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Silver and gold films with thicknesses in the range of 120–450nmwere evaporated onto glass substrates.
A sequence of slits with widths varying between 70 and 270nm was milled in the films using a focused
gallium ion beam. We have undertaken high-resolution measurements of the optical transmission
through the single slits with 488:0nm (for Ag) and 632:8nm (for Au) laser sources aligned to the optical
axis of a microscope. Based on the present experimental results, it was possible to observe that (1) the slit
transmission is notably affected by the film thickness, which presents a damped oscillatory behavior as
the thickness is augmented, and (2) the transmission increases linearly with increasing slit width for a
fixed film thickness. © 2011 Optical Society of America
OCIS codes: 050.2230, 240.6680, 310.6628, 310.6860.

1. Introduction

Plasmonics is a research field that exploits sur-
face plasmon polariton (SPP) optical excitation of
subwavelength-sized structures. Since the spatial
localization of these modes is not limited by optical
diffraction, it permits the production of small optical
elements and potentially new photonic devices [1].
In fact, given that light transmission through small
single apertures and periodic arrays is closely re-
lated to transmission through waveguides, proper
understanding of the relevant physics is critical to
new applications such as subwavelength resonant
waveguide networks [2].

Ever since the first experimental report on en-
hanced optical transmission through subwavelength
apertures [3], considerable theoretical effort has

been devoted to interpreting the essential physics of
the process in slit arrays [4–6]. Experimental studies
subsequent to the initial report [3] were also per-
formed, which demonstrated a number of surprising
features. For instance, spectral transmission mea-
surements [7] revealed that suppression, as well as
enhancement, was a characteristic property of slit
arrays. Additionally, interferometric studies [8–10]
showed that the contribution of transient diffracted
surface modes is as important as the SPP guided
mode in the immediate vicinity of the subwavelength
object. A more recent investigation [11] with the aim
to confront the question of how transmission minima
and maxima depend on array periodicity showed a
minimum in transmission at slit separations equal
to the wavelength of the SPP mode, and maxima
occurring approximately at half-integer multiples.

However, by focusing attention on the properties of
arrays fabricated in metallic films with fixed thick-
ness, these previous studies apparently missed the
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important role played by the film thickness. For
example, in the designing of surface-plasmon-based
sensors, a proper choice of the thickness of the metal-
lic film for the optimization of the device sensitivity is
very important [12]. There are only a few theoretical
[6,12,13] and experimental [14–16] investigations
taking into account the influence of film thickness
on the considered process. Therefore, the present stu-
dies are motivated by the necessity to understand
the physics of this phenomenon and to develop opti-
mum designs practices for subwavelength structure
fabrication. We present here a systematic study
of the optical transmission through subwavelength
slits fabricated in Ag and Au film samples possessing
different thicknesses. The influence of slit width was
also considered. The present work deals with single
slits. The extended dimension of the long axis im-
poses directionality on the transmitted light beam,
the divergence of which can easily be controlled
[17]. A slit is thus an interesting structure since it
combines the compactness of a single defect with the
directionality of an array launcher. Moreover, in
order to remove measurement ambiguities existing
in setups employing an incoherent and broadband
light source dispersed through a scanning spectro-
photometer [3,7,14–16], we have measured the
transmission intensity through the slits using coher-
ent and monochromatic spectral sources [9,11].

2. Experimental Details

A series of silver films with thicknesses of 120, 160,
200, 270, and 330nm and a set of gold samples with
thicknesses of 120, 180, 260, 360, and 450nm, as
measured by a Talystep profilometer, were thermally
evaporated onto BK7 glass substrates. Slits with
widths in the range of approximately 70–150nm in
the Ag films, and 120–270nm in the Au films, were
milled with an FEI focused ion beam QUANTA 3D
200i (Gaþ ions, 30keV). In order to verify the depth
of the slits, the gallium ions’ source was calibrated
using atomic force microscopy. The slit length was
fixed at 20 μm. It is worthwhile to remark that
20 μm long slits are suitable for experiments in the
optical regime [16,17]. In addition, it is important
to mention that the slits fabricated in the Au films
are slightly wider than those milled in the Ag sam-
ples, probably due to distinct properties between the
Au–FIB and Ag–FIB interaction, since the same ion
beam conditions were used to fabricate the slits in
both Au and Ag films. For example, the right panel
of Fig. 1 shows a scanning electron micrograph of a
slit with 150nm of width fabricated in the 200nm
thick Ag film.

We have undertaken a series of high-resolution
measurements of the optical transmission through
the slits. The transmission measurement setup con-
sists of 488:0nm (for Ag) and 632:8nm (for Au)
wavelength light beams from Ar ion and HeNe
lasers, respectively, with a power of about 1 μW,
aligned to the optical axis of a microscope. The beam
is focused at normal incidence onto the sample

surface by a 20× microscope objective (with an NA of
0.4) in TM polarization (magnetic field component
parallel to the long axis of the slits). Light intensity
transmitted through each slit is then gathered by an
optical fiber and detected with a CCD array detector.
It was used on a multimode fiber with an NA of 0.22
and a core diameter of 200 μm. Light intensity is
obtained by integrating the signal over the entire
region of interest in the CCD image and subtracting
the background originating from electronic noise.
The transmitted intensity of every slit was recorded
in the far-field by the CCD as the sample was stepped
using an X-Y translation stage. The left panel of
Fig. 1 shows the schematic of the measurement
setup.

3. Results and Discussion

Figure 2 shows the physical picture adopted in this
work to investigate the light transmission through
the subwavelength slits. The essential elements of
the model, which describes a plasmonic damped
wave with amplitude decreasing as the inverse of the
film thickness [9], are represented in the sketch of
Fig. 2(a). Basically, an incident monochromatic light
beam with wave vector k0 in air is linearly polarized
perpendicular to the slit of subwavelength width w,
milled in a metallic film with thickness t, and depos-
ited on a dielectric substrate (BK7 glass).

The far-field intensity enhancement for the single
slits involves multiple coupling processes [see
Fig. 2(a)]. Initially, the incident laser light generates
surface plasmons (SPs) on the metal film. Because of
vertical plasmon coupling, which depends on the film
depth, surface charges are induced on the top metal
film and simultaneously a strong electric field is
generated inside the slit. Subsequently, an SPPmode
[18], i.e., an electromagnetic excitation propagat-
ing at the interface between the dielectric and the

Fig. 1. Left panel shows a schematic of the optical transmission
experiment. 488:0nm (for Ag) and 632:8nm (for Au) Ar ion and
HeNe laser light sources, respectively, are normally focused onto
the sample surface by a 20× microscope objective lens. A CCD
camera records the transmission intensity through the slits as
the sample surface was stepped. Right panel shows a scanning
electronmicrograph (takenwith 40000×magnification) of a typical
structure. The considered slit has approximately 150nm of width
and was focused-ion-beammilled through a 200nm thick Ag layer.
In the experiments, the thicknesses of the Ag and Au films were
varied in the range of 100–450nm. The slit length was fixed at
20 μm, and the width is varied from 70 to 270nm.
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metallic conductor, evanescently confined in the per-
pendicular direction, is generated on the metal film/
BK7 interface. This electromagnetic surface wave
arises via the coupling of the electromagnetic fields
to oscillations of the conductor’s electron plasma. The
SPP evanescent mode travels along the interface to-
ward the slit, where it reconverts to a propagating
wave and interferes with the traveling field directly
transmitted through the slit. Additionally, penetra-
tion of the incident field inside the film enables
the excitation of localized SP resonances [18] on
the rim of the aperture, which contribute to the
superposed output field. In this way, induced dipole
moments at each rim form an “antenna coupling,”
which radiatively generate strong field enhancement
(top and bottom). Then, the intensity of the resulting
field can be written as

E≃

Ei

π
w
t
cos

�
kSPPtþ

π
2

�
; ð1Þ

where kSPP ¼ 2π=λSPP, λSPP ¼ 2π=Re½β�, β ¼ k0nSPP,
nSPP ¼ ðεmetalεglass=εmetal þ εglassÞ1=2, and k0 ¼ 2π=λ0
[9,11,18]. Here, Ei represents the incoming plane
wave in the y direction and λ0 is its wavelength. Also,
kSPP and λSPP are the wave vector and wavelength of
the SPP, β is the propagation constant of the super-
posed traveling wave, and nSPP is the effective index
of the SPP, which is for the interface between the
metal and dielectric. In addition, εmetal and εglass are
the dielectric permittivities of metal and glass, re-
spectively, and are functions of the excitation wave-
length. In this sense, εAg ¼ −7:89þ 0:74i and εglass ¼
2:31 are the tabulated dielectric constants of silver
and BK7 glass in the wavelength of 488:0nm. In the
same way, εAu ¼ −9:49þ 1:23i and εglass ¼ 2:29 are
the corresponding dielectric constants of gold and
BK7 in 632:8nm [19]. Here it is important to point
out that the wavelength values of 488.0 and
632:8nm are known to be close to the plasmon exci-

tation wavelength of silver and gold, respectively.
Increasing the metallic film thickness leads to decou-
pling of the top and bottom antenna.

For illustration purposes, Figs. 2(b) and 2(c) show
corresponding two-dimensional (2D) numerical si-
mulations carried out with COMSOL Multiphysics
for TM-polarized waves [20] of the magnetic H field
(along the z direction) and electric E field (in the y
direction) amplitudes, respectively, for a 150nm slit
fabricated in a 120nm thick Ag film when illumi-
nated by the line at 488:0nm of an Ar ion laser.
Figure 2(b) shows how the incident plane wave
is modified by the existing subwavelength slit. It is
possible to see that the considered wave is almost
completely reflected from the unstructured part of
the film. Around the slit entrance, the amplitude
of the standing wave is markedly attenuated, where
some lightwave transmission to the exit facet is ap-
parent. On the dielectric/metal interface, a train of
surface waves (SPPs) is evident together with waves
propagating into space. In the rims, different charge
configurations can be obtained, which can be sym-
metric or antisymmetrically coupled [21]. This cou-
pling leads to determined charge configurations in
each rim of the slit (top and bottom). From Fig. 2(c),
these surface modes are clearly seen. It is possible to
notice from the figure these relatively weak reso-
nances (antisymmetrically coupled) on the facets of
the slit associated with localized SPs, which are non-
propagating excitations due to direct light illumina-
tion of the conduction electrons of the metallic
nanostructure coupled to the electromagnetic field
[18]. A similar behavior was observed in the simula-
tions for Au films when excited by the line at
632:8nm of an HeNe laser. The main apparent differ-
ence is the lower transmitted intensity due to a
higher absorption loss attributable to the particular
characteristics of gold [19], i.e., Re½εAu� ¼ −9:49
in contrast to Re½εAg� ¼ −7:89. This is verified in
Fig. 3, where it can be seen that the normalized

Fig. 2. (Color online) (a) Illustration of the adopted model. A single frequency incoming plane wave with wave vector k0 in air is linearly
polarized perpendicular to a slit of subwavelength width w, milled in a metallic film with thickness t deposited on a BK7 glass substrate.
Here, kSPP is the wave vector of the SPP mode. (b) and (c) 2D numerical simulations of a 150nm slit fabricated in a 120nm thick Ag film
when illuminated by the line at 488:0nm of an Ar ion laser, showing the amplitudes of the magneticH field (along the z direction) and the
electric E field (in the y direction), respectively. Length spans: (b) x ¼ 6 μm and y ¼ 3 μm, (c) x ¼ 0:3 μm and y ¼ 0:45 μm.
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transmission intensity for the Ag films is improved
more than for the Au samples.

In general, the present numerical simulations
qualitatively show appreciable light transmission
through the slits. Actually, it was experimentally
observed that the transmission sensitively depends
on the metallic film thickness and slit width. As a
first approximation, the theoretical slit transmission
intensity can be given simply by the square modulus
of Eq. (1). In this way, Fig. 3 plots as predicted [from
Eq. (1)] and measured (using the setup shown in
Fig. 1) transmission intensities as a function of the
film thickness for the various slit widths milled in
the Ag and Au samples. Also, the insets of Fig. 3 show
the measured transmission versus slit width for
certain film thicknesses. The relative slit transmis-
sion intensities are obtained by subtracting the
background originating from the metal film and
normalizing to the intensity from the wider slit struc-
tures. It is valuable to notice from Fig. 3 the very
good correspondence between the theoretical esti-
mate and the experiment. Therefore, taking into
account the errors associated with the experimental
determination of film thickness, slit width, and opti-
cal transmission intensities, it is possible to affirm
that (1) the slits’ transmission varies with metallic
film thickness and presents a damped oscillatory
behavior as the film thickness increases, and (2) the
transmission increases linearly with increasing slit
width for a fixed metallic film thickness. Although
the general behavior is similar, distinct optical prop-
erties [19] lead to perceptible differences in the
transmitted intensity and the position of maxima
and minima between the Ag and Au films.

To help in elucidating the first observation, it is
valuable to note that Fabry–Perot (FP) resonances
are expected to contribute to the enhanced transmis-
sion of subwavelength slit arrays [4,5,16,22]. In this
way, FP modes related to the finite depth of the slits

in the present films should give rise to transmission
maxima at certain wavelengths [22]. Actually, an
accurate analysis recently published shows that
the two maxima observed in Figs. 3(a) and 3(b) cor-
respond to FP-like resonances within the slit volume
for the first half-wave and full wave of the light
within the slit [23]. In this sense, the FP multiple re-
flection effect within the slits leads to significant
modulation of the transmission as a function of metal
film thickness. These transmission maxima occur if
the FP resonance condition is fulfilled [24]:

2k0Re
� λ0
λSPP

�
tþ argðφ1φ2Þ ¼ 2myπ; ð2Þ

where my (the FP mode) is an integer and φ1 and φ2
denote the phase of the reflection coefficients of the
slit at the incident and output interfaces, respec-
tively. Thus, the effect of slit depth on the transmis-
sion enhancement can be easily understood. When
the incident wavelength and slit depth are satisfied
by Eq. (2), a transmission maximum will occur.
Furthermore, from Eq. (2), it is expected that the
transmission under a certain incident wavelength
has a period of λSPP=2 as a function of slit depth.
The results of Fig. 3 can now be simply explained
for the present Ag and Au films. Therefore, when
the film thickness is near half- or full-integer wave-
lengths of the guided mode within the slit “cavity,”
optimal transmission is achieved, which implies a
field enhancement inside the slit.

We can apply an FPanalysis to obtain the finesse F
from Fig. 3, given by

F ¼ π
2 sin−1

�
1=

ffiffiffi
f

p � ; ð3Þ

where f ¼ 4Rð1 −RÞ−2 is the finesse factor. Here,R is
the reflectivity, given by R ¼ 1 − T, where T is the

Fig. 3. (Color online) Theoretically estimated (lines) and experimental (symbols) normalized slit transmission intensities versus film
thickness for the slits of the (a) 120, 160, 200, 270, and 330nm thick Ag films, and the (b) 120, 180, 260, 360, and 450nm thick Au samples.
The dotted straight lines point out the thickness of the considered samples. In the minimum points, very low transmission values of the
order of 10−2 were obtained. The insets show the measured transmission versus slit width for some film thicknesses. Here, the dashed
straight lines are linear fittings of the experimental points.
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transmission [25]. We determine from Fig. 3(a) for
the Ag samples with 100nm of slit width and thick-
nesses of 120, 160, 200, 270, and 330nm, the reflec-
tivities R ¼ 0:73, 0.67, 0.46, 0.99, and 0.73, and the
corresponding finesses F ¼ 9:98, 7.74, 3.84, 312.58,
and 9.89, respectively. From Fig. 3(b) for the Au sam-
ples with 120nm of slit width and thicknesses of 120,
180, 260, 360, and 450nm, we determine the reflec-
tivities R ¼ 0:66, 0.99, 0.79, 0.98, and 0.91, and the
resultant finesses F ¼ 7:45, 312.58, 13.27, 155.49,
and 33.29, respectively. Here it is important to point
out that for an FP cavity, the definition of quality fac-
tor (Q factor) is equivalent to the finesse [26]. There-
fore, we can clearly see that both the R and Q factor
values are significantly affected by the film thickness
for a fixed slit width. Also, it is interesting to notice
that near-zero transmission is a sign of high reflec-
tivity values and high Q factors. For the maximum
transmission points, a backward reasoning applies.

Finally, the fact that the transmission increases
linearly with increasing slit width is in accordance
with literature [27], where it was observed that
the far-field transmitted intensity from a single slit
shows a monotonic increase with the width, as ex-
pected from macroscopic intuition. In other words,
the physical cavity length Lz and the optical cavity
length LcðλÞ are related, such that LcðλÞ ¼ Lzþ
2δðλÞjrðλÞj2, where rðλÞ ¼ jrðλÞj expðiφÞ is the Fresnel
coefficient, describes the shift of resonance wave-
length from a perfect metal reflector due to field
penetration δðλÞ into the metal mirror. But Lz is con-
stant for all studied samples (20 μm), resulting in φz
constant for a determined depth of metallic film.
Nevertheless, the monotonic increase with the width
w (¼ Lx) can also be explained considering FP reso-
nances, for which we will use a simple analytical
model to investigate the experimental results based
on geometric arguments. Considering the standing
wave mode in the cavity, when the penetration depth
is ignored, the resonant condition of the slits can be
written as

1

λSPP2
¼

�
mz þ φz

2Lz

�
2
þ
�
mx þ φx

2Lx

�
2
: ð4Þ

We have applied Eq. (4) using the data of 200nm
of depth with widths Lx ¼ 70, 100, and 150nm for
an Ag film, and 260nm of depth with widths
Lx ¼ 120, 180, and 270 for an Au film. Lz ¼ 20 μm
for both samples. Also, we considered in our calcula-
tions that φz and φx are practically constant, since we
did not observe any peak shift in the transmission
spectra of the samples in analysis. In the interface,
values of λSPP-Ag ¼ 269:9nm and λSPP-Au ¼ 361:6nm
were used. It was obtained for the Ag film mz ¼ 78
and mx ¼ 1, 1.4, and 2, and for the Au film mz ¼ 145
and mx ¼ 1, 1.5, and 2, i.e., an increase in Lx allows
an increase in the transmission intensity spectra
for a fixed depth [see insets of Figs. 3(a) and 3(b)].

4. Concluding Remarks

In summary, this work reports a systematic study of
the optical transmission through slits with widths
varied between 70 and 270nm, fabricated with a
focused gallium ion beam in Ag and Au samples pos-
sessing thicknesses in the range of 120–450nm.
A series of measurements of the far-field optical
transmission through the slits has been undertaken.
In addition, numerical simulations were performed.
The simulations qualitatively reveal that the trans-
mission profile is controlled by interference between
the incident standing wave and plasmonic surface
excitations. Quantitatively, a good correspondence
between theoretical estimations and experiments
was observed. It was possible to conclude that the
slits’ transmission is significantly affected by the me-
tallic film thickness, presenting a damped oscillatory
behavior as the film thickness is augmented. In ad-
dition, for a fixed metallic film thickness, the trans-
mission increases linearly with increasing slit width.
For a fixed wavelength and slit width, FP modes
within the slits lead to significant modulation of
the transmission as a function of metal film thick-
ness. In this sense, film thickness and surface reflec-
tivity are two important factors that can determine
the interference pattern in FP-based devices. The
appropriate control of such parameters, particularly
the film thickness, can therefore maximize the per-
formance of these devices.

The authors are indebted to Dr. M. A. Pereira-da-
Silva (Instituto de Física de São Carlos, USP) for the
atomic force microscopy measurements. This work
was financially supported by the Brazilian agencies
FAPESP and CNPq under CEPOF/INOF.
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