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ABSTRACT: Eu-based emitters are known to oper narrow-band red
luminescence, making them ideal for use as OLEDs. However, their
long excited-state lifetime limits device eTciency compared to other
materials. This paper aims to demonstrate that the integrating
plasmonic resonances can reduce the lifetime and enable the
directional emission outcoupling of various kinds of luminescent
materials. Here, we employ one-dimensional aluminum plasmonic
crystals (PCs) to control the directionality of photoluminescence in
Eu(dbm)3(TDZP) (dbm = dibenzoylmethanate, TDZP = thiadiazo-
lophenanthroline). The PCs with tailored periodicity were fabricated
to achieve spectral overlap between surface plasmon resonances and
the electric dipole transition of europium at 612 nm. Tuning
periodicity directed the emission to near ±7° with a narrow angular
divergence of 5°. At the resonance, the 4-fold enhancement in photoluminescence intensity was observed. Coupling the emission
with surface plasmons and outcoupling it to the far-field decreased the lifetime of Eu(dbm)3(TDZP) by 1.7 times. This study
therefore demonstrates the potential of plasmonic engineering to overcome the limitations of lanthanide emitters.

Organic light-emitting diodes (OLEDs) have become an
essential technology in modern optoelectronics due to

their eTciency, flexibility, and potential for low-cost
fabrication.1 However, despite significant advances, several
challenges still need to be addressed to further optimize their
performance. One of OLEDs’ major limitations is their
relatively low light outcoupling eTciency, which typically
does not exceed 20%.2 It stems from the waveguiding epects,
whereby light emitted at angles far from the surface normally
becomes trapped within the device layers. Another critical
issue is the necessity for narrow emission bands, especially
when it comes to OLED applications in high-resolution
displays and advanced lighting technologies.3,4 Such narrow
emission bands are a unique feature of lanthanide-based
emitters, attributed to the intraconfigurational 4f−4f electronic
transitions.5,6 These transitions, shielded from the ligand
environment, result in exceptionally sharp spectral lines that
are highly desirable for the color purity. Meanwhile, the same
electronic structure that ensures narrow emission bands also
leads to a long photoluminescence lifetime, posing significant
challenges for the performance of OLEDs based on lanthanide
complexes.7 Thus, enhancing the eTciency of lanthanide-based
OLEDs remains a key objective in photonics research.
One promising approach to solving these issues is the

integrating plasmonic8−15 and all-dielectric16−21 nanostruc-
tures in order to manipulate light emission properties. This
mechanism is based on the excitation of surface plasmons

(SPs) and Mie resonances in individual optical resonators that
enhance the excitation eTciency as well as radiative decay rates
and influence the directionality of emission with the
modification of extraction eTciency. An arrangement of
subwavelength resonators in one- or two-dimensional arrays,
called metasurfaces,22 allows for additional and precise control
of luminescent intensity and directivity. Various types of
plasmonic23−29 and all-dielectric30−35 metasurfaces boost the
photoluminescent signal of quantum dots, fluorescent
molecules, and other emitters. Regarding the lanthanide
complexes, previous studies have focused on enhancing
photoluminescence and improving its directivity with high-
index nanoparticles36 and metasurfaces,35,37 or, plasmonic
nanoparticles8,9,14,15 and metasurfaces,23 as well as realizing
upconverting lasing.38−40

Despite the low losses of all-dielectric metasurfaces, the
plasmonic ones exhibit a strongly enhanced electric field
localization near the surface and can be implemented as
electrodes in the electroluminescent OLED cells41−44 that
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significantly expand their functionality. The first works on the
combination of lanthanide complexes with plasmonic
structures8−10,14,15,23 have been devoted to the enhancement
of photoluminescence intensity without the controlling its
directivity. However, engineering the latter parameter to be
angularly directed closer to the surface normal makes it
possible to mitigate the waveguide losses present in actual
OLED cells. Among the candidates to enhance the emission of
lanthanide complexes and control its directivity are the surface
plasmons excited in plasmonic crystals (PCs).29,41,45−49 They
present a periodically structured one- or two-dimensional
metallic surface or arrays of plasmonic nanoparticles that
support propagating surface plasmons or surface lattice modes,
respectively. Their selective coupling with incident light and
back reradiation to the far-field, governed by the surface
plasmon dispersion law, opens up many possibilities for
adjusting both the intensity and the angular directivity of the
emission of lanthanide-based complexes.
In this work, we utilize aluminum plasmonic crystals, a one-

dimensional periodically nanostructured aluminum surface, to
enhance the photoluminescence and address the issue of light
outcoupling epciency in Eu-based OLEDs. The plasmonic
resonances in aluminum-based nanostructures are only slightly
aTected by the presence of aluminum oxide,50 which improves
the stability of these devices. It was also chosen for its
remarkable cost-eTectiveness and high conductivity, which are
important for OLED application and are therefore used in
electroluminescent-based OLED cells.51,52 The periodic
structure of Al PCs is designed to selectively couple the
photoluminescence of a Eu-based complex to propagating
surface plasmon modes and decouple the emission toward a
narrow angular range centered around the surface normal (0°)
or other angles. Aligning the plasmonic modes of PCs with the
emission wavelengths of europium complexes ensures that the
luminescence is emitted preferentially in the direction that is
optimal for extraction. By designing plasmonic crystals capable
of redirecting emission predominantly along the surface
normal (0°), we seek to overcome the waveguiding losses
and improve the epciency of lanthanide-based spectral
OLEDs. This approach not only enhances the apparent
brightness of lanthanide-based OLEDs but also addresses
one of the key OLED limitations associated with their long
lifetime that is reduced due to SPs.
In this study, we selected the europium complex, Eu-

(dbm)3(TDZP) (dbm = dibenoylmethanate, TDZP =
thiadiazolophenanthroline), as the emissive material.53 This
particular complex was chosen due to its well-known
luminescence properties, including narrow-band emission and
high photostability, which make it an ideal candidate for
exploring directional light control in lanthanide-based systems.
The europium complex Eu(dbm)3(TDZP) was synthesized
using the standard method53 and characterized by a
combination of several techniques (see Supporting Informa-
tion (SI1)). Thin films were deposited via thermal vacuum
evaporation, achieving a uniform layer thickness of 40 ± 5 nm,
as confirmed by the atomic force microscopy (AFM)
measurements shown in Figure S2 (SI1).
The one-dimensional PCs with tailored angular and spectral

positions of SP resonances have been designed and fabricated
to control the photoluminescence (PL) directivity and
intensity of Eu-based complexes. The PCs under scrutiny
represented aluminum periodic metal surfaces with various
periodicities. They were fabricated using electron-beam

lithography of the negative electronic resist which has been
covered on the polymer substrate. After the development
process and the formation of a periodic surface profile, the
latter was covered by the Al film with a thickness of 35 nm.
The periodicity and corrugation depth of the surface relief
were adjusted by varying the electron beam exposure time. The
surface profile of the fabricated PCs was characterized by using
atomic force microscopy. Figures 1(a,b) shows the AFM maps

of the two fabricated PCs and their cross sections along the x-
direction (top graphs). The defined period (d) and the
corrugation depth (h) of Al PCs were d = 385 ± 20 nm and h
= 40 ± 2 nm for the first Al PC, and d = 480 ± 25 nm, h = 70
± 3 nm for the second one. The angular-wavelength position
and the spectral line shape of the SPs in the fabricated PCs
were determined by measuring the angular dependence of the
specularly reflected beam’s reflectance spectra. The wavelength
range spans from λ = 480 nm to λ = 800 nm and the angles of
light incidence vary from 5° to 45°. More details on the
experimental setup of angular-wavelength reflectance measure-
ments can be found in the Supporting Information (SI2, Figure
S3(a)). Figures 2(a,b) show the angular-wavelength reflectance
maps of Al PCs with a period of 385 and 480 nm, respectively.
Angular-dependent reflectance minima were observed in the
reflectance spectra for both samples. They originated from the
SPs excited by coupling with the diTraction orders of the
grating. The angular-spectral position of the plasmon
resonances in metallic gratings are defined by the following
phase-matching condition:54

Figure 1. AFM images (bottom maps) and its cross sections (top
graphs) of the fabricated one-dimensional Al plasmonic crystals with a
period of d = 385 nm (a) and d = 480 nm (b). AFM images and its
cross sections of the Al PCs with a period of d = 385 nm (c) and d =
480 nm (d) covered by a 40 nm film of the Eu(dbm)3(TDZP)
complex. The dotted curves on the graphs are the fits of AFM cross
sections by y x A h x( ) 0.5 sin( )

d
2

0= + ◊ + , where A, h, d, and φ0

are adjustable parameters. The insets provide a schematic view of the
fabricated samples.
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where εm and εd are the dielectric permittivity of metal and
dielectric, ω and θ are the frequency and the incident angle of
light, k0 = ω/c is the wavevector of the incident light, g = 2π/d,
d is the grating period, and m = ±1, ±2 is the number of the
diTraction order. According to Equation 1 the reflectance
minima observed at λ > 400 nm in the PC with d = 385 nm
and at λ > 500 nm in the PC with d = 480 nm are associated
with the excitation of the −1st order SP (m = −1). These
minima are shifted to the reddish wavelength as the incident
angle increases. In the case of the PC with d = 480 nm, the
reflectance minima at λ < 500 nm are associated with the +1st
order SP (m = +1). They are shifted to the blue spectral range
as the incident angle increases. It should be noted that the
reflectance spectral line width associated with SP excitation is
dipper in the case of the PC with d = 480 nm (see the
reflectance spectra below the maps in Figure 3(a), (b)). This is
caused by a larger corrugation depth (70 nm) that provides a
higher coupling epciency of the incident light with surface
plasmon.55−57

After the surface profile was characterized and measure-
ments of the reflectance spectra were taken, thin films of the
Eu(dbm)3(TDZP) complex with a thickness of (40 ± 5) nm
were deposited onto PCs via thermal vacuum evaporation. The
AFM images of PCs with the Eu(dbm)3(TDZP) complex are
presented in Figure 1(c) (d = 385 nm) and Figure 1 (d) (d =
480 nm). The periodicity remains the same, whereas the
corrugation depth decreases due to deposition of the film. The
measured angular-wavelength reflectance maps are shown in

Figures 2(c,d) for the PCs + Eu(dbm)3(TDZP) with d = 385
nm and d = 480 nm, respectively. The deposited Eu-
(dbm)3(TDZP) film represents a dielectric layer with a
refractive index of approximately 1.5 on the aluminum PC
surface. Therefore, according to Equation 1, SP resonances of
all orders are shifted to the long wavelength range. The
resonances of the angular reflectance spectra were shifted to a
reddish wavelength upon the Eu(dbm)3(TDZP) complex
deposition in comparison with the uncovered PCs. As a result,
the resonance near the europium emission wavelength of 612
nm (the gray vertical stripe in Figures 2(c,d)) was observed at
an incidence angle of approximately 27° and 8° for the PCs
with d = 385 nm and d = 480 nm, respectively.
The photophysical properties of the europium complex were

studied in both powder and thin-film states. Thin films were
deposited on a quartz glass surface, an Al flat surface, and PC
surfaces. The excitation spectra (Figure 3(a)) of film states
(blue and red curves) exhibited a notable blue shift compared
to the powder spectrum (black curve), indicating changes in
the local environment and ligand field symmetry around Eu3+
ions upon film formation. However, the emission spectra
(Figure 3(b)) in both powder and films were nearly identical
and exhibited a dominant peak at 612 nm, characteristic of the
hypersensitive 5D0 → 7F2 electric dipole transition of the Eu3+
ion.
The photoluminescence angular intensity distributions of

the europium complex films deposited on both PCs (d = 385
and d = 480 nm period) were measured by detecting the PL
signal with a spectrometer rotating with respect to the sample’s
normal at the angle of detection θ. More details on the
experimental setup for PL measurements can be found in the
Supporting Information (SI2, Figure S3(b)). The angular-
wavelength maps of PL intensity are shown in Figures 4(a,b)
for the PCs with d = 385 and d = 480 nm, respectively. Both
maps possess maxima at 590, 597, 612, 618, and 625 nm
associated with the emission of the Eu complex. The positions
of these maxima are independent of the incident angle.
However, the PL intensity has clear maxima along the spectral
and angular positions of the SP excitation, as indicated by the
white arrows. For the sample with a period of d = 385 nm, the
PL intensity maxima are caused by the −1st SP, while for the
second sample (d = 480 nm) the maxima result from the
excitation of both +1st and −1st SP, which are symmetrically
located around 0°. The angular dependence of the PL intensity
at the electric dipole transition (λ = 612 nm) is shown in
Figures 4(c,d), corresponding to Al PCs with a period of d =
385 and d = 480 nm, respectively. In the case of the first

Figure 2. Maps show the angular-wavelength reflectance for
aluminum plasmonic crystals without (a, b) and with (c, d) the
Eu(dbm)3(TDZP) complex film of 40 nm thickness. (a, c) Period of
d = 385 nm and (b, d) period of d = 480 nm. The graphs below are
the cross sections of R maps at angles θ, corresponding to the main
electric dipole transition of the Eu3+ emission line (λ = 612 nm)
marked by vertical gray stripes.

Figure 3. (a) Excitation and (b) emission spectra of the
Eu(dbm)3(TDZP) complex in powder (black curve) and thin-film
states upon glass (red curve) and Al (blue curve) film. The excitation
and emission spectra were normalized. The emission spectra are
depicted with constant y-shift.
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sample, the maximum is observed at θ = 27°. The second one
has maxima at θ = ±7°, which are close to the surface normal
of PCs. The PL intensities of both samples decrease when the
detection angle does not correspond to SP excitation. As the
detection angle increases, the intensity gradually decreases to
zero as it approaches θ = 90°. The photoluminescence
enhancement was calculated as the ratio of the maximum
signal to the signal measured at the first nonresonant angle. For
the first sample (d = 385 nm), the ratio is I(θ = 27°)/I(θ =
38°) = 2.3, and for the second sample (d = 480 nm) it is I(θ =
7°)/I(θ = 17°) = 4.1. The higher enhancement in the second
sample is due to the higher Q-factor of its −1st SP. This is
clearly visible in the narrow and dipper resonance in the
reflectance spectrum of the second sample in Figures 3(c,d)
(bottom graphs). The mechanism of the PL intensity
enhancement is associated with an increase in the local density
of the optical states (LDOS) due to SP resonances. The
additional reason for this enhancement is an increase in
extraction epciency due to the outcoupling of SPs from PCs
and their emission into the far-field, in accordance with the
phase matching condition. The angular divergence Δθ of the
PL emission was defined as full width at half-maximum
(fwhm). For the first and second PCs Δθ is 5° and 6°,
respectively.
The polarization analysis of the PL signal was performed by

inserting a thin film polarizer after the filter in the experimental
setup (Figure S3(b)). The polarizer’s axis was aligned to allow
the passing of either p-polarized light (parallel to the plane of
light incidence) or s-polarized light (perpendicularly to the
plane of incidence). The PL intensity spectra for the Al PC
with a period of d = 480 nm are shown in Figure 5(a) at the
resonant (θ = −7°) and nonresonant (θ = −20°) angles of
detection. At the nonresonant angle (θ = −20°), both p- and s-
polarized signals had similar intensities. However, at the
resonant angle, the p-polarized signal was significantly stronger
than the s-polarized one. This polarization selectivity can be
attributed to the transverse magnetic origin of the SPs. Only
the p-component of the emission can couple to SPs and re-
emit radiation into the far field. Conversely, coupling with SPs

is prohibited for s-polarized emission. Such a polarization
diTerence at the resonant angle and almost identical intensity
of both polarization components at nonresonant angles suggest
that PL enhancement results from emission coupling with SPs.
The quantum yield (QY) measurements reveal significant

diTerences for the europium-based complex deposited on
diTerent substrates, including quartz glass, aluminum, and
aluminum PCs. All QY measurements were described in SI2.
The QY on glass reaches 15 ± 5%. In contrast, the deposition
on aluminum substrate reduces the QY down to 9 ± 5%. This
decrease can be attributed to the enhanced nonradiative decay
channels (Γnonrad) facilitated by a higher local density of optical
states caused by the excitation of the SPs at the metal/
Eu(dbm)3(TDZP) interface. Specifically, the coupling between
dipoles’ emission and SPs in aluminum increases energy
dissipation through nonradiative mechanisms, such as ohmic
losses. Interestingly, the QY of the complex recovers back to 17
± 5% when deposited on aluminum PCs. PC structures
introduce a channel for the reemission of SPs to the far-field
(increasing Γrad), which significantly suppresses unwanted
absorption losses of plasmonic modes featured in a flat
aluminum substrate.
To prove the impact of SPs on the Eu-based complex

emission lifetime, time-correlated single-photon counting
measurements were carried out. The results of the time-
resolved photoluminescence signal recorded at λ = 612 nm and
θ = 27° are shown in Figure 5(b) for 40 nm film of the Eu
complex deposited on quartz glass (red curve), Al substrate
(blue curve), and the PC with d = 385 nm (green curve). The
PL signal from the powdered Eu complex (black curve) was
collected via an integration sphere. More information about
the fluorescence lifetime measurements can be found in the
Supporting Information (SI3). By fitting the time-resolved
photoluminescence intensity data (see fitting curves in SI 3,
Figure S4) with I t I e I e( ) t t

1
/

2
/Eu sub= + , the lifetime (τEu) of

the Eu-based complex was determined (see derived τEu and τsub
values in Table S1, SI3). The τsub is the lifetime constant
attributed to the small photoluminescence of the substrate on
which Al was coated. The τsub is 0.05 ms and remains almost
constant at all detection angles. The emission lifetime of the
complex in the powder state is τEu = 0.36 ms, which is
consistent with other works.58,59 The lifetime on the glass
substrate is τEu= 0.24 ms, indicating the intrinsic europium
radiative decay rate. In the case of the aluminum substrate, the
lifetime decreases down to τEu = 0.20 ms, reflecting the

Figure 4. Angular dependences of the photoluminescence spectra of
the Eu(dbm)3(TDZP) films on the Al plasmonic crystals with a
period of d = 385 nm (a) and d = 480 nm (b). The angular
dependence of the PL intensity at the main emission line (λ = 612
nm) of the Eu(dbm)3(TDZP) covered on the Al PCs with periods of
d = 385 nm (c) and d = 480 nm (d).

Figure 5. (a) Polarization-resolved photoluminescence spectra of the
Eu complex deposited on Al PC (d = 480 nm). The spectra are taken
at the resonant θ = −7° and nonresonant θ = −20° angles of
detection. (b) Time decay curves of PL signal at λ = 612 nm for the
Eu(dbm)3(TDZP) complex in powder (black) and thin-film states
upon the glass substrate (red), Al substrate (blue), and Al plasmonic
crystal surfaces (green) with a period of d = 385 nm. The angle of
detection is θ = 27°.
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enhanced nonradiative contributions (increasing the non-
radiative decay rate, Γnonrad) due to surface plasmon excitation
at the Al/air interface. This observation is in accordance with
others experimental and theoretical works on the luminescence
of the molecules located near metal surfaces.60−62 The lifetime
of the Eu-based complex deposited on the PC surface equals of
τEu= 0.14 ms, which is almost 1.5 times less than the lifetime of
the emission from the nonstructured Al surface and 1.7 times
less than the lifetime for the glass substrate. This lifetime
reduction is associated with an additional radiative channel
(increasing radiative decay rate, Γrad), which is connected to
the outcoupling of the excited SPs with the following
reradiation into the far-field. In the case of the SPs excitation
on nonstructured Al surface, the phase matching forbids the
reradiation of SPs to the far-field which leads to the ohmic
damping of the PL signal. The latter explains the higher QY
values in the case of PCs (17%) in comparison with a flat Al
surface (9%). Figure S5 shows that, in the case of the Eu-based
complex on the glass and Al substrate, the derived lifetimes are
almost independent of the detection angle in the angle range
from 15° to 70°. In the case of the PC, the minimum
photoluminescence lifetime is observed at 27°, which matches
the SP excitation angle at λ = 612 nm. The reduction in
lifetime at specific angles aligns with the increased coupling of
the PL emission to the SP modes and the enhanced
outcoupling of photons into free space at resonant conditions.
Additionally, we calculated the radiative lifetime (τrad) of the
excited states of the Eu complex deposited on the PC with d =
385 nm at the resonant and nonresonant angles of detection
(see details in SI4). The derived τrad equals 1.66 ms at the
resonant angle of detection (θ=27°). The average τrad at
nonresonant angles of detection (from θ = −15° to θ = 25°
and from θ = 31° to θ = 41°) equals 2.67 ms, that is, 1.6 times
higher than at the resonant angle. This clarifies the SP-induced
origin of the observed PL enhancement.
These results underscore the dual role of plasmonic eTects

in modulating the luminescent properties. Although metallic
surfaces can introduce detrimental quenching eTects, carefully
engineering a plasmonic crystal structure on the same substrate
can counteract these losses and provide additional angular
control over the emission. This finding highlights the potential
of hybrid plasmonic architectures for designing tunable
luminescent devices, particularly for applications that require
high radiative epciency and directional emission, such as
narrow-band optical sources and luminescent sensors.
In conclusion, we have fabricated and optimized plasmonic

surfaces for enhancing and controlling the photoluminescence
of europium-based complexes. By tailoring plasmonic crystals,
we achieved a strong directional emission with maxima at ±7°,
which aligns with theoretical predictions. The 4-fold enhance-
ment of the photoluminescence intensity near the main electric
dipole emission line (λ = 612 nm) is observed due to the
excitation of the SPs in plasmonic crystals in comparison with
the nonresonance conditions. Under the SP resonant
conditions, the photoluminescence lifetime decreases. The
quantum yield measurements revealed a notable increase from
9% for the Eu-based complex on the nonstructured Al flat
surface to 17% in the case of Al plasmonic crystals, with a 1.5-
fold reduction in photoluminescence lifetime. These results
highlight the potential of plasmonic crystal engineering to
overcome waveguiding losses and improve the epciency of
lanthanide-based OLEDs, which are vital for advanced
photonic applications in narrow-band directional emitters.
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