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Abstract: Nanometer sized cavities arranged as a subwavelength metallic
grating can provide omni-directional and complete absorption of light. We
present an explanation of this extraordinary phenomenon as a collective
resonant response of a system based on a surface impedance model. This
model gives a straightforward way to design systems for optimum light
trapping performance and as well gives fundamental insights into the
interaction of light with metals at the nanoscale.

© 2012 Optical Society of America

OCIS codes: (250.5403) Plasmonics; (260.3910) Metal optics; (240.5440) Polarization-
selective devices.

References and links

1.

2.

10.

11

12.

13.

14.

15.

V. E. Ferry, J. N. Munday, and H. A. Atwater, “Design considerations for plasmonic photovoltaics,” Adv. Mater.
22(43), 4794 (2010).

I. Thomann, B. A. Pinaud, Z. Chen, B. M. Clemens, T. F. Jaramillo, and M. L. Brongersma, “Plasmon enhanced
solar-to-fuel energy conversion,” Nano Lett. 11, 3440-3446 (2011).

J. Le Perchec, P. Quémerais, A. Barbara, and T. Lopez-Rios, “Why metallic surfaces with grooves a few nanome-
ters deep and wide may strongly absorb visible light,” Phys. Rev. Lett. 100(6), 066408 (2008).

A. Polyakov, S. Cabrini, S. Dhuey, B. Harteneck, P. J. Schuck, and H. A. Padmore, “Plasmonic light trapping in
nanostructured metal surfaces,” App. Phys. Lett. 98(20), 203104 (2011).

R. Gordon, “Light in a subwavelength slit in a metal: Propagation and reflection,” Phys. Rev. B 73(15), 153405
(2006).

S. Zhang, H. Liu, and G. Mu, “Electromagnetic enhancement by a single nano-groove in metallic substrate,” J.
Opt. Soc. Am. A 27(7), 1555-1560 (2010).

P. Lalanne, J. P. Hugonin, and J. C. Rodier, “Theory of surface plasmon generation at nanoslit apertures,” Phys.
Rev. B 95(26), 263902 (2005).

J. A. Dionne, L. A. Sweatlock, H. A. Atwater, and A. Polman, “Plasmon slot waveguides: Towards chip-scale
propagation with subwavelength-scale localization,” Phys. Rev. B 73, 035407 (2006).

V. V. Temnov and U. Woggon, “Surface plasmon interferometry: measuring group velocity of surface plasmons,”
Opt. Lett. 32, 1235-1237 (2007).

P. Lalanne and J. P. Hugonin, “Interaction between optical nano-objects at metallo-dielectric interfaces,” Nat.
Phys. 2, 551-556 (2006).

H. F. Schouten, N. Kuzmin, G. Dubois, T. D. Visser, G. Gbur, P. F. A. Alkemade, H. Blok, G. W. ’t Hooft,
D. Lenstra, and E. R. Eliel, “Plasmon-assisted two-slit transmission: Young’s experiment revisited,” Phys. Rev.
Lett. 94, 053901 (2005).

T. V. Teperik, V. V. Popov, and F. J. G. de Abajo, “Void plasmons and total absorption of light in hanoporous
metallic films,” Phys. Rev. B 71, 085408 (2005).

J. B. Pendry, L. Martin-Moreno, and F. J. Garcia-Vidal, “Mimicking surface plasmons with structured surfaces,”
Science 305, 847-848 (2004).

T. Lopez-Rios, D. Mendoza, F. J. Sanchez-Dehesa, and B. Pannetier, “Surface shape resonances in lamellar
metallic grating,” Phys. Rev. Lett. 81(3), 665-668 (1998).

A. Kubo, N. Pontius, and H. Petek, “Femtosecond microscopy of surface plasmon polariton wave packet evolu-
tion at the silver/vacuum interface,” Nano Lett. 7, 470-475 (2007).

#157884 - $15.00 USD  Received 14 Nov 2011; revised 20 Jan 2012; accepted 22 Jan 2012; published 20 Mar 2012
(C) 2012 OSA 26 March 2012 / Vol. 20, No. 7/ OPTICS EXPRESS 7685



16. E. Laux, C. Genet, T. Skauli, and T. W. Ebbesen, “Plasmonic photon sorters for spectral and polarimetric imag-
ing,” Nat. Photonics 2(3), 161-164 (2008).

17. E. N. Economou, “Surface plasmons in thin films,” Phys. Rev. 182, 539-554 (1969).

18. H. Raether, Surface Plasmons on Smooth and Rough Surfaces and on Gratings (Springer-Verlag, 1988).

1. Introduction

The design and fabrication of plasmonic structures for light trapping is a highly active area
of research with a wide range of applications ranging from solar energy conversion to field en-
hancement for non-linear optics [1,2]. Many of these systems are constructed from an ensemble
of identical units in a subwavelength grating structure. When considering light coupling to such
structures, a fundamental question becomes whether these units can be treated independently or
must be treated in terms of a collective excitation of the system. A structure for complete light
trapping and strong field enhancement has been proposed by Le Perchec et al. [3] (illustrated in
Fig. 1), where the phenomenon was explained on the basis of the action of a single 5-nm-wide
nano-groove (NG) where the excitation of coupled surface plasmons polaritons (SPP) on the
walls of the groove led to the system behaving as an interference Fabry-Perot nano-cavity. We
have recently realized a practical demonstration of this effect [4]. The same assumption that
the performance of these types of systems can be modeled on the basis of a single unit has
also been followed in a number of other studies [5-8]. However, it is well known that collec-
tive effects can play an important role in determining the behavior of some types of plasmonic
systems [9-14]. We connect the analysis of a single resonant NG narrower then the metal skin
depth to the collective excitation of the subwavelength grating and present a simple relation-
ship between the NG width w, height h, and period p required to achieve omni-directional and
complete light absorption at the metal surface.

2. Intergrooveinteraction

To give an insight into the fundamental nature of this phenomenon, we have developed a sur-
face impedance-based analytical model for complete omni-directional light absorption in the
NGs and present its comparison to Finite Difference Time Domain numerical calculations. We
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Fig. 1. Schematic of the plasmonic nano-grooves on a metal surface. The SPPs propagate
down the NG along the z-axis, then reflect off the bottom and travel back to the mouth. On
resonance, all incident energy is trapped within the grooves.
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Fig. 2. Reflectivity response for a combined double grating where one NG set is inserted
in between another one. The dimensions for the sets NG1 and NG2 are w; =19 nm, hy =
45 nm, wp, = 10.8 nm, and h, = 56.1 nm. Period for both gratings is p = 300 nm. The
independent behavior of the two gratings when combined shows that, on resonance, the
SPPs traveling on the flat surface do not contribute to the reflectivity response of the NG
grating.

begin by examining the general features of the light-SPP interaction to define the region of
validity for an analytical theory. When light interacts with a sharp metal edge, as in case of a
grating structure, SPPs are generated along the top surface as well as inside the grooves (for an
experimental time resolved study of this effect see the work by Kubo et al. [15]). To determine
which SPPs contribute to the on-resonance absorption, we first consider two gratings NG1 and
NG2 optimized for complete absorption at different wavelengths. These give the reflectivity
responses as shown by the dashed lines in Fig. 2. When two such gratings are interleaved, a
composite structure is formed with the unit cell as shown in the inset of Fig. 2. The design of
this system is such that the SPPs generated by NG1 that travel on the top surface are blocked
by NG2, yet the reflectivity response of the composite grating is a linear combination of the
reflectivity responses of NG1 and NG2 (see the solid curve in Fig. 2) similar to the independent
transmission of the photon sorters [16]. This independent behavior of each grating, when put in
combination, shows that on-resonance, the top-surface SPPs do not contribute to the reflectivity
response of the subwavelength grating.

However, in a dense grating the neighboring NGs can interact via the evanescent fields of
the SPPs travelling down the walls of the NGs. Figure 3 illustrates the reflectivity effect of this
interaction for small (a) and large (b) grating period, where reflectivity is plotted for Ao = 800
nm normal incidence light when w is held constant and h is varied from 0 to 1.5 um. From the
set of reflectivity dips the SPP wavelength inside the groove czan be calculated using the Fabry-

T

Perot analysis: 2kphm + ¢ = 2zm, where Ky = ki +ikp) = 7y 1S the plasmon wave vector, m
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Fig. 3. Effect of the NG period on the reflectivity response in gold. The NGs constitute a
set of resonant cavities: (a) SPP field penetration into the metal is the dominant factor for
a dense grating, where complete absorption is achieved only for extreme h; (b) in a sparse
grating NGs act as resonant cavities useful for field enhancement and field localization
close to the metal surface. The inset shows the change in the real part of the plasmon
wavelength due to the change in the NG period.
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is the index of each dip and hy, is the corresponding depth. In this way, the dispersion relation
is numerically calculated for a given NG width and varying NG period: the result is shown in
the inset of Fig. 3(b). The plasmon wavelength varies from the incident light wavelength (for
p close to w) to the SPP dispersion in the metal-insulator-metal (MIM) waveguide [17] as p
approaches the wavelength of light Ay. For a 10 nm wide NGs in gold, the SPP evanescent
wave decay length in the metal is given by [18] 1/|\/€mea [277/20]% — [Kpi 2]%| ~ 30 nm. The
overlap between the evanescent fields from the neighboring NGs can be neglected for p > 100
nm, but is significant for p = 50 nm. For such a dense grating achieving complete absorption
requires micron-deep NG channels due to the long SPP wavelength. The case of interest, where
the reflectivity extinction occurs for h < 70 nm yielding strong field enhancement [6] and field
localization close to the metal surface, is shown in Fig. 3(b) corresponding to a sparse grating.
The distance corresponding to the overlap of the evanescent fields sets the lower limit on the
region of validity for the analytical model presented here.

As the period is further increased, for wavelengths of light close to the NG period, the SPPs
generated at the metal surface in between the NGs can outcouple to photons due to the addition
of the grating momentum. To quantify this effect, we have defined angular bandwidth as the
angle of incidence where reflectivity reaches 0.5 starting from O at normal incidence (Fig. 4
shows reflectivity calculated for a range of angles of incidence). Achieving complete absorption
for NG periods approaching the wavelength of light yields extremely narrow angular bandwidth
and the reflectivity response becomes that of a regular grating: a sharp resonance that is highly
angle dependent. Therefore, the upper limit on the region of validity for the analytical model is
approximately the wavelength of light Ao.

Achieving the resonance condition requires a set of NG period, width, and height, which, in
the range of validity w << p < Ag, can always be found by numerical optimization to produce
on-resonance reflectivity consistently below 0.1%. For the following discussion, the reflectivity
is measured when the geometry of individual NGs is optimized to produce such resonance for
a given wavelength of light. The resulting NG dimensions are plotted in Fig. 5 along with
the characteristic spectral bandwidth (FWHM) of the resulting reflectivity dip (for reflectivity
spectrum examples see Fig. 2). In the context of our model a subwavelength grating can be
optimized for both large spectral and angular bandwidth yielding omni-directional (see the
bottom left inset of Fig. 4) complete light absorption at the metal surface.

3. Theoretical model for the on-resonance behavior

The model for the on-resonance behavior of such subwavelength gratings consists of calculating
the surface impedance due to the ensemble of the NGs, each of which are treated as independent
radiation sources. This model is valid only for the on-resonance behavior, when his set to satisfy
the resonance condition for a given pair (w, p). Therefore, quantities like the cavity Q-factor and
the SPP wave vector inside the cavity (kE,) are expressed as a function of only wand p.

For p-polarization, where the E-field of the incoming light is polarized perpendicular to the
orientation of the NGs (as shown in Fig. 1) the H-field is approximately constant across the
flat surface and the mouth of the NG [3]. From the boundary conditions, the electric field at
the metal surface away from the NGs is close to zero, which is equivalent to an out-of-phase
sum of the incoming and reflected waves. In this case, the reflected H-field is in phase with the
incoming H-field, and hence the amplitude is doubled: Hgyr face &~ 2Hp. It is important to note
that no reflected wave exists in the far field, so this approximation is only valid at the metal
boundary. On resonance, all the incoming electric field at the metal interface is trapped within
the NG [3], and is further amplified due to the NG cavity [6]: Esyrface = Eo X Q—g", where Q is
the NG quality factor that will be defined below.

The reflectivity R can be expressed in terms of the complex reflection amplitude coefficient r

#157884 - $15.00 USD  Received 14 Nov 2011; revised 20 Jan 2012; accepted 22 Jan 2012; published 20 Mar 2012
(C) 2012 OSA 26 March 2012 / Vol. 20, No. 7/ OPTICS EXPRESS 7689



90 T T T T T

B e AN 2075 f———F————T———{ -
: : : % os | |
- — — — ) E R —
S ‘ ‘ 2 \ \
. . (o) | |
O 60f- Y SN N\. @ 025H————f———————1 4
3 : : : i i
| |
% ‘ ‘ 0 30 60 90
= 45 1 Angle of Incidence (deg) |
g 2075 ! !
=
@ 5 os
5 0F 2 /1NN
= 9]
> o 0.25
IS)
§: : ‘ ‘
15 0 SO NG\
Angle of Incidence (deg) ‘ :
0 i i i i
100 200 300 400 500 600 700

NG Period (nm)

Fig. 4. Angular bandwidth is affected by the NG period. As the period is increased ap-
proaching the wavelength of incident light the angular bandwidth sharply drops and the
reflectivity response acquires more of a grating-like character: a sharp resonance that is
highly sensitive to the angle of incidence and wavelength.

and the surface impedance [12], which captures the effect of the ensemble of the NGs: Zg, s =
Farface \yhere 7, is the impedance of free space.

Hsur face

Eo WQ

Z = — X — 1

sur f Ho X p2 1)
Zswt — 2o

R=rr*, r=——_ = 2

Zsurf+ZO ()

Substitute the relationship Eg/Ho =i x KpC/@ =i x Ky /k§ from the solutions to Maxwell’s
equations for a transverse magnetic monochromatic plane wave [17] (Hx = H, = E, = 0), where
k§ = w/c is the on-resonance wave vector of the incident light. The final expression for the
surface impedance of an ensemble of the NGs becomes:

kp| w
& 2p

Next, consider the fields inside the individual grooves. On resonance, the mode in the NG
forms a standing wave, where H- and E-fields travel 90° out of phase, and have the same
mouth-to-bottom amplitude variation. In this way, the Q-factor can be defined as the ratio be-
tween the H-field at the bottom to H-field at the mouth of the NG: Hpottom = Q < Htop, Hng =
2Ho cos(kp z). On resonance, the plasmon wave vector can be rewritten using Aky = k’pI - k'gl
to be kp = kf)ﬁ + Ak + ik’rgl, where k';l is the SPP wave vector on resonance. Taylor expanding
the cosine term yields the final expression for Q:

®

Zngf =I><
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Fig. 5. Resonant behavior of the nano-groove. Producing a minimum reflectivity on-
resonance at constant incident wavelength for a range of NG periods requires adjusting the
NG dimensions. In the region of validity (shown in gray background), the analytic model
presented here agrees well with the numerical FDTD calculations on the absolute scale as
shown in (a). On the relative scale, the NG period-to-width ratio—shown in (b)-is flat in
the validity region, which is closely approximated by our model: the NG width increases
linearly with the period accompanied by bandwidth (FWHM) narrowing as shown for Au
(black) and Cu (blue).
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N 4

The Akp term can be rewritten in terms of the derivative dkp /dw:

Akp _ dkn A0 g _ A0 ox diyt 5)
k';fl B k';’l dwwR_ka"}’l do

Putting together equation 4 for an individual NG for ky — kfj with the effect of an ensemble
of NGs given by Eq. (3) yields:

1 wckp? do
. o/ /0= 7050 dky
Zwrf*lXAw/w—s—iﬁ/w’ K do ©)
B/“’:W*dkp.

Equation (2) can now be rewritten in terms of energy lost due to radiation o and energy
dissipation in the metal S:

_Aw?+ (00— B)? o
A+ (a4 B)?
On resonance, when Aw = 0, the optimum geometry of the NG yields a balance between the

radiative loss and the energy dissipation in the metal: & = . The period-to-width relationship
then is given by:

Bii[/pl]z
Wiﬂkgk&

®)

4, Resultsand discussion

A case study was performed for copper and gold: a comparison between the analytical model
given by Eq. (8) and the FDTD calculations for 800 nm normal incident light is shown in Fig. 5.
In the region of validity, the p/w ratio from the analytical model is in excellent agreement with
the FDTD simulation for both materials (see Fig. 5(a)). The small disagreement in the absolute
value for the p/w ratio—as seen in Fig. 5(b)—is attributed to the effects of the SPPs propagating
on the surface in between the NGs, which is beyond the present model. This effect is more
prominent in the case of gold where the flat surface SPP dispersion relation lies closer to the
light line, rendering top-surface SPP coupling more efficient than in the case of copper.

An analogy to an electronic circuit can be made using the idea of surface impedance. For
example, for copper, using Egs. (3) and (4), throughout the region of validity the surface
impedance Zg};f = Zy +5%. Tuning the NG geometry and period can be understood as an
impedance matching phenomenon. Most importantly, for practical applications the subwave-
length grating can be designed to be impedance matched for both maximum angular and spec-
tral bandwidth (see Figs. 4 and 5). The period-to-width relationship given by Eq. (8) is a pow-
erful tool in designing subwavelength plasmonic gratings for omni-directional complete light
absorption at the metal surface.

5. Conclusions

In summary, the model we have presented leads to a new insight into the collective interaction
of plasmonic nanostructures. It also gives a simple and powerful method for optimization of
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these structures for practical applications in areas as diverse as solar energy conversion and
field concentration for non-linear optics.
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