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ABSTRACT: In this article, we report on the optical prop-
erties of Bismuth doped Epoxy Novolak Resin (ENR) co-
doped with Dysprosium, Cerium, and Yttrium ions. The
polymer layers containing 1.0 to 20.0 at % of Bismuth were
fabricated by spin-coating onto silicon or quartz substrates.
The properties of the material were studied using several
methods with special regards to its potential utilization in
photonics devices. Transmission spectra were taken in the
range from 350 to 1600 nm, while photoluminescence spec-
tra around 1300 nm were recorded by using excitation of
semiconductor lasers operating at 808 nm and at 980 nm (E,
= 250 mW). Optical properties of the samples were eval-

uated on the bases of the concentration of the Bismuth ions
as well as on the concentrations of the co-doping ions and
showed close relations between concentration of the dop-
ants and intensity of the luminescence band at 1300 nm.
Our results proved that the Bismuth doped ENR has a
strong potential for application in active photonics struc-
tures, as it has excellent optical properties and very easy
and not demanding fabrication procedures. © 2011 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 125: 710-715, 2012
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INTRODUCTION

Long-haul operation communication systems using
silica fiber use two bands at 1550 nm and 1300 nm,
which concise with two silica fiber low optical loss
windows: one between 1200 to 1350 nm and the sec-
ond one from 1450 to 1550 nm. Erbium-doped optical
fiber amplifiers have been extensively used for optical
amplification in telecom systems for the 1550 nm, but
the majorities of the worldwide optical telecommuni-
cation networks were optimized for 1300 nm for two
reasons: low optical losses and no chromatic disper-
sion of silica fiber at this wavelength. Therefore, there
exists a strong requirement for optical sources and
amplifies operating at this wavelength. However,
there has not been any key breakthrough for optical
amplification at 1300 nm, although praseodymium
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and neodymium-doped optical amplifiers are inten-
sively studied, and some of them are commercially
available."™ It is due to these that the amplifiers have
small low-quantum efficiency and higher noise.
Recently, a new dopant came into the focus of the
researches in the field of active photonics devices
operating at 1300 nm. As Fujimoto and Nakatsuka®
reported about 1300 nm emission from Bi-doped
silica glass a research activity has been stimulated
with focusing also study on luminescence properties
of other Bismuth doped materials.® Till date, several
papers have been presented on photoluminescence
(PL) spectra of the Bi doped optical glasses”'?
though no but one paper done by us reported about
1300 nm PL of Bi doped polymer materials.'?
Nowadays, a possibility of enhancing the near-infra-
red emission of the Bi doped glasses by co-doping them
with transition metal ions such as Ytterbium (Yb®"),'*
Dysprosium (Dy>*),"® Thulium (Tm>*),'® and Nickel”
has appeared. In this article, we are going to report about
PL properties of Bi doped Epoxy Novolak Resin (ENR)
and co-doped with Cerium (Ce®*"), Dysprosium (Dy>"),
and Yttrium (Y°") ions, as they, according to the pub-
lished literature might have some co-activating potential.
Polymers, in general, open new options for con-
struction a new promising family of optical-
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Figure 1 (a) Transmission spectra of Bi (1 at %)-doped and Dy-co-doped ENR samples. (b) Transmission spectra of Bi
(1.0 at %)-doped and Y (20.0 at %) and Ce (20.0 at %)-co-doped ENR samples. The X-labeled bands cannot be attributed
neither Dy neither Y, though it does not belong to the ENR substrate either, so that the origin of the band remains elusive
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

photonics components using their feasible fabrica-
tion processes and low cost and among them a spe-
cial interest is paid to ENR polymer as it revealed
low optical losses at 1300 nm (0.77 dB-cm ™" at 1310
nm),'®"? which makes it a material with high appli-
cation potential.

We have already dealt with the ENR polymer in
our article."” The article gave the results of our pilot
experiments on the Bi-doping into ENR in concentra-
tion range from 1.0 at % to 20 at %. The PL spectra
showed that the optimal concentration of the dopant
should not exceed 15.0 at %, as at the higher concen-
tration of the Bi ions caused the undesired concentra-
tion quenching effect. The results also showed that
the PL emission around 1300 nm below that critical
value depends strongly on the concentration of the Bi.
However, high concentration of the doping ions may
cause troubles with solubility of the precursors. Also,
bismuth compounds are known for their tendency to
hydrolyze, which makes the fabrication processes
rather environment and health unfriendly, so it would
be reasonable to keep their concentration involved in
the fabrication processes as low as possible. For that,
the photoluminescence-enhancing potential of the
rare earths would be a good option.

In this article, we are §oing to describe the influence
of the PL sensitizers Ce”", Dy>", and Y" ions, on the
possible amplification of the 1300 nm emission of the
Bi-doped ENR, with the aim to lower the concentra-

tion of the Bi ions as much as possible without a sig-
nificant deterioration of the amplifying effect, opti-
mally down to 1.0 at %, which will be a concentration
of the amplifying ion currently used in other
dielectric materials. This will be done with help of the
luminescence-enhancing ions (for the explanation of
the energy transfer processes see Refs. 20,21).

EXPERIMENTAL

Polymer layers were fabricated by the spin coating
of ENR (NANO™ Su-8) polymer (Micro Resist
Technology GmbH) on silicon substrate, or, the poly-
mer was poured into a bottomless mould placed on
a quartz substrate and let to dry in air.

The ENR solution with bismuth, cerium, dyspro-
sium or yttrium was spin coated on the silicon sub-
strate (1500 rpm, 12 min). After the deposition the
samples were baked at 90°C for 45 min, and then,
ultraviolet (UV) light was used for hardening it.
Finally, hard baking at 90°C for 60 min was applied.
Bismuth chloride (BiCl;) was dissolved in 1-methyl-2-
pyrrolidinone (CsHoNO) or dimethyl sulfoxide
(CoHGOS) (Sigma-Aldrich) so that the concentration of
Bismuth in the solutions ranged from 1.0 to 20.0 at %.
For the doping, the solutions were added to the poly-
mer before the deposition of the samples. Deposition
process of the Bismuth doped ENR layers have been
already described in Ref. 16. The co-doping with other
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TABLE I
Comparison of Transmission Levels of Dy** in our
Epoxy Novolak Resin Polymer Containing Bi(1.0 at. %)
and Dy>* (20.0 at %) and in Dy**-containing
Fluoride Glass®

Wavelength (nm)

Transition Fluoride glasses ENR
ZH15 /2 — SHiz/n 2830 nm
6H11 /2 1695 nm
6F11 /2 1280 S
6F9 /2 1100 S
6H5 /2 973 no
6F7/2 906 Vs
6F5/2 804 VS

F3 /2 752 AV

nm, not measured; no, not observed; vw, very weak; w,
weak; s, strong.

trivalent transition metal (Ce, Dy and Y) ions was per-
formed by the same way as the Bismuth doping, i.e.,
adding the chloride of the pertinent metal dissolved
in the aforementioned solvents into the Bismuth
doped ENR precursor and depositing the layers by
the procedure described above.

RESULTS
Transmission spectra

Transmission measurements were performed using a
UV-VIS-NIR Spectrometer (UV-3600 Shimadzu) in
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the spectral range from 350 to 1600 nm. In our previ-
ous article,"”> we have already mentioned that the
absorption spectra of the Bi-doped ENR polymer
increasing level of the doping shifted the absorption
edge to the longer wavelengths. Similar dependence
appeared also now where ENR polymer was co-
doped with any of three—Cerium, Dysprosium, and
Yttrium ions. The transmission spectra of the sam-
ples co-doped with Dy’ are shown in Figure 1(a).

Table I display the spectral data shown in Figure
1 and compares our transmission bands with the
data attributed to pertinent transitions in dyspro-
sium-doped fluoride glass as reported in Ref. 22.
The content of Dy*" ions had a significant effect on
the occurrence of the bands attributed to the Dy"
transitions: while they were rather strong in the
samples with higher Dy>* concentration, they almost
vanished in the background in the case of the sam-
ples with low Dy®" concentration. We found five
bands that corresponded to Dy*" ions in the samples
containing 20.0 at % of Dy”". Two very strong bands
corresponded to °Fs;, (804 nm) and °F,, (906 nm),
but we did not find any band, which could be attrib-
uted to °Hs s2 at 973 nm. However one peak, which
has not been ever seen before now appeared at 1436
nm (labeled with X in the figure). It evidently had a
connection with the Dy-doping, as its intensity
increased with the increasing Dy concentration,
though in the moment we are not able to attribute it
to any known Dy-transition. However, we are going
to follow this new feature in our next research.
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Figure 2 PL spectra of ENR polymer doped with Bismuth ions measured at room temperature and using pumping
wavelength: (a) hex = 980 nm and (b) A= 808 nm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 3 PL spectra of Bi (1.0 at %) doped-ENR co-doped with Ce®" at room temperature and using pumping wave-
length: (a) Aex= 980 nm and (b) A= 808 nm. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

We also measured transmission spectra of the
Cerium and Yttrium co-doped samples, but as
expected, we did not see any bands as these ions do
not have any transition between 700 and 1600 nm

[see Fig. 1(b)].
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Figure 4 PL spectra (pumping wavelength—A., = 808 nm, room temperature) of ENR polymer doped with 1.0 at % Bis-
muth ions co-doped with (a) Dy3+ and (b) Y ions. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 5 Infrared spectra of the Ce, Dy, and Y-doped (20.0
at %) ENR samples compared with the reference (undoped
ENR) sample. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

wavelength) at A, = 808 nm (250 mW) was used to
measure PL spectra in the range from 1200 to 1500
nm. Figure 2 gives PL spectra of ENR layers doped
with different amount of Bismuth. Figure 2(a) shows
PL spectra obtained at 980 nm excitation, and Figure
2(b) shows PL spectra obtained at 808 nm excitation.

The PL around 1300 nm is undoubtedly caused by
the Bi®" ions, and the maximum intensity was
observed with the samples containing 15.0 at % Bi’".
However, there is a sudden drop of the lumines-
cence band in the sample containing 20.0 at % Bi,
and this was found for both excitation wavelengths.
It seems to be a consequence of the so-called “con-
centration quenching effect,” which is a well-known
phenomenon of the rare earth doped materials.”*?!
It was found that this effect has a close connection
not only with the higher concentration of the dop-
ants but also with chemical composition and struc-
ture of the hosting material materials.?**"

Figure 3 gives PL spectra of Bi (1.0 at %) doped-
ENR layers and co-doped with different amount of
Ce®" ions. Figure 3(a) shows PL spectra obtained at
excitation wavelength 980 nm while Figure 3(b)
shows them at excitation at 808 nm. No concentra-
tion quenching was observed neither at 980 nm exci-
tation neither at 808 nm excitation, which indicates
that the concentration of the co-doping Cerium
could be possibly even higher than 20.0% without
deterioration of the PL properties of the doped ENR.

The spectra given in Figures 2 and 3 illustrate also
another finding, i.e., the longer the excitation wave-
lengths the longer the wavelengths of the emission
and vice versa.

Figure 4 shows PL spectra of the ENR layers
doped with 1.0 at % Bismuth ions and co-doped
with Dy3+ ions [Fig. 4(a)] and Y ions [Fig. 4(b)]. The
PL spectra were measured at 808 nm excitation at
room temperature. Figure 4(a) shows that the PL

Journal of Applied Polymer Science DOI 10.1002/app
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intensity increased with increasing concentration of
the co-dopant and maximum intensity of the lumi-
nescence was obtained with the sample containing
the highest used concentration (20.0%) of the Dy3+
ions.

The intensity of the PL for the layers co-doped
with Y ions increased with the increasing concentra-
tion of the Y ions but in the samples containing 20.0
at % Y ions the PL intensity decreased to the value
similar to that of the samples doped with 15.0 at %
Y [see Fig. 4(b)]. Obviously, the concentration-
quenching effect here appeared again. Why it
appears with some of the dopant and does not do
with others we are not able to understand now, but
we are going to pay to that feature special attention
in future, as it appears to be a key-factor for obtain-
ing the optimal performance of the photonics device.

Infrared spectroscopy

One of the frequently occurred impurities in the
photonics materials, that can cause some troubles, is
presence of OH groups coming from the omnipre-
sent traces of water. Especially, when one of the pre-
cursors is hygroscopic, as in our case the rare-earth
chlorides, the presence of water may be a serious
obstacle in obtaining a good function of the actual
realized device. To asses a measure of that nasty
problem the IR spectroscopy is a suitable tool, as the
fundamental stretching vibrations of water v(OH)
occur in the region around 3500 cm} e, they are
easily accessible in the mid-IR region of the spectra.
Figure 5 shows the infrared spectra of the Ce, Dy,
or Y co-doped ENR samples containing 1.0 at % of
Bismuth ions in the range where the undesired OH
absorptions may appear. Apparently, there are weak
broad absorption bands belonging to the symmetric
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Figure 6 Intensity of the stretching O-H absorption bands
(represented as ratio of the intensity of the 3375 cm™!
band to intensity of the band at 1604 cm ') vs. concentra-
tion of the Ce, Dy, or Y dopants.
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and antisymmetric stretching O-H bands v(OH).
Character of the bands indicates that they come
from the slight moisture of the samples that could
be adsorbed during the measurement rather than
from the OH groups incorporated in the network
structure. From Figure 6 showing the dependence of
the intensity of the OH absorption bands (normal-
ized to the intensity of the bands occurring at 1604
cm”}, intensity of which were the same in the all
measured samples) on the concentration of the dop-
ants it follows that (with exception of Y) the higher
concentration of the dopant the higher intensity of
the v(OH). It appears to point to the fact that the
moisture comes from the chlorides of the doping ele-
ments, which are strongly hygroscopic. Similar effect
has been already mentioned also in our previous ar-
ticle."” In any case, the intensities of the OH absorp-
tion bands are so low, that they do not bring about
any serious problem for practical applications of
these materials.

CONCLUSION

Fabrication and properties of the ENR polymer
doped with Bismuth ions and co-doped with Ce®*,
Dy, and Y*" ions were demonstrated. We meas-
ured transmission spectra of the samples and found
that higher content of Bismuth ions makes the trans-
mission edge shifted to the higher wavelengths. We
also found five bands that correspond to Dy>" ions
at the samples containing 20.0 at % of Dy ions while
other co-doping ions did not reveal any transitions
in the characterized spectral region.

PL spectra in the range from 1200 to 1500 nm
with excitation at Ao, = 808 nm and A, = 980 nm
showed the maximum PL intensity with the sample
containing 15.0 at % of Bismuth indicating thus pos-
sibility of concentration quenching effect. Co-doping
with Ce’*, Dy’", and Y°" ions increased intensity of
the PL, and we found its maximal value with the
samples containing 20.0 at % of the co-doping Ce
and Dy ions. Concentration quenching effect
appeared in the case of the samples co-doped with
Y ions (20.0 at %), where the maximum of the PL in-
tensity was found at the concentration of 15.0 at %

715

of Y. The small amount of moistening water does
not mean any serious problem for practical use.

The results of our research proved that the Bis-
muthdoped polymer can be viable material to make
a new photonics device usable in 1300 nm region
and that co-doping with transition metal ions may
improve intensity of the thought emission.
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