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Abstract: Optical simulations of 1D digital plasmonic gratings on a Silicon
substrate are performed by means of the Finite Elements Method and a
modal analysis. The different mechanisms of transmission of the light are
elucidated. The absorption profile in Silicon can be modulated and
controlled changing the geometry. Configuration maps allow to determine
the different optical regimes. Surface Plasmon Polaritons and cavity-mode
resonances are shown to be effectively exploitable to enhance NIR-light
absorption in different shallower regions of the underlying Silicon.
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1. Introduction

The peculiar optical properties of metallic nanostructures are finding more and more
applications as a mean to tailor the natural characteristics of bulk materials. In particular
Surface Plasmons at interfaces between nanostructured metals and dielectrics are known to
give the chance to highly enhance the local EM fields [1]. If the dielectric has a non zero
absorption coefficient this also results in a strong enhancement of optical absorption [2] with
possible applications for efficiency improvement of semiconductor devices such as solar cells
or photodetectors. For example, the overall efficiency of Silicon based Solar Cells generally
suffers from the low absorption in the NIR part of the spectrum (wavelengths > 900nm). Great
efforts have been devoted to study a way to exploit the high scattering cross section of metal
nanoparticles and their light trapping properties in Si solar cells [3,4]. Some recent works
considered also periodic nanostructures and demonstrated their effectiveness in applications to
thin film solar cells [5,6] and Metal-Semiconductor-Metal photodetectors [7,8].

The purpose of this work is to show and clarify with both numerical and analytical
simulations how the different optical resonances of 1D digital metallic gratings (Fig. 1) can be
exploited to modulate the EM field absorption profile in an underlying bulk substrate. We
focus on the optical response of a digital Gold grating on a semi-infinite Silicon substrate to a
normally impinging 1000nm-monochromatic wave, varying systematically both thickness (k)
and period (d) of the grating. Different geometric configurations can change dramatically the
absorption profile, concentrating the EM fields in close proximity of the metallic
nanostructure or simply reducing the absorption extinction depth. Configuration maps allow
to point out the different regimes whose mechanisms of EM field distribution have been
elucidated by a comparison of numerical and analytical models.

2. Finite Elements model setup

The system has been studied using the commercial software COMSOL Multiphysics® which
implements the Finite Elements Method (FEM). In order to minimize computational time and
to improve precision, the full EM fields distributions have been computed with FEM only in
one period of the grating, setting periodic boundary conditions, and within very thin layers of
Silicon and vacuum (see Fig. 1). The ratio between slit width and period is kept constant to
0.1. Of course, the asymmetry of the structure between x and y axis, determines different
optical responses for different polarizations of the incident light. In this work we consider
only TM polarized (i.e. magnetic field parallel to the metal stripes) incident light since it is the
only polarization that can give rise to SPPs in an 1D metallic grating. The dielectric constants
of Gold and Silicon at 1000nm were taken to be ¢, = —46.4 + 3.5/ and &; = 12.9 + 3.6-107%
respectively [9]. Gold was chosen because of its low dissipation in the NIR compared to other

metals and because of its well defined plasmonic properties, since |g,';l| < |5,’n| [1].

Far fields have been reconstructed with the following procedure. We performed a 1D
Fourier Transform of the FEM-computed fields along x direction at a given depth, and in the
k.-space we filtered out the non z-propagating modes. Far fields were then obtained
transforming back in the real space, taking into account absorption in Silicon. For each
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configuration (h,d) we calculated, within different depths in Silicon, transmittance and

absorptance (that is the volume integral over the Silicon layer of the quantity §we, E|2 , being
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Fig. 1. (Color online) Sketch of the model.

w the angular frequency and E the electric field [10]). We also computed the effective
absorption profile of light as a function of depth in Silicon (Q(z)) averaging the local
absorption over one period length of the plasmonic array.

3. Modal analysis of the 1D digital grating

In order to have an insight into the physics of our system an analytic approach is necessary
beside the purely numerical one given by FEM. A recent rigorous modal analysis of the
system has been performed by Sturman et al. [11]. It considers separately the fields in the
regions above and below the grating and within the slits (we indicate them with numbers 1, 3,
and 2 respectively, see Fig. 1). Fields in regions 1 and 3 are expanded in loch-Floquet modes
while in region 2 they are expanded in the complete set of eigenmodes (propagating,
evanescent and anomalous) of the 1D plasmonic crystal given by the alternating metal and
dielectric layers. The full field reconstruction is then obtained through field matching at 1-2
and 2-3 interfaces, according to Maxwell’s equations. We followed a simplification of this
approach [12,13], which nevertheless catches the main physics and has the advantage of
leading to simple analytical expressions for the relevant physical quantities (such as
transmittance). It is found neglecting, in region 2, all the evanescent modes and keeping only
the propagating ones, neglecting losses. If the slit width is smaller than the vacuum
wavelength of the incident radiation, only the fundamental propagating eigenmode is allowed.
At the horizontal interfaces Surface Impedance Boundary Conditions are imposed [14].
According to this simplified model, the transmittance of the structure results to be

2 e 2 2
1 Iz, Z:_zmcosﬁ.lz'2 a
T 12 i= i 3,21 , (1)

NG ‘1— Lo, Il oy, 10t

where t and r are the single-interface (1-2 and 2-3) magnetic field amplitude transmission and
reflection coefficients, q; is the i-th diffraction order angle, and f,, is the total phase
accumulated by the single propagating waveguide mode travelling back and forth in the slit:

Yror = ar&(pyp) +arg(py3) + 2k N, h, @)

being k, the vacuum wave vector. It has been shown [15] that actually the model fails if lg,| is
low and/or the slit width is very small with respect to the wavelength of the incident light,
since these situations correspond to high penetration of the fields in the metal and the
plasmonic contributions to the fields are relevant. In our case of lg,|~46, problems arise when
the slit width is lower than 10% of the wavelength of incident light. The main deviation from
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the simple model is found in the propagation constant of the fundamental waveguide
propagating mode inside the slits whose effective wave vector results to be higher than the
vacuum wave vector. The effect can be taken into account assuming the presence of an
effective medium inside the slits with proper refractive index N, Following the results found
by Sturman et al. [11], we took an effective refractive index N,y = C/a + 1, being a the slit
width, with an optimal constant C of about 30nm.

Equation (1) allows to identify the main features of the optical response of the 1D
plasmonic grating that turn out to be the following:

1) Cavity mode (CM) resonances. These resonances result from the multiple scattering of
the single propagating mode inside the slits. The mode is partially reflected and
transmitted at the slit ends. When the phase difference f,,, between the waves
transmitted in the substrate is a multiple of 2p, a peak in transmittance is observed,
like in a Fabry-Perot resonator. The interesting fact is that, when this resonance takes
place, a great fraction of the incident light is channeled within the slits and is
transmitted in the substrate (Fig. 2.a). This phenomenon is commonly referred as
Extraordinary Optical Transmission (EOT) [11-14,16-20].

2) Surface Plasmon Polariton (SPP) resonances. SPPs are surface EM waves which
propagate at a metal-dielectric interface and are evanescent in the normal direction
(Fig. 2.b). They are excited in a 1D grating when the in-plane component of the
incident p-polarized radiation and that one of the scattered waves sum up to match
the SPP momentum, i.e.

kysina+nG = k,Re(\Jez, [ (6 +2,)) n=12..

with o incidence angle, G = 2p/d and ¢ the dielectric constant of the facing insulator (vacuum
for 1-2 interface, Silicon for 2-3 interface). This kind of resonance is associated to a
transmittance extinction and to a high field enhancement in proximity of the grating (hundreds
of nm in Silicon) [20].
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Fig. 2. (Color online) Magnetic field norm enhancements. (a) h = 184nm, d = 340nm: CM-
resonance; (b) h = 161nm, d = 710nm: SPP-CM resonance; (c¢) h = 175nm, d = 278nm: WR-
CM resonance.

3) Wood-Rayleigh anomalies (WR) [21]. Abrupt changes in transmittance as a function of
period are observed in configurations for which a diffraction order lies in the plane of
the grating (Fig. 2.c), i.e. at periods d, = nA/N, being N the refractive index of the
dielectric medium. These configurations mark a discontinuity since for d>d, the n-th
diffraction order does exist while for d<d,, it does not. It is generally accepted that
the peak in transmission is due to the abrupt redistribution of energy among the
allowed orders passing through the d = d, configurations [22]. WR anomalies are not
resonant phenomena but rather are due to pure geometrical reasons and are fully
independent of CM and SPPs.
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It is worth noting that CMs are local resonances, since they would appear as well in a
single illuminated slit without any periodicity [23]. On the other hand SPPs are global
resonances since they can exist thanks to the coherent periodicity of the structure [1]. As
many authors pointed out, however, CMs and SPPs are not independent each other [24].
Actually one should better speak of a hybrid mode which presents both CM and SPP resonant
characteristics. The SPP character dominates the transmission properties of the grating as the
pitch gets proximate to one of those satisfying Eq. (2). On the other hand the EOT efficiency
is greatly enhanced in presence of a periodic structure [21].

4. Results and discussion

In Fig. 3 we report the resulting maps of transmittance and of absorption within 300nm in
Silicon obtained with FEM. The values are normalized to the case of purely absorbing Silicon
substrate coated with a perfect anti-reflection coating providing unitary transmittance.
Resonant (h,d) configurations predicted by the semi-analytical model are reported as well (see
caption of Fig. 3 for details). The periods chosen for the simulation are smaller than the
wavelength of incident light. In the Silicon substrate, however, 4/Ns; ~ 278nm, so that
diffractive effects are present.

Looking at the transmittance map (Fig. 3.a) we see that cavity modes resonances (black
lines) are clearly associated with an enhanced transmission in the (h,d) configurations far from
the SPP resonant ones (grey lines) in which the dominant SPP character determines a
transmission extinction. In order to facilitate the resonances identification, in this computation
we have chosen a slit-to-period ratio of only 10%. Notwithstanding the small opening
fraction, the maximum transmittance value obtained for 4 = 184nm, d = 340nm is as high as
0.68, reaching the value of bare Silicon. Considerably larger transmittances can be obtained
optimizing the duty cycle (for 2 = 184nm d = 340nm, a maximum transmittance of 0.94 is
obtained with a duty cycle of 31%)

1000 ™

d (nm)

150 200 250 150 200 250
h (nm) h (nm)

(a) (b)

Fig. 3. (Color online) FEM-calculated transmittance (a) and absorption enhancement (b) map
within 300nm in Silicon with respect to perfect AR-coated Silicon. Overplotted black and grey
lines mark respectively CM and SPP resonances according to the analytical model. White lines
mark configurations which present a WR anomaly. Crosses mark configurations whose
absorption profile is reported in Fig. 4.a.

Cavity modes are also correlated to absorption enhancements. Within 300nm in Silicon
(Fig. 3.b), the largest enhancements (up to 350%) are obtained when both the conditions for
SPP and cavity mode excitation are satisfied at the same time (at the crossing between gray
black lines). In these configurations CM resonances canalize the whole incident power into an
SPP mode rather than into a z-propagating mode, giving rise to an extraordinary SPP (Fig.
2.b). By conversion in Fig. 2.a it is shown the typical much weaker field enhancement in a
configuration where only CM is excited without SPP resonant coupling. Looking at the
absorption profiles (Fig. 4.a) we observe that, in strongly SPP-CM-resonant configurations
(black line), most of the enhancement is confined in the metal proximity and decays
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exponentially within the typical plasmonic decay length [1] Lz(/1/2;;)-[(|g,’n|—i-é:;)/é:;z]”2

~100nm. The enhancement factor can be up to 30 times in the first 30nm of Silicon.

Far from the grating (Fig. 4.a, inset) the absorption is almost zero in SPP resonances since
SPPs typically produce transmission extinctions. On the other hand, strong CM but not SPP
resonant configurations (light grey lines) show absorption profiles that are much less confined
close to the surface, but are higher in depth due to EOT.

Looking at the absorption within a thicker (40um) Silicon layer (Fig. 5.a) we find that the
best enhancements are obtained in CM-resonant configurations proximate to WR anomalies,
i.e. those shown in Fig. 2.c. In these configurations, CM resonance results to efficiently
couple to diffracted waves propagating at grazing angles with respect to the grating plane. The
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Fig. 4. (a) Absorption profile enhancement with respect to perfect AR-coated Silicon in
configurations marked with crosses in Fig. 3: h = 136nm,d = 765nm (light gray); h = 148nm,d
= 735 (medium gray); h = 163nm, d = 705nm (black); inset: absorption profiles within 1um
depth. (b) Absorption profile enhancement in configurations near the cross in Fig. 5: h =
175nm and d respectively 285nm (black), 300nm (medium gray), 320nm (light gray). Black
dots and circles represent the contributions to the whole black absorption profile coming from
the n = * 1 and n = 0 diffraction orders respectively.
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Fig. 5. (color online) (a) Absorption enhancement within 40um in Silicon with respect to
Silicon treated with perfect AR coating. Overplotted lines are defined as in Fig. 3. (b) Left:
Extinction length of the absorption profiles calculated in CM-resonant configurations
(hem(d),d); right: absorption within L with grating normalized to absorption within the same L
in case of perfect AR-coated Silicon. Grey horizontal lines and circles mark respectively SPP-
resonant periods and WR anomalies.

mechanism is particularly efficient when only the n = =+ 1 diffraction orders are present
besides the O-th one, around configuration identified with a black cross in Fig. 5.a (h =
175nm, d = 290nm). Looking at the absorption profiles (Fig. 4.b), these are clearly the
superposition of two exponential decays, relative to the n = £ 1 and n = 0 diffraction orders
respectively. As can be seen, in high enhancement configurations, the n = + 1 orders
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contribute significantly to the whole absorption profile (see dotted lines in Fig. 4.b) which
remains higher than that of a perfect AR-coated Silicon up to about 40um depth.

The strong absorption enhancement in proximity of the grating in presence of SPP
resonances is also correlated to an high power dissipation in metal. The h-d map of
absorptance in metal looks very similar to Fig. 3.b and we do not report it. The maximum
absorptance of metal reaches values up to 84% (h = 163nm, d = 765nm) in correspondence of
SPP-CM resonant configurations, down to about 14% (h = 175nm, d = 285nm) near CM-WR
configurations.

In order to highlight the strong field confinement achievable with CM-WR coupling, we
consider now the locus of CM-resonant configurations, i.e., for every period d, we consider
the thickness hcy(d) which maximizes the FEM-calculated transmittance. In these
configurations we consider an absorption profile extinction length (L) taking the depth in
Silicon at which a fraction of (I-e™) ~63.2% of the transmitted power is absorbed. This is the
fraction of power absorbed within the typical decay length in presence of an exponential-like
absorption profile. We finally calculate the absorption enhancement within L (°Q;) integrating
Q(z) down to depth L and normalizing point by point to the absorption within L with respect
to the case of a perfect AR-coated film on Silicon. In Fig. 5.b we report L and Q; as a function
of period, being h = hcy(d). It is clearly seen that at CM-resonant configurations just above
WR anomalies the extinction length drops while the absorption within L is strongly increased.
Although most of the Q; are lower than 1, it is to be noted that we have an extraordinary
absorption for every period at which Q; exceeds 0.1, i.e. the fraction of period not covered by
metal. As a general comment it clearly appears that the absorption length is always much
shorter than the corresponding for pure absorption in Silicon (156um at 1000nm wavelength)
and almost always accompanied by an enhancement of absorption with respect to the
normalized open area.

The absorption enhancement can be greatly improved optimizing the duty cycle. In Fig. 6
we show the trends of L and Q; as a function of the duty cycle for the fixed (h,d)-
configuration 4 = 145nm, d = 280nm, which is very close to the WR-anomaly (see Fig. 5.a).
The maximum of absorption is found 1.5 times greater than in AR-coated silicon within L =
80um

160
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Fig. 6. Gray: Extinction length of the absorption profile for different duty cycle values; black:
absorption within L normalized to absorption within the same L in case of perfect AR-coated
Silicon. Dash-dotted and dashed lines are the contribution to Q, fromthe n=0andn= +1
diffraction orders respectively. & and d are set to 145nm and 280nm respectively. The set of
parameters h = 145, d = 280, duty cycle = 0.2 was found to optimize the absorption
enhancement within 40um ( + 210%).

for a duty cycle of about 20%. As can be seen, in this configuration most of the power
transmitted by the CM in the slit is drained by the n = + 1 diffracted waves. We note that the
extinction length drops at a duty cycle of about 0.7, before reaching the value it has in absence
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of grating, while Q; has a local maximum. This is due to a stronger coupling of the CM-
resonances to the n = * 1 diffraction orders than to the n = 0.

5. Conclusions

Summarizing, we studied the optical response of 1D digital plasmonic gratings placed on a
semi-infinite absorbing substrate in order to clarify the role and the potentialities that the
optical resonances of such structures have in remodulating light absorption.

Numerical and analytical simulations show that relevant absorption enhancements can be
produced in Silicon at different depths, in relation to the type of plasmonic resonance
involved. SPPs resonances lead to high field enhancement (up to + 350%) in close proximity
to the grating, whereas cavity modes coupled to grazing diffracted waves allow an efficient
transmission and spreading of light power into the substrate, leading to an enhanced
absorption of long-wavelength radiation in shallower regions of the underlying Silicon (up to
+ 51.3% within 80um). The results may be useful to design high efficiency Silicon-based
photodetectors devices active in the IR spectral range. Further studies will be addressed to the
wavelength response of the gratings in order to obtain absorption enhancement over wide
bandwidth with possible applications in solar cells.
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