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AlPQO4-Si0O; films doped with Rhodamine 6G (Rh6G) are prepared using the sol-gel dip-coating method.
The surface morphology is characterized by atomic force microscopy. The results indicate that the surface
morphology of the films is not significantly affected by the amount of dyes loaded. The absorption and
excitation spectra indicate low aggregation even at a Rh6G doping concentration of 1.0x103 mol/L.
Efficient fluorescence with a band centered at 553 nm is observed.
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Rhodamine 6G (Rh6G) is widely used as a luminescent
material because of its high quantum yield and excel-
lent lasing ability"?. Incorporating dyes into solid ma-
trices can increase thermal and photo-stability, thereb
providing more high-quality luminescent materials!3—3!.
The development of suitable hosts for Rh6G dye loading,
such as PMMA19 silica gell'' =13 silicate glass[!4—16],
and molecular sievel!”18! has been an attractive research
topic. However, Rh6G molecules readily aggregate when
encapsulated in solid matrices. Numerous studies show
that J dimer or H dimer aggregates readily form when
the dye concentration is high'»819 Thus, control-
ling dye ag{;gregation at high concentrations has been
challenging!®®. In general, Rh6G aggregates show strong
dependence on the chemical environment. Most stud-
ies conclude that large numbers of aggregates are formed
when the dye concentration loading reaches 10~28~17],
However, Rh6G dye doped in film has been demonstrated
to exhibit efficient emission!'®2!). Moreover, dye aggre-
gation in films probably decreases because of surface ef-
fect. Films are potential hosts for laser dyes at high dye
concentrations.

Recently, AIPO4-SiOz-based materials have been
widely investigated for various applications in optical de-
vices because of their similar structure and isoelectronic
relationship with 81022 23 Furthermore, these materi-
als exhibit excellent thermal stability as well as a porous
structure with high specific surface area, which may be
beneficial for the incorporation of dyes. In this letter, we
prepared AIPQO,4-SiO; films doped with Rh6G via sol-gel
processing.

Precursor sols were prepared from Si(OCzHs)4 (TEOS)
(99%, ABCR), aluminum lactate (98%, Fluka), and
NH4H2PO4 (99%, Merck). For the preparation of the
AIPO4-Si02 sol, 2.35-g aluminum lactate and 0.92-g
NH4H5PO4 were dissolved in 50-ml deionized water and
then stirred for 1 h. Afterward, 1.75-ml TEOS was added
after dissolution in 5-ml isopropanol. After stirring for
10 h, the desired Rh6G ethanolic solution was added, and
the mixture was then stirred for 2 h. The resulting solu-
tion was transferred to a sealed plastic bottle and aged
for 3 days at room temperature.

The glass substrates were all K9 glass. Prior to film
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coating, all substrates were cleaned using the following
procedures: (1) all substrates were ultrasonically oscil-
lated for 15 min in ethanol; (2) the substrates were
dipped in a basic KOH solution (KOH:H5O:ethanol =
10 wt%:10 wt%:80 wt%) for 10 h; (3) the substrates were
ultrasonically oscillated for 15 min in ethanol and then
oscillated for 5 min in deionized water. The final cleaned
substrates were dried at 120 °C for 30 min and then pre-
served in sealed boxes.

Dip-coating was conducted by immersing the clean K9
glass substrates in the sol. The withdrawal speed was
controlled at 0.3 cm/min. The loading of the Rh6G
dye on the film was adjusted by the dye concentra-
tion (1x1075-1x1073 mol/L). After deposition, the films
were aged and dried at 50 °C for 30 min and then dried
at 120 °C for 2 h in an electric furnace. All films coated
on the glass substrates were uniform and crack free.

Atomic force microscopy (AFM) was performed using
a Nanoscope IITa microscope from Digital Instruments.
The thicknesses of the coated films were measured by a
profilometer (Dektak IT).

Fluorescence spectroscopy was performed on a
HORIBA Jobin-Yvon IBH FL-322 Fluorolog 3 spec-
trometer equipped with a 450-W xenon arc lamp,
double-grating excitation and emission monochromators
(2.1 nm/mm dispersion; 1200 grooves/mm), and a Hama-
matsu R928 photomultiplier tube. Each emission was
excited at 460 nm. All spectroscopic measurements were
performed at room temperature.

Absorption spectroscopy was conducted using an
ultraviolet-visible light spectrophotometer (Varian Com-
pany, Cary-50 UV-VIS).

The development of the sol-gel dip-coating method for
preparing films incorporated with dyes is convenient be-
cause the dye concentration can be controlled and optical
uniformity can be achieved. Dyes incorporated in films
at high concentrations without forming aggregates may
be used as efficient gain media for solid-state dye lasers.

The morphologies of the films were characterized by
AFM imaging. Figure 1 shows the images of the mono-
layer films at different dye concentrations (1x1075-
1x1073 mol/L). The results show that the films consist
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Fig. 1. AFM images of Rh6G dye-doped AIP0O4-SiO2 mono-
layer film at different dye concentrations: (a) 1x107°, (b)
3x107°, (c) 1x107™%, (d) 3x107*, and (e) 1x10™* mol/L.

of particle aggregates with grain sizes ranging from 20 to
40 nm. However, the morphology of the whole films is
not significantly affected by the dye loading. In addition,
the roughness factors (root-mean-square roughness) are
fairly small (from 0.29 to 0.52 nm) and are of the same
magnitude. Furthermore, the thicknesses of the mono-
layer films are all approximately 50 nm. Therefore, the
films are uniform and dense.

Figure 2 shows the normalized absorption spectra of
the films at different dye loadings. For the film with di-
lute dye loading (10~® mol/L), only one main absorption
peak at 527 nm, which is due to the monomeric Rh6G
molecule, is observed. Aggregation is significant in silica
materials and PMMA when the Rh6G dyes introduced
into these materials reach 10~° mol/L~12. A further
increase in the dye concentration (from 107° to 1073
mol/L) results in the formation of H dimer and J dimer
aggregates'9=1224] " This increase also results in the
broadening of the main absorption peak and an increase
in the absorption at the shoulder around 499 nm. How-
ever, the observed degree of aggregation is significantly
lower than that in silicate materials!®=1% even at high
dye concentrations (1x1073 mol/L).

The excitation spectra show trends similar to those of
the absorption spectra (Fig. 3). The increase in the band
intensity at 499 nm with the increase in dye concentra-
tion mainly results from the formation of a number of
J dimer aggregates. This phenomenon can be explained
by the exciton theory(¥, which is more applicable in
excitations than in absorptions. Thus, the increase at
499 nm, which is ascribed to the J dimer, in the exci-
tation spectra and the broadening of the main band at
531 nm are more observable. No shift is observed for the
main excitation band at 531 nm. Therefore, the small
number of aggregates is dominated by J dimers even
though some H dimers also exist based on the exciton
theory.

Regarding the normalized fluorescence spectra (Fig. 4),
a very slight red shift of the main emission peak from
553 to 556 nm is observed with the increase in the Rh6G
concentration.This result is a general observation in solid
matrices and is ascribed to the restriction of the solid
“cage” as well as to the interaction of the Rh6G molecules
as the dye concentration increases. The fluorescence
spectra also show that the aggregation is very slight even
when the dye concentration reaches 10~3 mol/L, which
results in the very slight increase in the intensity of the

shoulder band at 490 nm as deduced from the exciton
theory. In addition, a wide tunability beyond 50 nm can
be observed. This result indicates that the film is suitable
and may be an excellent host of the Rh6G dye at high
concentrations. Therefore, the film is a good candidate
for the preparation of solid tunable-laser dyes[2%:26],

In conclusion, AIPO4-SiO2 crack-free films doped with
Rh6G on a glass substrate is fabricated through the sol-
gel dip-coating method. The AFM images indicate that
the monofilm is uniform and dense, with a thickness
of approximately 50 nm. In addition, the surface mor-
phology is not significantly affected by the varied dye
concentrations. The absorption and excitation spectra
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Fig. 2. Absorption spectra of the Rh6G-doped AIPO4-SiO;
film with different Rh6G concentrations.
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Fig. 3. Excitation spectra of the Rh6G-doped AIPO4-SiO;

film with different Rh6G concentrations. Curves a—e are the
same with those in Fig. 2.
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Fig. 4. Emission spectra of the Rh6G-doped AIP04-SiOq film
with different Rh6G concentrations. Curves a—e are the same
with those in Fig. 2.
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indicate that the slight aggregation of Rh6G in this film
is predominated by J dimers and is significantly lower
than those in silica glass and PMMA at high concentra-
tions (1x1072 mol/L). The efficient fluorescence without
an observable shift of the main emission peak at 553 nm
indicates that the aggregation is insignificant. Thus, this
film is a potentially excellent host for the Rh6G dye and
can probably be applied to solid tunable-laser dyes at
high concentrations.
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