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We present a systematic experimental investigation on visible light collimation by a nanostructured slit flanked

with a pair of periodic array of grooves in gold thin film. A wide variety of aspects are considered, such as the polarization

state, the transport path of incident light, the groove–groove spacing, the groove width and depth. Our results clearly

show that the relationship between the collimation wavelength and the periodicity of the slit-groove structure accords

well with the surface plasmon dispersion model proposed by previous researchers. Furthermore, the surface plasmon

wave phase retardation effect induced by the surface structure is also verified via the measurement for samples with

different groove widths and depths. These results indicate that the detailed geometry of the groove structure has obvious

impacts on the collimation effect and the angular distribution of the diffraction light in the subwavelength plasmonic

system.
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1. Introduction

Plasmonics is currently attracting the attention
of physicists for its various behaviours in nanostruc-
ture system and widespread potential applications.[1]

When the light impinges on the surface of a metal, a
collective oscillation of the electrons will be excited,
which is named surface plasmon (SP) oscillation.[2] In
1998, Ebbesen et al.[3] found that this kind of sur-
face wave could induce the extraordinary transmis-
sion in a periodic hole array in metal film with an
optical thickness. Since then, tremendous attention
has been paid to the studies of SP, such as extraordi-
nary transmission (EOT),[4−12] surface-enhanced Ra-
man scattering,[13−15] and energy conversion.[16−19]

One of the marvelous progresses of the study plas-
monics lies in the beaming effect of light in the nano-
slit-groove system.[20−22] It breaks the conventional
optical diffraction limits, and opens the door to the
nano-optics. The SPs launched and scattered on the
exit surface plays a key role in this beam collimation
phenomenon. The grooves recollect the waves travel-
ling along the surface, which are then scattered and
constructively interfere in the near or far field zone
and lead to a dramatically narrowed divergence of
diffraction beam compared with that of a single-slit

isotropic distribution. Many research groups focused
on this interesting phenomenon and developed sorts
of structures that have collimating effects to realize
superhigh optical resolution,[23−25] shape the beams
of edge-emitting semiconductor lasers.[26] Besides, the
collimating effect in the microwave region is more ob-
vious, which has been demonstrated by several groups
both theoretically[27] and experimentally.[28,29]

So far, the collimating effect in visible region has
been realized in a variety of occasions. Most of them
consist of an air slit etched in the metal film with sev-
eral hundred nanometers in width and tens of grooves
in period surrounded on the lateral sides. The grooves
are either etched in the metal layer itself or con-
structed in a dielectric superstrate on the metal.[30] Al-
though a great deal of work has been done, the details
of the collimating process are still not clear enough due
to the lack of a systematic study on various collimat-
ing conditions with nanostructures of the same type.
In this paper, we present a clear and thorough study
on the collimating phenomenon of nano-slit-groove
structure in metal film. By using a simple far-field
angle-sensitive imaging setup, the polarization-, wave-
length-, angle-, groove-spacing-, and groove-width-
dependent collimating effects are visually observed in
a single type of nano-slit-grooves. Importantly, this
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systematic study successfully has verified the phase
retardation in two separate experiments, where the
groove spacing and operating wavelength are varying,
respectively.

The rest of the present paper is arranged as fol-
lows. In Section 2 we briefly describe how the plas-
monic slit-groove samples are prepared and how their
optical properties are measured. In Section 3 we
present the detailed experimental data of beam col-
limation under a wide variety of geometric and phys-
ical parameters of the plasmonic system, and make
comprehensive discussion to understand the observed
phenomena. Finally in Section 4 we draw some con-
clusions from this study.

2. Sample preparation and char-

acterization

The sample was made from a 300-nm-thick gold
film deposited on a quartz substrate by a magnetron
sputtering machine. Then we used the focused ion

beam (FIB) milling method to directly write the pat-
tern into the film. Figure 1(a) shows a typical scan-
ning electron microscope (SEM) image of the cross
section of our sample. The central slit is 300 nm
deep and 100 nm wide while the lateral groove has
the same width. However, the depth of the groove is
hard to determine because the redeposit and crystal-
lization effects during the FIB fabrication process can
roughen the surface of the film. Therefore, we perform
an additional atomic force micrroscope (AFM) scan-
ning to characterize the surface topographies of the
grooves and slits. Although our film is quite flat with
a roughness level of 1 nm (root mean square value)
before the FIB milling, the ion impinging and the
crystallization of the gold atoms can seriously ruin
the surface smoothness as shown in Figs. 1(b) and
1(c). Many gold grains with diameters in a range of
50–60 nm are produced by FIB etching. Fortunately
the peak–valley distance in the roughened surface is
within 15 nm, which is much smaller than the groove
depth (typically 100 nm).

Fig. 1. (Colour online) (a) SEM image of the gold slit-groove structure etched by FIB. (b) AFM measurement

of the surface topography of the sample. (c) The cross section profile of the blue line indicated in (b), where

the two red lines correspond to the two arrows, one of which is positioned at the bottom of the groove.

The transmission light density distribution was
recorded via a home-made angle-distribution measure-
ment setup as shown in Fig. 2. A pre-collimated
light beam illuminates on the sample from the left
side. After travelling through the slit-groove struc-
ture, the dispersive light is then collected by a micro-
scope objective lens, and finally reaches a CCD cam-
era mounted at a parallel plane 15 cm away from the
image spot. Since the pixel size of the CCD cam-
era is as small as 7 µm, the angular resolution of our

set can reach a level of 0.5 degree, which is accurate
enough for this large dispersive system. We can sim-
ply derive the outgoing light beam angle θ1 through
the formula θ1 = arctan(v/u · s/D), or just using the
anti-tangential function to fit the s−θ1 curve. Here u

and v are the object distance and the image distance
respectively, D is the space between the image plane
and the CCD camera, and s refers to the transverse
span of the dispersive light in the CCD plane (typi-
cally on the order of tens of micrometers for the colli-
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mation case). The surface waves scattered by the lat-
eral structure interfere with each other and finally ap-
pear as an angular distribution at the far field, which
is then recorded by the CCD camera. So it can be
judged from the formula that the smaller the value of
θ1, which represents a narrower light divergence, the
better the collimation of the beam by the sample.

Fig. 2. (Colour online) Schematic of the light angle-

distribution measurement setup. The maximum light dis-

persion angle that can be measured is determined by the

numerical aperture of the objective lens. For a 10×(N.A.

0.3) lens the maximum value is about 18◦, and for a

40×(N.A. 0.75) lens it is 48.5◦.

3. Results and discussion

3.1. Effects of light polarization state

and transport path

A white light source was first used to illuminate
the samples with different periodicities ranging from
400 nm to 900 nm, as it is a broad band light source
and can probe SP resonance at different periodicities
and wavelengths simultaneously. We captured a series
of images in various circumstances as seen in Fig. 3.
Firstly, it is observed that the polarization of the light
has a critical influence on the transmission through
the structure. When the polarization direction is par-
allel to the slits, no surface plasmon is excited in the
surface because TE polarization cannot be coupled to
the SP wave, which possesses a TM character essen-
tially. So there will be no dispersion when the light
passes through neither from the air side nor from the
glass side of the sample as shown in Figs. 3(a) and
3(b). When the light is vertically polarized to the slits
and grooves (TM polarization), we obtain Fig. 3(c) for
the air-side incidence and Fig. 3(d) for glass-side inci-
dence. It is very interesting and also predictable that
samples with different periodicities appear to display
different colours in the screen [Fig. 3(c)], due to their
special dispersions and different SP resonance wave-
lengths. There is an obvious angular chromatic dis-
persion in each column of Fig. 3(d), which does not
happen in Fig. 3(c). This is reasonable because the

resonance of the SP wave happens only in the groove
surface.

Fig. 3. (Colour online) Light intensity distribution im-

ages taken via CCD. In each panel, the six columns corre-

spond to samples with different periodicities ranging from

400 nm to 900 nm. In each column, the three rows from

top to bottom correspond to the images recorded as the

screen gradually departs away from the image spot at

0 cm, 0.5 cm, and 2 cm, respectively. Images in panels

(a) and (b) are measured with the parallel-polarized light

incidence; images in panels (c) and (d) are taken in the

vertical-polarized cases. On the other hand, images in

panels (a) and (c) are taken with the light incident from

air (air-side), while images in panels (b) and (d) are taken

with the light incident from glass (glass-side).

When light first impinges on the air-groove inter-
face, as in the Fig. 3(c) case, a collective oscillation
of electrons in the structured gold surface is excited.
The modes of the oscillation are dominated by the pe-
riodic grooves, where for some particular frequency a
resonance effect along the corrugated metal surface is
formed. In such a way, the light wave with the res-
onance wavelength will be strongly enhanced at the
metal/air interface, which induces a better coupling
between the surface plasmon polaritons (SPPs) on the
two sides of the gold film and therefore a higher trans-
mittance through the nano-slit when compared with
those in the cases with operating wavelengths far from
the resonance. However, on the outgoing side of the
sample, there is only one slit where the transmitted
wave diffracts into all directions, without any struc-
tural modulation, just as depicted by the images in
Fig. 3(c). By comparison, we can see the scenario
in Fig. 3(d) is quite different. In Fig. 3(d), the light
first propagates through the structureless silt without
frequency preferences, and then the diffracted waves
which run along the surface will see the periodic struc-
ture in which case the SP resonance can be excited at
a certain wavelength. Besides, the emergent light can
be constructed in various angles for different wave-
lengths due to the specialized momentum matching
condition. That is why we have different colours in
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the central and lateral bands in Fig. 3(d). The ob-
servations in Fig. 3 clearly reflect the polarization,
the frequency and the angle-dependent characteristics
of the SP resonance induced by the periodic metallic
nanostructure. This modulation of light propagation
is useful for both collimation and dispersion device
applications.

3.2. Effects of groove spacing

To obtain a more detailed study, we fabricated
and characterized samples with smaller periodic in-
tervals as shown in Fig. 4. Here we adopted the same
measurement configuration as that in Fig. 3(d). It is
very clear that for different periodicities, we have dif-
ferent colours in the central band, which represents
the collimating area. When the periodicity is 660 nm,
the blue light emerges near the 0 degree and the red
light stays beside. With the decrease of the groove
period, the angular spectrum presents a continuous
shift. At first the red light converges to the centre,
and reaches a narrowest line width at a periodicity of
570 nm with a maximum intensity. With the period-
icity reducing, the red light beam diverges again and
the central brightness decreases.

Fig. 4. (Colour online) Recorded CCD images showing

collimating effects for different period slit-groove struc-

tures under white light illumination. The angle measure-

ment spans between ±48◦, which is limited to the numer-

ical aperture of the objective lens.

To find out the exact relationship between the
periodicity and the collimating wavelength more pre-
cisely, we changed the white light into a single-
wavelength source. We used a He–Ne laser (632.8 nm)
as the incident light and performed a similar measure-
ment. The recorded angle distribution pictures are
shown in Fig. 5. We can see that the 632.8 nm laser
light is best collimated for the 570 nm (in periodic-
ity) sample, in which the light intensity concentrates
within the ±5◦ band around the centre. Although the
line width of the central light band is narrower for the
580 nm and 590 nm cases than 570 nm, the 580 nm
and 590 nm samples distribute more light to the wider

angle area (larger than 5◦). For the large-period struc-
tures (the left part of Fig. 5), the beams spread into all
angles, which means that no beaming effect happens
in all these configurations. We may pay attention to
the special scenario where the 633 nm-period sample
(which equals to the incident wavelength) does not
collimate the light beam. Instead, there exists a black
line in the centre.

Fig. 5. (Colour online) Recorded light intensity distri-

butions for different period slit-groove structures under

He–Ne laser beam illumination at 632.8 nm.

In order to obtain the theoretical evidence for our
experiments, we perform numerical simulations us-
ing the finite-difference time-domain (FDTD) method,
which is widely used for the metallic nanostructure
in the visible region. Figure 6 shows the calculated
angle distribution of the relative light intensities for
the aforementioned nanoslit samples. Apparently, the
theoretical curves give the same conclusion as our ex-
perimental results in all the cases.

From previous studies,[3−5] we know that in the
subwavelength scale metallic structure system, SP can
be excited by external electromagnetic fields and then
plays an important role in assisting light transmis-
sion through these metallic nanostructures. Generally,
there is a frequency selective effect in this process due
to the resonance of the SP wave. We might take it
for granted that the light wave whose wavelength is
the same as the structure period would satisfy the
resonance condition and hence should be strongly en-
hanced. But unfortunately, all our experimental re-
sults indicate that the resonance enhancement hap-
pens at a longer wavelength. A relevant similar prob-
lem has raised a long-standing debate about the mech-
anism of the EOT during the past few years. The sit-
uation changed until 2008 when Liu and Lalanne[31]

explicitly clarified the SP function in the EOT pro-
cess. They pointed out that the resonance condition
should be slightly modified as

√
ε1ε2

ε1 + ε2

2π

λ
+

arg(t)
a0

= m · 2π

a0
+ k0 sin θ.
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The most remarkable difference between this formula
and the original one

√
ε1ε2

ε1 + ε2

2π

λ
= m · 2π

a0
+ k0 sin θ

is the term arg(t)/a0, which is interpreted as the phase
delay caused by the hole chain. When the SP wave
propagates along the corrugated surface, it will experi-

ence a longer path than in a smooth interface. Then it
can be deduced that the mismatch between the period
and the transmission peak is due to the phase retar-
dation of the SP wave. This mechanism also leads to
the red-shift of the collimating wavelength compared
with the periodicity as reflected in our experimental
and theoretical results.

Fig. 6. (Colour online) Curves for calculated relative light intensity versus outgoing beam angle for different periods

(marked in the bar). The incident wavelength is 632.8 nm. (a) Light beam gradually concentrates as the period changes

from 500 nm to 570 nm; (b) When the period further grows, light disperses to larger angles and no beaming effect

occurs, and the intensity decreases.

We performed another experiment to confirm this
explanation. The 570 nm sample was picked out
and the illumination light wavelengths ranging from
590 nm to 660 nm were separately selected via a
monochrometer over the white light source. It can
be clearly seen in Fig. 7 that the beam angle gradu-
ally decreases from the left to the right. The collima-
tion condition is satisfied at the wavelengths 630 nm
and 640 nm, which are close to the wavelength of the
He–Ne laser. It should be pointed that the light distri-
bution also seems to concentrate for the 650 nm case,
which blurred the wavelength sensitivity in our beam-
ing effects. We think, it is due to the wider line width
(a span about 5nm) of the used white light (even af-
ter it passes through the monochrometer) than that
of the laser light (less than 0.1 nm).

Fig. 7. (Colour online) Recorded light intensity distri-

butions for the 570 nm structure under different incident

light wavelengths (denoted by the superscripts).

3.3. Effects of groove width and depth

We continued our experiment with different
groove widths and depths to verify the influence of the
phase retardation, which will be reflected via the far
field light intensity distribution. From Fig. 8, we can
see that the depth change leads to a more obvious ef-
fect than the width change. We fabricated two groups
of samples with the same spacing of 570 nm where the
best collimation happens at 632.8 nm. In Fig. 8(a),
the groove width is changed from 110 nm to 150 nm,
and the beam spreads into a slightly larger angle when
the grooves become wider. In Fig. 8(b), the groove
depth is varied by decreasing the FIB milling time,
and the central band of light becomes very dim for
the shallower grooves. These results further support
the phase retardation effect caused by the geometric
details of the structure. The width and the depth both
have an influence on the SP wave coupling between the
two edges of the groove, which is essential to the phase
delay for a single groove, and furthermore introduces
the phase shift into the SPP resonance equation.
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Fig. 8. (Colour online) Recorded light intensity distribu-

tions for samples with different widths (a) and depths (b)

but the same period of 570 nm. The incident wavelength

is 632.8 nm. (a) From left to right, the groove widths are

110 nm, 130 nm, and 150 nm, respectively; (b) From left

to right, the groove depth decreases gradually.

4. Conclusions

In this paper, we have systematically studied the
beam collimating effect of the subwavelength nano-
slit-groove system in the visible light region exper-
imentally and theoretically. We have built a series
of nanoslit samples and set up a simple optical in-
strument to measure the dispersion, the diffraction,
and the collimation features of white light and laser
light. We have considered the influences from differ-

ent geometric and physical aspects of the plasmonic
nanosystem, which include the transport path and po-
larization state of the illumination light, the spacing,
the depth, and the width of grooves. We have found
that the excitation of SP wave in the exit plane of
the nanoslit-groove structure by TM polarized light
is indispensable to the observation of light beam colli-
mation. Besides, the phase retardation plays a critical
role in the SP resonance. Therefore, the groove width
and depth have a great influence on SP propagation
phase, and they determine the collimating condition
for the periodic structures. Due to this phase retar-
dation effect, the collimation wavelength is relatively
red-shifted compared with the groove periodicity. Our
research provides clarified experimental evidence for
deeply understanding the SPP induced beam collima-
tion phenomenon and constructing the corresponding
physical picture. Our result is also helpful for explor-
ing more detailed SPP resonance theory in corrugated
metal surfaces. The experimental study can help to
explore more potential applications in beam collima-
tion, focusing, and other functionalities of plasmonic
nanostrutures.
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