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We demonstrate the application of plasmonic crystals for extracting light trapped in the substrate due
to total internal reflection (TIR). The broadband transmission properties of one-dimensional
plasmonic crystals have been investigated, both experimentally and numerically, beyond the TIR
critical angle in order to reveal the role of plasmonic modes in this process. Through optimisation of
the traditional square slit unit cell geometry of the crystals, transmission coefficients of up to 47%
were obtained in the TIR regime. An U-shaped cell geometry with a few nm thick continuous film
was found to significantly modify the plasmonic modes of the crystal in addition to exhibiting highly
tuneable, structurally dispersive transmission peaks, further increasing transmission in the TIR regime
up to 56%. Such structures exhibit better than glass transparency at the design wavelength when
integrated over all incident angles. © 2011 American Institute of Physics. [doi:10.1063/1.3628330]

The coupling of light to surface plasmon polaritons
(SPPs) has been shown to improve the far field optical trans-
mission through nanostructured metallic films.'™ So-called
surface plasmon polaritonic crystals (SPPCs) provide an effi-
cient tuneable coupling mechanism through which this SPP-
mediated transmission may be enhanced,”™ yet the potential
industrial application of SPPCs has been limited largely to
colour filtering>® and polarisation control.”® A significant op-
portunity exists to exploit the enhanced transmission proper-
ties of plasmonic crystals in photonic devices such as organic
and inorganic light emitting diodes (OLEDs/LEDs) to
increase the extraction of light trapped due to the total inter-
nal reflection (TIR) in the active material. Up to 95% of the
light generated in the emissive layer cannot be extracted as a
result of their inherently high refractive indices, e.g., n ~ 3.6
in the case of gallium phosphide in the visible spectral range,
leading to a TIR critical angle of just 14.8°.7 Solutions to this
problem have included micro patterning of the semiconductor
surface'® and also reconfiguration of the device geome-
try.'"'? SPPCs may provide an alternative to these mecha-
nisms for light extraction while also adding functionalities
such as built in polarisation and directionality control and the
possibility to utilize the entire surface for electric contact
purposes. '

In the past, the transmission properties of plasmonic
crystals were studied primarily in the range of incident
angles where zero-order transmission is important. In this let-
ter, we investigate, both experimentally and numerically, the
transmission properties of one-dimensional (1D) plasmonic
crystals on glass substrates and in particular the role of the
crystal’s unit cell geometry. We show that plasmonic crystals
can extract a significant portion of the light otherwise trapped
by TIR. This is important for applications in LED and OLED
devices as well as high-resolution optical imaging.
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The plasmonic crystals used in this study were fabri-
cated by focused-ion-beam milling of square profile slits in a
100 nm thick Au film that was magnetron sputtered onto
glass substrates (Fig. 1). The periodicity of the unit cell and
total size of each crystal was held constant at 600 nm and
15 x15 ymz, respectively, while the profile of the slits in dif-
ferent crystals was varied with different widths and depths.
Optical characterisation was performed by illuminating the
sample with collimated p-polarised white-light through a
hemispherical glass prism and collecting far-field transmis-
sion spectra at varying angles of incidence. The range of
incident angles was limited to 0°-52°. An objective lens
with optical axis normal to the sample surface with a
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FIG. 1. (Color online) (a) SEM images of the SPP crystal (600 nm period,
140 nm width slits) in 100 nm thick Au film. (b) Experimental set-up for
transmission analysis of the crystals. (c) The magnetic field intensity distri-
butions generated by the SPP crystal with the parameters above for the (1,0)
SPP Bloch modes on (left) the Au-air interface (4 =600 nm) and (right) the
Au-glass interface (4 =695 nm) at under illumination 48° angle of incidence
from substrate (inset: schematic cross section of structure with illumination).
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FIG. 2. (Color online) Experimentally measured transmission dispersion of
plasmonic crystals (period 600 nm) for the slit width (a) 140 nm, (b) 250
nm, (c) 300 nm, and (d) 350 nm. Light line in air (blue, upper line) corre-
sponding to outset of the TIR regime, and glass (red, lower line) are also
shown. The color scale indicating transmission is the same for all plots.

numerical aperture of 0.5 was used to collect the light, which
was separated via a beam splitter and sent to both a camera
for real-time observation of structure location and to the
spectrometer via an optical fibre. The collection angle of the
objective was =30°.

Numerical modelling was performed using finite element
method. Only a single unit cell was simulated by exploiting
Floquet theory (the 1D form of Bloch’s theorem) to provide
boundary conditions allowing the efficient investigation of
the optical response of infinite crystals with parameterised
unit cell geometry, using complex refractive index data from
Ref. 14. The collected spectra from both experiment and sim-
ulation were processed to plot the transmission dispersion.

Figures 2 and 3 show a selection of the experimentally
measured and simulated dispersion plots from SPPCs with
different slit widths (note that the model dispersions were
simulated for wider range of the incident angles which was
limited in the experiment). The light lines in air and glass
show the maximum wave vectors achievable in the super-
strate and substrate and hence the region between these cor-
responds to the TIR regime. The simulated and measured
dispersion are in very good agreement with each other taking
into account the experimental conditions. Please note that
the measured dispersions exhibit some reduction in transmit-
tance beyond 30° angle of incidence due to zero-order trans-
mission falling outside the collection objective acceptance
angle, visible as a transition in brightness in all dispersion
plots in Fig. 2. The limited acceptance angle further provides
the dark triangular region at the transition point, due to over-
lapping regions of non-zero-order transmission in subsequent
Brillioun zones.

The transmission dispersions exhibit the typical Bloch
mode characteristics of a plasmonic crystal which follow the
approximate relation for Bragg-scattered SPPs in this peri-
odic system.15 In all cases, there is a significant transmittance
of light beyond the critical angle and thus, the presence of
these plasmonic crystals indeed enables the outcoupling of
light otherwise trapped in the substrate. For the structures
analysed, increasing the trench width from 140 nm to 350 nm
results in a general increase in transmittance and band-gap
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FIG. 3. (Color online) (a)-(d) Simulated transmission dispersion of plas-
monic crystals with the parameters as in Fig. 2. The color scale is the same
for all plots. (e) Transmittance at the 825 nm wavelength for all gratings and
a bare glass substrate (cross section of (a)-(d) represented by the dashed line
in (a)). (f) Angular-integrated transmission for all gratings analysed as a
comparison to a bare glass substrate; U-profile has 5 nm underlayer.

definition. This can be attributed to changes in the SPP
scattering properties of the slits.

The simulations show that this additional transmission
(up to 60%) beyond the critical angle is maintained up to the
angle of incidence approaching 90°. It can be seen from Fig.
3(e) that beyond the critical angle and the narrow range of
the angles with small transmission, the transmission is
almost constant. Increasing the slit width leads to further
improvement in outcoupling at smaller angles.

To compare SPPC mediated outcoupling to that of an
uncoated substrate, the angular transmission data for each
wavelength were integrated over the whole range of incident
angles, giving a wavelength-dependant total transmission
(Fig. 3(f)). The integrated transmission increases with the slit
width reaching about 20%, compared to the 30% of the inte-
grated transmission of the bare glass substrate. The latter is
high due to the strong transmission at the incidence angles
close to the normal. The use of the crystal however provides
control over the directionality of the outcoupled light.

The ability to engineer the dispersion of the SPP modes
existing on such structures was demonstrated on plasmonic
crystals having slits of a depth approaching the film thick-
ness but not fully perforating the metal. The effect of varying
the profile of such imperforated U-shaped gratings provides
a very sensitive method of tailoring the optical response of
the structure.

Figure 4(a) shows the simulated far-field transmission
dispersion of a U-shaped groove grating. The formation of a
strongly resonant, flat plasmonic band is evident at the
boundary of the first Brillouin zone at an energy correspond-
ing to a band gap of the substrate SPP Bloch modes. This is
associated with a strong coupling of the localised plasmonic
resonance of the U-shaped cavity and the Bloch modes,
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FIG. 4. (Color online) (a) Transmission dispersion of a 600 nm period
SPPC in 100 nm Au film with a 5 nm underlayer on a glass substrate. (b)
Variation of transmission spectra with the underlayer thickness for 48° angle
of incidence. The inset shows the schematic of the SPPC consisting of the
U-shaped features. (c) The magnetic field intensity distribution for the SPPC
in (a) at A =720 nm (left) and /= 1070 nm (right) at 48° angle of incidence.
(d) SPPC transmittance at the 865 nm wavelength represented by the dashed
line in (a).

resulting in a typical anticrossing of the resonances clearly
observed in the dispersion (Fig. 4(a)). This leads to the flat
bands in the dispersion and thus omnidirectional response of
the structure at around this resonance (Fig. 4(d)). The simu-
lated field plots show a strong field confinement and
enhancement on this underlayer in confirmation of this and
may have application in sub-attolitre sensing and nonlinear
devices (Fig. 4).

Upon examining the optical response of this structure at
an angle beyond total internal reflection, a strong transmission
peak is observed that is tuneable in a broad spectral range by
varying the depth of the groove (Fig. 4(b)). This near-infrared
transmission peak exhibits a blue-shift with increasing
thickness of the layer, behaving much like the longitudinal
resonance of an effective particle with decreasing aspect ra-
tio.'® Over the 400-1700 nm wavelength range, the U-shaped
grating has a maximum of 56% transmission, compared to
53% for the perforated slits. The integrated transmission in
this case reaches about 45% at certain wavelengths exceeding
the transmission of the smooth substrate (Fig. 3(f)).

In summary, the extraction of light from a substrate using
1D plasmonic crystals was investigated. Far field transmission
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dispersion plots showed typical plasmonic features and exhib-
ited significantly increased transmission beyond TIR reaching
up to 60%. Most interestingly, U-shaped groove gratings dis-
played strong localised plasmonic resonances and additional
transmission peaks in TIR regime that were tuneable in a
broad spectral range. Such a substructure is more transparent
than glass with total transmission up to 45% at the designed
wavelength. The enhancement exhibited by these structures
will become even more significant in 3D, when accounting for
emission into a solid angle (only about 13% and 3% transmis-
sion for bare glass and GaP, respectively, is achievable in this
case). Plasmonic crystals show significant potential for
increasing the output efficiency of LEDs both in the IR and
visible regimes with additional benefits of achieving direction-
ality engineering and contact layers transparency.

This work was supported in part by EPSRC (UK) and
EC FP6 project PLEAS.
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