
Quinine doped hybrid sol-gel coatings for wave guiding 
and optical applications 

E. Enriquez • M. A. Garcia • N. Carmona • 
J. F. Fernández • M. A. de la Rubia 

Abstract Pure and quinine doped silica coatings have 
been prepared over sodalime glasses. The coatings were 
consolidated at low temperature (range 60-180 °C) pre
serving optical activity of quinine molecule. We designed a 
device to test the guiding properties of the coatings. We 
confirmed with this device that light injected in pure silica 
coatings is guided over distances of meters while quinine 
presence induces isotropic photoluminescence. With the 
combined use of both type of coatings, it is possible to 
design light guiding devices and illuminate regions in glass 
elements without electronic circuits. 
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1 Introduction 

Nowadays optical fibers are the preferred technology for 
information transmission due the high speed, wide band
width and low power consumption of optical signals [1, 2]. 

Moreover, optical beams traveling along waveguides are 
insensitive to outward disturbances as electric fields, water 
vapor, oxygen or particles, rending optical transmission as 
a key element of information society. Light transmission is 
also an interesting solution where electrical lines are not 
suitable because of security problems. There are well 
established methods to fabricate waveguides based on ion 
exchange, films deposition, photolithography that are 
appropriated for high added value products [3-8]. How
ever, further development of this technology relays on the 
ability to create waveguides over large surfaces at low cost. 

Sol-gel is an outstanding process to prepare coatings at 
reasonable cost [9-12]. Depositing a glass coating with the 
proper refraction index over a glassy substrate it is possible 
to obtain an interface with the required conditions to 
exhibit total internal reflection, confining the light inside 
the glassy substrate or in the coating [13-15]. Moreover, 
sol-gel coatings fulfill most of the requirements for optical 
wave guiding as they are good adhesion, a proper thickness 
and roughness control, and the possibility to encapsulate 
dispersed nanostructures in the coating in order to tune its 
optical properties [4, 16-19]. 

In this work we address the fabrication of waveguides 
by deposition of silica coatings onto sodalime glasses (14% 
sodium carbonate, 9% calcium oxide, 4% magnesium 
oxide, 73% silica and 0,15% alumina, and a refractive 
index of 1,520) using a sol-gel route. A systematic study of 
the relationship between preparation conditions and optical 
performance of the system is also presented. A fluorescent 
molecule, as quinine, is introduced in the silica matrix in 
order to induce photoluminescence in the coating. We 
present a home-made device to test the efficiency of the 
coating as waveguide. With these results, we propose a 
design to explode these materials in the controlled illumi
nation of glass elements. 



2 Experimental 3 Results and discussion 

Sol-gel silica coatings were prepared using tetraethyl 
orthosilicate (TEOS, Sigma Aldrich) as silica precursor, 
ethanol absolute 99.9% (MERCK) as dissolvent and dis
tilled water to promote the hydrolysis [20]. The mol ratio 
TEOS: EtOH: H20 was 1:4:3. Quinine molecule (Q, Sigma 
Aldrich) was added in some sols to a final concentration 
ranging from 1 to 15 wt. % to silica. In this case, sulfuric 
acid was used as the catalyst, and it plays double role 
because it not only works as catalyst but also improves the 
luminescence of the molecule as substituting groups are 
key in the luminescence, especially groups that lose elec
trons because they increase the probability of transition 
from the excited singlet to fundamental state, improving 
the luminescence. In general, an increase of rigidity in the 
structure of molecules results in an increase on probability 
of fluorescence because it minimizes vibrations and 
crossing systems [21, 22]. Final solutions were stirred 2 h 
to allow hydrolysis and polycondensation. Substrates were 
sodalime microcopy slides (Si02 73%, Na20 14%, CaO 
7%, MgO 4%, A1203 2%, refractive index 1.52) with 
20 mm x 70 mm dimensions. Prior to coating deposition, 
glass substrates were cleaned by immersion in ethanol and 
acetone baths successively and dried at room temperature. 
Coatings were applied by dip-coating with an extraction 
speed of 2.5 mm/s, which allows to tailor the coating 
thickness [23]. Densification treatments in air were carried 
out at 60, 100, 150 and 180 °C for times ranging between 5 
and 48 h. Multilayers were also prepared by deposition of 
additional layers after the thermal treatments of the pre
vious layers. Coatings roughness was modified etching of 
the substrate with HF (10 and 40% vol) prior to coating 
deposition. In order to study the effect of the preparation 
conditions on the guiding properties, sets of samples 
varying different parameters as annealing temperature, 
number of layers, quinine concentration and HF etching 
conditions were prepared and characterized. 

Thermal Gravimetry Analysis (TGA) of the sol dried 
was performed using Netzsch STA 409/C, in the range 
30-1,000 °C. Structural characterization was carried out by 
means of Hitachi TM-1000 Scanning Electron Microscopy 
(SEM) and atomic force microscopy (AFM) images were 
obtained with a NT-MDT Solver SPM instrument with 
antimony doped single crystal silicon tips for contact mode 
with Au reflective side and resonant frequency 4-17 kHz. 
The coatings thicknesses were determined by optical 
interference as described in [24] using a Perkin Elmer 
Lambda 950 spectrophotometer with integrating sphere. 
Refractive indexes were obtained using an ellipsometer 
M-2000U (J.A. Woollan Co.) The wave guiding properties 
were measured with a home-made device described in 
Sect. 3. 

Figure 1 presents a DTA-TG of a sol dried xerogel of silica 
(Fig. la), commercial quinine anhydrous powders (Fig. lb) 
and silica-quinine 12%wt (Fig. lc). Figure la shows that 
silica begins to lose weight gradually from 50 °C which is 
related to the evaporation of organic matter from the initial 
precursors (dehydration and alcohol evaporation). DTA 
analysis shows an endothermic peak at 140 °C due to the 
removal of silanol OH groups, and the hydration water 
molecules. There is a progressive weight loss up to 600 °C 
when the film is fully densified. The onset of the poly
condensation of silica (Si-O-Si) takes place from 
~320 °C reaching the end of the process at 370 °C [25, 
26]. The onset of the quinine degradation takes places from 
243 °C (exothermic peak) as it can be seen in Fig. lb, due 
to the decomposition of the quinoline moiety (heterocyclic 
aromatic compound belonging to quinine molecule), which 
is accompanied by a weight loss of 14 wt%, in concordance 
with literature [27, 28]. The greatest weight loss (above 
70%) occurs from 373 °C, reaching the end of the 
decomposition at 497 °C. According to Fig. lc, silica 
matrix protects the quinine molecule, delaying its degra
dation since the exothermic peak at 497 °C is displaced to 
541 °C. The degradation of the quinoline at 270 °C is not 
possible to identify in Fig. lc due to the protection by the 
silica matrix, which reduces the degradation of this group. 
Therefore, coatings containing this molecule cannot be 
consolidated above this temperature (180 °C). Thus, our 
films are not pure silica but the content about 10% of 
organic matter, mainly carbon compounds [29]. 

Refraction indices were measured by ellipsometry. 
For the samples annealed at 60 °C for 48 h we found 
n — 1.451 ± 0.004 without a clear dependence on the 
quinine concentration in the range 0-15% wt. Using this 
value of refraction index, the coatings thicknesses were 
determined from the interferences in the optical reflectance 
spectra as described in [24]. The thickness of the individual 
layers resulted of the order of 500 nm. As it can be seen in 
Fig. 2, for the pure silica multilayers there is a perfect 
linear relationship between the multilayer thickness and the 
number layers, (being the slope the thickness of the single 
layer). For the coatings with 12% of quinine the behavior is 
about the same although there some deviation from the 
linear behavior. This behavior could be related to sol 
ageing or local inhomogeneities leading to variations of 
viscosity and consequently on the film thickness [23]. Note 
that multilayers are annealed after the deposition of each 
layer, so we must keep the sol several hours between the 
depositions of each layer. 

For coatings sintered at higher temperatures, the linear 
relationship between thickness and the number of layers, 
remains, but the multilayer thickness decreases due to the 
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Fig. 1 DTA-TG of a a pure silica coating, b commercial quinine anhydrous powder and c silica-quinine 12%wt coating (under air at a heating 
rate of 3 °C/min) 
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Fig. 2 Thickness of pure silica and quinine doped (12%) coatings 
densified at 60 °C for 48 h 

better densification of the coating [30, 31]. In particular, 
the slope of thickness vs number of layers for coatings 
sintered at 60 and 180 °C is 392 nm/layer and 345 nm/ 
layer, respectively. 

With the deposition of multilayer it is possible to 
increase the coating thickness up to 3 u.. Actually above 
2 u. the thickness was not reproducible and the layers loose 
adherence leading to inhomogeneous, rough and mechan
ically poor coatings. 

The effect of the substrate etching on the coating mor
phology was studied by SEM and AFM at different length 
scales. SEM micrographs presented in Fig. 3 confirms that 
coatings deposited onto smooth substrates (Fig. 3a, c) 
reproduce the glass topography resulting continuous and 
flat surfaces. On the contrary, the coatings deposited onto 
etched substrates (HF 40% vol, 20 s) exhibit significant 
roughness and the film is not continuous with some regions 
were the substrate is uncovered as illustrated in figures 
(Fig. 3b, d). At this length scale the roughness induced by 
the substrate etching is independent of the quinine content. 

Figures 4 and 5 present AFM images of the substrates 
etched (20 s and 2 min, 40% HF) and for silica coatings 

deposited onto these substrates. Upon 20 s chemical 
etching, the substrate presents pores of the order of 1 micron 
that cover about 36% of the surface. The coatings deposited 
on these etched substrates exhibits pores typically 2 u. wide 
and 40 nm deep, covering at about 6% of the surface. If the 
etching time is increased up to 2 min, the substrate exhibits 
pores of the order of 2-A u. covering 60% of the surface while 
for the corresponding coating the pores are typically 6-8 u. 
size covering roughly 40% of the surface. 

As expected, we observed that the pores density and size 
increase with the etching time. Surface defects are prefer
ential etching points leading to the formation of pores 
during the first stages of the attack. As the etching time 
increases, these pores percolate increasing their effective 
size. The coatings exhibit a smaller concentration of pores 
than the substrate but they result larger. It turns out that for 
the regions of the substrate with a large density of pores, 
the coatings exhibit a large pore that corresponds to the 
percolation of the pores in this region of the substrate. On 
the contrary, for the areas of the substrate with a reduced 
density of pores the coating fill these pores leading to a flat 
surface. 

The morphology of the coatings with quinine deposited 
on etched substrate is identical to that of pure silica ones. 
Therefore, we conclude that the presence of quinine does 
not alter significantly the morphology of the coatings. 
Variations in the quinine concentration does not alter 
viscosity enough to promote variations in the surface 
morphology. 

Quinine is known to exhibit intense fluorescence with 
emission in the blue region of the spectrum upon excitation 
with UV light [20, 32-35]. Figure 6 presents the photolu-
minescence spectrum of silica with different quinine 
concentrations (l-15%wt). It can be observed that the PL 
intensity increases with the quinine concentration reaching 
the highest intensity for sample with 12%wt and decreas
ing for higher concentrations. This decrease is due to a 
quenching for concentration (fluorescence inhibition) which 



Fig. 3 SEM images of (a and 
b) pure silica and (c and 
d) quinine doped (12%) 
coatings deposited on (a and 
c) smooth substrates and (b and 
d) chemically etched (HF 40% 
vol, 20 s.) substrates 

appears when concentration reaches a maximum from 
which there is an significant self-absorption of fluorescent 
radiation by the solution [36]. In the inset of Fig. 6a it can be 
seen an enlargement of emission curves for samples with 
lower luminescent intensity. We find the maximum of the 
emission spectrum at 433 nm while the maximum of the 
excitation spectrum is located at 355 nm. The shoulder in 
the excitation band, around 320 nm, is due to transitions to 
higher energies, to second excited states, which do not 
reflects in the emission spectrum because of a rapid relax
ation of these transitions to first excited states [37, 38]. The 
position of these bands is in agreement with previous works 
[20, 32] that showed displacements of the optical bands for 
quinine depending on the features of the medium. 

In order to asses the wave guiding behavior of the 
material, we designed the device presented in Fig. 7. The 
coating is allocated into a cavity with holes to illuminate 
the sample in a controlled way. Light guided inside the 
material travels out of the cavity and may escape from the 
device through the glass edges. Measuring the light leaving 
the sample as a function of the distance to the illumination 
region with a photodiode we may estimate the performance 
of the system for wave guiding. To this purpose we assume 
two hypotheses: (a) the light leaving the material at a 
certain distance of the illumination point is proportional of 

the light intensity reaching this point; (b) light decay due to 
edges is significantly smaller than that produced in the rest 
of the material. We used this device to test guiding prop
erties of two kinds of materials: Pure silica coatings and 
silica doped with quinine ones. The device has been 
designed with the following components: a photodiode of 
silicon with wavelength range of (40-1100) nm, an active 
area of 9.7 mm x 9.7 mm, rise time of 40 ns and band
width of 8 MHz; two light sources, depending on the 
coating composition, for quinine containing coating it is 
used LEDs with maximum emission in 365 nm and a wide 
band of FWHM of 10 nm with 180 mW of power, and for 
silica coating, it is used LEDs of 370 nm, near to visible, 
with FWHM of 10 nm, and 110 mW of power. 

For silica coatings we injected horizontally the light to 
be guided into the material (Fig. 7a). The sample is illu
minated parallel to the substrate plane in order to maximize 
the number of photons reaching the film with a high angle 
with respect to the normal, i.e., with incidence angle over 
the total reflection one, to promote light guiding inside the 
glass. 

For the quinine containing coatings, we used the device 
of Fig. 7b illuminating vertically the coating with UV light 
to promote the photoluminescence light emission. In this 
case, as photoluminescence emission is about isotropic it is 



Fig. 4 AFM images and corresponding height profiles for (a and 
b) substrates etched and silica coatings annelaed at 60 °Cfor 48 h on 
etched substrates (HF 40%) for 20 (a and c) seconds and (b and 
d) 2 min 

not necessary to illuminate in a particular direction. Thus, 
we illuminate from the top of the sample to have a larger 
illuminated area and consequently to generate a larger 
number of photons. The distance traveled by light from the 
lighting source to the substrate (the edge of the glass in 
case of silica coating, and the glass surface in the case of 
quinine containing coating) is 1 cm. Figure 7c presents a 
picture of the testing device. Figure 7d shows a photo of a 
glass substrate partially coated inserted in the device and 
illuminated horizontally. We observe how the light is 
guided in the device escaping in the uncoated region. 

Figure 8 present the light propagating decay measure
ments for silica coatings prepared over smooth substrates at 
different temperatures and for different number of layers. 

We observed that the presence of the silica coating 
improves the light guiding inside the substrate. There is no 
clear dependence of the guided light with the annealing 
temperature. Only the 180 °C treated coating exhibit larger 
light intensity clearly than the rest, probably related to a 
better densification that favors a smoother interface. 

For a waveguide the light intensity decays as 

I = I0e-X/1 (1) 

being x the distance from the illumination point and 1 the 
decay length. None of the curves present this exponential 
decay. As the noise in the measurements is at maximum 
10%, we conclude that the decay in the measured range 
(40 mm) must be less than 10%. According to Eq. 1 a 
decay of 10% in the light intensity correspond to 
x/1 — 0.105. As such a decay is not observed for a distance 
of 40 mm, we may conclude that decay length of the 
waveguide, 1, is over 400 mm. 

For the multilayers we find a tendency to increase the 
signal with the number of layers. This behavior is also 
related to a better densification (as we carry on an 
annealing process after each layer deposition). 

In Fig. 8c, we observe that chemical etching of the 
substrate before being coated, does not affect significantly 
the light propagation. This is reasonable since the depth of 
the pores induced by the etching results significantly 
smaller than the wavelength of the light source. 

The light guiding curves upon illumination with 365 nm 
light for the coating with quinine are presented in Fig. 
where it can observe the optical behavior of the coating 
with different quinine concentrations (from 1 to 15%wt to 
Silica) (Fig. 9a), sintering temperatures (Fig. 9b), number 
of layers (Fig. 9c), and with different surface roughness 
(etching with HF) (Fig. 9d). The standard conditions are: 
monolayer coatings, sintering at 60 °C/48 h and not etch
ing. In general, we observe these curves to exhibit a clear 
decrease with the distance, indicating that decay length is 
fairly smaller in these samples that in the pure silica 
coating. In the silica coating, due to the illumination 
geometry, only photons close to be parallel to the surface 
comes into the material (see Fig. 7a), so they are expected 
to suffer total reflection, propagating far away along the 
material. On the contrary, for the quinine containing 
coatings, the light is generated by photoluminescence and 
emitted in a more isotropic way, so there is a larger dis
tribution of angles, and few photons will scatter the surface 
in total internal reflection. Hence, only a small fraction of 
the emitted photons will travel through the coatings in 
guiding conditions. 

For quinine concentration up to 10%, the light intensity 
is small and does not exhibit a clear distance dependence, 
while the coatings with quinine 12 and 15% the signal is 
fairly larger and shows a clear decay (Fig. 9a). 



Fig. 5 AFM images and 
corresponding height profiles 
for quinine doped (12% wt) 
silica coatings deposited on 
soda lime substrates etched (HF 
40%) for (a) 20 s (b) and 2 min 
with their respective height 
profiles 
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Fig. 6 Photoluminescence for 
quinine doped (1-15%) silica 
coating consolidated at 60 °C 
for 48 h. a Emission spectrum 
upon excitation with 355 nm 
light and b excitation spectrum 
for the 433 nm emission 
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The curves corresponding to coatings with 12% quinine 
annealed at different temperatures are shown in Fig. 9b. 
The light intensity decreases with annealing temperature. 
Moreover, there is a meaningful reduction of intensity for 
temperatures above 60 °C, due to the thermal damage of 
the molecule. The light intensity increases with the coating 
thickness which is mainly related to the increase of quinine 
for unit area (Fig. 9c). All coatings exhibit a similar decay 
with distance, decreasing up to 50% over 4 cm as it can be 

seen in Table 1. Coatings deposited over etched exhibit a 
very weak photoluminescence intensity preventing us to 
observe clearly the decay with distance, as shown in 
Fig. 9d. This photoluminescence intensity reduction is 
likely related to the degradation of the quinine molecule in 
contact with rests of the etching solution (HF) on the 
substrates, as the quinine emission is quenched in presence 
of halides. From these measurements we estimate the decay 
length of the luminescence for the quinine containing 



Fig. 7 a, b Scheme of the 
devices developed to test wave 
guiding performance; c real 
picture of the device and 
d Photo of a pure silica coating 
inserted in the device and 
illuminated with blue light 
(Color figure online) 
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Fig. 8 Light propagation curves for silica coatings: a with different annealing conditions, b multilayers consolidated at 60 °C for 48 h with 
different number of layers and c for different etching of the substrate 

coatings using Eq. 1. Results are presented in Table 1. This 
decay length of the order of few cm, at least one order of 
magnitude below those of pure silica coatings. 

For a light guiding device fabricated on a glass element 
it is required to promote both light guiding along the glass, 
and the expulsion at the desired region. It is possible to 
promote light escaping from glasses at desired regions by 
selective etching. However, the method is not valid in our 
case because etching promotes quinine degradation and, 
consequently, a significant reduction of photoluminescence 
intensity. In view of these results, the ideal device should 
consist on pure silica coating to guide the light and quinine 
doped regions at the areas to be luminous. UV light 
(355 nm) injected in the silica coated materials will travel 

with few looses over large distances. When this light 
reaches the regions with quinine it will excite quinine 
photoluminescence leading to blue light emission that 
leaves the substrate producing intense luminescence. 
Moreover, any loose in the silica coated region does not 
lead to observable light emission since it is UV light. 

4 Conclusions 

We successfully prepared pure and quinine doped silica 
coatings over sodalime glasses. The coatings can be con
solidated preserving the quinine molecule that retains its 
fluorescent properties. We estimated the guiding light 



Fig. 9 Dependence of the light 
propagation in silica-quinine 
sol-gel coatings with a quinine 
concentration, b annealing 
temperature, c number of layers 
and d chemical etching of the 
substrate 
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Table 1 Decay length of silica 
coatings with different 
concentrations of quinine 
consolidated at 60 °C for 48 h 

Quinine content Decay length 
(% wt) (cm) 

1 

2 

5 

10 

12 

15 

7.3 

11.6 

3.5 

4.4 

8.6 

5.1 

2 

3 
4 

5 
6 

properties of the coating with a home-made device. The 
pure silica coatings allow to guide the light thought 
the sodalime glass over large distances (of the order of the 
meter) while quinine presence induces isotropic photolu-
minescence. Combination of both pure and quinine doped 
coating results interesting for the development of light 
guiding circuits and illuminate regions in glass elements 
without electronic circuits. 
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