they exist largely depends on the

chemical and size compatibility between the dye

molecule and the host medium. The chemical

compatibility between the dye molecule and the

host medium decides that a polar dye molecule

prefer to exist in a larger pore where exists residual
polar groups, while a nonpolar dye molecule prefer

to exist in the nonpolar cage. Also, a more con-

dense microstructure with smaller pore can sharply

decrease the local thermal accumulation and op-

tical loss, in other words, has a higher homoge-

neity and thermal conductivity, and limits the

mobility of the laser dye molecules, which sharply

decreases the possibility of the photochemical re-
actions between the dye molecules and other

impurities. So the relatively higher porosity of

GPTMS-derived ORMOSIL severely limits the

laser performance, especially the laser lifetimes of

the doped dyes. This may be the main reason that

laser dyes exhibit their lowest laser lifetime in

GPTMS-derived ORMOSIL. In VTES-derived

ORMOSIL, the quantity of the pores is largely
reduced and the average radius of the cages is 3.8

nm as shown in Fig. 8. While in MTES-derived

ORMOSIL, the quantity of the pores is also re-

duced and the average sizes of the cages are 1.6,

2.0, 2.8, 4.2 nm respectively, as also shown in Fig.

8. So in VTES-derived ORMOSIL, the perylene

orange and the pyrromethene 567 exist in the 3.8

nm cages. Concerning the difference of the mo-
lecular size between the pyrromethene 567 and

perylene orange, such a cage may be too large to

the pyrromethene 567 but quite suitable to the

perylene orange. In the MTES-derived ORMO-

SIL, its microstructure has some differences from

the VTES-derived ORMOSIL. The larger BET

surface area and pore volume indicate that there

are more pores in MTES-derived ORMOSIL as
compared to VTES-derived ORMOSIL. While in

MTES-derived ORMOSIL, the limitation of the

pore size decides that perylene orange cannot be

trapped in the smaller size cages. But the high

concentration of the dye molecules makes it im-

possible for the perylene orange molecules to be

trapped in the cages with larger pore size and some

perylene orange molecules have to exist in the
much larger pores. Different from the case of dye

molecules in smaller cages, the molecules cannot
be protected effectively in the pores. For the pyr-

romethene 567 molecules, the various sizes of the

cages in the MTES-derived ORMOSIL provide

the possibility for them to choose a suitable mic-

roenvironment to trap. So this may be the main
reason that the pyrrmothene 567 is more stable in

the MTES-derived ORMOSIL while perylene or-

ange is more stable in the VTES-derived ORMO-

SIL.

Perylene red is considered as the most stable dye

in perylene family and has the highest photosta-

bility obtained in solid-state medium up to now

[12–14]. At the repetition rate of 2 Hz and the
pump intensity of 1.4 J/cm2, lifetime of 40 000

pulses and normalized photostability of 466 GJ/

mol are obtained for perylene red doped in VTES-

derived ORMOSIL, as shown in Fig. 9. This result

is higher than the results obtained by other authors

[12–14]. By lowering the pump intensity, longer

lifetime is expected.
4. Conclusion

In short, a solid-state dye laser is demonstrated

and the laser lifetime and photostability of pyr-

romethene 567, perylene orange and perylene red

doped in GPTMS-, MTES- and VTES-derived

ORMOSILs are studied. These dyes are more
stable in MTES- and VTES-derived ORMOSILs
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than in GPTMS-derived host medium, and the

best result is obtained for pyrromethene 567 doped

in MTES-derived ORMOSILs, 60 000 shots in

longevity and 50 GJ/mol in normalized photo-

stability.
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