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a b s t r a c t

Spatial resolution is an important performance characteristic of spatial light modulators (SLM). One of the
key factors affecting the spatial resolution of liquid crystal (LC)-based SLM is the fringing field effect. This
effect can be reduced in thin LC cells with corresponding reduction in the electro-optical response. A
strong electro-optic response in thin LC layer can be attained using the surface plasmon resonance
(SPR) phenomenon. While SPR-based LC SLMs were already demonstrated about 15 years ago, their
development has been hampered in part by low resolution, due to the finite propagation length of the
surface plasmons (SPs). A fine patterning of the metal layer supporting the propagation of SPs is studied
as a possible solution for reducing the spatial blurring associated with the long propagation length of SPs.
The results of detailed computer simulations showing improved resolution SPR-LC–SLM are presented.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction employ a relatively thick LC layer in order to attain adequate elec-
Surface plasmons (SPs) have been extensively studied over the
past years [1–3]. They are highly sensitive to minute changes in
the dielectric properties of the constituting materials. Novel device
applications, based on surface plasmon resonance (SPR) were re-
cently developed and demonstrated. Among them are sensors
and biosensors [4–9], surface plasmon microscopy (SPM) [10–17]
and spatial light modulators (SLMs) [18–22]. While much advance
has been made in the areas of sensors, biosensors and microscopy,
little progress has been reported in SPR-based SLMs, since the
beginning 1990’s when such devices were first demonstrated. In
these devices the optical-active material was either a LC [20] or
an electro-optic polymer [22].

By using the SPR effect, an enhanced electro-optic response in
thin LC layer can be attained. The application of thin LC layer al-
lows reducing the fringing field effect [23–25] which limits the
spatial resolution of conventional LC-based SLMs. These devices
ll rights reserved.
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tro-optical response. On the other hand the spatial resolution of
the thin LC, SPR-based SLMs is limited by the finite propagation
length (several tens of micrometers) of the SPs [20]. The same
limitation also exists in SPM [13]. Among the few attempts that
have been made to improve the spatial resolution in SPM are the
variations of the imaging wavelength [12], usage of defocused
high-numerical-aperture liquid-immersion objectives [15] and
operating at different SPR angles by rotating the object [16]. None
of these techniques is suitable for an SLM application.

The present study is aimed at improving the spatial resolution
of the SPR-based SLM by optimizing the metal-dielectric structure
of the device. To this end we simulated the use of fine patterning of
the metal layer supporting the propagation of SPs, instead of a con-
tinuous one, which has been used in previous studies of SLM struc-
tures. Such patterned structure alters locally the SP’s fields,
resulting in the reduction of the propagation length. This concept
has been studied by computer simulation of spatial light modula-
tion performance. In our simulations we used the following com-
mercially available software: (a) RCWA-based GSOLVER program
[26] and (b) FDTD-based OptiFDTD program [27] for simulation
of the SP’s excitation and propagation. A third, commercially avail-
able software, Autronics-Melchers 2dimMOS program [28], was
used for the simulation of the LC behavior.
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Fig. 1. SPR curves calculated for silver layer (refractive index: nAg = 0.143 + 3.787j,
thickness: 46 nm) and for gold layer (refractive index: nAu = 0.316 + 3.121j, thick-
ness: 37 nm) in a prism configuration, at a wavelength 630 nm. The refractive index
of glass prism is 1.8. The refractive index of the dielectric layer is switched between
nLC = 1.5 and nLC = 1.6.
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2. SPR-based SLM

Surface plasmons are electromagnetic waves propagating at the
interface between a metal and a dielectric, and related to the lon-
gitudinal oscillations of free electrons at the metal surface and an
evanescent optical wave in the dielectric. It was shown [2] that
SPs can only propagate at the interface between materials with
opposite signs of dielectric permittivity, such as between a
dielectric (positive permittivity) and a metal (negative real part
of dielectric permittivity). The polarization of SPs is purely TM
(p-polarization), due to the fact that the discontinuity of the elec-
tric field component, perpendicular to the metal surface, generates
a surface charge density at the interface. The SP fields are evanes-
cent in both materials, with a transverse decay distance of several
hundred nanometers in the dielectric and a significantly shorter
one in the metal.

An excitation of SPs by a light beam is difficult due to the fact
that at a given photon frequency the real part of the SP’s wave
number is larger than that of the incidence light, or alternatively
that the phase velocity of the SP is less than that of light (the angu-
lar frequency–momentum (x–k) dispersion curve of the SP lies to
the right of the light line) [2]. In order to excite SPs by light, one has
to increase the wave number of the incidence light or slow down
its phase velocity. This can be done by allowing the light to pass
through a dense medium. Such approach is implemented in the
prism coupling, known as attenuated total reflection (ATR) config-
uration, developed by Kretschman [29]. In this configuration the
refractive index of glass prism should be larger than that of the
dielectric layer. Also, the metal layer should be relatively thin
(about 50 nm). The physical process behind the SP excitation is to-
tal internal reflection (TIR) which an incident TM-polarized beam
undergoes at the prism base. In this way, the generated evanescent
field, extends through the thin metal film and excites the SP at the
interface between the metal and the dielectric layer. The excitation
of the SP results in a dip in the reflected intensity which occurs as
the angle of incidence matching the critical angle. As a result, the
incident optical beam, traveling through the bulk of the material,
is absorbed by the resonantly excited SPs, which are surface waves.
This effect is called ‘‘Surface Plasmon Resonance” (SPR). The posi-
tion, depth, and width of the dip in the reflectivity curve depend
strongly on the dielectric permittivity of both the metal and the
dielectric, as well as on the thickness of the metal layer.

One can use dielectric materials whose refractive index can be
spatially modulated, (e.g. LC), and thus achieve SPR-based spatial
light modulation directly by reflection. The attractive features
and drawbacks of this concept have been previously described
[18,20]. Due to the fact that the switching takes place entirely
within the evanescent field region and that the modulated beam
does not propagate through the active medium (LC), the thickness
of the LC layer can be significantly reduced (<1 lm) compared to
that of conventional LC–SLMs. Thus, the fringing field [24] effect
can be significantly suppressed.

The drawback of this approach is that the finite plasmon prop-
agation length of SPs results in a blurring effect on the image. Thus,
the spatial resolution in the direction of plasmon propagation is
limited by the characteristic propagation length [20], which is
around 10–20 lm (equivalent to a spatial frequency of 25–50 lp/
mm) at a wavelength of 630 nm.
3. Description of the proposed concept

In order to improve the spatial resolution of SPR–LC–SLM, we
have studied the use of a periodic, small-scale grooving of the me-
tal layer instead of the use of a continuous one. It is expected that
such patterning will reduce the propagation length of the SPs and
thus reduce the spatial blurring of modulated image. It was shown
in [12], that the spatial resolution of SPM imaging can be improved
by using gold layer instead of a silver one. The reason is that the SP
propagation length for gold is shorter than that for silver. On the
other hand the SPR’s optical modulation contrast for gold is lower
than that for silver. It is known [20] that the wider the effective
width of the SPR dip the shorter the propagation length of SPs.
Fig. 1 shows the SPR reflection curves, analytically calculated for
silver and gold layers. The solid and dashed curves correspond to
the different refractive indexes of the active layer. It is clear that
the SPR dip for gold (in an approximate resonance angle of 76�)
is much wider than that for silver (approximate resonance angle
of 70�). However when the SPR position is changed (dotted curve),
the contrast ratio attained for silver is higher than that of gold.
Consequently, there exists a clear trade-off between the contrast
modulation and the spatial resolution. Apparently, there exists
no metal which can simultaneously meet both the high spatial res-
olution (shorter SP propagation length) and the high contrast
requirements.

In this work we tested the assumption that a small-scale pat-
terning (grooving) of the silver layer, can result in a surface, sup-
porting the SPs propagation, with reduced longitudinal decay
length, which will allow meeting the simultaneous requirements
of high spatial resolution and high contrast.

4. Simulation details and results

The simulations performed for the 2-D SLM device are schemat-
ically shown in Fig. 2. The device (taken after the LC SLM configu-
ration described in [18]) is based on a prism-excitation
configuration. A thin patterned (grooved) silver layer is deposited
on top of the glass prism, followed by the first LC alignment layer.
The metal pixel electrodes are deposited on top of the opposing
glass plate, followed by the deposition of the second LC alignment
layer. The active LC layer is sandwiched between the two align-
ment layers. The patterned metal layer is characterized by its
thickness dm, patterning pitch K and groove width d. It should be
noted that the period of the driving electrodes is larger than the
pitch of the patterned metal layer.

Computer simulations were performed for two cases. The first
one was a continuous silver layer, d = 0 (C-structure). The other
structure was a patterned (grooved) silver layer with the patterning
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Fig. 2. Schematics of the simulated device.

4790 P. Kogan et al. / Optics Communications 281 (2008) 4788–4792
pitch K = 1 lm and a groove width: d = 0.2 lm (P-structure). The
grooves of the P-structures were filled with a LC alignment
material. The refractive index of silver was calculated from the
Lorentz-Drude model with parameters from reference [30], which
yield, for a wavelength of 630 nm: nAg = 0.143 + 3.787j. The refrac-
tive index of the prism is 1.8. The LC thickness was chosen as
0.65 lm, which is larger than the penetration depth of the plas-
mon’s field (in the x-direction), thus allowing the influence of the
upper glass plate to be neglected. It should be noted that all simu-
lations were performed for two-dimensional structures.

In the first stage we performed simulations with RCWA, to ob-
tain the required thickness of the silver (dm) and the angle of the
SPR (hres). Since the GSOLVER program does not enable the simula-
tion of an anisotropic material, the LC layer was taken as an isotro-
pic medium with a variable refractive index changing between its
ordinary no and extraordinary ne values. For a typical nematic LC
material such as E7, the effective refractive index varies between
no = 1.5 and ne = 1.7. It is assumed that in the initial, non-activated
state, the director of the LC layer is aligned parallel to the metal
layer, along the z-axis. Thus the SPs will experience an effective
refractive index close to the ordinary value no. This situation corre-
sponds to the solid SPR curves in Fig. 3. When voltage is applied to
the LC layer, the director is reoriented towards the direction per-
pendicular to the metal layer and the effective refractive index of
LC layer is increased. This case corresponds to the dashed curves
Fig. 3. SPR curves for the two simulated structures (RCWA simulation).
in Fig. 3, where the refractive index of the LC layer is 1.6 (between
the no and the ne values).

For all cases, the conditions of the optimal SPR excitation were
found by iterative procedure, which involved optimization of the
angle of incidence and thickness of the metal layer. The minimum
reflectivity value at the resonance angle was chosen as an optimi-
zation criterion. The SPR propagation behavior was subsequently
computed using the FDTD method. The FDTD simulations were
performed with 2D structures, using plane incident wave. The
OptiFDTD software allows the computation of near and far field
distributions of the SPs and of the reflected, spatially modulated
light.

Table 1 presents the optimized values of the metal layer thick-
ness and the resonance angle calculated for the different struc-
tures. It can be seen, that the values calculated by the RCWA and
FDTD methods for the same structure are very close. When the
LC refractive index was changed to 1.6, there was no excitation
of SPs (at the same angle of incidence), and almost all of the inci-
dent radiation was reflected.

The SLM performance for the various spatial resolutions was
simulated with the FDTD software, by introducing a LC layer with
a periodically modulated refractive index. The LC layer was simu-
lated with the 2dimMOS software [28] which computes the two-
dimensional distribution of the LC director.

We used the elastic and dielectric constants of a typical, positive
anisotropy, E-7-like nematic LC (thickness of 0.65 lm), from Ref.
[31]. The initial alignment of the LC layer was homogeneous with
2� pre-tilt angle at the boundaries. The two-dimensional spatial
distribution of the refractive index of LC, experienced by the SP is
determined by the expression [32]

nLCðx; zÞ ¼
nenoffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2
e cos2 hðx; zÞ þ n2

o sin2 hðx; zÞ
q ; ð1Þ

where h(x,z) is the 2-D distribution of the director tilt angle. The
field distributions were computed for modulation periods of 6, 7,
9, 12, 14 and 20 lm. Fig. 4 shows the two-dimensional spatial dis-
tributions of the refractive index and the LC director for two spatial
modulation periods. The bottom curves in Fig. 4 shows the refrac-
tive index profile at a depth of x = 0.15 lm, which corresponds to
half the penetration depth of the plasmon’s intensity in the x-
direction.

The effect of the fringing field is clearly seen, as the broadened
transitions of the index profile at the 6 lm-modulation period. The
transition width is approximately equal to three times the thick-
ness of the LC layer. The spatial distribution of the refractive index
presented in Fig. 4 was used for the FDTD simulation of the SPR-
based SLM. Fig. 5 shows examples of near field energy distribution
(z-component of the Poynting vector) for the two structures, with
an index modulation period of 20 lm. Due to the strong enhance-
ment of the SP field near the metal layer, the gray levels of the fig-
ures were saturated in order to show the reflected light, whose
intensity is much weaker. In the simulations, the plane of the inci-
dent field (plane wave) was positioned at x = �0.375 lm (dashed
straight line), and the metal layer (solid line) at x = 0. The interfer-
ence pattern between the incident and the reflected light can
clearly be observed in the region between the metal layer and
Table 1
Metal thicknesses and resonance angles of the SPR for the simulated structures

Structure Groove width d (lm) dm (nm) hres (deg)

RCWA FDTD RCWA FDTD

C 0 46 45 70.3 69.3
P 0.2 36 40 67.2 66.5



Fig. 5. Two-dimensional distribution of Poynting vector‘s z-component for the
C- and P-structures. The units of the grayscale palette are arbitrary.

Fig. 6. z-Component of the Poynting vector (bottom) and refractive index profile
(top) for one period of spatial modulation.

Fig. 4. Two-dimensional distributions of the refractive index of LC (top), LC director
(middle) and the refractive index profile at a depth of x = 0.15 lm (bottom).

Fig. 7. Normalized far field diffraction intensity for two periods of modulation:
14 lm (top) and 20 lm (bottom). 1R, 0R and �1R are the first, zero and minus one
reflected diffraction orders, respectively.
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the plane of the incident field. The periodic modulation of the re-
flected light is clearly seen in the region of x 6 �0.375 lm.
In order to get a more detailed spatial distribution of the re-
flected light, we calculated the z-component of the Poynting vector
at a depth of x = �0.75 lm for one period of spatial modulation,
which can be seen at the bottom of Fig. 6. The profile of the refrac-
tive index is also shown in Fig. 6. It is should be pointed out that
the curves at the bottom of Fig. 6 are displaced in the z-direction,
relatively to the refractive index profile, due to the oblique angle
of incidence (SPR angle), with a lateral shift being: 2 � 0.75 �
tanhSPR. Since the simulation was done at a depth of x =
�0.75 lm, the estimated shift using values from Table 1, comes
to 3.5 lm and 4 lm for the P- and C-structures, respectively. Fig.
6 indicates that the use of the P-structure (the patterned metal
layer) results in a shorter SP propagation length than that of the
C-structure (continuous metal layer).

The near field at the plane x = �0.75 lm was used for the calcu-
lation of the angular distribution of the diffraction intensity, in the
far field. The normalized far field diffraction intensity is shown in
Fig. 7. It can be seen from these intensity distributions that for
the shorter period (14 lm) the overall intensity of nonzero diffrac-
tion orders (+1R, �1R) for the P-structure is higher by factor of 1.8
than that of the C-structure clearly showing the improvement of
spatial resolution.
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The calculations, whose results are presented in Figs. 5–7 were
repeated for six modulation periods between 6 lm and 20 lm, and
are given in the form of a modulation transfer function (MTF). This
MTF is defined as a sum of the diffracted power at the 1R and �1R
orders, relative to the zero-order (0R) power. The MTFs for the two
structures are shown in Fig. 8.

Fig. 8 supports the assumption that patterning of metal layer
improves the spatial resolution of SPR-based SLM. At an MTF of
50%, the spatial resolution for the C-structure is about 70 lp/mm
while that of P-structure is about 100 lp/mm. At higher spatial fre-
quencies (>80 lp/mm) there is almost a two-fold improvement in
the resolution.

A thin LC cell of thickness dcell = 0.65 lm was used, in order to
reduce the effect of the fringing field. Assuming a fringing field
broadening of around 3dcell [33] (Fig. 4), i.e. about Dd � 2 lm, the
limiting spatial frequency is expected to be around fmax � 1/
(2Dd) � 250 lp/mm or, significantly above the plasmonic limiting
frequency of around 170 lp/mm, as observed from Fig. 8.

We attribute the improvement in spatial resolution of the P2-
structure to the effective change in the complex refractive index
of the patterned metal layer. In order to estimate the effective
refractive index of the patterned layer we performed an RCWA
simulation aimed at fitting the SPR curve of a structure composed
of a continuous layer made of an effective index material, to the
SPR curve obtained with our patterned P-structure. This fitting
was done by an iterative procedure during which the real and
Fig. 8. Modulation transfer function obtained for the two simulated structures.

Fig. 9. Comparison of the SPR curves for the P-structure (patterned silver layer) and
C-structure with an effective index material.
the imaginary parts of refractive index of the effective index mate-
rial were varied. The thickness of the effective index layer was also
iteratively adjusted. The best fit of the two curves (Fig. 9) was ob-
tained for an effective index layer thickness of 31 nm and an effec-
tive index of neff = 0.52 + 4.3j, at a wavelength of 630 nm. This
refractive index is quite different from indices of any known metals
that can be used for SPR excitation in a continuous layer
configuration.

5. Conclusions

RCWA and FDTD-based computer simulations of SPR-based SLM
with LC, as the programmable index material, were performed. It
was shown that the spatial resolution of the device can be im-
proved by optimizing the metal layer supporting the SPs. A fine,
small-scale patterning of the metal layer was analyzed as a possi-
ble way to effectively change the complex refractive index of the
SPs supporting layer thereby allowing an increased resolution. At
high spatial frequencies (>80 lp/mm) a nearly two-fold improve-
ment in the spatial resolution is achieved. The MTF obtained from
simulations with real LC indicates that the fringing field shows lit-
tle effect on the device performance.

The resolution improvement using patterned metal layer is
attributed to the modification of the effective refractive index of
the patterned metal layer, relative to that of the continuous, non-
patterned metal. Further improvement of spatial resolution can
be achieved by a careful choice of patterned metal parameters
(patterning pitch, groove width and shape).
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