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ABSTRACT Germania/γ -glycidoxypropyltrimethoxysilane or-
ganic–inorganic hybrid spin-coating thin films doped with neo-
dymium ions are prepared by a sol–gel technique and a spin-
coating process. Acid-catalyzed solutions of γ -glycidoxyprop-
yltrimethoxysilane mixed with germanium isopropoxide are
used as matrix precursors. Thermal gravimetric analysis, UV–
visible spectroscopy, and Fourier transform infrared spectros-
copy are used to study the structural and optical properties of
the hybrid thin films. The results indicate that films that are
crack-free and have a high transparency in the visible and near-
infrared range can be obtained; a strong UV absorption region
at short wavelength ∼ 200 nm, accompanied with a shoulder
peaked at ∼ 240 nm, due to the neutral oxygen monovacancy de-
fects, is also identified. Upconversion emission properties of the
transparent dried gel and the thin films heated at different heat
treatment temperatures and doped with different neodymium ion
concentrations are studied; a relatively strong room-temperature
yellow to violet upconversion emission at 397 nm ( 4D3/2 →
4I13/2) is observed under a xenon lamp excitation with yellow
light at the wavelength of 580 nm ( 4I9/2 → 4G5/2). The effect
of Nd3+ doping concentration and heat treatment temperature
on upconversion emission of the thin films is also studied. The
mechanism of the upconversion is proposed.

PACS 81.05.Kf; 81.20.Fw; 78.55.Hx

1 Introduction

The study of the upconversion in rare-earth-doped
new host materials has recently attracted much interest [1–3].
Especially, the availability of high-power infrared laser
diodes has stimulated researches in the areas of upconversion
pumped visible lasers and the potential applications in the
areas such as three-dimensional displays, high-density optical
data reading and storage, and infrared laser viewers and indi-
cators [4–6], among many. It is well known that rare earths
such as neodymium have already proven to be very useful in
photonics for the construction of a laser system due to their
four-level energy structure, which is more ideal for the laser
transition. GeO2-based systems are photosensitive and can be
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employed for the formation of photorefractive Bragg gratings
and second-harmonic generation, and GeO2–SiO2 has been
recognized as being excellent for obtaining optical waveguide
films with controllable refractive index [7] as well as a large
concentration doping of rare-earth ions [8, 9]. A number of re-
search groups have reported progress in such material systems
doped with rare-earth ions by the sol–gel route [10–15]. How-
ever, as these reported material systems generally employ
tetraethylorthosilicate as a SiO2 source, the heat treatment
temperature needs to be quite high (around 1000 ◦C). There-
fore, it is very difficult to produce a film thicker than 0.2 µm
by a single-coating process and it is impossible for them to in-
tegrate with semiconductor sources and detectors directly. An
attractive way to overcome these problems is the use of organ-
ically modified silane (ormosil) precursors that can produce
a relatively thick single-coating layer at a low temperature
or even room temperature [16–18]. Moreover, the moderate
processing temperatures can enable direct integration on the
same chip with semiconductor sources and other optoelec-
tronic components. Due to these promising advantages, it is
interesting to study GeO2/ormosil organic–inorganic hybrid
materials doped with rare-earth ions for photonic applica-
tions. However, there have been few reports on the preparation
and optical properties of the sol–gel-derived GeO2/ormosil
organic–inorganic hybrid materials doped with rare-earth ions
so far.

In this work, we report our recent study on the preparation,
characterization, and optical properties of the neodymium-
doped germania/γ -glycidoxypropyltrimethoxysilane hybrid
thin films obtained at different heat treatment temperatures
and the corresponding transparent dried gel glass. In addition,
we also report the effects of the heat treatment temperature
and doping concentration of neodymium ions on upconver-
sion emission properties of the thin films by thermal gravimet-
ric analysis, UV–visible spectroscopy, and Fourier transform
infrared spectroscopy.

2 Experimental

A neodymium-doped germania/γ -glycidoxypro-
pyltrimethoxysilane hybrid thin film sol and its transparent
dried gel glass were prepared by a sol–gel technique from an
organic–inorganic hybrid system. Germanium isopropoxide
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(TEOG, Ge[OCH(CH3)2]4) and γ -glycidoxypropyltrimeth-
oxysilane (GLYMO, (CH2OCH)CH2O(CH2)3Si(OCH3)3)
were used as precursors for germania (GeO2) and ormosil
resources, respectively. Hydrochloric acid (HCl, 37 wt. % in
water) was used as catalyst, 2-methoxyethanol (CH3OCH2

CH2OH) as chelating agent of TEOG, ethanol as solvent,
and de-ionized water for hydrolysis. In the preparation of the
GeO2/GLYMO hybrid sol, GLYMO was dissolved in ethanol
and pre-hydrolyzed with de-ionized water and hydrochlo-
ric acid. The solution was stirred for an hour. Germanium
isopropoxide was added to 2-methoxyethanol (CH3OCH2

CH2OH) under a dry nitrogen environment and the solution
was agitated until homogenization was reached. Then, the two
solutions were mixed with a molar ratio of 30 : 70 (TEOG to
GLYMO). Neodymium nitrate was dissolved in ethanol and
added drop-by-drop to the 30 GeO2–70 GLYMO solution to
obtain sols with an Nd/(GeO2 +GLYMO) molar concentra-
tion of 0.2, 0.5, and 1 mol % Nd3+, respectively. The final
mixture was stirred for about 50 h at room temperature. Fol-
lowing the common practice for spin coating, a 0.1 micron
pore filter was attached to a syringe for removing foreign
particles before the resultant solution was spin coated onto
a substrate. The substrates including quartz and silicon were
used in our experiment. One layer of the sol–gel thin film was
spun onto the substrate at 3500 rpm for 30 s. The film-coated
samples were then heated for 10 min at different temperatures
of 100, 200, 300, 400, 500, and 600 ◦C. In order to obtain
a dried gel glass, the resulting sol was poured into a Petri dish
and put at room temperature for about two weeks and then
kept at 100 ◦C for one week so as to obtain a transparent dried
gel. The gel obtained was approximately 2 mm in thickness. It
should be mentioned here that all reactions and manipulations
were carried out under a dry nitrogen environment due to the
extreme moisture sensitivity of the germanium alkoxides.

Neodymium-doped GeO2/GLYMO hybrid thin films (or
transparent dried gels) were characterized by thermal gravi-
metric analysis (TGA), UV–visible spectroscopy (UV-VIS),
and Fourier transform infrared spectroscopy (FTIR).
A Perkin-Elmer 7 Series was used for TGA measurement of
the gel powders obtained from the corresponding solutions,
which was done at a heating rate of 5 ◦C/min in a flowing ni-
trogen gas environment. The UV–visible absorption spectra
were measured for the thin films deposited on quartz in the
range of 200–1000 nm on a UV-VIS spectrometer, which has
a resolution of ±0.3 nm. The FTIR spectra of the thin films
deposited on silicon substrates were measured in the range of
4000–400 cm−1 with a resolution of ±1 cm−1. The thickness
and the refractive index of the thin films were measured by an
m-line apparatus (Metricon 2010) based on a prism coupling
technique. The propagation loss was measured by record-
ing the light intensity scattered out of the waveguide plane,
which is proportional to the guided intensity. This intensity
was recorded by a fiber probe scanning down the length of the
propagating streak. These measurements were performed by
exciting the transverse electric TE0 mode of the waveguide
with a laser at the wavelength of 1550 nm. The upconver-
sion emission properties of the Nd3+-doped thin film and
its corresponding transparent dried gel were measured under
a yellow-light excitation of 580 nm on a Spex Fluorolog-3
spectrofluorometer with a 1934D3 phosphorimeter attached.

This system employs the Datamax software package to ac-
quire the spectra. The source of excitation is a Xe continuous
wavelength (cw) source for the steady state upconversion
emission measurement.

3 Results and discussion

The optical waveguide properties of the films such
as refractive indices, propagation modes, and loss proper-
ties were studied using an m-line apparatus based on a prism
coupling technique. In order to excite all possible waveguide
modes, the phase-matching condition between prism and film
needs to be met. This requires the refractive index of the prism
to be larger than that of the film. A laser beam is coupled into
the film through a prism. The effective mode index (Nm) is
calculated by [19]

Nm = Np sin
(
sin−1(sin θm/Np)+ Ap

)
, (1)

where Np is the refractive index of the prism, Ap is its base
angle, and θm is the incident angle of the laser beam to the
prism. In our case, Np = 2.1653 at 633 nm and 2.1227 at
1550 nm, and Ap = 50.75◦. The film heated at 200 ◦C was
found to support several TE modes at 633 nm, as is shown in
Fig. 1. However, considering that the substrate index is about
1.457 for a wavelength of 633 nm, it is evident that only the
two highest indices for each polarization are higher than this
value, that is to say, only two modes of TE0 and TE1 can be
guided modes of the waveguide and used for calculating the
refractive index and the thickness. The other dips observed in
the intensity spectra are substrate modes due to their refractive
indices being smaller than the value of the substrate refrac-
tive index. The thickness and refractive index of the thin films
doped with 0.5 mol % Nd3+ and heated at different heat treat-
ment temperatures were estimated. The thin films were spun
on silicon substrates by a single spin-coating process. As ex-
pected, with increase of the heat treatment temperature, the
refractive index of the thin film increases and the thickness
drops. That is to say, the film thickness becomes thinner and
the refractive index becomes higher as the heat treatment tem-
perature rises. For example, a dense film with a thickness of

FIGURE 1 Optical guided TE modes of the hybrid waveguide thin film at
the wavelength of 633 nm
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about 1.80 µm can be obtained by a single spin-coating pro-
cess at the heat treatment temperature of 100 ◦C, but the thick-
ness of the thin film drops to about 0.65 µm when the heat
treatment temperature was increased to 500 ◦C. It should be
mentioned here that the thickness and refractive index of the
thin film are not sensitive to the heat treatment temperature in
the range between 100 and 200 ◦C. For example, the decrease
of the film thickness is about 4% and the increase of the refrac-
tive index is about 0.1%, respectively, when the heat treatment
temperature was increased from 100 to 200 ◦C. It can also also
obtained that within the heat treatment temperature range be-
tween 100 and 500 ◦C, the refractive index of the thin film can
be varied from 1.499 to 1.519 at the wavelength of 633 nm.

The optical propagation loss at 1550 nm, for the TE0
mode, was also evaluated by a scattered-light measurement
technique based on fiber photometric detection. The loss was
typically 2.4 dB/cm at 1550 nm for the waveguide film heated
at 100 ◦C. It is obvious that the loss of the waveguides pre-
pared at the present process conditions is relatively large as
compared to those reported previously for a SiO2–GeO2 pla-
nar waveguide [20, 21]. The total loss of a planar waveguide
consists of absorption and scattering contributions, the lat-
ter being usually predominant at the wavelength of interest
in integrated optics. The scattering loss for an amorphous
waveguide is the sum of two contributions, including surface
scattering due to the surface roughness of the film, and vol-
ume scattering due to local fluctuations in the refractive index
resulting from density and compositional variations. Non-
uniform hydrolysis and condensation of the binary alkoxide
mixture undoubtedly result in the big scattering loss. The ho-
mogeneity of a sol–gel glass synthesized from a mixture of
two or more alkoxide precursors is affected by the relative
rates of homocondensation and heterocondensation. Silicon
alkoxides hydrolyze relatively slowly, and acid or base catal-
ysis is frequently employed to accelerate the reaction. How-
ever, germanium alkoxides hydrolyze at a much faster rate; as
a result, in mixtures of germanium and silicon alkoxides, it is
still possible that a heterogeneous network containing Ge-rich
and Si-rich domains is formed in this system [21].

Figure 2 shows the optical transmittance spectra of the hy-
brid thin films doped with 0.5 mol % Nd3+ and deposited on
quartz as a function of the heat treatment temperature. Note
that these were single-layer thin films. It can be seen that
the thin films are transparent and colorless. All the thin films
have high transmittance, and the transmittance changes with
the heat treatment temperature. For those thin films heated
below 400 ◦C, the transmittance decreases with an increase
of the heat treatment temperature from 100 to 400 ◦C. But,
with further increase of the heat treatment temperature, the
transmittance of the thin films starts to increase. Based on the
results obtained by TGA and FTIR as mentioned below, this
behavior can be explained as follows. The thin films heated at
a relatively low temperature (below 300 ◦C) are dense due to
the addition of GLYMO, but the thin film heated at 400 ◦C be-
comes porous due to the incomplete combustion and decom-
position of the organic compounds. As a result, apart from
the scattering-like λ−4 dependence for Rayleigh scattering,
a relatively large degree of scattering of incident light from
the pores or the scattering area resulting from the incomplete
combustion and decomposition of the organic compounds is

FIGURE 2 Optical transmittance spectra of the thin films as a function of
the heat treatment temperature

also expected. However, when the heat treatment tempera-
ture further increases to 500 ◦C or above, the organic com-
pounds would have been completely decomposed or burst
and an inorganic GeO2–SiO2 thin film is probably formed.
Thus, the scattering and absorption from the scattering area
due to the incomplete combustion and decomposition of the
organic compounds is thus substantially suppressed or even
vanishes, also leading to probably the lower porosity (lower
scattering) of the thin film as compared with that of the thin
film heated at 400 ◦C. It should be mentioned here for all thin
films besides the one heated at 400 ◦C that a strong UV ab-
sorption at short wavelengths ∼ 200 nm accompanied with
an obvious shoulder absorption located at ∼ 240 nm can be
clearly observed. There is a consensus over the assignment
of the absorption band at around ∼ 200 nm to Si E ′ and Ge
E ′ centers [22, 23]. The absorption at ∼ 240 nm is also well
characterized and associated with an increase in the concen-
tration of neutral oxygen monovacancy defects [22–26]. For
the film heated at 400 ◦C, there is no obvious ∼ 240 nm ab-
sorption band observed; an explanation is that the large degree
of scattering of incident light by the pores or the scattering
area caused by the incomplete combustion and decomposition
of the organic compounds covers the ∼ 240 nm absorption
band. It can be concluded from the UV absorption results that
a heat treatment temperature below 300 ◦C is necessary to at-
tain a dense, low-absorption, and high-transparency sol–gel
hybrid thin film by the present process. In order to under-
stand these results well, TGA was employed to characterize
the thermal process of the sample.

Figure 3 shows the TGA curve of the gel powder. It can
be seen from Fig. 2 that the weight loss occurs at three stages
mainly, namely, below 100 ◦C, between 350 and 450 ◦C, and
from 450 to 520 ◦C. Below 100 ◦C, the weight loss is consid-
ered to be due to the volatilization and thermal decomposition
of the remnant of organic solvents. Between 350 and 450 ◦C,
the weight loss is attributed to the carbonization or combus-
tion of the organic compounds. Between 450 and 520 ◦C, the
weight loss is probably ascribed to the evaporation of physi-
cally absorbed water and the further combustion of the organic
compounds. As there is no major weight loss afterwards, it
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FIGURE 3 TGA curve of gel powder obtained from the solution doped
with 0.5 mol % neodymium ions

can be considered that the organic compounds have been com-
pletely burnt off and the sample to be inorganic glass. It can be
seen clearly from Fig. 3 that the obvious and faster weight loss
occurs at the stage between 350 and 450 ◦C. These results are
helpful to understand the results obtained by UV-VIS trans-
mittance spectra, where the film heated at 400 ◦C shows a rela-
tively low transmittance due to the incomplete combustion
and decomposition of the organic compounds. In addition, it
can also be noted from the TGA curve that there is no obvi-
ous weight loss below a heat treatment temperature of 300 ◦C;
this can be used to understand why the thickness and refrac-
tive index of the thin film are not sensitive to the heat treatment
below 300 ◦C as well as why these thin films heated below
300 ◦C have a relatively high transmittance as compared with
that obtained at 400 ◦C.

Figure 4 shows the FTIR absorption spectra of the thin
films doped with 0.5 mol % Nd3+ and deposited on the sili-
con substrates as a function of the heat treatment temperature.
The main band peak at 1106 cm−1 is assigned to Si–O–R
stretching vibrations of O–R groups directly bonded to sili-
con [27]. This band decreases in intensity with an increase of
the heat treatment temperature, which is indicative of a densi-
fication of the silicon-oxide skeleton. It can be seen for the thin
films heated below the heat treatment temperature of 300 ◦C
that there are two weak peaks at 1200 and 1280 cm−1, which
correspond to the –CH3 rocking vibration from Si–O–CH3

functional groups and the vibration of the Si–CH3 bond [28],
respectively, and a broad peak centered at 2892 cm−1, which
corresponds to the –CH2– symmetric stretching vibration.
These peaks weaken and vanish with the increase of the heat
treatment temperature; the weakening or even vanishing is
attributed to the burning reaction of the thin films in the den-
sification process. The band at 960 cm−1 is attributed to Ge–
O–Ge anti-symmetric stretching. The band around 780 cm−1

is ascribed to symmetric stretching motions of oxygen atoms
along the bisector of the Si–O–Si bridging angle [15]. There
is a peak at 1631 cm−1 for the films heated at 100 and 200 ◦C
or room temperature, which should be attributed to the H–
O–H bending vibration of water. The intensity of this peak
becomes weak with increase of the heat treatment temperature
and vanishes gradually when the heat treatment temperature
was increased to 400 ◦C or above. Furthermore, a broad band

FIGURE 4 FTIR absorption spectra of the thin films doped with 0.5 mol %
neodymium ions and heated at different heat treatment temperatures

between 3100 cm−1 and 3600 cm−1 is attributed to the O–H
stretching vibration. It should be noted here that a broad OH
stretching vibration is observed in all films, but the intensity
becomes weak gradually with increase the heat treatment tem-
perature. That is to say, the amount of OH content in the film
can be gradually reduced with the increase of the heat treat-
ment temperature, but it is difficult to remove it completely
from the thin film, even when the heat treatment temperature
was increased to 600 ◦C. An accurate quantitative calculation
of the OH content in our thin films was not made due to the
difficulties involved as witnessed by others [7, 10]. The OH
sensitivity of our FTIR spectrometer is estimated to be about
a few hundred ppm. From the thin film heated at 600 ◦C in
Fig. 4, in short, an increase in the heat treatment temperature
leads to a decrease in hydroxyl content. It should be noted that
the peak at 600 cm−1 observed for all the films is from the
silicon substrate.

Figure 5 shows an absorption spectrum of a 0.5 mol %
Nd3+-doped GeO2/GLYMO organic–inorganic hybrid trans-
parent dried gel together with the assigned excited levels of
Nd3+. It can be seen that nine absorption bands are observed
and assigned to the electronic transitions of 4I9/2 → 2P3/2,
2G9/2, 4G7/2, 4G5/2, 2H11/2, 4F9/2, 4S3/2 ( 4F7/2), 4F5/2, and
3F3/2. Among these, the 4I9/2 → 4G5/2 absorption band (hy-
persensitive transition which satisfies the selection rules of
∆J = ±2, ∆L = ±2, and ∆ = 0) at about 580 nm is an ob-
viously intense one and hence it was chosen to measure the
upconversion emission spectrum of the transparent dried gel.

Figure 6 shows a visible upconversion emission charac-
teristic spectrum in the Nd3+-doped GeO2/GLYMO organic–
inorganic hybrid transparent dried gel under the excitation of
580 nm. It can be seen from Fig. 6 that apart from a bright vi-
olet upconversion emission transition at 397 nm correspond-
ing to the 4D3/2 → 4I13/2 or 2P3/2 → 4I11/2 transition of the
neodymium ions, an ultraviolet emission transition at 345 nm
( 4D3/2 → 4I9/2) and a blue emission transition at 470 nm
( 2P3/2 → 4I13/2) are also observed. But, it should be noted
that an ultraviolet emission at about 370 nm ( 4D3/2 → 4I11/2

or 2P3/2 → 4I9/2) has not been observed. This might be due
to an effect from the relatively intense emission at 345 nm;
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FIGURE 5 Absorption spectrum of the 0.5 mol % Nd3+-doped GeO2/

GLYMO transparent dried gel

FIGURE 6 Visible upconversion emission spectrum in the 0.5 mol %
Nd3+-doped GeO2/GLYMO transparent dried gel under the excitation of
580 nm

the weak emission at 370 nm is covered by the relatively in-
tense emission at 345 nm. It should also be mentioned that
we know of no other intense upconversion luminescence at
397 nm from the neodymium(III) ion in the gel baked at a low
temperature of 100 ◦C as a result of being induced by a contin-
uous wavelength xenon lamp.

Figure 7 shows the upconversion emission spectra of the
thin films with different neodymium ion contents and heated
at 500 ◦C. It should be noted that they are two-layer thin
films deposited on quartz. Similarly, apart from a bright vi-
olet upconversion emission transition at 397 nm correspond-
ing to the 4D3/2 → 4I13/2 or 2P3/2 → 4I11/2 transition of the
neodymium ions, a relatively weak ultraviolet emission tran-
sition at 371 nm and a blue emission transition at 469 nm are
also observed, but the emission at 345 nm, which was clearly
observed in the transparent dried gel sample, did not appear
in these thin-film samples. There is no reasonable explanation
for this phenomenon; it is possible that the emission intensity
of this peak in thin-film samples is too weak to be observed. It
should be mentioned here that the peak position of the emis-
sion transitions of the thin-film samples is almost the same

FIGURE 7 Visible upconversion emission spectra from the thin films
heated at 500 ◦C and doped with different neodymium ion concentrations
under the excitation of 580 nm

as that of the dried gel sample. It can be observed that the
thin film doped with 0.5 mol % Nd3+ has the highest inten-
sity of the upconversion emission transition. With an increase
of the neodymium ion molar concentration, the upconver-
sion emission intensity first increases and then decreases due
to a concentration quenching effect which results from the
cross-relaxation process as a result of the reduced inter-ionic
distance at higher neodymium ion content; for example, the
thin film doped with 1 mol % Nd3+ shows the lowest upcon-
version intensity in all thin films shown in Fig. 7. Figure 8
shows the upconversion emission spectra of the 0.5 mol %
Nd3+-doped two-layer films deposited on silicon substrates
as a function of the heat treatment temperature. The spectra
illustrate clearly that the upconversion emission intensity of
the film changes a lot with the heat treatment temperature.
However, the peak position and the shape of the spectra are
independent of the heat treatment temperature. The upcon-
version emission intensity of the film heated at 300 ◦C is the
highest of all the films measured, and the film heated at 400 ◦C
shows the lowest upconversion emission intensity. It is prob-
ably due to the incomplete combustion and decomposition of
the organic compounds at this heat treatment temperature of
400 ◦C. This is because the incomplete combustion or decom-
position of the organic compounds will lead to the appearance
of holes inside the thin film, and these holes will cause scat-
tering of light and weaken the emission intensity. Actually,
a relatively intense upconversion emission can be observed
from the film heated at 500 ◦C due to a more dense thin film
with an increase of the heat treatment temperature. On the
other hand, when the heat treatment temperature is low (be-
low 200 ◦C), a dense thin film can also be obtained due to
the addition of the GLYMO; therefore, the thin films heated
below 200 ◦C also show relatively high emission intensity. It
should be mentioned here that the emission spectra depicted in
Figs. 6–8 exhibit relatively wide emission bands compared to
what are observed in crystals or glasses [29–31]; this should
be attributed to a remnant of the excitation Xe light passing
the filters of the spectrofluorometer. Because it is known that
the optical filters used are not quite ideal, this plays a role
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FIGURE 8 Visible upconversion emission spectra from the thin films
doped with 0.5 mol % neodymium ion concentration and heated at different
heat treatment temperatures under the excitation of 580 nm

when measuring small signals such as rare-earth fluorescence.
Actually, Xiang et al. [13] and Annapurna et al. [32] also ob-
tained wide emission bands which are almost the same as that
observed in the present paper, since they also employed the
same measurement system with a xenon lamp as excitation
source.

It is proposed based on the above results and the analy-
sis in Figs. 7 and 8 that a result of a sequential two-photon
absorption process including the sequence of ground- and
excited-state absorption steps may be responsible for the up-
conversion process. Figure 9 provides the schematic diagram
to explain the mechanism of upconversion emission from
a neodymium ion via a sequential two-photon absorption pro-
cess. In this process, by an initial absorption of a 580-nm
photon, an electron from the ground state of 4I9/2 first be-
comes excited to an upper state of 4G5/2. Since this state
is unstable, the electron rapidly decays non-radiatively to
a metastable 4F3/2 level. Because this metastable level has
a relatively long lifetime, before it further decays, the elec-
tron has a good chance to absorb a second 580-nm photon
and be excited to the 4D3/2 state. Afterwards, some electrons
could decay radiatively to the 4IJ (J = 11/2, 13/2, and 15/2)
states, resulting in upconversion emission transitions, or elec-
trons could decay non-radiatively firstly to the 2P3/2 state, and
then cause other upconversion photon emissions again.

4 Conclusions

Nd3+-doped GeO2/GLYMO hybrid thin films
have been studied for photonic applications by the sol–gel
process from organically modified silane precursors. The
effects of the heat treatment temperature on optical and struc-
tural properties of the thin films have been characterized by
TGA, UV-VIS, and FTIR spectroscopy. The results indicate
that a heat treatment temperature below 300 ◦C is expected
to produce a dense, low- absorption, high-transparency hy-
brid thin film. The introduction of ormosil GLYMO provides
the advantage of producing thicker films and obtains a dense
film at low temperature. A strong UV absorption region at

FIGURE 9 Energy level scheme describing the upconversion emission
from the Nd3+-doped GeO2/GLYMO transparent dried gel and thin films
upon excitation at 580 nm

short wavelengths ∼ 200 nm, accompanied with a shoulder
peaked at ∼ 240 nm, due to the neutral oxygen monovacancy
defects, has been identified. Upconversion emission lumines-
cence of the transparent dried gel and the thin films heated at
different heat treatment temperatures and doped with differ-
ent Nd3+ concentrations have been observed. Experimental
results show a strong violet upconversion at 397 nm, a UV
emission at 371 nm, and a blue emission at 469 nm. A strong
upconversion emission at 345 nm has been observed for the
transparent dried gel sample. The sequential two-photon ab-
sorption process has been proposed to be responsible for the
upconversion mechanism.
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