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Abstract

Rare-earth doped photonic materials and structures have been prepared by sol-gel processing, in the form of 1D photonic bandgap
multilayer stacks of silica and titania. A significant enhancement of the Er’" emission at ca. 1530 nm occurred when these ions were
inserted into Bragg mirrors and microcavities. In Er**/Yb*" co-doped structures, an efficient energy transfer at 980 nm was observed
from Yb*>" to Er*" when these ions were in close proximity and especially when they were simultaneously present, in the same defect
layer, with a 1530 nm photoluminescence enhancement of up to ~25 times being observed for excitation at 980 nm, compared to the

excitation of the same microcavities samples at 514.5 nm.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photonic bandgap (PBG) structures, also known as pho-
tonic crystals (PC’s), are structures whose refractive index
(or dielectric constant) is periodic on a length scale of the
order of optical wavelengths (~100-1000 nm), which pre-
vents light from propagating through the structures due
to Bragg reflection [1]. A classical example of a PC in 1D
is an interference filter (also called a Bragg mirror), which
consists of a stack of alternating high and low refractive
index dielectric layers of optical thickness (the physical
thickness, x times the refractive index, n) equal to /4. Such
a structure will exhibit a frequency region of high reflectiv-
ity, also called a ‘stop band’, where light undergoes Bragg
reflection, with a maximum at the wavelength 1. Moreover,
when the structure has a defect, such as one missing layer
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(equivalent to a double thickness layer of the other mate-
rial), this will cause the occurrence of an allowed state
localized inside the stop band, or ‘pass band’, which will
increase the functionality of the 1D PBG structure. This
particular example is called a Fabry—Perot microcavity
[2-4], while the presence of two defects creates a coupled
microcavity. In a Fabry—Perot microcavity, the reflectance
minimum, corresponding to the microcavity resonance (or
pass band), appears at A =2nx, where n and x are the
refractive index and thickness of the defect layer. The qual-
ity factor (Q) of the microcavity is given by Q= /A4,
where /1 is the resonance wavelength and A/ is the reso-
nance full width at half maximum (FWHM) [2]. Defects
in microcavities can be doped with rare-earth elements like
Er, which emits at the telecommunications operating wave-
length of ca. 1530 nm. When the emitted light is resonant
with the cavity, the Er’" photoluminescence (PL) intensity
should be enhanced by the factor Q [5]. Excitation can be
provided with a diode laser at 980 nm, for example. How-
ever, the absorption cross-section of Er** is small at this
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wavelength, so that Yb>" may be used as a co-dopant, to

act as sensitizer [4,6-8]. Therefore, besides Er’*-doped
microcavities, Er¥"/Yb®>" co-doped structures have also
been developed in this work, with the aims of increasing
the Er*" PL efficiency and studying the energy transfer
process in the microcavity structures.

2. Experimental

Bragg mirrors (BM’s) plus simple and coupled micro-
cavities have been fabricated in the present work by sol-
gel processing. The microcavities consisted of Er*"-doped
or Er**/Yb*" co-doped active SiO, layers placed between
BM’s (also called distributed Bragg reflectors, or DBR’s),
each one consisting of three alternating SiO»/TiO, pairs
of layers. For the fabrication of multilayer stacks of silica
and titania, the corresponding sols were first prepared.
The preparation details, including the deposition on silica
glass disks and the heat treatments performed, have been
described in Ref. [4]. For the fabrication of the active layer,
the SiO, sol was doped with Er (1 mol%) and/or Yb
(2 mol%), in the form of nitrates. Thin films corresponding
to the active layers only were also prepared (without Bragg
mirrors) for comparison, using the same heat treatment in
order to ensure similar levels of residual OH content
(found, in a previous work [9], to be ca. 200 ppm for
Er*t/YDb®" co-doped silicate films).

Angle-dependent reflectance spectra were obtained
between 800 and 2500 nm, with a Nicolet 5700 FT-IR spec-
trometer (Thermo Electron Corporation), using unpolar-
ized radiation. The Er’" (4113/2 - 15/2) PL spectra were
measured at room temperature, either in reflection mode,
with the complementary excitation and detection angles
(spectra of Figs. 3-5), or with detection perpendicular to
the sample surface and excitation at 30° (spectra of
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Fig. 1. Comparison between the Er’* photoluminescence spectra of the
active layer of a Bragg mirror and the corresponding doped film (F1).
Both spectra were recorded in the same geometry, shown in the inset.

Fig. 1). Further experimental details can also be found in
Ref. [4].

3. Results

Er’* PL measurements were performed on a BM with
six doublets (Si0,/Ti0,), including one Er’*-doped silica
layer in the middle and on a Er’*-doped silica layer depos-
ited on v-SiO, (F1). A significant intensification of the Er*"
PL at ~1530 nm in the active layer of the BM was found,
compared to that obtained for the isolated doped film (F1).
Fig. 1 shows an Er'" PL emission at 1530 nm 17 times
higher for the BM than for the corresponding isolated
doped film (F1), with excitation at 514.5 nm and detection
normal to the film. Note that both the active layer in the
BM and film F1 had the same thickness (//4n ~ 300 nm)
and the reflectance spectrum of such BM (spectrum not
shown in this paper) shows a reflection band (stop band)
laying between ~1100 and 2000 nm, for incidence at 10°.

Fig. 2 shows the angle-dependent reflectance spectra for
a simple microcavity (designated by PBG), consisting of
two 3-pair DBR’s of alternating SiO, and TiO, layers, plus
a sandwiched SiO, active defect layer doped with 1 mol%
Er’*. The cavity resonance wavelength, as well as the stop
band centre, were tuned by varying the incidence angle
(equal to the reflection angle). For 45° incidence, a stop
band can be observed from about 1200 to 1900 nm with
a maximum reflectance of 90%; a reflectance minimum
appears at ca. 1530 nm, corresponding to the cavity reso-
nance wavelength.

Fig. 3 shows the photoluminescence spectra of the sim-
ple microcavity described above for 514.5 nm excitation, at
different detection angles, from 15° to 65°. The PL intensity
presented a maximum for detection at 45° and it decreased
as the angle of detection moved away from 45°. This
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Fig. 2. Angle-dependent reflectance spectra of a simple Fabry-Perot

microcavity, PBGg, consisting of two 3-pair DBR’’s of alternating SiO, and
TiO, layers, plus a sandwiched Er**-doped SiO, defect layer.
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Fig. 3. Angle-dependent Er*" PL spectra of PBG, microcavity, obtained
with 514.5 nm excitation. The schematic structure of the simple micro-
cavity and the 1530 nm PL intensity versus detection angle are shown in
the insets. Peaks marked with (*) were artifacts not related to the sample
PL.

behavior can be followed in the inset of this figure. In addi-
tion, a change in the shape of the Er*" PL spectra for dif-
ferent detection angles and, therefore, for different pass
band wavelengths, is shown in Fig. 4.

The Er** PL spectra of a coupled microcavity, PBGc»,
with two Er**/Yb®" co-doped SiO, defect layers, can be
observed in Fig. 5, for excitations at 514.5 and 980 nm,
respectively and detection at 10°. Note that the reflectance
spectrum at 10° incidence for such structure exhibited a
pass band centered at 1559 nm and Q = 14 (spectrum not
shown in this paper). The Er’" emission spectrum of the
doped film (F2), composed of the two defect layers only
(without DBR’s) is also shown in Fig. 5 for comparison.

4. Discussion

Fig. 1 shows a strong enhancement of the Er*" PL from
the doped SiO, layer in a DBR, compared to the isolated
doped film. This intensification occurred for the two excita-
tion wavelengths tested, 514.5 nm (~17 times higher) and
980 nm (~11 times higher). At the origin of this phenome-
non are the multiple reflections within the stacked (SiO,/
TiO,) layers, as well as enhanced pumping by repeatedly
reflected photons of 1530 nm wavelength, corresponding
to a type of amplified spontaneous emission (ASE), a phe-
nomenon which usually precedes laser oscillation.

In the angle-dependent reflectivity measurements shown
in Fig. 2 for a simple microcavity (PBGg), several interesting
features may be noticed when the incidence angle increases
(from 20° to 70°): (1) the pass band position shifts toward
shorter wavelengths (blue shift), from 1660 to 1354 nm;
(2) the stop band centre also has a blue shift; and (3) the
stop band narrows, with its bandwidth decreasing from
~800 to ~520 nm. The blue shift of both the stop band (cen-
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Fig. 4. (a) Angle-dependent reflectance spectra of PBG; in the range of
1430-1650 nm (enlarged detail from Fig. 2). (b) Normalized Er** PL
spectra of PBGg as a function of the detection angle, for excitation at

514.5nm, in the range of 1430-1650 nm. Peaks marked with (*) were
artifacts not related to the sample PL.
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Fig. 5. Er*" PL spectra of coupled microcavity, PBG¢,, for 514.5 nm and
980 nm excitation. The PL spectrum, taken with 514.5 nm excitation, for
the corresponding doped film, F2, (without DBR’s) is also shown for
comparison. The insets show the schematic structures of PBG¢; and the
doped film.
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tre) and the defect (pass) band follows the modified form of
Bragg’s law [2]. The angle dependence of the pass band
position is important, since it can be tailored to make the
cavity resonant with the Er’" emission wavelength at
~1530 nm. Fig. 2 shows the cavity resonance for PBG;
peaked at ca. 1530 nm for 45° incidence. This pass band pre-
sented a large FWHM of 110 nm (much larger than typical
Er*" PL 1530 nm peak width in a silica matrix) and a corre-
sponding low Q value of ~14. The large value obtained for
the width was mainly due to the limited number (only three)
of Si0,/TiO, pairs in each DBR. It is known that the num-
ber of pairs in each DBR, as well as a large refractive index
contrast between each layer (n(SiO,)=1.45 and
n(TiO,) = 2.00) leads to a high DBR reflectivity and sharper
pass bands, resulting in an increased quality factor or
finesse of the cavity. For this reason (low Q), no significant
narrowing of the Er®"emission line at this wavelength could
be observed for PBG; (Figs. 3 and 4(b)). On the contrary,
the PL spectra appear broader for detection angles far from
45° (see Fig. 4(b)), in particular for lower incidence angles
(which correspond to pass band wavelengths longer than
1530 nm). For example, for detection at 25°, the PL
FWHM was 37 nm, instead of the 25 nm obtained for 45°
detection. The effect of a change in the Er** emission wave-
length as a function of the detection angle, reported in other
works [10,11], was not observed in this work, probably due
to the low Q value and to a pass band much broader than
the Er'" PL spectrum. Nevertheless, the broadening of
the Er*" emission band for detection angles far from 45°
may provide an interesting way to obtain a wider emission
band for the Er*" ions, since the typical value for a SiO,
matrix is very low (ca. 8 nm [8]), even if the value obtained
in this work in the absence of the broadening effect was lar-
ger than 8 nm (~25 nm, as in Fig. 4(b) for 45° detection).
This may be of interest for wavelength division multiplexing
(WDM) applications.

The inset of Fig. 3 clearly shows the Er’* PL enhance-
ment when the detection angle is 45°, the same angle which
makes the cavity resonant with the typical Er’" emission,
at ~1530 nm (Fig. 4(a)). The ratio between the PL values
measured for detection at 45° and 65° (where the pass band
is totally non-resonant with 1530 nm) was ~13, a factor
similar to the quality factor of PBG,. Therefore, the pres-
ence of the cavity is shown to affect the Er*" PL spectrum
both in intensity and bandwidth.

The Er** PL measurements on Er*"/Yb*" co-doped cav-
ities were made using two different excitation modes, in
order to investigate the sensitizing or ‘antenna’ effect, con-
sisting of Forster (non-radiative) energy transfer [12] from
Yb** to Er’" ions. Excitation with the 514.5 nm line pro-
motes the 4115/2 —2Hy, /2 transition of Er*", whereas excita-
tion with a diode laser at 980 nm (where the Er*" absorption
cross-section is ~3 times lower than at 514.5 nm) can induce
energy transfer between Yb'" and Er’", according to:
2F5/2 + 4115/2 — 2F7/2 + 4, 2. The microcavities fabricated

in this work showed efficient energy transfer at 980 nm from
Yb** to Er** ions, which can be observed in Fig. 5, where
the PL spectrum recorded for PBG¢; (coupled microcavity
with two defect layers co-doped with Er**/Yb*") was ~25
times more intense when excited at 980 nm than when
excited at 514.5 nm. For pumping at 514.5 nm, when there
is no Yb** sensitizing effect, the intensity of the Er’" emis-
sion from the coupled microcavity, was found to be ~18
times stronger than that of the corresponding isolated film
(F2). This enhancement can basically be attributed to the
presence of the microcavity.

5. Conclusions

One-dimensional simple and coupled microcavities have
been prepared by sol-gel processing, using silica and titania
(anatase) alternating layers as the low and high refractive
index materials, respectively. Enhancement of the Er’"
spontaneous PL emission was achieved when inserted into
Bragg mirrors (by a factor of up to ~17) and microcavities
(by a factor of up to ~18), compared to the corresponding
isolated doped films. Angle-dependent microcavity reso-
nance and Er*" PL spectrum intensity and shape variations
were found for the microcavities prepared. Er**/Yb** co-
doped microcavities have been fabricated with the aim of
increasing the Er’" PL pumping efficiency, by energy trans-
fer at 980 nm from Yb>" to Er’". A strong sensitizing
(‘antenna’) effect was observed when exciting Er’" with
980 nm light in the presence of Yb>*, if the two types of
ions were in close proximity (sensitizing factor ~25).
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