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Silica based waveguides on Si fabricated by flame hydrolysis deposition were doped with erbium ions using an aerosol doping
technique, and co-doped with GeO2, P2O5 and B2O3. Erbium doping levels in the films were dependent on the nebulized
solution concentration and delivery rate of the aerosol to the torch. The erbium solution concentration was varied from 4 to
8 wt%. The refractive index was measured by a prism coupler at 633 nm. FTIR absorption spectra and XRD profiles were
made to check the OH concentration and the morphology of the films. A photoluminescence peak was observed at 1542 nm
with a FWHM of 65 nm, which corresponds to the 4I13/2 → 

4I15/2 transition. As a function of Er concentration, the
photoluminescence (PL) intensity first increases, but decreases above a 6 wt% Er solution concentration. The decrease in PL
intensity with concentration is attributed to concentration quenching caused by Er-Er interaction. The dependence of PL
intensity on pump intensity further verifies the co-operative upconversion occurs.
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Introduction

Erbium is of particular interest because of an intra-4f
transition with a wavelength around 1.5 μm, coinciding
with a low-loss window of standard optical telecommuni-
cation silica fibers. An erbium-doped waveguide am-
plifier (EDWA) component can integrate waveguides,
semiconductor diode lasers, and a variety of passive
optical elements on a single chip, and it may thus
provide a significant reduction in both device size and
cost, desirable for all-optical local area networks. The
potential for miniaturization of optical amplifiers has
inspired considerable research interest in new Er3+-
based amplifiers [1-7]. The restriction to compact (cm-
scale) devices lengths in EDWA requires, in order to
achieve sufficient net gain, much higher Er3+ concen-
trations than the typical 100-300 ppm doping used in
the several-tens-of-metres long EDFA. But this high
concentration is responsible for a parasite effect caused
by interactions between excited ions, notably co-oper-
ative upconversion and quenching by energy transfer. 

Various methods have been used to fabricate EDWA
[8-15], and in some cases optical gain has been demon-
strated [16-18]. In this article, we used an aerosol doping
technique to dope erbium in silica-based film co-doped
with GeO2, P2O5, and B2O3 fabricated by flame hydro-
lysis deposition (FHD).

An important advantage of this glass over other

materials is that low-loss-fiber-compatible planar wave-
guide can be fabricated by the standard silicon VLSI
technology. A further advantage of using multicompo-
nent glass is that it may accommodate larger erbium
concentrations than pure silica. The aerosol doping
technique has the advantage over the solution doping
of incorporating the rare-earth ions into the glass in a
single fabrication step during deposition, without the
requirements to control the partial sintering temperature
and to dry the sample after immersion [13]. Furthermore,
The chemicals used are relatively inexpensive and the
delivery system less complex in comparison with the
method involving the vapor phase transport of rare-
earth chelates [19, 20]. 

Experiments 

A schematic diagram of the FHD and the delivery
system is given in Fig. 1. SiCl4, GeCl4, POCl3 and BCl3
were delivered to an oxy-hydrogen torch and hydro-
lyzed to form a low density soot, which was deposited
on Si substrates with 1 μm thermally-grown SiO2 on
the silicon. Erbium ions were incorporated in the soot
by feeding the torch with an aerosol of a solution of
ErCl3 (hydrous). An ultrasonic machine was used to
atomize the solution. The Ar gas was used to deliver
the resultant aerosol droplets to the torch. The refrac-
tive index and the thickness were controlled independ-
ently by changing the flow rate of the metal chloride
and the number of traverses of the table. To consolidate
the soot, samples were placed in a furnace and heated
up to 1350oC. 

The erbium concentration was dependent on the Ar
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gas flow rate, the ultrasonic resonator intensity and the
erbium solution concentration. In this study, we fixed
the Ar flow rate and the ultrasonic resonator intensity,
and just changed the erbium solution concentration. (A:
4 wt%, B: 6 wt%, C: 8 wt%). The refractive index and
the thickness of the erbium doped silica-based films
were measured by a prism coupler (SAIRON Tech.,
SPA-4000) at a wavelength of 633 nm. FTIR (Nicolet,
Magna 760) absorption spectra and XRD (Rigaku-
Denki D/Max2500) profiles were obtained from these
three planar waveguides to check the presence of OH
in the films and the crystallinity of the films. Photo-
luminescence measurements were carried out at room
temperature at 514 nm of an Ar-ion laser (Coherent,
Innova 90C) as the excitation power source (see Fig.
2). This energy corresponding to the 514 nm line is

absorbed in the 2H11/2 manifolds of Er3+. The lumine-
scence signal was spectrally analyzed with a mono-
chromator (Acton Research, Spectrapro 300i) and detected
with a liquid-nitrogen-cooled Ge detector. 

Results and Discussion

Figure 3 and Fig. 4 show the prism coupling profile
of the sample B and the refractive index of erbium
doped silica-based films, respectively. The refractive index
difference Δ was 2% between the films and the under-
cladding (n = 1.45). This difference is higher than a
typical silica passive waveguide (Δ ≈ 0.75) and this
high index difference leads to strong confinement of
the mode fields, which can lower the required pump-
power levels. The refractive index increased with increas-
ing erbium solution concentration. In addition, with
erbium concentration increases, the refractive index also
increases.

Figure 5 shows the FTIR absorption spectra of the
films in the planar waveguide and, within the sensi-
tivity of our instrument, no characteristic bands of OH

Fig. 1. Schematic diagram of the Flame Hydrolysis Deposition system and aerosol delivery system.

Fig. 2. Energy-level diagram of Er3+.

Fig. 3. A Typical example of prism coupling profile of the sample
B.
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group have been observed. Therefore, it may be conclud-
ed that the harmful OH group was successfully remov-
ed during the consolidation process.

Figure 6 shows the PL spectra of Er-doped silica-
based films fabricated with different Er concentrations
of the precursor solution. The spectra show peaks at the
wavelengths of 1.542 μm and 1.510 μm and broad
shoulders extending from roughly 1.45 to 1.65 μm with
the full width at half maximum (FWHM) of 65 nm.
This emission is characteristic of the intra-4f transitions
between the 4I13/2 and 4I15/2 manifolds of Er3+. An
additional peak was observed at wavelength 1.589 μm.
Figure 6 shows the PL peak intensity of sample B (6
wt% erbium solution concentration) was the highest
among the samples measured at the se fixed experimental
conditions. 

A pronounced peak was observed at 1.542 μm with a
FWHM of 65 nm, which is due to the transition bet-
ween the different Stark level 4I13/2 → 4I15/2 manifolds,
in combination with the homogeneous and inhomo-
geneous broadening. The 4I13/2 manifolds are populated
through successive nonradiative relaxations from the
2H11/2 pump level.

Compared with the FWHM of the other glass (Table
1), the spectral width of our gain medium is clearly an
advantage, because optical amplification is possible
over a wides bandwidth for application in wavelength
division multiplexed signal amplification. X-ray diff-
raction measurements show that the silica-based films
are in an amorphous state (not shown). However, the
curves of the PL spectra for Er3+ ion doped silica-based
glass films are rather peaked. This peaky feature of the
observed PL might suggests that the synthesized films
contain some crystalline Er or Er2O3 nano-particles due
to the low vapor pressure of Er and early precipitation
of this species in the flame.

An additional peak at 1.589 μm was also observed.
This peak is believed to lead to upconversion, because
upconversion coefficients may be explained by the
overlap between the 4I13/2 → 4I15/2 emission and the 4I13/2

→ 4I9/2 absorption spectra, that is, the upconversion
transition to the 4I9/2 manifold (800 nm) happens by the
two-photon resonance of the peak emission wavelength
from the 4I13/2 manifold (1600 nm) [21]. So we think
the upconversion will occur in these samples as a result
of a shoulder near to 1.6 μm.

Generally, the decrease in PL intensity for high concen-
trations is attributed to energy migration in which the

Fig. 4. The refractive indices of erbium-doped silica-based planar
waveguide prepared by Flame Hydrolysis Deposition.

Fig. 5. FTIR spectra of the erbium-doped silica-based films
prepared by Flame Hydrolysis Deposition. 

Fig. 6. Comparison of the photoluminescence intensity of the
specimen of different erbium concentration of the precursor
solution.

Table 1. Comparisons of FWHM of Er3+ in several glass hosts

host Bishmuth-based tellurite silicate Phosphate Germinate This study

FWHM (nm) 75 65 40 37 53 65



382 Dongwook Shin

excitation migrates by resonant exchange between closely
spaced Er ions until the Er ions are strongly coupled to
nonradiative quenching sites and co-operative upconver-
sion in which energy is transferred nonradiatively from
one excited Er ion to a neighboring excited Er ion, one
is transferred to the ground state (4I15/2) and another to
the 4I9/2 level from which it rapidly relaxes to the meta-
stable level (4I13/2). It is well known that the second
overtone of the OH stretch vibration is resonant with
the transition from the first excited state to the ground
state of Er. These effects have been studied in detail in
other material doped with rare-earths [22, 23]. In this
study, it is believed that the energy migration has little
influence on the decrease of PL intensity due to the
low OH concentration (FTIR spectra shown in Fig. 5),
so the co-operative upconversion plays an important
role. 

In order to further investigate the co-operative upcon-
version, the dependence of the PL intensity on the pump
power was measured. Furthermore, it is necessary to
study the behavior as a function of pump power for
future use of these highly-doped silica-based glasses
films in EDWA. Because a silicate has a high phonon
energy, the fraction of excited Er ions (N2) in a simple
two level system pumped at a rate R is [24]:

(1)

where 

Here, hν is the energy of the pump intensity, IP

denotes the pump intensity and σa the absorption cross-
section. It is well known that the lifetime decreases
with an increase of erbium concentration. Equation 1
shows that N2 (the 1.542 μm PL intensity) is sublinear
in IPL vs IP and the sublinearity is less for samples with
short lifetimes. Figure 7 shows the dependence of PL

intensity on pump power measured for three erbium
solution concentration (4, 6, 8 wt%). The no dashed
line on figure-solid the linear extrapolation of the first
three data points. At higher pump intensities, the mea-
sured curves start to deviate from the linear extrapola-
tion. However, in Fig. 7, the sublinearity with high
concentration (short lifetime) is higher than with the
low concentration (high lifetime). This suggests that
co-operative upconversion related to both pump inten-
sity and Er concentration takes place and it reduces the
Er3+ population in the 4I13/2

 manifolds and increases the
pump power needed to obtain a certain degree of output.
So the high erbium concentration has a high subline-
arity. At the same time, Fig. 6 shows the additional
peak at 1.589 μm which verifies the presence of co-
operative upconversion. In addition, the electrical dipole-
dipole interaction probability between the different ions
depends on the 1/R6 [25], where R is the distance bet-
ween two interacting ions. The energy migration and
cooperative upconversion are forms of this interaction.
So a high concentration has a low PL intensity and a
bigger sublinearity due to the small distance between
two ions. 

Conclusions

Erbium-doped GeO2-P2O5-B2O3-SiO2 films fabricated
by FHD and the aerosol technique show a clear photo-
luminescence around 1.542 μm with a large FWHM of
65 nm. The refractive index difference can give higher
confinement of mode fields. No characteristic peak of
the OH group was observed from the FTIR spectra.
The PL intensity first increases and then decreases with
increasing erbium concentration which is attributed to
the energy migration between the small-distance Er3+

ions and the co-operative upconversion. The co-oper-
ative upconversion quenching mechanism was further
studied by the dependence of the PL intensity on the
pump power. The presence of particles which have not
been studied in this study will be investigated using
TEM and XPS, and will be reported in a future publi-
cation. 
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