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Bloch surface waves and Tamm states
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Surface plasmons
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Fig. 5 .  (a) Otto, (b) Kretschmann and (c) Sand geometries for the excitation of surface plasmons. 
Arrows indicate the interface near whlch the surface excitation is localized. Note the possibility of 

the excitation of coupled surface plasmons in Sarid geometry 

the Sarid geometry one can excite both the symmetrical short-range (SR) and 
the antisymmetrical long-range (LR) surface plasmons. The long-range surface 
plasmons (LRSP) have the added advantage of large local field enhancements 
associated with them (Sarid, Deck, Craig, Hickernell, Jameson and Fasano 
[ 19821, Agarwal [ 19851). Various nonlinear optical phenomena exploiting this 
extra enhancement were demonstrated by Sarid, Deck and Fasano [1982], 
Deck and Sarid [1982], and Quail, Rako, Simon and Deck [1983]. Optical 
bistability with surface plasmons at a metal-nonlinear dielectric interface 
was demonstrated by Wysin, Simon and Deck [1981]. Martinot, Lava1 and 
Koster [I9841 used the ATR configuration with a nonlinear prism loaded 
on top of the metal film, The electric field intensity in the prism (i.e., 
Izi+z~I*, &, and z~ incident and reflected plane wavefields, respectively) 
was approximated by the sum of the intensities of the incident and reflected 
waves. Moreover, they assumed plane wave solutions in the nonlinear medium 
with the linear refractive index replaced by its nonlinear counterpart. Dutta 
Gupta and Agarwal [ 19861 investigated optical bistability in the prism-metal 
film-nonlinear substrate configuration without the assumption of a plane 
wave solution for the nonlinear dielectric. They used Kaplan's solutions 
(Kaplan [1981]) for an approximate wave equation suitable for p-polarized 
waves. Hickernell and Sarid [I9861 demonstrated the advantages of LRSPs 
in the context of lowering the bistability threshold. They showed that the 
power threshold for switching between the two bistable states for LRSP can 
be two orders of magnitude less than that required for a single interface 
surface plasmon. 



Bloch surface waves

εi=6.145, εf=1, 
Spacer layer: ds=1µm, εs=1
DBR parameters: εa=4+0.001i (ZnO), εb=1.88+0.001i (MgF2), 

da=db=120nm, periodicity n=30 



Coupled BSW

εi=6.145, εf=1
Spacer layer: ds=1µm, εs=1
DBR parameters: εa=4+0.001i (ZnO), εb=1.88+0.001i (MgF2), 

da=db=120nm, periodicity n=30 



Coupled BSW-Plasmon

εi=6.145, εf=1
Thickness of Gold dAu=50nm
Spacer layer: ds=1µm, εs=1
DBR parameters: εa=4+0.001i (ZnO), εb=1.88+0.001i (MgF2), 

da=db=120nm, periodicity n=30 



Tamm Plasmons

DBR Parameters: na=3.7 , nb=3, periodicity=14

Bragg frequency ћω0= 1 eV, corresponding wavelength being λc=1.24µm. 

Thickness of gold layer=0.03µm; 



Intensity reflection for TE and TM



Fields under normal incidence inside 
(Air-Au-DBR-Air)



Coupled Tamm plasmons

Coupling of Tamm plasmons 
is controlled by the thickness 

of the gold layer.



CPA with coupled Tamm plasmons

dau=0.0275μm, θ=45deg, TM pol dau=0.018μm, θ=45deg, TM pol
with phase delay of π



Recent literature on BSW & Tamm plasmons

BSW-2D and TE0 mode were 1.17 and 1.18, respectively. We
found that the intensity distributions nearly overlapped inside
the waveguide and in air for both modes; in particular, we
found that the locations of their peaks were nearly the
same (Y¼ " 46 nm, inside the planar waveguide). These
similarities in the field distributions above the substrate are
also preserved for different thicknesses d (such as for d¼ 50 nm
in Supplementary Fig. 1a and d¼ 150 nm in Supplementary
Fig. 1b).

Comparison of nanofibre in air and on a dielectric multilayer.
When the 2D planar waveguide is exchanged for a 1D nanofibre
with a cylindrical shape (inset graphs in Fig. 2a; the long axis
of the fibre is along the z direction and the selected material
is Nylon-6), we see similarities between the modes sustained
by the nanofibres in air (Fig. 2a, inset graph, lower right corner,
HE11 mode) and by the dielectric multilayers (Fig. 2a, inset graph,
top left corner, BSW-1D mode). For example, their effective
indexes are much closer and increase with increasing radii
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Figure 1 | Planar waveguide in air and on a dielectric multilayer. (a) The effective refractive indexes versus the thickness of the planar waveguide for
the BSW-2D mode sustained by the dielectric multilayer and TE0 mode supported by the planar waveguide in air; (b) the electric field distributions for the
BSW-2D and TE0 modes with waveguide thickness d¼ 100 nm. The refractive index of waveguide layer is 1.57. The incident wavelength is 632.8 nm.
Y¼0 nm indicates the interface between the multilayer and the planar waveguide.
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Figure 2 | Nanofibre in air and on a multilayer. (a) The effective refractive indexes versus the nanofibre radius for the BSW-1D mode guided by the
nanofibre on a dielectric multilayer and HE11 mode guided by the nanofibre in air. Within the multilayers, the SiO2 thickness is 105 nm and the Si3N4

thickness is 88 nm; (b) the electric field distributions for BSW-1D and HE11 modes extracted along the horizontal direction of the centre of the nanofibre
with radius R¼ 125 nm (here, Y¼ " 62.5 nm); inset in b shows the electric field distribution of the HE11 mode and BSW-1D mode with R¼ 125 nm.
(c) The electric field distributions for the BSW-1D and HE11 modes extracted along the vertical direction of the centre of the nanofibre with radius
R¼ 125 nm (here, X¼0 nm).
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 Bloch surface waves confined in one dimension

 with a single polymeric nanofibre
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 Diffraction-Free Bloch Surface Waves
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ABSTRACT: Here, we demonstrate a diffraction-free Bloch surface wave
sustained on all-dielectric multilayers that does not diffract after being passed
through three obstacles or across a single mode fiber. It can propagate in a
straight line for distances longer than 110 μm at a wavelength of 633 nm and
could be applied as an in-plane optical virtual probe both in air and in an
aqueous environment. Its ability to be used in water, its long diffraction-free
distance, and its tolerance to multiple obstacles make this wave ideal for certain
applications in areas such as the biological sciences, where many measurements
are made on glass surfaces or for which an aqueous environment is required, and
for high-speed interconnections between chips, where low loss is necessary.

KEYWORDS: Bloch surface wave, diffraction, dielectric multilayer, plasmonics, diffraction-free propagation, self-healing,
aqueous environment

Bloch surface waves (BSWs) are electromagnetic surface
waves excited at the interface between a truncated
periodic dielectric multilayer with a photonic band gap

(PBG) and its surrounding medium. They can be considered
the dielectric analogue of surface plasmon polaritons (SPPs),
except with lower losses and longer propagation lengths.1,2

Similar to SPPs, BSWs have been applied in nanoscale optical
circuits, biosensing, gas sensing, fluorescence emission enhance-
ment or sorting, and surface-enhanced Raman scattering.3−7

BSWs possess specific properties that differentiate them from
SPPs. They are not subject to losses caused by metal
absorption, which allows for BSW resonance with high quality
factor and long propagation length.8 There are many choices
for the dielectric materials for BSWs, which allows this
dielectric multilayer to be used from deep ultraviolet (UV) to
near-infrared (NIR) wavelengths;9 meanwhile SPPs suffer
considerably higher propagation losses in the UV and visible
region. Thus, various methods have been proposed to increase
the propagation lengths of SPPs,10,11 which is still not long
enough for practical applications. Additionally, fluorophores
can be quenched near metallic surfaces, which does not occur

with dielectric surfaces. Further, the moderate localization of a
BSW mode compared with that of an SPP mode is favorable for
applications where a large volume of the adjacent material
needs to interact with the dielectric multilayer.
Both SPPs and BSWs undergo diffraction in the plane of the

interface, which will induce coupling losses between the on-
chip components as the wave packet spreads laterally during
propagation. In recent years, with the rapid development of
plasmonic technology, many methods have been proposed to
construct diffraction-free SPPs,12 such as plasmonic Airy beams
(PABs) generated by spatial light modulators,13 in-plane
diffraction from metallic hole arrays,14 cosine−Gauss plasmon
beams created by two sets of metallic gratings,15 and efficient
manipulation of PABs in linear optical potentials produced by
wedged metal−dielectric−metal structures.16 Evolution from
free-space three-dimensional (3D) diffraction-free optical waves
(such as Bessel and Airy beams) into two-dimensional (2D)
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surface waves is not only of fundamental interest but could also
facilitate the development of devices that utilize these waves.
One of the main advantages of this technique is that 2D
elements can have arbitrary shapessomething that is difficult
to achieve in 3D.17 This is also one of the reasons why research
is shifting from metamaterials to metasurfaces.18,19

Previously, little to no effort had been devoted to
constructing diffraction-free surface waves in an aqueous
environment and in the visible light band, which is more
favorable for biological applications. Many biological and
clinical assays are performed on glass surfaces, including assays
involving DNA,20 proteins,21 and HIV,22 as well as a wide range
of immunoassays.23 More recently, these assays have been
modified to use multiplexing based on multiple excitation and
emission channels.24,25 The ability to generate and control
diffraction-free light waves on glass surfaces could have a large
impact on the biosciences and result in other formats for
diagnostic devices. Such applications are more difficult to
achieve with metallic structures because of the high propagation
losses at the metal/water interface. The propagation loss of an
SPP at a metal/water interface is higher than that of an SPP at a
metal/air interface, notably in the visible spectrum, such as for a
wavelength of 633 nm. For a BSW with dielectric multilayers,
the propagation losses are much lower (both in water and air),
and their effective indices can be tuned by varying the thickness
of the top dielectric layer.26 Using an axicon (or conical lens
element27−29), free-space Bessel beams, which are also a
diffraction-free beam, can be generated; this has been reported
in free space optics (3D optics). In the present report, we
demonstrate both experimentally and theoretically that
diffraction-free BSWs can be generated on an all-dielectric
multilayer with simple dielectric gratings. Owing to the low loss

of BSWs, diffraction-free behavior can be preserved even after
the wave encounters either three obstacles or a single-mode
silicon fiber along the propagation path.

RESULTS AND DISCUSSION
The dielectric multilayer is made of alternating layers of SiO2
and Si3N4 with the number of layers shown in Figure 1a. Except
for the top SiO2 layer, which was 450 nm thick (refractive index
n = 1.46), the SiO2 layers were 110 nm thick. The thickness of
the Si3N4 (Si Rich+) layers was approximately 66 nm
(refractive index n = 2.6). With this multilayer structure,
BSWs can be populated at the water/SiO2 interface
(Supplementary Figure 1). Two dielectric gratings (Figure
1b) with a period of 460 nm were inscribed on the top SiO2
layer with a focused ion beam (FIB); the grating’s period was
matched with the physical wavelength of the BSWs at the SiO2/
water interface (Figure 1b, which shows that the crossing angle
of the two gratings was designed to be either 10° or 170°).
Subsequently, the multilayer was coated with a drop of water.
With the aid of the grating for momentum matching, BSWs
were excited with a normally incident, focused Gaussian beam
from a laser with linear polarization parallel to the Y-axis at a
wavelength of 633 nm.30 The laser beam was focused onto the
center of the two gratings. The plane BSWs of equal amplitude
launched by the pair of gratings are expected to interfere
constructively to form DF-BSWs for a distance Xmax = w0/sin
(θ) = 115 μm, where θ was designed to be 5° and the beam
waist of the incident beam was w0, which was set to 10 μm. The
length of the grating (D) was 30 μm and thus larger than the
beam waist (Figure 1c). It should be noted that the calculation
of the maximum nondiffraction distance was based on the
assumption that BSWs propagate without loss (from point S to

Figure 1. Schematic diagram of the samples and of the optical setup. (a) Dielectric multilayer with intersecting gratings fabricated on the top
SiO2 layer. The top surface of the sample was immersed in deionized water. (b) Scanning electron microscope (SEM) image of the grating in
which the cross-angle of the two gratings is 170°. The period of the gratings was 460 nm. (c) Formation of the DF-BSW. The cross-angle of
the two gratings is defined as (π − 2θ = 170°); Xmax represents the longest diffraction-free distance; D represents the length of the grating; w0
is the beam waist; and S represents the zero point of the X−Y axis. (d) Optical setup of the LRM. The Gaussian beam was focused onto the
two gratings and then launched the DF-BSW, whose leakage radiation is collected by the objective.
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BSW-based optical chip

Dubey et al, Opt Lett. 41, 4867 (2017)

Near field characterisation of a BSW-based 2D disk resonator

EPFL group

DBR: SiN-SiO2
guide and disk:  TiO2
radius: 100 micron

Probe with SNOM tip

Graphene-BSW-based biosensors

Baghbadorani et al, Appl. Opt. 56, 462 (2017)
Biosensors based on Bloch surface waves in one-
dimensional photonic crystal with graphene nanolayers 

spectrum that corresponds to the surface mode of the GIBG is
narrower than those that correspond to the modes of the Bragg
gaps of the structures with and without graphene nanolayers.
For sensing purposes, we look for the surface modes with ex-
tended electric field profiles. In Fig. 4, the electric field profiles
of the three modes corresponding to Fig. 3 are plotted as func-
tions of the normal distance z. Because of the losses of the TiO2

layers of the PhC, the EM wave has a decaying nature in the
TiO2 layers and a propagating nature in the SiO2 layers
of the structure. From Fig. 4, it is clear that the surface mode
of the GIBG (solid line) is extended to the analyte side more
than the surface modes of the Bragg gaps of the structure with
(dotted line) or without (dashed line) the graphene nanolayers,
which makes it useful for probing large volumes of aqueous
solution. Moreover, the electric profile of the GIBG surface
mode is localized more than those of the Bragg gap modes
in the layered structure of the biosensor.

Figure 5 depicts the resonance angles in the reflection spec-
trum versus the refractive index of the sensing medium, which

changes from ns ! 1.33 (pure water) to ns ! 1.36. From the
figure, one can see that the resonance angle is very sensitive to
the refractive index of the sensing medium in the case of the
GIBG mode. In contrast, the resonance angles in the reflection
spectra of the structure corresponding to the Bragg gap surface
modes are not highly sensitive to the change of ns. To deter-
mine the angular sensitivity of the biosensor, one needs to cal-
culate the slope of these diagrams, Sθ !

Δθres
Δns

[27,38,42–45].
The angular sensitivities of the biosensor at two frequencies,
f ! 0.897 THz and f ! 6.557 THz, are 117.042 and
35.638, respectively. In conventional 1D-PhCs, the sensitivity
for f ! 6.317 THz is 34.357, which is very close to those re-
ported by Paeder et al. [42] and Li et al. [38].

To achieve a better perspective on the performance of
the proposed one-dimensional graphene PhC (1D-GPhC) bio-
sensor, the study of the full width at half-minimum (FWHM) of
the resonance dip helps us to identify the exact resonance angle.
The narrower FWHM becomes, the more detection accuracy
is acquired. Detection accuracy can be defined as DA !
1∕FWHM [43–45]. Figure 6 displays the detection accuracy
of the selected surface modes in the 1D-GPhC and the 1D-
PhC versus the refractive index of the sensing medium. From
the figure, the trend is obviously downward in the case of the
surface mode in GIBG with f ! 0.897 THz. The detection
accuracy of PBG modes in the structures with and without
the graphene nanolayers, meanwhile, remain nearly constant.

Fig. 3. Reflection spectra of the structure as functions of the inci-
dent angle θi correspond to the GIBG surface mode (solid line), the
Bragg gap surface mode (dotted line) of the graphene-based structure,
and the Bragg gap surface mode (dashed line) of the graphene-less
structure.

Fig. 4. Electric field profiles of the GIBG surface modes (solid line),
the Bragg gap surface mode (dotted line) of the graphene-based struc-
ture, and the Bragg gap surface mode (dashed line) of the graphene-less
structure.

(a)

(b)

Fig. 5. Influence of the refractive index changes of the sensing
medium on (a) the GIBG mode’s resonance angle and (b) the
Bragg mode’s resonance angle.

Research Article Vol. 56, No. 3 / January 20 2017 / Applied Optics 465



Exciton-TP coupling
Hu et al, Appl. Phys. Lett. 110, 051101 

(2017)
Strong coupling between Tamm plasmon 

polariton and two dimensional semiconductor 
excitons 

Figure 1(b). Via using the transfer matrix method, we give
the theoretical calculation of the TE polarized TPP mode
and the distribution of absolute electric field at normal inci-
dence in Figure 1(b). The parameters used in the calculation
are nSiO2

¼ 1:5, nHfO2
¼ 1:95, nTiO2

¼ 2:12 , and nSiO2
lSiO2

¼ nHfO2
lHfO2

¼ pc=2x0, where x0 corresponds to the Bragg
frequency with !hx0¼ 1.87 eV. The relative permittivity of
silver is described by the Drude model

eAgðxÞ ¼ e1 $
x2

p

x2 þ icx
; nAg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
eAg xð Þ

q
; (1)

where e1¼ 5, !hxp ¼ 9 eV, and !hc ¼ 18 meV. We confirm
the TPP state in the structure by measuring the angle
resolved differential reflectivity spectra (DRS) DR/R0

¼ (RTPP$R0)/R0 (shown in Figure 1(c)), where RTPP is the
reflectivity of the TPP sample and R0 is that of the silver
reflector. The numerical aperture (NA) of the objective lens
we use is 0.75 which allows us to detect the angular range of
648.6&. The broadband light source is a tungsten halogen
lamp and the angle resolved differential reflectivity spectro-
scopic setup is similar to that described in Ref. 32. From
Figure 1(c), one can see a dip at 663 nm with half width at
half maximum (HWHM) of !hCTPP ¼ 14 meV. This implies a
quality factor of the TPP mode of 130 at a normal incidence.
A parabolic dispersion of the TPP mode with the angle of the
incidence light varying from 0& to 48.6& is observed.

The optical qualities of monolayer MoS2 are examined
by measuring the micro-photoluminescence (PL) spectroscopy
and the DRS, as shown in Figures 2(a) and 2(b). In the
PL experiments, the excitation is a 532 nm continuous wave
laser line. From Figure 2(a), one can see two pronounced PL
peaks at 652.5 nm and 610 nm associated with the A and B
excitons, respectively,39 and the dominant peak is 652.5 nm
arising from the transition of the A excitons. The PL and
Raman spectrum shown in Figure S1 (supplementary material)

indicates the excellent optical quality of the monolayer MoS2

and demonstrate that the thickness of exfoliated MoS2 is a
single layer.40,41 In the measurement of the reflectance of our
samples, the differential reflectivity is defined as DR/Rsub

¼ (Rsample$Rsub)/Rsub, where Rsample is the reflectivity of the
monolayer MoS2 on the substrate (PDMS) and Rsub is that of
the substrate. The two peaks in Figure 2(b) arise from the
absorption of the A and B excitons which are consistent with
the two peaks in Figure 2(a). Moreover, from the reflectance
measurements of the samples, we can deduce the complex
dielectric function of the monolayer MoS2. The dielectric
function of the monolayer MoS2 is modelled by the multi-
Lorentzian oscillators42

eðxÞ ¼ eb þ
X

i¼A;B

fi

x2
i $ x2 $ iCix

¼ e1 þ ie2; (2)

where eb is the background dielectric function, f is the oscilla-
tor strength, and the parameter i¼A,B correspond to the
A and B excitons in MoS2. !hxA¼ 1.9 eV, !hxB¼ 2.04 eV,
!hCA¼ 60 meV, and !hCB ¼ 110 meV are fitted from the PL
spectrum in Figure 2(a). By the simulation of the DRS (blue
dashed line) which is in good agreement with the experimen-
tal result (orange dotted line), we can obtain the other param-
eters which are eb¼ 18, !h2fA¼ 1.7 eV2, !h2fB¼ 2.5 eV2. In the
simulation, the refractive index of PDMS is set to be 1.5. The
derived real and imaginary part of the complex dielectric
function of the monolayer MoS2 are given in Figure 2(c)
which are consistent with the reported experimental results.42

By measuring the angle resolved DRS, we demonstrate
the strong coupling between the TPP modes and A excitons
in monolayer MoS2. From Figure 3(a), two pronounced dips
which correspond to the upper polariton branch (UPB) and
the lower polariton branch (LPB) are seen at the angle of
638& when the TPP mode is resonant with the A excitons.
The detailed part of the red rectangle in Figure 3(a) is

FIG. 1. (a) Schematic of the sample
structure. (b) (Normal incidence)
Theoretically calculated absolute elec-
tric field distribution of the TPP
mode with a wavelength of 663 nm.
The inset picture shows the reflectivity
spectrum of the structure in (a) without
monolayer MoS2 embedded in it. (c)
Experimentally detected angle resolved
DRS of the TPP mode.

051101-2 Hu et al. Appl. Phys. Lett. 110, 051101 (2017)

Figure 1(b). Via using the transfer matrix method, we give
the theoretical calculation of the TE polarized TPP mode
and the distribution of absolute electric field at normal inci-
dence in Figure 1(b). The parameters used in the calculation
are nSiO2

¼ 1:5, nHfO2
¼ 1:95, nTiO2

¼ 2:12 , and nSiO2
lSiO2

¼ nHfO2
lHfO2

¼ pc=2x0, where x0 corresponds to the Bragg
frequency with !hx0¼ 1.87 eV. The relative permittivity of
silver is described by the Drude model

eAgðxÞ ¼ e1 $
x2

p

x2 þ icx
; nAg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
eAg xð Þ

q
; (1)

where e1¼ 5, !hxp ¼ 9 eV, and !hc ¼ 18 meV. We confirm
the TPP state in the structure by measuring the angle
resolved differential reflectivity spectra (DRS) DR/R0

¼ (RTPP$R0)/R0 (shown in Figure 1(c)), where RTPP is the
reflectivity of the TPP sample and R0 is that of the silver
reflector. The numerical aperture (NA) of the objective lens
we use is 0.75 which allows us to detect the angular range of
648.6&. The broadband light source is a tungsten halogen
lamp and the angle resolved differential reflectivity spectro-
scopic setup is similar to that described in Ref. 32. From
Figure 1(c), one can see a dip at 663 nm with half width at
half maximum (HWHM) of !hCTPP ¼ 14 meV. This implies a
quality factor of the TPP mode of 130 at a normal incidence.
A parabolic dispersion of the TPP mode with the angle of the
incidence light varying from 0& to 48.6& is observed.

The optical qualities of monolayer MoS2 are examined
by measuring the micro-photoluminescence (PL) spectroscopy
and the DRS, as shown in Figures 2(a) and 2(b). In the
PL experiments, the excitation is a 532 nm continuous wave
laser line. From Figure 2(a), one can see two pronounced PL
peaks at 652.5 nm and 610 nm associated with the A and B
excitons, respectively,39 and the dominant peak is 652.5 nm
arising from the transition of the A excitons. The PL and
Raman spectrum shown in Figure S1 (supplementary material)

indicates the excellent optical quality of the monolayer MoS2

and demonstrate that the thickness of exfoliated MoS2 is a
single layer.40,41 In the measurement of the reflectance of our
samples, the differential reflectivity is defined as DR/Rsub

¼ (Rsample$Rsub)/Rsub, where Rsample is the reflectivity of the
monolayer MoS2 on the substrate (PDMS) and Rsub is that of
the substrate. The two peaks in Figure 2(b) arise from the
absorption of the A and B excitons which are consistent with
the two peaks in Figure 2(a). Moreover, from the reflectance
measurements of the samples, we can deduce the complex
dielectric function of the monolayer MoS2. The dielectric
function of the monolayer MoS2 is modelled by the multi-
Lorentzian oscillators42

eðxÞ ¼ eb þ
X

i¼A;B

fi

x2
i $ x2 $ iCix

¼ e1 þ ie2; (2)

where eb is the background dielectric function, f is the oscilla-
tor strength, and the parameter i¼A,B correspond to the
A and B excitons in MoS2. !hxA¼ 1.9 eV, !hxB¼ 2.04 eV,
!hCA¼ 60 meV, and !hCB ¼ 110 meV are fitted from the PL
spectrum in Figure 2(a). By the simulation of the DRS (blue
dashed line) which is in good agreement with the experimen-
tal result (orange dotted line), we can obtain the other param-
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By measuring the angle resolved DRS, we demonstrate
the strong coupling between the TPP modes and A excitons
in monolayer MoS2. From Figure 3(a), two pronounced dips
which correspond to the upper polariton branch (UPB) and
the lower polariton branch (LPB) are seen at the angle of
638& when the TPP mode is resonant with the A excitons.
The detailed part of the red rectangle in Figure 3(a) is

FIG. 1. (a) Schematic of the sample
structure. (b) (Normal incidence)
Theoretically calculated absolute elec-
tric field distribution of the TPP
mode with a wavelength of 663 nm.
The inset picture shows the reflectivity
spectrum of the structure in (a) without
monolayer MoS2 embedded in it. (c)
Experimentally detected angle resolved
DRS of the TPP mode.
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displayed in Figure 3(b). With the increase of angle from 38!

the UPB is more TPP like while the LPB is more exciton like
and vice versa for the decrease of the angle from 38!. In
Figure 3(a) only UPB is observed in large angle (>38!) and

LPB in small angle (<38!), this is due to the broad linewidth
of the A excitons at room temperature and the low contrast in
the mapping of the DRS. For clarity, we extract the DRS of
Figure 3(a) and fit the dips of these spectra. Three of the

FIG. 2. (a) Photoluminescence of the
monolayer MoS2. The gray arrows
indicate the A and B excitons in mono-
layer MoS2. (b) The experimental
(orange dotted line) and the theoreti-
cally simulated results (blue dashed
line) of the the DRS of the monolayer
MoS2 on the PDMS substrate. (c) The
real and imaginary parts of the com-
plex dielectric function of the mono-
layer MoS2.

FIG. 3. (a) Angle resolved DRS of the
TPP sample with the monolayer MoS2

embedded in it. The white dashed line
indicates the A exciton energy of
MoS2 and the dispersion of the TPP
mode. The yellow lines represent the
dispersion of the LPB and UPB. (b)
The enlarged color map of the red rect-
angle in (a). (c) The fitted curves (red
line) of the spectra extracted from (a)
with an angle of 33!, 39!, and 45!,
respectively. The orange dashed lines
and green dashed lines are the Gaussian
fitting of the UPB and the LPB, and the
blue dotted lines are the experimental
results. (d) Sixteen extracted spectra of
(a) with an angle varying from 0! to
48!. The black dashed line shows the A
exciton energy and the red dashed lines
represent the fitted minima of each
spectrum.
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short-range SPs and bulk polaritons, called as high-k propa-
gating modes.36 It is noteworthy that in case the thickness of
the dielectric layers is not subwavelength, multilayer
graphene-dielectric systems may also support the mentioned
modes.37,38

In this paper, considering the Ohmic losses of graphene
layers, we examine the propagation and localization charac-
teristics of the Tamm SPs supported by realistic graphene-
dielectric metamaterials. Moreover, we suggest optimal
designs of these systems, which are capable of supporting
long-range Tamm SPs within 5.5–50 THz. To the best of our
knowledge, the results presented here have not been reported
elsewhere.

II. MATH AND EQUATIONS

A. Exact dispersion relations of Tamm surface
plasmons

As schematically shown in Fig. 1(a), the graphene meta-
material is composed of a periodic arrangement of graphene
layers with surface conductivity rg and period d, embedded
in a background with the dielectric constant e. This system
can also be capped with a medium of thickness dc and dielec-
tric constant ec (see Fig. 1(b)). Letting the wave vector lie in
the xz plane, it is well known that the TM-polarized disper-
sion relation of this system can be given by21,22,34,35

cos KBdð Þ ¼ cosh qdð Þ $
aq

2e
sinh qdð Þ: (1)

Here, KB is the Bloch wave number, q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 $ eb2
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q
;

b ¼ kx; b0 ¼ x=c; a ¼ rg=ix!0, and we use Falkovski’s for-

malism to include both inter- and intra-band contributions in
rg.21 First, we obtain exact dispersion relation of Tamm SPs
in the absence of the cap layer. For a graphene metamaterial
truncated at z¼ 0 with a semi-infinite homogeneous medium
of es, Hy may be considered as

HyðzÞ ¼
A½sinhðqzÞ þ ccoshðqzÞ' z ( 0
B expðqszÞ; z < 0
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; (2)

where qs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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. By applying the following standard

boundary conditions for TM polarization21,34,37
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on Eq. (2), we arrive at the below dispersion relation for
the Tamm SPs, which is in agreement with that reported by
Ref. 31
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Here, c can be obtained by applying the boundary conditions
together with the Bloch periodic ones on the first period of
the metamaterial as

c ¼ eiKBd $ cosh qdð Þ
sinh qdð Þ

: (5)

It is noteworthy that this method of obtaining c has been
called the direct-matching procedure39 and can be applied in
any periodic layered system.40 In case the graphene metama-
terial is truncated with a cap layer of width dc and dielectric
constant of ec (see Fig. 1(b)), the exact dispersion relation of
the Tamm SPs can be derived as

tanh qcdcð Þ ¼
gþ gs

1þ ggs
; (6)

where qc¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2$ ecb

2
0

q
; g¼ qcðec=qþaÞ=ec and gs¼$qces=

qsec.

B. Long-wavelength approximation of Tamm surface
plasmons

As reported previously,24 in the long-wavelength limit,
qd ) 1, Eq. (1) can be reduced to a hyperbolic dispersion
relation, K2

B=ex þ b2=ez ¼ b2
0 where, in the local EMT for-

malism, ez and ex can be presented as e and ez $ a/d, respec-
tively. Consequently, the dielectric response of the multilayer
graphene metamaterial can be effectively described as that of
a uniaxially anisotropic medium with a dielectric tensor of

eef f ¼
ex 0 0
0 ey 0
0 0 ez

2

4

3

5; (7)

FIG. 1. Panels (a) and (b) show the
schematics of the graphene metamate-
rial without and with the presence of a
cap layer, respectively. The dielectric
layers separating graphene sheets in the
metamaterial have a subwavelength
thickness of d with the dielectric con-
stant of e. The dielectric constant and
thickness of the cap layer are ec and dc.
Both structures are truncated with semi-
infinite homogeneous medium (z< 0) of
es at z¼ 0. The red curve in panel (a)
illustrates the jExj profile of a typical
Tamm surface plasmon supported by
the graphene-dielectric metamaterial.
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Quantum plasmonics
M. S. Tame1*, K. R. McEnery1,2, Ş. K. Özdemir3, J. Lee4, S. A. Maier1* and M. S. Kim2

Quantum plasmonics is a rapidly growing field of research that involves the study of the quantum properties of light and its

interaction with matter at the nanoscale. Here, surface plasmons—electromagnetic excitations coupled to electron charge

density waves on metal–dielectric interfaces or localized on metallic nanostructures—enable the confinement of light to scales

far below that of conventional optics. We review recent progress in the experimental and theoretical investigation of the

quantum properties of surface plasmons, their role in controlling light–matter interactions at the quantum level and potential

applications. Quantum plasmonics opens up a new frontier in the study of the fundamental physics of surface plasmons and

the realization of quantum-controlled devices, including single-photon sources, transistors and ultra-compact circuitry at the

nanoscale.

Plasmonics provides a unique setting for the manipulation
of light via the confinement of the electromagnetic field
to regions well below the diffraction limit1,2. This has

opened up a wide range of applications based on extreme light
concentration3, including nanophotonic lasers and amplifiers4,5,
optical metamaterials6, biochemical sensing7 and antennas trans-
mitting and receiving light signals at the nanoscale8. These appli-
cations and their rapid development have been made possible by
the large array of experimental tools that have become available in
recent years for nanoscale fabrication and theory tools in the form
of powerful electromagnetic simulationmethods. At the same time,
and completely parallel to this remarkable progress, there has been
a growing excitement about the prospects for exploring quantum
properties of surface plasmons and building plasmonic devices
that operate faithfully at the quantum level9. The hybrid nature
of surface plasmon polaritons (SPPs) as ‘quasi-particles’ makes
them intriguing from a fundamental point of view, with many of
their quantum properties still largely unknown. In addition, their
potential for providing strong coupling of light to emitter systems,
such as quantum dots10,11 and nitrogen–vacancy (NV) centres12, via
highly confined fields offers new opportunities for the quantum
control of light, enabling devices such as efficient single-photon
sources13–16 and transistors17–19 to be realized. Although surface
plasmons are well known to suffer from large losses, there are
also attractive prospects for building devices that can exploit this
lossy nature for controlling dissipative quantum dynamics20. This
new field of research combining modern plasmonics with quantum
optics has become known as ‘quantum plasmonics’.

In this Review, we describe the wide range of research activities
being pursued in the field of quantum plasmonics. We begin with a
short description of SPPs and their quantization. Then, we discuss
one of the major strengths of plasmonic systems: the ability to
provide highly confined electromagnetic fields. We describe how
this enables the enhancement of light–matter interactions and the
progress that has been made so far in demonstrating a variety of
schemes that take advantage of it in the quantum regime. We also
review key experiments that have probed fundamental quantum
properties of surface plasmons and their potential for building
compact nanophotonic circuitry. We conclude by providing an

1Experimental Solid State Group, Department of Physics, Imperial College London, Prince Consort Road, SW7 2BW, UK, 2Quantum Optics and Laser
Science Group, Department of Physics, Imperial College London, Prince Consort Road, SW7 2BW, UK, 3Department of Electrical and Systems
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outlook on some of the important challenges that remain to be
addressed and new directions for the field.

Quantization
One of the most fundamental aspects in quantum plasmonics is the
description of surface plasmons using quantum mechanics. This is
what sets it apart from all other areas of modern plasmonics. Much
of the work laying the foundations for quantization was carried out
in the 1950s by Bohm and Pines, with work by Pines providing
the very first model for quantizing plasma waves in metals21.
Here, electrons in the conduction band were considered to be free
electrons in an electron gas and the long-range correlations in their
positions treated in terms of collective oscillations of the system as a
whole. The quantized form of these collective matter oscillations—
plasmons—were found to be bosons, with both wave-like and
particle-like behaviour, as expected for quantum excitations. The
‘polariton’—a joint state of light and matter—was introduced by
Hopfield22, who provided a quantum model for the polarization
field describing the response of matter to light. Depending on
the type of matter, Hopfield called the field a ‘phonon-polariton’,
‘plasmon-polariton’ and so on, with the quanta as bosons. The
concept of a surface plasma wave (SPW) was proposed soon
after by Ritchie23. Several years later, Elson and Ritchie24, and
others used Hopfield’s approach to provide the first quantized
description of SPWs as ‘SPPs’, whose coupled light–matter features
are described in Fig. 1. Hydrodynamic effects were also included in
the quantization25. Despite its great success, Hopfield’s approach
did not consider loss, which is caused by the scattering of
electrons with background ions, phonons and themselves in the
conduction band8,26 (ohmic loss) and at high frequencies by
interband transitions26. A new ‘microscopic’ quantization method
was introduced by Huttner and Barnett27, extending Hopfield’s
approach to polaritons in dispersive and lossy media, including
waveguides. Most recently, a ‘macroscopic’ approach has been
developed using Green’s functions28. Localized surface plasma
oscillations at nanoparticles have also been quantized29–31, the
quanta of which are called localized surface plasmons (LSPs).
In Box 1, we outline a basic approach to quantization for the
waveguide32,33 (SPP) and localized30,31 (LSP) setting.
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Fig. 3. Observation of a plasmonic Hong-Ou-Mandel coalescence effect 
with freely propagating single SPPs on sample I. The plot displays the 
coincidence count rates with respect to the HOM delay δHOM between both 
particles. The delay is indicated as a relative measurement starting from 
the initial position of the optical apparatus. The coincidences counts have 
been recorded every 50 µm, with a five minutes integration time, that is 
long enough to limit uncertainty on the count rate below 1 coincidence per 
second. The contrast of the dip is approximately 61%±2%, above the 
quantum limit at 50%. The inset displays short interferograms of the 
classical fringes recorded by SPCMs A and B. Similarly to the lossless 
configuration, the observed sine waves are in phase opposition. 

Fig. 4. Observation of a plasmonic Hong-Ou-Mandel peak when using 
sample II. We plotted the coincidence count rate between SPCMs A and B 
for a varying delay between the particles interfering on the SPBS, and 
under the same experimental conditions as previously. The contrast of the 
peak is 70%±2%. Here, the SPBS coefficients have been chosen so that the 
classical sine fringes are in-phase (see inset). This observation can be 
interpreted as an anti-coalescence effect. 
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sample II. We plotted the coincidence count rate between SPCMs A and B 
for a varying delay between the particles interfering on the SPBS, and 
under the same experimental conditions as previously. The contrast of the 
peak is 70%±2%. Here, the SPBS coefficients have been chosen so that the 
classical sine fringes are in-phase (see inset). This observation can be 
interpreted as an anti-coalescence effect. 
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Generalized beam-splitter as a 4-port system
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Symmetry and anti-coalescence

1

2

a

b

1

2

a

b

|ai1 |bi2 |bi1 |ai2

Add polarization degrees of freedom

| poli = (1/
p
2)(|Hi1 |V i2 ± |V i1 |Hi2)

| spatiali = (1/
p
2)(|ai1 |bi2 ± |bi1 |ai2

| totali = | poli ⌦ | spatiali

| totali symmetric for both | poli and | spatiali antisymmetric



Symmetry and anti-coalescence - contd

Assume 

1. nonpolarizing BS
2.  detectors not sensitive to polarization

Consequence: Setup
operates only on the spatial part

Output correlation can reveal anti-coalescence

Bosons can mimic Fermions



Criticality of phase relations

Lossless BS |r|2 + |t|2 = 1, rt⇤ + r⇤t = 0

t = ±ir, �� = �r � �t = ±⇡/2

Lossy BS |t± r|2  1

|t|2 + |r|2 ± (rt⇤ + r⇤t)  1

Absorption = 1� |t|2 � |r|2



Correlations: quantum vs classical

P (1a, 1b) = |t|4 + |r|4 + ((rt⇤)2 + (tr⇤)2)I

I overlap integral of individual wavepackets

I = 0 Classical Pcl(1a, 1b) = |t|4 + |r|4

I = 1

Coalescence 

t = ±ir, P (1a, 1b) = 0

�� = ±⇡/2

Anti-coalescence 

�� = 0, ⇡

t = ±r P (1a, 1b) = 2Pcl

HOM dip HOM peak



Coupled BSW

Higher losses: 0.001 i 
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Coupled BSW

Lower losses: 0.00001 i 
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Coupled Tamm plasmons
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Anti-coalescence
 at the short range mode

Anti-coalescence
 at the long range mode



Conclusions

• Highly dispersive plasmonic systems for quantum optics

• Novel plasmonic structures 

• Flexibility with the Bloch surface waves and Tamm plasmons

• Ability to explore both photon coalescence and anti-
coalescence in the same structure



Thank You


