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Abstract

Erbium-doped sol-gel films with different Er concentrations were formed by spin-coating a solution of erbium-ni-
trate, tetra-ethoxy-silane (TEOS), ethanol, water and HCIl on a Si substrate. Refractive index, film thickness and
composition were measured as a function of Er concentration. The Er/Si ratio in the film is roughly proportional to the
Er/Si ratio in solution, while the Si/O ratio varies with the Er concentration. The film thickness increases with increasing
Er concentration, which is attributed to the increased viscosity of the spin-coat solution compared to pure SiO,. All films
show a lower refractive index and atomic density than pure SiO,, which is ascribed to a slightly porous structure. After
annealing at 750 °C in vacuum the films show clear room-temperature luminescence at 1.53 pym from Er*". The lumi-
nescence lifetime is rather constant (10-12 ms) up to Er concentrations of 1.0 at.%. The luminescence lifetime reduces
significantly if annealing is performed in air rather than in vacuum. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

Er-doped silica glass materials are finding more
and more applications in photonic technology.
For example, Er-doped fibers are used as the gain
medium in long-distance optical fiber links, oper-
ating at 1.53 um. Er-doped silica channel wave-
guides find applications in planar optical
amplifiers that are used in photonic integrated
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circuits [1], and Er-doped colloidal silica particles
might be integrated with polymer technology to
fabricate nano-composite waveguide materials [2].
As the quantum efficiency of the luminescent Er
transition at 1.53 pm can be quite high, Er-doped
silica could also find applications in photonic
crystals, as a probe of the local optical density of
states [3].

Several methods have been developed to fabri-
cate Er-doped silica, including plasma-enhanced
chemical-vapor-deposition [4], ion implantation
[5], flame hydrolysis [6], and ion exchange [7]. An
alternative technique to deposit thin Er-doped
silica films is by using a wet chemical process, in
which a solution containing a silica precursor and
erbium-nitrate is spin-coated on a substrate,
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followed by a drying step (the sol-gel process). The
advantage of this technique is that many different
constituents can be added to the solution in order
to tailor the film composition, refractive index,
and Er solubility. Besides this, the spin-coat tech-
nique makes it possible to use virtually any sub-
strate.

Quite some research has been done on Er-doped
sol—gel films [8—14]. In most cases, composite silica-
based materials were studied, or bulk glasses were
made rather than thin films, but only a few focus on
pure silica sol-gel films. In this paper we report on a
systematic study of the effect of Er concentration
on the film stoichiometry, thickness, atomic density
and refractive index for silica films with Er con-
centrations in the range 0.05-1.0 at.%. Lumines-
cence spectra and lifetime are studied versus Er
concentration. We find that the luminescence life-
time depends critically on the annealing ambient.
Films annealed in vacuum show lifetimes as high as
11 ms, a factor of 3 higher than that reported for
pure Er-doped sol-gel films so far.

2. Experiment

Er-doped sol-gel films (set I) were prepared in
the following way. First a tetra-ethoxy-silane
(TEOS) reaction mixture was made: 23.0 g TEOS
(Fluka 99%), 5.0 g ethanol (pro analysi, Merck),
59 g H,O and 2.2 g 0.1 M HCI (Aldrich) were
mixed, and then stirred while heated to a temper-
ature of 70 °C, at which it was kept for 5 min. After
stirring for 3 min, the solution changed from opa-
que to transparent. An Er solution was prepared by
dissolving 3.1 g of Er(NO;),-5H,O (Aldrich
99.9%) into 10.0 ml ethanol. Solutions with differ-
ent Er concentrations were made by adding 0.05,
0.1, 0.3, 0.6, and 1.0 ml of the Er solution to 7.0 ml
of the TEOS reaction mixture. In order to have a
similar ethanol concentration in the different reac-
tion mixtures, the volume of all solutions was made
equal to 8.0 ml by adding ethanol. Each solution
was left to react for 4.5 h and then spin-coated onto
pre-cleaned Si substrates, covered by a ~2 nm thick
native oxide. Spin-coating was performed at 3500
rpm for 60 s. After spin-coating the samples were
dried at 60 °C for 10 min in air.

To study the effect of annealing ambient on the
luminescence lifetime, two additional sets of sam-
ples (set II and III) were prepared using a slightly
different ratio of the chemicals compared to set I,
in order to obtain a better spinable solution. A
mixture of 4.8 g TEOS, 1.1 g ethanol, 0.4 g H,O
and 0.5 g 0.1 M HCI, together with a solution of
0.29 g Er(NOs), - SH,0, was dissolved into 1 ml
ethanol. After the same reaction period as men-
tioned above, the solution was spin-coated at
2000—4000 rpm, followed by a heat treatment of 60
°C for 10 min in air.

Sets I and II were annealed for 1 h in vacuum
(10~° mbar) at 100 °C, followed by 1 h at 900 °C (set
I) or 750 °C (set II). Set III was annealed in air ra-
ther than vacuum at the same temperatures as set I1.

Erbium depth profiles and film stoichiometry
were measured by Rutherford backscattering
spectrometry (RBS) using 2 MeV He" ions at a
backscattering angle of 165°. Layer thickness and
refractive index were measured using spectroscopic
ellipsometry at incedent angles of 55°, 60°, 65°, 70°
and 75° relative to the surface normal. The wave-
length was scanned from 300 to 1700 nm in 5 nm
steps.

Photoluminescence (PL) measurements were
performed using the 488 and 515 nm lines of an Ar-
ion laser as an excitation source operating at a
power of 30 or 100 mW. The emitted luminescence
was projected onto the entrance slits of a 48 cm
monochromator and detected with a liquid-nitro-
gen-cooled Ge detector. Standard lock-in
techniques were employed, using a mechanical
chopper to modulate the laser beam. The spectral
resolution was 2—-6 nm. Photoluminescence lifetime
measurements were performed by monitoring the
decay of the luminescence after switching off the
light source. A digitizing oscilloscope was used to
average the decay curves. The time response of the
system was about 30 ps. An optical microscope was
used to study the surface morphology of the sol-gel
layers.

3. Results

RBS spectra of the Er-doped sol-gel layers of
set I (before annealing) are shown in Fig. 1 for
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Fig. 1. RBS spectra for Er-doped sol-gel films before annealing
(set I). Data are shown for concentrations ranging from 0.05 to
1.0 at.%. Spectra are offset for clarity. Surface channels for O,
Si and Er are indicated.

different Er concentrations. Surface channels for
the elements O, Si and Er are indicated by dashed
lines. The Si surface channel is observed around
channel 260, corresponding to the Si in the SiO,
film. The edge at channel 210 shows the interface
between the Si substrate and the SiO, film. The
plateau below channel 165 relates to the oxygen in
the SiO, layer. The width of this plateau varies for
the different Er concentrations, indicating differ-
ences in the layer thickness. The SiO, coverage
derived from the width of these plateaus agrees
with that derived from the width of the plateaus
around channel 400, which shows the erbium
distribution in the film. From the ratio of erbium-
nitrate to TEOS in the reaction solution, an esti-
mate of the Er atomic concentration in each film
can be made, assuming a stoichiometric SiO, film

Table 1

composition. These estimates are shown in Table 1
for set I together with the film compositions as
derived from fits to the RBS spectra (fits not
shown). As can be seen, the Er concentrations in
the film are quite similar to the estimated values.
In fact, the Er/Si ratio in the film is similar to the
Er/Si ratio in the solution. This makes it possible
to tailor the Er concentration rather accurately.
Table 1 also shows the film areal density for all five
layers as derived from RBS. As can be seen, the
areal density and film composition are slightly
different for the five Er concentrations. The layer
with the highest Er concentration has an almost
pure SiO; stoichiometry, while the other layers are
somewhat Si-rich.

The thickness of the spin-coated layers of set |
(before annealing), as measured by ellipsometry, is
plotted in Fig. 2 versus the nominal Er concen-
tration derived from the Er/Si ratio in solution. All
measurements were performed in the center of the
sample. As can be seen, the layer thickness in-
creases with increasing Er concentration. This was
also observed by Bruynooghe et al. [14] and was
attributed to an increase in the initial solution
viscosity for increasing Er concentration. Using
the measured film thickness, the areal density from
Table 1 can be converted into an atomic density,
which is also shown in Table 1. The resulting
atomic density is in the range (4.1-5.5) x 10*
cm™>, which is lower than that for pure
Si0, (6.6 x 10** cm™3). Fig. 3 shows the refractive
index for these samples as a function of wave-
length (set I) as obtained from ellipsometry mea-
surements. The refractive index increases with
increasing Er concentration, but stays well below
that for thermally grown SiO, that is also shown in

Er concentration estimated from the Er/Si ratio in the solution together with the areal density and layer composition of Er-doped sol-

gel films derived from RBS measurements

Er concentration from Er/Si

Film composition (at.%)

Film areal density Atomic density

ratio in solution (at.%) S o - (10" atoms/cm?) (cm™)

1.05 35 64 1.00 3000 4.1 x 102
0.63 45 55 0.50 3400 5.0 x 102
0.32 45 55 0.25 3400 5.1 x 10%
0.11 45 55 0.10 3400 5.4 x 10%
0.05 40 60 0.05 2500 4.6 x 102

The atomic density is derived from the areal density data together with the thickness measurements from ellipsometry.
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Fig. 2. Layer thickness of the spin-coated Er-doped layers be-
fore annealing (set 1) versus Er concentration, as derived from
spectroscopic ellipsometry measurements.
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Fig. 3. Refractive index as a function of wavelength for spin-
coated films doped with different Er concentrations (before
annealing). Data for thermally grown pure SiO, are also shown.

Fig. 3 [15]. This, together with the fact that all
films are relatively Si-rich (which would increase
their refractive index compared to that of stoi-
chiometric Si0O,), and the lower atomic density
compared to pure SiO,, leads to the conclusion
that the spin-coated materials have a porous
structure before annealing.

Fig. 4 shows a normalized PL spectrum of a
1.0 at.% Er-doped sol-gel film of set I, after an-
nealing at 900 °C in vacuum for 1 h. The spec-
trum was taken using an excitation wavelength of
488 nm at a pump power of 30 mW. The Er**
luminescence around 1.53 pum is clearly visible
and results from the intra-4f transition from the
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Fig. 4. Photoluminescence spectrum of a 1.0 at.% Er-doped
film (set I) annealed at 900 °C in vacuum. The excitation
wavelength was 488 nm at a pump power of 30 mW. The inset
shows a photoluminescence excitation spectrum of the 1.53 pm
emission intensity.

first excited state (4113/2) to the ground state
(4115/2). The inset of Fig. 4 shows the 1.53 pum
luminescence intensity as a function of excitation
wavelength for the same sample. This spectrum
reflects the structure of the optical absorption
bands from the ground state (‘I;s;) to the *Fy)
state (490 nm) and the *Hj;, state (514 nm),
showing that the Er'" ions in these SiO, layers
are excited through direct optical excitation. This
is well known for Er’' in insulating materials
[16], in contrast to the case of Er in Si-rich oxide
materials like e.g. amorphous Si/SiO, [17] or Si
nanocrystal-doped SiO, [18,19] in which the Er**
excitation is photocarrier-mediated.

We have tried to measure the PL intensity as a
function of the Er concentration. Cracking of the
films after annealing resulted in a strong scattering
of the laser light, making comparison of the ab-
solute intensities difficult. However, in general the
intensity increases for increasing concentration.
An optical microscope image of a pure sol-gel film
without Er annealed in vacuum at 900 °C for 1 h is
shown in Fig. 5. One can observe ‘jig-saw-puzzle’-
like pieces that clearly fit together, indicating that
the cracks are the result of shrinkage [20]. It is well
known that sol-gel films of several hundred nm
thickness crack during annealing when water and
organic residues evaporate from the film. It is also
known that growing thinner layers and repeating
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Fig. 5. Optical microscope image of a vacuum-annealed (900 °C, 1 h) pure sol-gel film without Er. Cracks due to shrinkage of the film

are clearly seen.

the spin-coat-drying step several times can over-
come this problem [21].

The Iluminescence lifetimes for different Er
concentrations are shown in Fig. 6 for the films
of set I (samples annealed in vacuum at 900 °C).
For Er concentrations up to 1.0 at.%, the lumi-
nescence lifetime remains more or less constant at
10-12 ms. Often, in highly Er-doped materials,
the luminescence lifetime is seen to decrease with
concentration due to quenching by OH impurities

16

12

Luminescence lifetime (ms)
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Fig. 6. Luminescence lifetime for spin-coated sol-gel films an-
nealed in vacuum (set I) as a function of Er concentration. The
excitation wavelength was 515 nm at a pump power of 30 mW.
The drawn line is a guide to the eye.

(the second overtone of the O-H stretch vibration
is resonant with the Er transition at 1.53 um) [22—
26]. An effect that becomes apparent at high Er
concentrations, when Er-Er energy migration
takes place. The fact that we measure long lu-
minescence lifetimes at high Er concentration
thus indicates that most of the water is removed
from the film during the anneal treatment. By
taking a simple linear concentration quenching
model, and assuming a typical Er-Er coupling
constant of 107! m®/s, we can estimate from the
data in Fig. 6 the O-H concentration to be ~18
ppm. Note that this analysis is based on the as-
sumption that Er does not precipitate after an-
nealing, an effect that would reduce the amount
of optically active Er. This assumption is
supported by the observed increase in the lumi-
nescence intensity with Er concentration. Trans-
mission electron microscopy was performed to
verify this, and although some dark spots with a
size of several nm were visible, these could not be
identified as being Er-rich. More work is neces-
sary to verify this point.

The luminescence lifetimes in Fig. 6 are much
longer than the lifetime of 1.78 ms reported by
Orignac et al. [13] for similar Er-doped sol-gel
films. One of the main differences between that
work and the samples described here is the fact
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that our films were annealed in vacuum, whereas
the films by Orignac et al. were annealed in air. To
study the effect of the annealing ambient, we pre-
pared two new sets of 1.0 at.% Er-doped silica
films: one set was annealed at 750 °C in vacuum
(set II) and the other set in air (set III). Fig. 7
shows PL decay traces for the two films. Clearly
the air-annealed sample has a shorter lifetime (7.7
ms) than the vacuum-annealed sample (10.5 ms).
A possible explanation is that in the case of an
anneal in air more O-H remains in the film com-
pared to the case of an anneal in vacuum, which
might be due to a slower release of physically and
chemically absorbed water. More research is nee-
ded to verify this. However, there still remains a
large difference between the lifetime measured in
this paper and the work of Orignac et al. Based on
a linear quenching model, the amount of quencher
(in this case the OH concentration [OH]) can be
calculated

W = W, + W, + 8nCpg; g [EI‘} [OH], (1)

where W, is the radiative lifetime (~55 s~!) [27], W,
the internal non-radiative decay rate, Cg,g;
(~1073! m®/s) a coupling constant, and [Er] is the
Er concentration. This results in an OH concen-
tration of 4.1 x 10'® cm™3 for the present Er con-
centration of 4 x 10%° cm™3 for the anneal in
vacuum, and an OH concentration of 7.6 x 10'8
cm 3 for the anneal in air. In the case of Orignac et

1.0 at.% Er
750 °C

vacuum
t=10.5ms

PL intensity (a.u.)
L

Time (ms)

Fig. 7. Luminescence decay traces (4 = 1.53 um) for 1.0 at.%
Er’**-doped sol-gel films, annealed at 750 °C in vacuum (set IT)
or air (set III). The excitation wavelength was 515 nm at a
pump power of 100 mW.

al. the Er concentration is slightly lower
(2.6 x 10*° em~?). Using Eq. (1), this results in an
OH concentration of 7.7 x 10" cm~. This OH
concentration is about 10 times higher than that
for our air annealed samples. This higher OH
concentration might be explained by the fact that
Orignac et al. use a HyO/TEOS ratio of 4, where
we used a ratio of 1. This means that four times
more water is present in the films of Orignac et al.
resulting in an eight times higher OH concentra-
tion. Besides this, there is also a difference in an-
neal temperature which could affect the amount of
H,O0 in the film.

4. Conclusions

Er-doped silica films were prepared by spin-
coating a solution of erbium- nitrate, tetra-eth-
oxy-silane, ethanol, water and HCl on a Si
substrate. Film thickness (550-750 nm) and
composition vary slightly with Er concentration
in the range 0.05-1.0 at.%. The refractive index
and atomic density of all films is lower than those
of pure SiO,, indicating that the films are porous.
After annealing at 900 °C, room temperature
photoluminescence at 1.53 pum is observed with a
luminescence lifetime as long as 10-12 ms, for Er
concentration up to 1.0 at.%. Using a concen-
tration quenching model we conclude that most
of the water is removed from the film during the
anneal treatment; the O—H content is estimated to
be below 1 ppm. Anneals were also performed in
air and led to shorter lifetimes, possibly caused by
a higher O-H content. Our measurements show
that the sol-gel process in combination with
vacuum annealing is ideally suited to obtain Er-
doped silica exhibiting long luminescence life-
times.
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