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The photodegradation of lissamine-functionalized Nd complexes doped at a concentration of 10 wt. % in a flu-
orinated polycarbonate waveguide has been studied. On illumination at 458 nm and at 488 nm, the lumines-
cence spectrum of the lissamine sensitizer shifts to shorter wavelengths, while the luminescence intensity first
increases and then decreases. The spectral shape of the Nd luminescence does not change on illumination,
and the luminescence intensity shows a gradual decrease as a function of time. The difference in response
between the lissamine and the Nd luminescence can be described by a model that assumes the existence of two
different types of complex. One type exhibits energy transfer from the lissamine to the neodymium ion, with
a large lissamine intersystem crossing rate, and hence low sensitivity to concentration quenching. The other
type does not show energy transfer to Nd, and does experience concentration quenching. © 2001 Optical So-

ciety of America
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1. INTRODUCTION

Trivalent rare-earth ions are often used in optical tele-
communication technology because of their special optical
properties. The intra-4f shell of the rare-earth ions is
shielded by the 5s and 5d shells, making the energy lev-
els of the 4f shell almost independent of the surrounding
host material. The transitions within the 4f shell are
parity forbidden, which results in a long intrinsic lumi-
nescence lifetime of the order of milliseconds. The
neodymium (Nd) ion is often used because it has an intra-
4f transition at 1.34 pum, which coincides with the low-
dispersion window of standard optical fibers.
Neodymium-doped lasers and amplifiers have been
achieved in inorganic hosts such as silica,! YAG,? yt-
trium lithium fluoride,® and LiNbO3.4’5 Recently, re-
search has also focused on rare-earth doped polymer-
based materials.®” The rare-earth ions cannot be
directly dissolved into the polymer matrix, because they
tend to cluster. To overcome this problem, organic com-
plexes were designed to encapsulate the rare-earth ions
so that they can be dissolved in the polymer matrix.®
However, the luminescence of the Nd3" ions exhibits
strong quenching caused by coupling of the excited state
to vibrational modes of molecular bonds in both the com-
plex and the polymer host. Consequently, high pump
powers are required for creating a population inversion in
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a Nd-doped polymer optical waveguide amplifier. The at-
tachment of a strongly absorbing antenna group to the or-
ganic complex can increase the pumping efficiency by 4
orders of magnitude. Previously, we reported an efficient
energy transfer (at a rate > 10" s™!) from a highly ab-
sorbing lissamine sensitizer to a Nd-doped terphenyl-
based organic complex.” We also found that on optical
excitation the emission from Nd strongly decreased over
time, which was attributed to photodegradation of the lis-
samine sensitizer. This is an important limiting effect
for the use of such complexes in optical amplifiers. In
this paper we report this effect in more detail, using time-
dependent measurements of the luminescence and ab-
sorption of both the lissamine sensitizer and the Nd3*
ion. The observations can be explained by a model that
assumes that there are two types of complex: one in
which the lissamine sensitizer can transfer the excitation
energy to the Nd®' ion and in which concentration
quenching does not play an important role, and one in
which the lissamine cannot transfer the energy to the
Nd®' ion and in which concentration quenching is
present.

2. EXPERIMENT

Lissamine (sulfo-rhodamine-B) functionalized terphenyl-
based Nd3* complexes were synthesized by using the pro-
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Fig. 1. Two-dimensional representation of lissamine—Nd** com-
plex.

cedure described in Ref. 10. A two-dimensional represen-
tation of the structure of the complex is shown in Fig. 1.
The strongly absorbing lissamine moiety is indicated in
gray. The complexes were dissolved in partially fluori-
nated polycarbonate!’ waveguides at a concentration of
10 wt. % (complex). The waveguides were made by spin
coating a cyclohexylacetate solution containing both poly-
carbonate and lissamine complex onto a microscope glass
slide. The spin coating was performed for 30 s at a spin
rate of 3000 rpm followed by thermal annealing at 190 °C
(in vacuum) for 1 h. The thickness of the polymer layer
was 1 um as measured by ellipsometry.

Luminescence measurements were performed at an ex-
citation wavelength of 488, or 515 nm with an Ar-ion laser
as an excitation source. The power on the sample was 1
W, with a Gaussian spatial-intensity distribution and a
full width at half-maximum varying between 1 and 5 mm.
For each measurement a fresh spot was taken on the
sample. The beam was modulated with an acousto-optic
modulator operating at 12.5 Hz. The emitted lumines-
cence was focused into a monochromator and detected
with a photomultiplier tube or a liquid-nitrogen-cooled Ge
detector. All spectra were corrected for the detector re-
sponse. The light intensity transmitted through the
sample was monitored with a Si photodiode positioned be-
hind the sample, and changes in transmission were con-
verted to absorption coefficients through use of the known
film thickness and Lambert—Beer’s law. Absorption
spectra were measured before and after laser illumina-
tion with a variable-angle spectroscopic ellipsometer.

Luminescence lifetime measurements were performed
under excitation at a wavelength of 337 nm with a 1.5-ns
pulsed Ny laser with a pulse energy of 20 wJ. The lumi-
nescence signal was detected by a Hamamatsu streak
camera system. The time resolution of the system was
~300 ps.

3. RESULTS AND DISCUSSIONS

Figure 2 shows the schematic energy-level diagram of the
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lissamine—Nd system. The lissamine is excited from the
singlet ground state (S,) into the excited singlet state
(S1) at a pump rate W, . From there it can decay back to
the ground state at a rate W,; or decay via intersystem
crossing (W) to the triplet state. From the triplet state
it can decay to the ground state (W,) or transfer its en-
ergy to the Nd3* ion (W), in which case it also returns to
the singlet ground state. After energy transfer from the
lissamine sensitizer, the Nd3" is excited into the *Fg, and
4S5 level, from which it will decay rapidly to the lumi-
nescent *Fy state. In our experiment direct absorption
by the Nd3" ion can be neglected, because its direct ab-
sorption cross section is 4 orders of magnitude smaller
than that of the lissamine. Figure 2 also shows the en-
ergy diagram of a lissamine complex not coupled to Nd,
which is discussed below.

Figure 3 (top) shows the luminescence spectra of a
lissamine—Nd-complex-doped polymer film excited at an
excitation wavelength of 488 nm at a pump power of 1 W
and a spot diameter of 5 mm. The emission is attributed
to the lissamine sensitizer (W; in Fig. 2). The time to
take each spectrum was 6 min, and the time given in the
figure is the total elapsed time at the end of the measure-
ment. As can be seen from the spectra, continued illumi-
nation results in a small blueshift of the peak lumines-
cence from the lissamine sensitizer, as is also shown in
the inset of Fig. 3 (top). The integrated luminescence in-
tensity initially increases and then decreases.

The absorption spectra of the lissamine—Nd-complex-
doped polymer film for different illumination times are
shown in Fig. 3 (bottom). As can be seen, the spectral
shape of the absorption spectrum remains the same, but
the absorption decreases upon illumination. The blue-
shift and the increase in the intensity of the luminescence
spectra could in principle be explained by the bleaching of
dimers or aggregates of complexes that may be present at
the high concentrations applied,'>™'* because these spe-
cies have a different emission spectrum than monomers
as a result of the electronic interaction between the mol-
ecules. However, this interaction should also result in a
change in the shape of the absorption spectrum upon
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Fig. 2. Schematic energy-level diagram of the lissamine—Nd®"
complex. The arrows indicate the excitation and decay mecha-
nisms. Complexes with and without energy transfer to Nd are
shown, and the interaction between the two types is indicated by
W
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Fig. 3. Luminescence (top) and absorption (bottom) spectra of
the lissamine sensitizer for different illumination times. The
excitation wavelength was 488 nm at a pump power of 1 Win a
5-mm spot. The inset shows the peak position in nanometers as
a function of the illumination time.
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Fig. 4. Lissamine luminescence intensity (580 nm, solid curve)
and Nd®' luminescence intensity (880 nm, solid squares) as a
function of illumination time. Also shown is the absorption co-
efficient of the film measured at 515 nm during illumination
(crosses). A pump excitation wavelength of 515 nm at a power of
1 W and a 1-mm-diameter spot was used.

bleaching, which is not observed in Fig. 3 (bottom), so
that this dimer bleaching model may be excluded. Alter-
natively, the blueshift can be explained by a change in
self-absorption as the density of optically active lissamine
decreases upon illumination [as seen in Fig. 3 (bottom)].
Figure 3 shows that the absorption and emission spectra
of lissamine strongly overlap. The absorption cross sec-
tion of lissamine is 4 X 107 1% cm? at 580 nm, and the con-
centration in the 1-um-thick film is 5 X 10'° cm 2, which
results in an absorption depth of roughly 0.5 um. This
means that a rather large fraction of the lissamine lumi-
nescence is reabsorbed by the surrounding lissamine mol-
ecules. As the concentration of optically active lissamine
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is reduced due to photobleaching upon illumination, the
self-absorption is reduced, and as a result the collected lu-
minescence intensity can increase in the region where the
absorption and emission spectra overlap. This results in
an apparent blueshift of the luminescence spectrum, as is
observed in Fig. 3 (top).!®> Note that the pump absorption
depth at 488 nm is 6.6 um, so that the lissamine causes
no significant depletion of the pump intensity through the
film.

Figure 4 shows measurements of the lissamine lumi-
nescence at 580 nm as well as the Nd®>" luminescence at
880 nm as a function of illumination time. The pump
power was 1 W at an excitation wavelength of 515 nm and
a spot diameter of 1 mm. The Nd®" emission spectrum
does not show a spectral change upon illumination (not
shown). The lissamine luminescence first increases and
then decreases as was also seen in Fig. 3 (top). Also de-
picted is the absorption coefficient measured at 515 nm
during illumination (crosses), which shows that the con-
centration of optically active lissamine is gradually de-
creasing. Without self-absorption the lissamine lumines-
cence intensity would scale with the absorption
coefficient, but at high lissamine concentration (short il-
lumination time) the self-absorption reduces the detected
luminescence intensity. This would result in a more con-
stant intensity for short times, but it cannot explain the
initial increase in the luminescence intensity as observed
in Fig. 4.

The increase may be explained by a concentration
quenching model: at the high lissamine concentration
used (10 wt. %), the lissamine molecules are spaced by
only a few nanometers, so that excitations can easily
transfer from one lissamine to another by a Forster en-
ergy transfer mechanism. In this way the excitation can
migrate through the film until it reaches a quenching cen-
ter and hence is lost. In such a quenching model, the lu-
minescence quantum efficiency increases with decreasing
lissamine concentration. So, if the active lissamine con-
centration is reduced as a result of illumination, the
quantum efficiency increases. This additional reduction
of the luminescence intensity for high concentration can
describe the initial increase in the luminescence intensity
with time. For a lower intrinsic lissamine concentration
in the film, one would expect the initial increase to be
smaller or even absent. Indeed, this has been seen for a
1 wt. % doped polymer film.° We can use the combined
effect of self-absorption and concentration quenching to
describe the data of Fig. 4 qualitatively. A quantitative
description is not possible because of several unknown ef-
fects, like, e.g., changes in the refractive index as a result
of the photobleaching, changes in the active lissamine
depth profile within the layer due to the gradient of the
pump power in the film, and the effect of the standing-
wave pattern in the pump intensity throughout the film,
which results from multiple reflections at the interfaces of
the layers.

As can be seen in Fig. 4, the Nd®>" luminescence inten-
sity shows a completely different time dependence than
the lissamine luminescence. It precisely follows the de-
crease in the absorption coefficient due to the decreasing
active lissamine concentration. As the excitation of the
Nd?* ion occurs via the triplet state of the lissamine, one
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would also expect an initial increase in the Nd®* lumines-
cence. However, this is not observed. One way to ex-
plain the different behavior of the lissamine and Nd®* in-
tensities is by assuming that two types of complex exist in
the polymer film (see Fig. 2). One complex shows the lis-
samine behavior as observed in Fig. 4, explained by con-
centration quenching, and does not couple to the Nd®* ion
(denoted Ls); the other complex couples to the Nd®* ion
but does not show concentration quenching (denoted
Ls.Nd). The presence of two types of complex has been
observed previously for a similar complex in solution.®
The fact that no concentration quenching would be ob-
served for complexes that couple to the Nd®* ion could be
explained by the heavy-atom effect.'”'® The presence of
a heavy atom such as Nd®" increases the intersystem
crossing rate within the lissamine.!%!® If the intersys-
tem crossing rate would be larger than the effective
quenching rate that is due to concentration quenching
(~108s71, on the order of the luminescence decay rate),
quenching would not be observed.

To study the heavy-atom effect, we performed measure-
ments of the luminescence lifetime of the lissamine sin-
glet state at 580 nm on Ls and Ls.Nd complexes in dim-
ethylsulfoxide (not shown) and found a luminescence
lifetime of 2.6 ns for the free lissamine and 1.2 ns for the
complex. The reduction in luminescence lifetime is the
result of an increase in the intersystem crossing rate due
to the presence of Nd®*, which leads to an intersystem
crossing rate in the presence of the Nd3" ion of 4x10% s,
Indeed, this is much higher than the intrinsic intersystem
crossing rate of pure lissamine, which is known to be
8 X 105571, Note that these measurements were per-
formed in solution, where the equilibrium position of the
sensitizer with respect to the Nd®" ion can be substan-
tially different than that in a polymer film, and hence the
intersystem crossing rate determined here may not be
representative for the polymer film. However, these data
clearly indicate the possible effect of Nd on the intersys-
tem crossing rate and hence, as argued above, on the con-
centration quenching. Streak images of the lissamine lu-
minescence of a lissamine-complex-doped film were
measured after excitation at 337 nm with a 1.5 ns-pulsed
Ny laser. The streak image displays the luminescence in-
tensity versus time and wavelength. Figure 5 shows the
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Fig. 5. Time-dependent luminescence trace at \ = 580 nm for a
lissamine—neodymium doped polymer film (solid curve) after ex-
citation with a 1.5 ns (FWHM) pulse at 337 nm and a pulse en-
ergy of 20 ud. The dashed curve shows the system response af-
ter excitation.
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luminescence intensity at 580 nm versus time as obtained
from the measured streak image. Also shown is the sys-
tem time response to the 337 nm laser pulse. A streak
image is normally built up by luminescence spectra of dif-
ferent species in the sample with different luminescence
lifetimes. Singular value decomposition?® can be per-
formed on the two-dimensional streak data set in order to
derive the number of individual components that contrib-
ute to the streak image. Using singular value decompo-
sition on the lissamine streak image, two contributions
were found: one with a time component in the order of
the system response (300 ps) and one with a time compo-
nent of ~ 0.6 ns. The luminescence spectra corre-
sponding to the two time components were identical to
the lissamine luminescence spectrum, which is consistent
with the above assumption of the existence of two differ-
ent types of lissamine complex. In that case, the short
time component of 300 ps can be related to the lumines-
cence lifetime of a lissamine complex exhibiting energy
transfer to the Nd3* ion, which corresponds to an inter-
system crossing rate of > 1.6 X 10°s™!. This would in-
deed explain the absence of a concentration quenching ef-
fect for these complexes. The longer time component of
0.6 ns would then correspond to the lifetime of the lissa-
mine complexes without energy transfer to the Nd** ion.
That this lifetime is shorter than that measured for the
same complexes in the solution (2.6 ns) is probably a re-
sult of the concentration quenching that reduces the lu-
minescence lifetime.

4. CONCLUSIONS

Lissamine-functionalized terphenyl-based neodymium
complexes were dissolved into a polycarbonate film at a
concentration of 10 wt. %. On continuous laser illumina-
tion at 488 nm ( ~ 1 W), the lissamine sensitizer
shows photobleaching, which results in a blueshift of the
lissamine emission spectrum due to reduced self-
absorption within the film. At a fixed wavelength the lis-
samine luminescence intensity first increases and then
decreases during illumination, which is attributed to a re-
duction in self-absorption and concentration quenching as
a result of the decreasing concentration, which increases
the emission quantum efficiency. The Nd3?" lumines-
cence intensity shows no initial increase, although it
would be expected based on the fact that the neodymium
is excited through the lissamine. This suggests that con-
centration quenching has no effect on the Nd** lumines-
cence. The difference in behavior of the emission inten-
sity with illumination time is explained by a model that
assumes the presence of two different types of complex.
One type exhibits rapid energy transfer to the Nd* ion,
which increases the intersystem crossing rate within the
lissamine and thereby reduces the influence of concentra-
tion quenching. The other type does not have energy
transfer to the neodymium and shows concentration
quenching. The lack of energy transfer might be ex-
plained by a larger distance between the sensitizer and
the Nd®" ion, which reduces the energy transfer rate.
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