
Surface plasmon waves generated by nanogrooves through spectral interference

Qiaoqiang Gan,1 Yongkang Gao,1 Qing Wang,2 Lin Zhu,3 and Filbert Bartoli1,*
1Center for Optical Technologies, Electrical and Computer Engineering Department, Lehigh University,

Bethlehem, Pennsylvania 18015, USA
2Nano-optoelectronics Laboratory, Institute of Semiconductors, Chinese Academy of Sciences, P.O. Box 912, Beijing 100083, China

3Department of Electrical and Computer Engineering, Center for Optical Materials Science and Engineering Technologies,
Clemson University, Clemson, South Carolina 29634, USA
�Received 19 January 2010; published 25 February 2010�

A pure surface plasmon polariton �SPP� model predicted that the SPP excitation in a slit-groove structure at
metallodielectric interfaces exhibits an intricate dependence on the groove width P. Lalanne et al. �Phys. Rev.
Lett. 95, 263902 �2005�; Nat. Phys. 2, 551 �2006��. In this paper, we present a simple far-field experiment to
test and validate this interesting theoretical prediction. The measurement results clearly demonstrate the pre-
dicted functional dependence of the SPP coupling efficiency on groove width, in good agreement with the SPP
picture.
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I. INTRODUCTION

Since Ebbesen’s report on extraordinary optical transmis-
sion through plasmonic hole arrays was published in 1998,1

there has been considerable growth in plasmonics research,
fueled in part by rapid advances in nanofabrication and nano-
characterization techniques. However, because of the mul-
tiple processes that occur in the nanoaperture geometries
studied,2,3 an in-depth interpretation of the experimental re-
sults has proven difficult. To better understand surface plas-
mon polariton �SPP� mediated interactions between optical
nano-objects at metallodielectric interfaces, researchers have
conducted numerous theoretical and experimental studies of
the physics of simple nanostructures, e.g., single or double
slits,4 grooves,5 or apertures.6 But even for the simplest
single slit-groove structure, some initial debate arose regard-
ing the physical mechanisms underlying these
interactions.7–10 Recent theoretical progress in this area is
described in several recent reviews,11–13 and researchers gen-
erally agree that both SPP modes and transient surface
waves14 �also called quasicylindrical waves5 or creeping
waves8� play important roles in interactions between optical
nano-objects. However, in recent years, theoretical
analyses15–18 have significantly outpaced experimental
investigations,19–25 and some remarkable theoretical predic-
tions have not yet been experimentally realized. For ex-
ample, the SPP model predicts that the SPP excitation prob-
abilities in simple slit-groove structures exhibit an intricate
dependence on slit width15,16 or groove width.8 In this article,
we design a simple far-field experiment and present a sys-
tematic experimental investigation of these slit-groove nano-
structures to test this interesting theoretical prediction. Ex-
perimental validation of theoretical models is critical if they
are to be employed in the design of future nanoplasmonic
devices. The measurement results clearly demonstrate the
predicted functional dependence of the SPP coupling effi-
ciency on groove width, in good agreement with the SPP
picture.8

II. FAR-FILED EXPERIMENT TO OBSERVE THE
SPP-MEDIATED SPECTRAL INTERFERENCE

We first discuss the simple far-field experiment employed
to observe the SPP-mediated spectral interference. Surface-
wave interferometers consisting of single slit–single groove
pairs with varying slit-groove separation distance and groove
width were fabricated by FIB milling �FEI Dual-Beam sys-
tem 235�. These structures were patterned on a Ag layer
evaporated onto flat fused silica microscope slides �Fisher-
brand�. The optical transmission measurements were per-
formed using an Olympus X81 inverted microscope, in
which a white light beam from a 100 W Halogen lamp was
focused at normal incidence onto the sample surface �air
side� through the microscope condenser with a linear polar-
izer. The transmitted light was collected by a X40 micro-
scope objective with a numerical aperture of 0.6, coupled
into a multimode fiber bundle that was connected to a fiber-
based compact spectrometer �Ocean Optics USB 4000�. A
charge coupled device �CCD� camera was employed to align
the position of the slit-groove pairs. An illustration of the
groove or slit geometry is shown in Fig. 1. To optimize the
spectral interference patterns, the peak intensity of the white
light beam was aligned with the groove. A diaphragm in the
condenser was employed to control the intensity of the light
beam illuminating the slit �see Fig. 1�. A similar setup was
employed to study the group velocity of SPP modes on flat
metal surfaces, except that the white light beam illuminated
the sample from the substrate side.26 This measurement ap-
proach has the advantage of being simpler and easier to re-

FIG. 1. �Color online� Sketch of the groove or slit geometry.
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peat than experiments involving more demanding alignment,
data processing,4,7,14,19–25 or instrumentation �e.g., the near-
field scanning microscope19,20 or leakage radiation
microscope6,21–23�. For example, experiments in Refs. 7 and
14 were performed at a single wavelength and required an
angle-tunable Goniometer equipped with a lock-in amplifier
to extract the SPP-assisted spatial interference information.
Each data point was extracted from a slit-groove pair, indi-
cating that a large number of samples were required to mea-
sure a single interference pattern. In contrast, the experiment
reported in our work does not involve such complicated or
time consuming measurements. A white light source illumi-
nates the sample and the measurement provides a clear inter-
ference pattern over a wide spectral region all at once.

Now we discuss the experimentally observed SPP-
mediated spectral interference using this set up. SPP modes
launched at the groove propagate to the slit �see Fig. 1� and
will interfere with the free-space light. For an incident plane
wave with a unit power per slit-opening area, the far-field
transmitted intensity is given by the expression

It��� = Efree
2 + Espp

2 + 2EfreeEspp

�cos�2�L

�
� �m� ���n2

�m� ��� + n2 + �0� , �1�

where a cosine term represents the interference. Here Efree
and Espp are the electrical fields of the free-space light and
SPP modes, respectively. L is the slit-groove separation dis-
tance, n is the refractive index of the dielectric material on
top of the metal surface, and �0 is an additional phase shift.4

The first set of samples was fabricated on a 300-nm-thick
layer of Ag. The length and width of the slit or groove are
20 �m and 200 nm, respectively. The slit-groove separation
distances are 5.24, 8.39, and 10.64 �m. The polarization of
the incident light is either parallel �TE� or perpendicular
�TM� to the long axis of the slit or groove. Spectral interfer-
ence patterns are clearly observed under TM illumination, as
shown in Fig. 2�a�, suggesting SPPs propagating along the
metal surface lie at the heart of the observed phenomena. In

this plot, the low-frequency background and high-frequency
noise have been numerically filtered using a fast Fourier
transform �using a low-frequency cutoff at �2.896 �m−1

and a high-frequency cutoff at �217.196 �m−1�. One can
see that the spectral interference pattern can be tuned by
changing the separation distance between the slit and groove.
However, when we employ empirically derived optical con-
stants of Ag �Ref. 27� �see also the supplementary material of
Ref. 28 for details of the data fitting� and Eq. �1� to plot the
spectral interference modulation, we find that the calculated
number of periods is lower than that observed experimen-
tally and that the wavelengths of the SPP modes derived
from the measured data are smaller than those predicted for
the Ag/air surface. It should be noted that in the theoretical
calculation, �0 is assumed to be a constant for all the wave-
lengths. In a recent report of near-field SPP characterization
at UV wavelengths, we reported a similar discrepancy in the
derived wavelength.29 This observation is consistent with re-
sults previously reported in Ref. 7 and raised as a points
concern in Refs. 8–10. To explore this further, one should
consider the potential effect of surface roughness and a pos-
sible contamination layer of Ag2S �or a mixture of
Ag2O /AgO� on top of the Ag surface8,30 on the effective
refractive index. If one arbitrarily assumes a refractive index
of 1.175 for the dielectric material on top of the metal, the
theoretical interference patterns agree well with the mea-
sured results �see Fig. 2�b��. Besides the obvious effect of a
contamination layer on the refractive index, it was believed
that surface roughness could also affect the damping proper-
ties of SPP modes.31 To clearly address this question, de-
tailed surface characterization is required, including surface
element analysis and measurement of the thickness of this
contamination layer and its corresponding surface roughness.
It was noted in Ref. 10 �b� that the effect of the contamina-
tion layer could be isolated by performing a similar measure-
ment on a Au film. However, effects of the surface roughness
were not considered as an important factor in recent works,
e.g., Refs. 7–10. Recent measurements in our laboratory
demonstrated that the surface roughness can also have a sig-
nificant effect on the properties of SPP modes on metallodi-
electric interfaces.32 In addition, a vertical incidence is also
important. However, these issues are beyond the scope of the
present work. The key issue which will be addressed in this
work is the experimental confirmation of the remarkable pre-
dictions of the theoretical SPP model proposed by Refs. 8,
15, and 16. As emphasized in Ref. 8, the SPP excitation
probabilities exhibit an intricate dependence on slit width or
groove width, which has not been fully realized experimen-
tally.

III. DEPENDENCE OF THE SPECTRAL INTERFERENCE
PATTERN ON GROOVE WIDTH

We first employ an analytical model to calculate the de-
pendence of the spectral interference pattern on groove
width. According to Ref. 8, the SPP coefficient S for cou-
pling into the fundamental slit mode is given by

S = t0 + �	W + �2WrmV2� t0 + �	W

1 − rmr0V2� , �2�

where W=exp�ikspL�, ksp is the SPP propagation constant at
the Ag/dielectric interface, and V is the phase factor associ-

FIG. 2. �Color online� Spectral interference launched by slit-
groove pairs on a Ag film. �a� Measurement results for the slit-
groove separation distance L of 5.24 �m �lower�, 8.39 �m �cen-
ter�, and 10.24 �m �upper�. �b� Theoretical plots of the interference
signal modulations with L of 5.24 �m �lower�, 8.39 �m �center�,
and 10.24 �m �upper�. The refractive index of the dielectric on top
of the metal is numerically set to 1.175.
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ated with light bouncing in the groove. As discussed in Ref.
8, the modal coupling coefficients, �, 	, t0, rm, and r0 are
known quantities that couple the incident plane wave, the slit
or groove fundamental modes, and the SPP at the Ag/air
interface. We used Eq. �2� and followed the numerical pro-
cedure developed in Refs. 8, 15, and 16 to determine the
functional dependence of the normalized coupled power
	S	2 / 	S0	2 on the groove width and wavelength. The normal-
ized calculated results for 	S	2 / 	S0	2 are shown in Fig. 3�a�.
In this simulation, the slit-groove separation and the groove
depth are set to 8.39 �m and 150 nm, respectively, which
are identical to the parameters of the samples we fabricated.
One can observe obvious peaks and valleys as a function of
varying groove width. As a guide to the eye, the positions of
the valleys are illustrated by the white lines in Fig. 3�a�; the
first cutoff appears at a width of approximately wc=0.92�
�Ref. 8� and the second one appears at about wc=1.84�.

Next we present a systematic experimental investigation
of slit-groove nanostructures to validate this SPP model.
Thirty seven groove-slit pairs were fabricated on a 300-nm-
thick layer of Ag. The width of the slit was fixed at approxi-
mately 520 nm, and the width of the groove finely tuned
from 106 to 1118 nm �see Fig. 3�b�, detailed width data is
listed in the caption to Fig. 3�. The depth of the groove is

roughly 150 nm. According to Ref. 5, when the slit-groove
distance is greater than 4–5 times of the incident wavelength,
the contribution from quasicylindrical �or transient surface�
waves is negligible. To safely distinguish SPP waves from
transient surface waves generated by the nanogroove, the
slit-groove separation distance was fixed at approximately
8.39 �m, which is ten times greater than all wavelengths
employed in the measurements. Figure 3�c� presents the
measured interference patterns as a function of groove width
and wavelength. Definite cutoff groove widths �illustrated by
the black lines� can be observed and are found to be in a
reasonably good agreement with the theoretical predictions
shown in Fig. 3�a�. While precise peak positions are difficult
to determine due to noise and experimental uncertainty, we
nevertheless find good correlation between the experimental
data and theoretical predictions. For example, the experimen-
tal peaks in the interference patterns for the 700–730 nm
wavelength range are observed at groove widths of 212–259
nm �corresponding to 0.29�–0.37��, and at 918–953 nm
�see the data in Fig. 3�c��. This is in reasonable agreement
with the theoretical calculations, which predict the first peak
to appear at w
0.23�.5,8 We believe that this observation
strongly validates the predictive capabilities of the SPP
model.

FIG. 3. �Color online� Dependence between the spectral interference pattern and the groove width. �a� Numerical simulation using Eq.
�2�: the slit-groove separation and the groove depth are set to 8.39 �m and 150 nm, respectively. In this simulation, we assumed that there
is a contamination layer of Ag2S on top of the Ag surface. The equivalent refractive index of the material on top is numerically set to 1.175.
�b� Scanning electron microscope images of three slit-groove structures with the groove width of 106, 165, and 471 nm, respectively. �c�
Measurement results: the widths of the grooves are 106, 118, 141, 165, 200, 212, 222, 235, 259, 282, 341, 353, 376, 400, 424, 447, 459, 471,
529, 565, 575, 600, 612, 624, 682, 694, 706, 729, 765, 776, 835, 871, 918, 953, 988, 1035, and 1118 nm. In �a� and �c�, we first normalized
S ��, groove width� to S0 ��, groove width� assuming no grooves. Then we normalized the values of S /S0 again.
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IV. EXTRACTION OF THE SPP-GENERATION
EFFICIENCY

Finally we discuss the extraction of the SPP-generation
efficiency as a function of groove width from the experimen-
tal data. While the SPP-generation efficiency can, in prin-
ciple, be extracted at any wavelength, here we consider the
data at a wavelength of 710 nm as an example to demon-
strate the data analysis. The optical path is shown in Fig. 1.
Since the light beams illuminating the slit and the groove are
generally nonuniform, the expression for the interference is
more somewhat complicated than that given in Eq. �1�. Here
we employ the averaged power density Ifree���. Conse-
quently, the power of the free space light incident on a
groove of width w and length of D is Pfree 1= Ifree 1���wD.
Similarly, the power illuminating the 520-nm-wide slit is
Pfree 2= Ifree 2����520 nm�D. The power coupled into the
SPP mode traveling toward the slit is given by Psp�� ,w�
=1 /2espp�� ,w�� Ifree 1���wD, where the espp�� ,w� is the
SPP-generation efficiency.15 The factor of 1/2 in this expres-
sion accounts for the fact that SPP modes propagating away
from the slit will not interfere with the free space light. As
the SPP mode propagates toward the slit, the power decays to
Psp� �� ,w�= Psp�� ,w�exp�−2ksp� L�, where ksp� is the imaginary
part of the wave vector of the SPP modes and L is the slit-
groove distance. The SPP modes will next be coupled into
the slit modes with a power of Ssp=1 /2espp� �� ,520 nm�
� Psp� �� ,w�, where espp� is the coupling efficiency from the
SPP modes to the free space light at the slit. Consequently,
the transmitted power is given by

PT��,w� = Ssp��,w� + Pfree 2��,520 nm�T

+ 2�Ssp��,w�Pfree 2��,520 nm�T�1/2cos � ,

�3�

where T is the transmission coefficient through the slit, and
the normalized power is given by

PT��,w�/�Pfree 2��,520 nm�T�

=
Ssp��,w�

Pfree 2��,520 nm�T
+ 1

+ 2� Ssp��,w�
Pfree 2��,520 nm�T�1/2

cos � . �4�

Here

Ssp��,w�
Pfree 2��,520 nm�

=
1

4
espp� ��,520 nm�espp��,w�exp

��− 2ksp� L�
Ifree 1���
Ifree 2���

w

520 nm
.

Equation �4� can be solved to extract the SPP-generation
efficiency, espp. The value of the phase term was determined
numerically ��
88.845 rad� by fitting Eq. �1� to the mea-

sured spectral interference pattern. The transmission coeffi-
cient through the 520-nm-wide slit was calculated by nu-
merical finite-difference time-domain �FDTD� simulations to
be T
0.33, and ksp� �� :710 nm�
0.003498 �m−1 was de-
termined from published optical data.27 The slit-groove dis-
tance �L� is set to 8.39 �m, and
espp� �� :710 nm, w :520 nm� was determined to be 0.03364
using the semianalytical model.15 We assume that
Ifree 1��� / Ifree 2���=100. Using these parameters and Eq. �4�,
we extracted the SPP-generation efficiency, espp, which are
shown by the dots in Fig. 4. The semianalytical model pro-
posed by Ref. 15 was employed to calculate the efficiencies
as a function of the groove width �see the solid line in Fig.
4�. One can see that the extracted values of espp agree well
with the model.

V. CONCLUSION

The spectral interference introduced by the interaction be-
tween a nanogroove-slit pair was directly observed, and the
strength of the interference pattern found to vary strongly
with groove width. The SPP-generation efficiency was also
extracted from the experimental data, which agree well with
the predictions of the semianalytical SPP model.8,15 These
observations help to develop a better understanding of the
physics of the optical interaction between nano-objects and
should be useful in the design and optimization of various
plasmonic devices, such as compact single plasmonic
sources, switches, or modulators.25
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FIG. 4. �Color online� Extraction of the SPP-generation effi-
ciency from the measurement data at the wavelength of 710 nm.
Dots-extraction result of the SPP-generation efficiency; solid curve-
simulation plot based on the semianalytical model �see Fig. 3 in
Ref. 15�.
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