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Angular emission properties of a layer of rare-earth based nanophosphors
embedded in one-dimensional photonic crystal coatings
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The angular properties of light emitted from rare-earth based nanophosphors embedded in optical
resonators built in one-dimensional photonic crystal coatings are herein investigated. Strong
directional dependence of the photoluminescence spectra is found. Abrupt angular variations of the
enhancement caused by the photonic structure and the extraction power are observed, in good
agreement with calculated polar emission patterns. Our results confirm that the optical cavity
favors the extraction of different wavelengths at different angles and that integration of
nanophosphors within photonic crystals provides control over the directional emission properties
that could be put into practice in phosphorescent displays. © 2011 American Institute of Physics.

[doi:10.1063/1.3619814]

In recent years, multiple applications for rare-earth
based nanoparticles, usually known as nanophosphors, have
been developed in several fields like light emitting diodes
(LEDs),1 sensors,2 and displays.3 In the latter case, all
research efforts have been focused on the improvement of
the photoluminescence efficiency by changing the conditions
of synthesis.*® However, in a work recently reported by
some of us, an important enhancement of the photolumines-
cence of Eu-doped yttrium fluoride colloidal particles was
obtained by embedding them in a resonator built in a one
dimensional photonic crystal (1IDPC).'” By matching the
spectral position of the cavity resonance with that of a spe-
cific luminescent band, strong reinforcement of its intensity
was observed, while the rest of the bands were dramatically
attenuated. These phenomena occurred along the direction
perpendicular to the multilayer surface. On the other hand,
due to their ability to tailor the angular characteristics of
emission, photonic crystals have been widely used to
improve the performance of several photonic devices as bio-
sensors'' and LEDs.'>'® As far as we know, there are no
previous reports on the directional emission of nanophos-
phors integrated in photonic crystals, which might be of rele-
vance for their potential application in displays.

In this work, we study experimentally the variation of the
intensity of the photoluminescence bands of optical resonators
containing nanophosphors as the angle of collection is
changed. We observe a strong angular dependence of the
spectrally selective enhancement achieved with respect to ref-
erence samples, which is in turn largely affected by the values
of the optical parameters of the resonator. Our experimental
data are analyzed on the basis of a simple theoretical model
proposed by Benisty er al.,'"* a qualitative agreement being
found for the directional properties of both the extracted inten-
sity and the enhancement of selected emission lines.
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Samples were prepared following a procedure reported
elsewhere.'” Briefly, the optical resonator was built by sand-
wiching a layer of Eu-doped yttrium fluoride nanophosphors'?
between two 1DPC consisting in alternated layers of SiO, and
TiO, nanoparticles.'® The nanophosphor layer was surrounded
by two SiO, nanoparticle multilayers that disrupted the periodic-
ity of the whole ensemble, leading to the opening of resonant
modes. The nanophosphors employed emit photoluminescent
bands in the visible range whose width A4, is narrower than that
of the cavity resonance, A.(Al./ Alg = 6). Following a spin
coating protocol,'” the resonator can be devised to present the
resonance at the desired spectral position. The reference is pre-
pared by sandwiching, between two layers of SiO, particles, a
layer of nanophosphors of the exact same thickness than that de-
posited to build the resonators.

In order to realize the measurements required for our
work, the set up presented in Fig. 1 was disposed. A green
solid-state laser emitting at 4 =532 nm is used as a continu-
ous wave excitation source. A 30 mW beam is normally inci-
dent to the sample surface, focused down by means of a 10
cm-focal length lens. The light coming out of the multilayer
structure in transmission mode is collected by an objective
with a numerical aperture N.A. = 0.6, coupled into a multi-
mode fiber, and spectrally dispersed by a monochromator
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FIG. 1. (Color online) Experimental set-up employed for the angular char-
acterization for the emission. The source represented is the 532 nm laser and
the sample is the resonator made of nanoparticles of SiO, (dark layers) and
TiO, (light layers). The middle layer represents the nanophosphor layer.
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FIG. 2. (Color online) Transmittance (light lines) and photoluminescence
(dark lines) spectra of optical resonators whose cavity modes are centered at
4.=708 nm (a) and at A.=742 nm (e). Their photoluminescence spectra
collected at different angles are plotted in sets of graphs b, ¢, d and f, g, h,
respectively. Vertical dashed lines indicate the position of the emission
bands of the nanophosphors.

attached to a charge-coupled device (CCD) detector camera.
An iris is placed between the objective and the detector to
study the relation between the intensity of the emission
bands and the light cones of angular widths comprised
between 5.7° and 36.8°. The collection angle 0 is determined
through the radio R of the iris according to tg(f) =R/,
where f is the focal of the objective (f =5 mm). Modes that
can be extracted from the structure are those whose internal
emission angle o, oo = sin” !(sin(0)n,;,/n.), is smaller than the
critical angle o, ~ 52°; above o, modes remain guided, i.e.,
they do not radiate to air. On the other hand, modes can be
detected provided the collection angle matches the N.A. of
the objective, 0 <37°. The transmittance spectra were
obtained using the same set up but using a white supercontin-
uum laser that allows us to measure optical spectra between
400 nm and 800 nm.

Transmittance and photo-emission spectra correspond-
ing to resonators with different cavity modes, namely
Ae =708 nm and /.= 742 nm, are plotted in Fig. 2 (left and
right panels, respectively). The transmittance spectra (light
lines) as well as the luminescent emission spectrum of the
reference (dark lines) are shown in Figs. 2(a) and 2(e). The
peaks observed in the transmittance spectra correspond to
the transmitting window opened due to the presence of a res-
onant mode. In one case, the resonance coincides with the
emission band at A, =708 nm (on-resonance), while in the
other it does not match any luminescence line (off-reso-
nance). The two sets of Figs. 2(b)-2(d) and 2(f)-2(h) display
the photoluminescence emitted by the nanophosphors em-
bedded in each type of resonator, respectively. For small
angles of collection, the luminescent band at 4, =708 nm is
strongly enhanced when it is on-resonance, Fig. 2(b), and it
is almost totally attenuated when it is off-resonance, Fig.
2(f). For the first case, it is observed that the intensity of the
band at Az =708 nm increases, as the iris is gradually
opened, until it reaches a constant value. The angular disper-
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FIG. 3. (Color online) (a) Extraction power in an escape cone of angle 0 of
emission bands centered at A, =708 nm and Ag =655 nm measured from
the resonator whose cavity mode is located at ic =708 nm (P7o7(0), dark
and light dots, respectively) and for reference layers (P,.(0), dark and light
crosses, respectively). (b) Similar plot of Pro7(0) and P,.(0) vs 0 from a res-
onator characterized by Ac =742 nm. Graphs in (c) and (d) show the experi-
mental enhancement factors (Pror(0)/P,A0)) for these two resonators,
respectively, using the same code to identify bands. Experimental curves are
multiplied by a factor 4 and 5 for the resonator of (a) and (b), respectively.
Theoretical curves obtained from Eq. (3) are plotted in Figs. 3(a)-3(d) as
solid lines for both resonators and as dotted lines for references. Finally, (e)
and (f) show the corresponding calculated polar emission patterns of bands
A =708 nm (dark lobes) and Az =655 nm (light lobes) as a function of the
collection angle.

sion of the extracted power stabilizes at a larger angle in the
case of the second resonator. Since the spectral position of
the resonance moves towards shorter wavelengths as the
angle of emission increases with respect to the normal to the
multilayer surface, above a certain collection angle 6, it will
eventually match the position of an emission band, whose in-
tensity is then enhanced. Thus, the cavity favors the extrac-
tion of different wavelengths at different angles.

In Fig. 3, we plot the experimentally observed evolution
of the intensities of the emission bands affected by the cavity
resonances versus collection angle for the two resonators
considered, with A.=708 nm (Fig. 3(a)) and A.=742 nm
(Fig. 3(b)). The intensities of all the emission bands were di-
vided by the maximum value measured for the band at
Ae =708 nm for the sake of clarity and to facilitate the com-
parison with the theoretical results. In the first case, the nor-
malized intensities of bands placed at Ag =655 nm (light
circles) and 4, =708 nm (dark circles) are plotted, while in
the second case only the results for the band at /g =708 nm
are drawn, since only this band matches the resonant mode
at a certain angle among those considered. The angular vari-
ation of the intensity of the peaks emitted by the layer of
nanophosphors used as reference is plotted for the sake of
comparison (dark and light crosses for iz =708 nm and
Ag = 655 nm, respectively). The information for the rest of
the bands is omitted for clarity.

An analysis of these angular trends was performed by
comparing them to the emission of a dipole placed in the
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center of a perfectly uniform planar microcavity. This sys-
tem was analyzed theoretically by Benisty et al.'* In that
study, an expression that relates the power extracted out of
the resonator, P,,,, in a specific direction 0 is derived

2Ty 1+ 13 — 2ryc0s(2¢")
11 — rirpe2io)? 2

Pour(g) X s (D

where L is the thickness of the cavity (L =/4./2n.), k is the
wavenumber of the emitted light inside the cavity at a wave-
length A (k =27n./4g), r| and r, are the amplitude reflectiv-
ities of the fields on the front and back mirrors, respectively,
T,=1-— r% is the front mirror transmission, ¢’ = kzcosa, z
being the distance from the emitter to the back mirror (con-
sidered z=1L1/2), and ¢ = kLcosu.

Thus, the total power escaping from the resonator and
collected within a cone of angular width 0 is given by

0
Pror(0) ZnJ Py (0) - sinf - d6. (2)
0

Our input parameters are the spectral position of the lumines-
cent band, Az, and the finesse of the resonance, F, extracted
from the measured spectra. The coefficients r; and r, are
estimated from F through the expression

F=IT 3)

1 —711‘2.

The calculated trends for Pror(0) versus 0, obtained from
Eq. (2), are plotted as solid lines in Figs. 3(a) and 3(b) for
the chosen bands, and as dashed lines for homogeneous
media (reference layers). It can be seen that these are in
good qualitative agreement with the experimental ones in all
cases. It should be noted that, since the model does not take
into account the intensities of the different emission bands of
the nanophosphors of the reference, only qualitative informa-
tion can be extracted from the evolution of the curve. All cal-
culated curves shown in Figs. 3(a) and 3(b) are drawn so that
the relation between the intensities of the different bands
observed experimentally is preserved.

The monotonic growth of the intensity emitted at
Ag =708 nm presents a very different angular dependence as a
function of the relative position of A, and Ag. In Figs. 3(c) and
3(d), the experimental and theoretical angular dependences of
the emission enhancement, estimated as the ratio between the
photoluminescence power extracted at a certain collection
angle 0 from the resonator and that collected from the refer-
ence samples, Pror(0)/P,.A0), are shown. It can be seen that
the theoretical trends (dark and light solid lines in Figs. 3(c)
and 3(d)) are, again, in qualitative agreement with the measure-
ments (dark and light circles in Figs. 3(c) and 3(d)).

Quantitatively, however, experimental and theoretical
data differ by a factor comprised between 4 and 5. Thus, ex-
perimental curves are multiplied by a factor 4 and 5 for the
resonator of Figs. 3(a) and 3(b), respectively. The differences
observed are very likely due to the deviations of the experi-
mental structure from the one considered theoretically. The
main differences arise from the fluctuations of the thickness
of the optical cavity as a result of the roughness introduced

Appl. Phys. Lett. 99, 051111 (2011)

by the silica nanoparticles, whose average size is around 30
nm. Also, the emitters are not exactly placed in the middle of
the cavity as assumed in the theoretical model, since the
thickness of the layer of rare-earth based particles sand-
wiched between silica layers represents approximately 10%
of the total thickness of the cavity. In addition, both polariza-
tion effects and the real multilayer structure of the cavity
mirrors have been neglected in the model. Remarkably, in
spite of all these simplifications, the model solutions nicely
reproduce the main observed features. Finally, theoretical
polar emission patterns are shown in Figs. 3(e) and 3(f) to
further illustrate the effects herein discussed. Very different
angular distribution of energy for the bands emitted at 708
nm and 655 nm are attained as a function of the resonator in
which the nanophosphors are integrated. These observations
are in good agreement with both experimental and theoreti-
cal studies previously realized for quantum wells enclosed
by a one-dimensional photonic crystal microcavity.'®

In conclusion, the angular properties of light emitted
from nanophosphors embedded in optical resonators built in
one-dimensional photonic crystal coatings have been investi-
gated. Abrupt angular variations of the enhancement caused
by the photonic structure and the extraction power are
observed, which are in qualitative agreement with the solu-
tions of a simple theoretical model for light emitted by a
dipole inside a perfect microcavity. Our results demonstrate
that integration of nanophosphors within photonic crystals
provides ways of tailoring the emission properties that could
be put into practice in phosphorescent displays.
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