
Appl. Phys. Lett. 114, 251101 (2019); https://doi.org/10.1063/1.5092517 114, 251101

© 2019 Author(s).

Fourier transform plasmon resonance
spectrometer using nanoslit-nanowire pair
Cite as: Appl. Phys. Lett. 114, 251101 (2019); https://doi.org/10.1063/1.5092517
Submitted: 11 February 2019 • Accepted: 27 May 2019 • Published Online: 24 June 2019

Doolos Aibek Uulu,  Timur Ashirov,  Nahit Polat, et al.

ARTICLES YOU MAY BE INTERESTED IN

Plasmonics: Localization and guiding of electromagnetic energy in metal/dielectric structures
Journal of Applied Physics 98, 011101 (2005); https://doi.org/10.1063/1.1951057

MOCVD homoepitaxy of Si-doped (010) β-Ga2O3 thin films with superior transport properties

Applied Physics Letters 114, 250601 (2019); https://doi.org/10.1063/1.5109678

Plasmon-polaritons on graphene-metal surface and their use in biosensors
Applied Physics Letters 100, 213110 (2012); https://doi.org/10.1063/1.4721453

https://images.scitation.org/redirect.spark?MID=176720&plid=1947475&setID=378288&channelID=0&CID=714035&banID=520845036&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=e2ae5b51cd618c9a7a74337d7403b140eba81b67&location=
https://doi.org/10.1063/1.5092517
https://doi.org/10.1063/1.5092517
https://aip.scitation.org/author/Uulu%2C+Doolos+Aibek
https://orcid.org/0000-0002-7832-5716
https://aip.scitation.org/author/Ashirov%2C+Timur
https://orcid.org/0000-0003-1132-8768
https://aip.scitation.org/author/Polat%2C+Nahit
https://doi.org/10.1063/1.5092517
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5092517
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5092517&domain=aip.scitation.org&date_stamp=2019-06-24
https://aip.scitation.org/doi/10.1063/1.1951057
https://doi.org/10.1063/1.1951057
https://aip.scitation.org/doi/10.1063/1.5109678
https://doi.org/10.1063/1.5109678
https://aip.scitation.org/doi/10.1063/1.4721453
https://doi.org/10.1063/1.4721453


Fourier transform plasmon resonance
spectrometer using nanoslit-nanowire pair

Cite as: Appl. Phys. Lett. 114, 251101 (2019); doi: 10.1063/1.5092517
Submitted: 11 February 2019 . Accepted: 27 May 2019 .
Published Online: 24 June 2019

Doolos Aibek Uulu,1 Timur Ashirov,1 Nahit Polat,2 Ozan Yakar,2 Sinan Balci,2,a) and Coskun Kocabas3,a)

AFFILIATIONS
1Institute of Materials Science and Nanotechnology, Bilkent University, Ankara 06800, Turkey
2Department of Photonics, Izmir Institute of Technology, Izmir 35430, Turkey
3School of Materials, University of Manchester, Oxford Rd, Manchester M13 9PL, United Kingdom

a)Authors to whom correspondence should be addressed: sinanbalci@iyte.edu.tr and coskun.kocabas@manchester.ac.uk

ABSTRACT

In this paper, we present a nanoscale Fourier transform spectrometer using a plasmonic interferometer consisting of a tilt subwavelength
slit-nanowire pair on a metallic surface fabricated by the focused ion beam microfabrication technique. The incident broadband light strongly
couples with the surface plasmons on the gold surface, and thus, surface plasmon polaritons (SPPs) are generated. The launched SPPs inter-
fere with the incident light and generate high contrast interference fringes in the nanoslit. The transmitted SPPs through the metal nanoslit
can decouple into free space and are collected by an objective in the far field. The spectroscopic information of the incidence light is obtained
by fast Fourier transform of the fringe pattern of the SPPs. In our design, there is no need for a bulky dispersive spectrometer or dispersive
optical elements. The dimension of the spectrometer is around 200lm length. Our design is based on inherent coherence of the SPP waves
propagating through the subwavelength metal nanoslit structures etched into an opaque gold film.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092517

Recent advances in nanoscale fabrication techniques, chemical
synthesis, and patterning of nanomaterials have provided us with new
techniques and tools to measure optical properties of light at the nano-
scale.1 Light can be tightly confined to nanoscale volumes by using
surface plasmon polaritons (SPPs),2 which were first predicted by
Ritchie in 1957.3 Ritchie demonstrated that the energy losses of fast
electrons (�40 keV) when passing through a thin metal foil are due to
the surface and volume plasmons.3 SPPs are transverse surface electro-
magnetic waves propagating along a metal-dielectric interface. The
intensity of SPPs is very high at the metal surface and decreases expo-
nentially with the distance from the metal surface. The discovery of
surface plasmon assisted optical transmission through subwavelength
holes drilled in opaque metal films has garnered interest in SPPs.1 The
SPP enabled concentration of light into nanoscale volumes has greatly
enhanced the interaction of light with matter and boosted the perfor-
mance of nanophotonic devices owing to the enhancement of the field
intensity compared to the incident light.4 For example, by using gold
nanoparticle core and dye doped silica shell nanoparticles, surface
plasmon assisted lasing (50 nm in size coherent light source) has been
demonstrated.5 In other studies, owing to the interference of plasmon
waves on the photosensitive polymer surface, researchers have pro-
posed and experimentally demonstrated large area SPP enabled

subwavelength lithography.6,7 In another study, an on-chip optical
plasmonic spectrometer based on holographic metallic gratings for
coupling and decoupling free-space radiation has been demonstrated.8

Interference of SPPs and free space light in the nanoslit-groove
pairs is very attractive to measure the coherence and phase of plasmon
waves.9–14 However, there has not been any report on the application
of the nanoslit-nanowire pair as a plasmon spectrometer. In the old
spectrometers, a prism was used to disperse light, which was first dis-
covered by Newton.15 However, most of the modern spectrometers
use diffraction gratings to disperse light into its constituent colors.
Recently, colloidal quantum dot based spectrometers have been shown
where a two-dimensional absorptive filter array consisting of colloidal
quantum dots has been used to measure the light spectrum based on
the wavelength multiplexing principle.16 Here in this study, we show a
Fourier transform plasmon resonance (FTPR) nanospectrometer
based on interference of the plasmon wave in the subwavelength metal
nanoslit, see Fig. 1. To couple incident light to surface plasmons, a
metal nanowire or ridge is deposited next to the nanoslit by using
focused ion beam (FIB) deposition. The launched SPPs between the
metal and dielectric interface interfere with the incident light and thus
generate high contrast interference fringes of SPP waves which travel
through the nanoslit. The spectroscopic information of the incidence
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light is obtained by fast Fourier transform (FFT) of the fringe pattern
of the SPPs. Owing to the coherence of SPP waves on the metal surface,
the interference pattern can be generated in the nanoslit.14 The most
important advantage of our spectrometer is that the dimension of the
spectrometer is very small, around 200lm, and hence, light matter
interaction in small regions can be extensively studied. For example,
the dynamics of the plasmon-exciton coupling in small regions can be
studied17 and dark excitons can be probed via near field coupling to
surface plasmon polaritons in the nanoslit-groove pair as well.18

Opaque gold films (around 200nm thick) were deposited on a
quartz substrate by thermal evaporation. The nanoslits and Pt nano-
wires on the gold film were fabricated by using Focused Ion Beam
(FIB), which is a versatile technique for fabricating very small nano-
structures with a sub10nm resolution by using ion beam etching and
metal deposition.19 The FIB is very similar to a scanning electron
microscope (SEM), but the FIB system uses Gaþ ions rather than elec-
trons in the SEM system. Alternatively, electron beam lithography can
be used instead of FIB to eliminate metal ion contamination in sample
fabrication.20 The voltage and current of the FIB during nanoslit fabri-
cation were 30 kV and 28pA, respectively. The nanoslit void and metal
surface are left empty, and thus, SPPs propagate at an air-metal inter-
face. However, during electron beam assisted metal nanowire fabrica-
tion, the voltage and current were 5 kV and 1.6nA, respectively. It
should be noted here that ridge geometry offers better excitation effi-
ciency than groove geometry, and thus, metal ridges or nanowires are
used in this study to couple incident light to surface plasmons.21 The

lengths of the nanoslit and metal nanowire were around 150lm. The
optimum height of the nanowire is around 80nm as shown in Fig. 2.
Indeed, the Michelson contrast has been calculated for a variety of
nanowire heights from the interference fringes, and a height of 80 nm
has been shown to have the maximum Michelson contrast. The ridge
is tilted by 5� with respect to the main axis of the nanoslit. Therefore,
the distance (optical path) between the nanoslit and the ridge is line-
arly controlled. A 635 nm diode laser with an output power of 4.5 mW
was used. The SPPs were excited by the laser on the metal nanowire.
The incoming light polarization is p-polarized. The electric field vector
is perpendicular to the nanowire axis. The momentum mismatch
between the incoming light and SPPs was compensated by the nano-
wire. The coupled SPPs propagating on the gold surface interfere with
incoming light in the nanoslit, and hence, the fringe pattern is formed
in the nanoslit. In fact, the SPPs go through the nanoslit and decouple
from the gold surface and are reconverted back into the photons. A
20� objective efficiently collects the scattered photons and sends them
to a CCD camera. The CCD camera was cooled to �76 �C during
imaging to reduce dark currents. The interference fringes were imaged
using an inverted microscope (Nikon) equipped with the above optical
components. More details about the imaging setup are provided in
SFig. 1. Three dimensional finite difference time domain simulations
were performed using a commercial package (Lumerical FDTD).

Figure 1 shows the schematic representation of the FTPR nano-
spectrometer proposed in this study. Incident light cannot excite the
surface plasmons on the flat metal surfaces owing to the momentum
mismatch between the surface plasmons and incident light.22 The
momentum mismatch can be compensated by using a prism or a
grating. In the case of grating, the wave vector of the SPP can be calcu-
lated as

FIG. 1. (a) Schematic drawing of the Fourier transform plasmon resonance (FTPR)
nanospectrometer consisting of subwavelength slit-nanowire plasmonic interferome-
ter fabricated by focused ion beam (FIB) etching and metal nanowire (or ridge)
deposition. Broadband incident visible light strongly couples with the surface plas-
mons on the metal nanowire surface and generates surface plasmon polaritons,
i.e., photon to polariton conversion. The SPP waves interfere with the incident light
and yield the interference pattern in the nanoslit. Depending on the optical path dif-
ference between the nanowire and the nanoslit, destructive or constructive interfer-
ence is observed. The nanoslit void is empty. The transmitted SPPs decouple to
free space light, i.e., polariton to photon conversion. The plasmon interference pat-
tern in the spatial domain, which is called an interferogram, is generated in the
nanoslit. The fast Fourier transform (FFT) of the interfering plasmon waves gives
the wavelength of the plasmon wave. (b) Scanning electron microscopy image of a
typical subwavelength slit-nanowire pair forming a plasmonic interferometer on a
gold surface. The length of the slit is typically several micrometers long (�200lm)
and �100 nm wide. (c) The interference pattern of the waves captured by a
charged coupled device (CCD) camera. (d) Different optical path lengths introduce
a phase shift between the incoming light and SPP wave in the nanoslit. Hence, the
line scan across the interference pattern reveals the dark and bright regions, indi-
cating destructive and constructive interference of waves, respectively.

FIG. 2. Optimization of the metal nanowire height. (a) A charged coupled device
(CCD) image of the interference patterns with varying metal nanowire heights. The
height of the nanowire increases from the first interference pattern (1) to the last
interference pattern (6). (b) The Michelson contrast [Michelson contrast ¼ (Imax
� Imin)/(Imax þ Imin)] of the interference pattern as a function of the nanowire height.
The maximum Michelson contrast has been observed in the third interference pat-
tern, and hence, in most of the samples studied, the height of the metal nanowires
has been chosen to be around 80 nm.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 114, 251101 (2019); doi: 10.1063/1.5092517 114, 251101-2

Published under license by AIP Publishing

https://scitation.org/journal/apl


kspp ¼ k0
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where k0 ¼ 2p/k0 is the wave vector of the incident light, k0 is the
wavelength of the incident light, �m is the dielectric constant for the
metal, �d is the dielectric constant for the dielectric medium, K is the
grating period, h is the angle of the incident light, kspp is the wave vec-
tor of the SPPs, and m is the diffraction order of the grating. Like a
prism, a grating can excite the surface plasmons as well. Therefore, the
metal ridge couples the incident light (photon) to surface plasmons
(plasmon), and SPPs (polariton) are generated on the gold surface and
they propagate at the interface between the air and gold film, Fig. 1.
The propagating SPPs interact with the incoming light in the nanoslit,
and interference fringes are formed in the nanoslit. The interferogram
in the spatial domain is converted to the frequency domain, which
gives information about the frequency of the incoming light, Fig. 1.
The intensity of the interferogram decays exponentially with the opti-
cal path difference since the decay length of SPP, LD, is proportional to
1/Im(kspp).

14 In fact, the plasmon wave vector has real and imaginary
parts: kspp¼ Re(kspp)þ Im(kspp)¼ Re(kspp)þ i/(2LD).

23

The interference pattern in the nanoslit shows the dark and
bright regions representing destructive and constructive interference
of waves, respectively, which yields the wave vector of SPPs. Figure
1(b) represents the SEM image of the nanoslit-ridge pair fabricated on
the gold surface using FIB milling and deposition techniques. The
length of the structure is around 200lm. The height of the Pt ridge is
around 80 nm. In this study, we have used a ridge instead of a groove
in the gold surface since it has been found that the excitation efficiency
of a single ridge is higher than that of a single groove.21 The metal
nanowire is slightly tilted with respect to the main axis of the nanoslit.
It should be noted that in classical Fourier transform spectroscopy, the
intensity variation as a function of optical path difference (d) is mea-
sured by using a Michelson interferometer.24 In fact, the moving mir-
ror in the Michelson interferometer gives the optical path difference.
Here, in this study, the tilted nanowire gives the optical path

difference. The interference pattern in the nanoslit was imaged in the
far field by a CCD camera and is reported in Fig. 1(c). The intensity
line profile across the nanoslit main axis indicates that the intensity of
the wave decreases, Fig. 1(d). This is due to the fact that the nanowire-
nanoslit distance increases from left to right in the image and SPP
intensity decreases away from the nanowire. Also note that the SPP
propagation length, proportional to 1/Im(kspp), increases with the
large real (negative) and small imaginary parts of the relative permit-
tivity of the metal.25

FIG. 3. (a) Fourier transform of the interference fringes gives the wave vector of
SPPs. (b) Effective indexes (neff) of gold and silver as a function of the incident
wave wavelength. With the help of the metal nanowire on the gold surface, surface
plasmon polaritons are excited. The excited transverse plasmon polaritons propa-
gate on the gold surface. The momentum mismatch between the free space light
(photons) and SPPs on the gold surface is compensated by the metal ridge.

FIG. 4. FTPR nanospectrometer. [(a)–(c)] Interference fringes of SPPs in the nano-
slit with varying wavelengths of the incident light. (d) Line scans across the interfer-
ence pattern, i.e., interference pattern in the spatial domain. (e) Wavelength of the
incident light can be obtained from the Fourier transform of the interference fringes
in the spatial domain.
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In order to understand the fringe pattern observed in Fig. 1(b),
we can safely assume two plane waves of the same frequency Er and
Es impinging on the ridge and slit, Er ¼ E01cos(kxr�Wt þ u1) and Es
¼ E01cos(kxs�Wt þ u1), where k¼ 2p/k, u is the phase of the wave
at the source when t¼ 0, and x is the optical path difference.26 At the
nanowire, some portion of the Er will be coupled to surface plasmons.
At the slit, the beams will interfere and total irradiance I ¼ �0c hE.Ei,
where total electric field E¼ Erþ Es, c is the speed of light in vacuum,
and �0 is the permittivity of free space. The resulting irradiance at the
slit I¼ �0c hEr.Erþ Es.Esþ 2Es.Eri ¼ Irþ Isþ 2(IrIs)

1/2cos(d), where d
is the phase difference between Er and Es. When cos(d) is þ1 and �1,
constructive and destructive interference generates the maximum irra-
diance, Imax ¼ Ir þ Is þ 2(IrIs)

1/2, and minimum irradiance, Imin ¼ Ir
þ Is � 2(IrIs)

1/2, respectively.26 Notify that Imin can only be zero when
Ir ¼ Is. This is not possible in our case since only some portion of the
incoming beam at the nanowire will couple to surface plasmons.12

Therefore, in Fig. 1(b) and most of the fringe patterns observed in this
study, Imin is not zero. Then, the visibility of the fringe pattern some-
times also called the Michelson fringe visibility can be expressed as
Imax� Imin/Imaxþ Imin.

26

Fast Fourier transform of the interference pattern in the spatial
domain given in Fig. 1(c) generates the intensity profile in the wave
vector domain in Fig. 3(a). The SPP wave vector, kspp, can be deduced
from this graph. Since kspp ¼ neffk0 ¼ neff2p/k0 (neff is the effective
index), the wavelength or the frequency of the incident light can be
calculated by knowing kspp, see Fig. 3(a) for the effective indexes of
gold and silver. In a similar way, the plasmon wavelength can be
expressed as kspp ¼ 2p/Re(kspp) ¼ k0/neff.

14 Also note that the SPP
propagation length, proportional to 1/Im(kspp), increases with the
large real (negative) and small imaginary parts of the relative permit-
tivity of the metal,25 see Fig. 3(b). To show the wavelength selectivity
of the FTPR nanospectrometer, by using the same nanoslit-nanowire
pair, the wavelength of the incident light is varied. In Fig. 4, the inci-
dent wavelengths are 600, 700, and 800nm. The fringe pattern in the
nanoslit and their intensity profile for different wavelengths are shown,
Fig. 4. The Fourier transform of the interference fringes in the spatial

domain generates the intensity of the incident light in the frequency or
wavelength domain, Fig. 4(e). Furthermore, the validity of the experi-
mental results was confirmed by performing three dimensional finite
difference time domain simulations using a commercially available
package (Lumerical FDTD), Fig. 5 and SFig. 6. In Fig. 5, the simulation
window contains the subwavelength slit-nanowire plasmonic interfer-
ometer. The length of the nanoslit in the simulation window is
150lm. Figure 5(b) demonstrates the interference pattern in the
nanoslit. Due to the decay of the SPPs, the Michelson contrast in
the interference pattern decreases toward the end of the nanoslit. The
Fourier transform of the interference fringes produces the plasmon
wave vector, see Fig. 5(c).

In conclusion, we present a fast Fourier transform based nano-
spectrometer called a Fourier transform plasmon resonance spectrom-
eter, which is based on the interference of surface plasmon polariton
waves and free space light in the subwavelength metal nanoslit. The
SPPs between the metal and dielectric interface are launched by the Pt
nanowire. The optical path between the Pt ridge and the nanoslit was
controlled by tilting the Pt nanowire by 5� with respect to the nanoslit
main axis. Owing to the optical path difference between the incoming
light and SPPs, constructive and destructive interference patterns in
the nanoslit have been observed. The transmitted SPPs decouple from
the metal surface and are collected by an objective in the far field and
eventually detected by a standard CCD sensor. The spectroscopic
information of the incidence light is obtained by Fourier transform of
the fringe pattern of the SPPs. Our design is based on inherent coher-
ence of the SPP waves propagating through the subwavelength metal
slits perforated on a gold surface. The dimension of the spectrometer
is around 200lm long. The proposed technique can be used for mea-
suring optical properties of light at the nanoscale dimension27 and for
sensing the refractive variation at the nanoscale as a nanospectrome-
ter.28 In addition, the nanospectrometer can be used to measure
plasmon-exciton hybridization in a small region.17

See the supplementary material for more detailed descriptions
regarding the (i) experimental setup for measuring the wavelength of

FIG. 5. Three dimensional finite difference time domain simulations of the nanowire-nanoslit pair. (a) Interference pattern in the nanoslit. Simulation window consists of the sub-
wavelength slit-nanowire plasmonic interferometer. The length of the nanoslit in the simulation window is 150 lm. Incident visible light strongly couples with the surface plas-
mons on the nanowire and generates surface plasmon polaritons. The SPP waves interfere with the incident light and yield the interference pattern in the nanoslit. The
transmitted SPPs decouple to free space light, i.e., polariton to photon conversion. (b) Electric field intensity emerging from the nanoslit. Owing to the decay of the surface plas-
mon polaritons, the Michelson contrast of the interference pattern decreases toward the end of the nanoslit. (c) Fourier transform of the interference fringes in (b) yields the
plasmon wave vector.
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the incident light using the FTPR spectrometer, (ii) surface plasmon
polariton decay length with the ridge-slit distance, (iii) atomic force
microscopy image of the Pt nanowire, (iv) comparison of Fourier
transform plasmon resonance and Fourier transform infrared spec-
trometers, and (v) three dimensional finite difference time domain
simulations of the nanowire-nanoslit pair.
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