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Abstract It has been demonstrated recently that sur-
face plasmons can change the state of coherence of
light emanating from a Young’s double-slit interfer-
ometer. This suggests the possibility of developing a
“coherence-converting” device with a large array of
subwavelength holes in a metal plate. We have taken
an intermediate approach by considering a three-slit
geometry, in which we investigated the effects on the
modulation of the spatial coherence when an additional
slit is placed between the pair of Young’s slits. Our
results show that the amount of modulation (enhance-
ment or suppression) can be increased or decreased
in the three-slit geometry, compared to the double-slit
configuration. This is promising for achieving coher-
ence converting optical devices with suitable arrays of
subwavelength holes.

Keywords Surface plasmons - Coherence -
Subwavelength - Nanotechnologies

Introduction

The ability of a surface plasmon [1] to couple with
light and transmit it through subwavelength apertures
has made it particularly attractive for deployment in
nano-optical devices and systems. Some examples of
these include two-dimensional plasmonic optical de-
vices [2, 3], nanoantennas and resonators [4], and super-
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resolved optical readout systems [5-7]. In exploring the
roles that surface plasmons can play in subwavelength
structures, it has recently been shown through a the-
oretical analysis that surface plasmons can modulate
the statistical properties of light in Young’s interfer-
ence experiment [8]. Specifically, it was numerically
demonstrated that, depending on the slit separation,
the spatial coherence of light emanating from the two
slits can be greater or lesser than that of the illuminating
field. The spatial coherence of an optical field is a
measure of the “statistical similarity” between any two
points within the field’s domain and its interference-
causing capability [9]. The ability of the surface plas-
mons to enhance the degree of coherence has been
demonstrated experimentally in a Young’s interferom-
eter, where each slit was separately illuminated by an
independent optical source [10]. In that experiment, it
was also found that far-field interference fringes are
observable even when only a single slit is illuminated.
Both observations can be understood by considering
that surface plasmons generated at the illuminated slit
can propagate to the other slit, where they can couple
back into light. This light from the other slit is in turn
radiated to the far field, where it interferes with light
directly transmitted from the illuminated slit to form
fringe patterns.

These results suggest the possibility to change, or
even tailor, the degree of coherence of a light field by
the use of an array of subwavelength holes in a metal
plate. This is important, as the state of coherence of
an optical source is a fundamental characteristic that
determines numerous properties of the light field it gen-
erates, such as its spectrum [11], polarization [12], and
directionality [13]. It is not clear, however, if the results
for Young’s double-slit extend readily to an array of
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holes or slits. This is because the interaction between
light and surface plasmons cannot be described accu-
rately through a straightforward superposition of the
response from each individual aperture. Thus, it is not
known how additional apertures between a given pair
of apertures affects the coupling between the original
pair, not to mention the effect in the presence of a large
array of apertures. Furthermore, unlike the double-slit
case where one can examine the coherence properties
of light from just two apertures, for an array, one would
have to study the coherence properties of light as a
global effect resulting from contributions from each
aperture in the array.

The aim of this paper is to investigate the coherence
properties of light transmitted from a three-slit con-
figuration. We hope to gain an understanding of how
the modulation of the degree of coherence changes in
the presence of the additional slit. This provides insight
to the feasibility of achieving a plasmonic coherence
converting device with suitable arrays of subwavelength
apertures. Manipulation of the coherence properties
may find potential applications in producing coherent
light from the spontaneous emission as a result of res-
onant coupling between semiconductor quantum wells
and surface plasmons [14] and in plasmonic interfer-
ometry devices, such as all-optical modulators made
with quantum dots [15]. In the “Numerical results and
analysis” section, results from rigorous numerical simu-
lations are presented, accompanied with discussion and
analysis. Following that, we summarize our findings and
offer concluding remarks in the “Conclusion” section.

Numerical results and analysis

We consider the three-slit geometry depicted in Fig. 1.
Each of the slits is illuminated separately with an in-
cident field, which we take to be a quasimonochro-
matic Gaussian beam synthesized based on the angular

spectrum representation [16, Sec. 5.1]. The beamwidth
and wavelength of the incident beam are taken to be
750 and 600 nm, respectively. The incident fields are
denoted as U finc) (@), US™ (w), and Uf;“c) (w), where the
subscript A is used to refer to the additional slit in the
center and w is the central frequency of the incident
light. The spectral degree of coherence between the
incident fields and the fields emerging at any two slits
will be denoted, respectively, as ug-nc) (w) = po(w), and
wij(w), where (i, j=1,2, A,i # j). The metal plate is a
gold plate of thickness ¢ = 200 nm with three subwave-
length slits of width w, and the two end slits separated
by a distance d. Its refractive index at 600 nm is taken
to be n,, = 0.21 +13.27, after Johnson and Christy [17].
In what follows, we will drop the explicit dependence
on w for brevity.

We have performed rigorous electromagnetic simu-
lations for the three-slit geometry using a Green ten-
sor formalism [18]. Only the case of TM polarization
(magnetic field perpendicular to the x — z plane) will be
considered since TE-polarized light (electric field per-
pendicular to the x — z plane) does not excite surface
plasmons. We show the simulation results of 1, and
14 for various values of o as a function of the slits’
separation for slit width w = 200 nm in Fig. 2, and for
w = 100 and 50 nm in Fig. 3. It is observed that, similar
to what was found in [8], the degree of coherence 11,
and p14 can be either enhanced or suppressed with
respect to the degree of coherence of the incident field
wo. Furthermore, the results suggest that p;; and w4
may be periodically modulated as a function of the slits’
separation. Since py4 = 14 by symmetry, simulation
results for u,4 will not be shown. To better relate the
effects of the surface plasmons to the numerical results,
we attempted to fit the results to an analytic model that
takes into account the plasmonic contributions to the
field radiated at each of the slits.

Different models to account for surface plasmon
generation and plasmon-assisted transmission through
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Fig. 2 Simulation results for 1o (left column) and w4 (right
column) for w =200 nm, with different values of the spectral
degree of coherence of the incident field wo. Top row: uo = —0.5

subwavelength apertures have been proposed by sev-
eral authors [19-22]. Here, we adopt a model that
was used first to explain the enhanced and suppressed
transmission due to the effects of surface plasmons
propagating between a pair of Young’s double slits
[23]. In essence, we have extended the model used in
[8] for two slits to include a third slit. At each of the
slits, a fraction « of the incident field will be directly
transmitted. Part of the incident field will be converted
into surface plasmons, which can travel to another slit,
whereby the following two situations may take place:
(1) part of the plasmonic field couples back to light
and reappears as a freely propagating field, and/or (2)
part of the plasmonic field is scattered, after which it
continues propagating to the next slit, where it couples
back to light and reappears as a freely propagating field.
These interactions are indicated with the colored ar-
rows in Fig. 4, with the solid, dashed, and dotted arrows
representing the contributions to the fields U,, U,, and
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(solid line), and —0.2 (dashed line). Bottom row: po =0 (solid
line), and 0.9 (dashed line). Dotted horizontal lines indicate the
respective values of |uo|

Uy, respectively. The fields Uy, U,, and Uy represent
the x component of the electric field, which is the
dominant radiating field component. Let us also define
the parameter 8, which describes the strength of the
light-plasmon coupling at each of the slits, and » and
", which describe the forward and backward scattering
of the plasmonic field by the slits, respectively. The
parameters «, 8,7, and I' are complex quantities in
general. While « and 8 are related to three-dimensional
propagating fields, n and I' describe the transmission
and reflection of the plasmonic field propagating along
the surface of the metal plate. In terms of these para-
meters and the incident fields, the field at each of the
three slits is

U, = OlU{inC) + OlﬂnUgnc)eikSpd + 06,3 Uii‘nc)eikspd/Z’ (13.)
Uz _ a,BnUl(inc)eikSpd + OlU;inc) + Ol,B Uii‘nc)eikspd/z’ (1b)
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Fig. 3 Simulation results for w12 (left column) and 4 (right
column) for w = 100 nm (top) and w = 50 nm (bottom). The
spectral degree of coherence of the incident field o = 0 (solid

UA — Olﬂ Ul(inC)eikspd/2 + Olﬁ U;inc)eikspd/z

+ ongnC) [1+ 2/3Feik5"d] , (1c)

where kg, is the wavenumber associated with the sur-
face plasmons and d is the distance between slits 1 and
2. The field U, atslit 1 in Eq. 1a, for instance, consists
of three parts: (1) a directly transmitted part («); (2) a
part that couples to the plasmons at slit 2 (), “jumps”
over the center slit A (1), and coupled to the output
(a); and (3) a part that couples to the plasmons at slit

Fig. 4 Illustrating the

plasmonic contributions to

the field radiated at each of

the slits considered in our

model. The solid, dashed, U
and dotted arrows represent 1
the contributions to the fields

U\, U, and Uy, respectively
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A (B), and coupled to the output (). It is to be noted
that the contribution from surface plasmons that travel
from slit 1(2) to slit A, and then are reflected back to
slit 1(2), can be expressed as a direct contribution from
Ui (Uémc) ) and may be taken into account by the
parameter « in our model. The second-order coherence
properties of the fields between any two of the slits may
be described by the cross-spectral density function [24]

Wij = <U1*U]>’ (2)
,,,,,,,,,,,,, > 4,,,
T <«
——> . ————— —»>
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where the asterisk indicates complex conjugation and
angular brackets denote ensemble averaging. As ex-
pressed in Eq. 1, each of the fields U; or U; in Eq. 2 is
a function of the incident fields at the three slits. Using
a 3 x 3 matrix M to describe the degree of coherence
between the incident fields, we can write Eq. 2 in matrix
form such that

Wij — U(i)TMU(j), (3)
with
' Ui
U =1{u,|. “4)
Uia

Here, the { indicates complex conjugate transpose,
and the components of the vector U®, namely,
Ui, Upn, Uia, denote, respectively, the contribution
from the incident fields U f“c), Uémc), and U gnc) to the
field U; as expressed in Eq. 1. The matrix M takes on
the form

(inc) (inc)
Lo g
M= | 1l | )
(inc) (inc)
a1 Ha 1
Since we have assumed that u('"c) = 1o, the matrix M
reduces to
Louo ko
M= u 1 ,U«é , (6)
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where we have made use of the fact that pL(lnC) %nc)*

The spectral degree of coherence u;; of the fields
emanating from the slits may then be obtained as

Wy
Mij = T;‘S]"

where S; = W;; is the spectral density of the fields at
each of the slits. Using Eq. 7, the degree of coherence
between any two of the three slits may be calculated.
The analytic results were then plotted against the nu-
merical ones, from which it is found that both methods
yield values in good agreement. Figure 5 illustrates the
agreement between the two sets of results, using the
case w = 100 nm and py = 0.5 as an example. There-
fore, the model we have developed could be used to
analyze the modulation of the degree of coherence as a
result of the surface plasmons propagating between the
slits. It should be emphasized that the parameters 8, n,
and I" in Eq. 1 remain fixed for a given plate index n,,,
plate thickness ¢, and slit width w, independent of the
slits’ separation or the choice of the two slits for which
the degree of coherence is to be calculated.

The analytic results are fitted to the numerical ones
for slit width w = 200, 100, and 50 nm. The appropriate
choices of the values for 8,n, and I' are shown in
Table 1. It is worth noting that the values for |3|, which
describes the strength of the light—plasmon coupling,
are comparable to those used in [8]. The values of
n and I' did not vary appreciably as the slit width is
decreased from 200 to 50 nm. This provides support
that n and T may be regarded as transmission and
reflection coefficients, which should depend largely on
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Fig.5 Simulation results for j12 (left column) and w4 (right column) for w = 100 nm, with spectral degree of coherence of the incident
field o = 0.5. Solid line represents analytic results, and diamond markers represent numeric results
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Table 1 Choice of values for the parameters 8,7, and I' for
different slit widths (expressed in nanometers)

Slit width (w) 8] arg(B) Inl _ arg(n) |T'|  arg(l)
200 033 180° 082 0.0° 057 230°
100 033 190° 080 0.0°  0.60 240°
50 024 190° 078 0.0°  0.60 240°

the refractive index n,, of the metal at each metal/air
boundary (assuming the slits are far away enough from
each other) rather than on the slit width. It is also found
that the choice of a purely real, positive n provides a
good fit for both w1 and @4, which can exhibit quite
different behaviors, as seen in Figs. 2 and 3. Such a real,
positive n resembles the forward scattering efficiency
in electromagnetic scattering problems [25, Sec. 3.4].
Thus, we could think of 7 as describing how strongly the
slit scatters the plasmonic field in the forward direction.

Finally, we compare the modulation of p;, in the
absence and presence of the additional center slit. The
results are shown in Fig. 6. It can be seen that, for a
given po, the range of 1, can be larger or smaller in the
case of the three-slit geometry. Intuitively, one might
expect the additional slit to serve as a barrier for the
surface plasmon interactions between the end slits, thus
acting to suppress the modulation of w15, which is in-
deed the case depicted by the results in Fig. 6. However,
the plots also show that there are some instances, for
example, with py = —0.5 and d ~ 1,700 nm, where the
modulation of the degree of coherence is enhanced in

10 10
. o
f o 2 05 ]

— 3slits
0.8+ " ~‘ """ 2 slits } 00

I,

[, |

1500 2000
slit separation = d (nm)

Fig. 6 Comparison of the modulation of the degree of coherence
in the presence and absence of the additional slit. The slit width
w = 200 nm. Solid lines represent results with three slits, and
dashed lines represent results with the double slits. The spectral
degree of coherence of the incident field no = —0.5 (thick lines)
and 0 (thin lines). Dotted horizontal lines indicate the respective
values of ||
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the three-slit geometry. Thus, the additional “barrier”
slit can serve not just to decrease the effects of sur-
face plasmons propagating from one slit to the other,
but also to preserve, and even enhance, these effects.
From these observations, it can be inferred that the
additional center slit can either enhance or suppress
the modulation of the coherence properties of the fields
emanating from the two end slits. This is promising for
the development of coherence converting devices with
hole arrays in metal plates.

Conclusion

In conclusion, we have shown, using analytic and nu-
merical modeling, that placing an additional slit in
between the pair of slits in a Young’s experiment
supporting plasmons can either increase or decrease
the degree of modulation of the spatial coherence of
the fields radiated. While we have restricted our fo-
cus to subwavelength slits in the present investigation,
it is worthwhile noting that the transport mechanism
responsible for optical transmission through subwave-
length slits and holes are quite different [26], and there-
fore, one might expect to observe different behavior
between a slit array and a hole array. That the range
of modulation of the spatial coherence of the fields ra-
diated from slits 1 and 2 can be increased or decreased
in the presence of the additional slit (slit A) is an indica-
tion that it is indeed possible to develop coherence con-
verting devices with suitable arrays of subwavelength
apertures in metal plates. Such coherence converting
devices may be very useful in optical systems since
the coherence properties of a field strongly affect its
propagation characteristics.
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