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Combining ε-Near-Zero Behavior 
and Stopped Light Energy Bands 
for Ultra-Low Reflection and 
Reduced Dispersion of Slow Light
Frank Bello1,2, A. Freddie Page3, Andreas Pusch3, Joachim M. Hamm3, John F. Donegan  1,2 & 
Ortwin Hess  3

We investigate media which exhibits epsilon-near-zero (ENZ) behavior while simultaneously sustaining 
stopped light energy bands which contain multiple points of zero group velocity (ZGV). This allows 
the merging of state-of-the-art phenomena that was hitherto attainable in media that demonstrated 
these traits separately. Specifically, we demonstrate the existence of Ferrell-Berreman (FB) modes 
within frequency bands bounded by points of ZGV with the goal to improve the coupling efficiency and 
localization of light in the media. The FB mode is formed within a double layer, thin-film stack where at 
subwavelength thicknesses the structure exhibits a very low reflection due to ENZ behavior. In addition, 
the structure is engineered to promote a flattened frequency dispersion with a negative permittivity 
able to induce multiple points of ZGV. For proof-of-concept, we propose an oxide-semiconductor-oxide-
insulator stack and discuss the useful optical properties that arise from combining both phenomena. A 
transfer matrix (TM) treatment is used to derive the reflectivity profile and dispersion curves. Results 
show the ability to reduce reflection below 0.05% in accordance with recent experimental data while 
simultaneously exciting a polariton mode exhibiting both reduced group velocity and group velocity 
dispersion (GVD).

Low dispersion metamaterials which slow or stop light produce desirable properties in devices used for com-
munications technologies1, 2. For example, various structures supporting more than one mode with ZGV have 
recently been proposed to self-trap light without the need for traditional feedback methods, specifically Bragg 
reflectors or carefully constructed photonic and plasmonic waveguides3, 4. Furthermore, metamaterials which 
are highly absorptive are beneficial in order to increase directional transmission while reducing any detrimental 
effects on the efficiency of an integrated device due to unwanted reflections5. We aim to enhance these features, 
i.e. to slow light, to lower dispersion and to reduce reflection, by taking advantage of asymmetric metamaterials 
that can support a frequency band bounded by ZGV points, i.e. stopped light bands, while simultaneously expe-
riencing an ENZ material response.

ENZ materials are materials which can sustain permittivities (ε) well under the permittivity of free space and 
frequently below 0.1. This property, in combination with subwavelength film thicknesses, can be used to imped-
ance match a superstrate with a metamaterial, stacked substrate by manipulating the phase shift of a wave as it 
travels through the stack6. The reduced reflection leads to an enhancement of the electric field in the structure 
which can in turn yield strong harmonic generation, soliton formation, as well as perfect absorption7–11. Within 
the past year alone, ENZ media have been produced using a variety of metamaterial structures ranging from mul-
tilayered metal-insulator films12, silicon pillar arrays13, and even a nonspecific family of soliton-like materials14. 
The latter is the first to our knowledge to report the coexistence of ENZ behavior for a mode which experiences 
ZGV. However, full exploitation of these optical effects have yet to be realized or fully understood in regards 
to their stability within integrated structures, in particular in anisotropic media where different components 
of the wavevector may experience a significantly altered material response. Herein, we focus on multilayered 
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thin films for which an ENZ material response enhances the absorption of leaky bulk polaritons, known as 
Ferrell-Berreman modes, which lie within the light cone and may be radiatively excited15–18. These modes should 
not be confused with purely longitudinal bulk or volume plasmons which are not radiatively excited18. FB reso-
nances have demonstrated an adaptable dispersion curve within multiple- or single-film materials17 and produce 
absorption within the visible to infrared wavelength range depending on layer thicknesses19–21.

Although it has recently been proven that a single point of ZGV is guaranteed in ENZ plasmonic metama-
terials, there may be drawbacks for obtaining slow light near these ZGV points. Beyond being highly dispersive 
they are known to occur as the wavevector (k) asymptotically goes to zero, i.e. ε = 0, which yields a nonradia-
tively, very lossy mode22–24. Moreover, extremely small wavevectors are a limiting factor in regards to creating a 
device which can support guided modes of slow light and excite a material at its bandgap energy25. Therefore, we 
examine asymmetric structures which can be used to manipulate the energy bands of FB modes such that they 
are bounded by two ZGV points, i.e. stopped light bands, and merge the distinctive behavior of these bands with 
that of ENZ media. For instance, ZGV points within stopped light bands do not necessarily correspond to small 
wavevectors offering a number of subsequent benefits. In thin layer films, they resulted in the demonstration of 
cavity-free trapping of plasmon modes between ZGV points that provide feedback over a frequency range in 
which propagation of light is slow, thus mimicking the response of a cavity without the physical limitations of 
fabricating one26. Importantly, in contrast to a single ZGV point, stopped light bands are guaranteed to contain at 
least one point of zero frequency dispersion while in general multiple ZGV points promote a flattened dispersion 
as discussed below27. Indeed, a relatively flattened dispersion with multiple ZGV points was previously designed 
by combining bulk ITO and thin film Si layers28. It is also notable that at near-infrared wavelengths ITO not 
only has the required negative permittivity for producing slow light but at subwavelength thicknesses has been 
demonstrated to induce ENZ behavior with reduced reflection in multilayered stacks7. Therefore, we propose an 
asymmetric structure composed of nanoscale ITO and semiconductor material layers to efficiently absorb light 
whose frequency/momentum fall in a stopped light band1, 29.

Results
Reflection and absorption profiles. A schematic of the multilayer structure investigated is shown in 
Fig. 1. Layers of Indium Gallium Arsenide Phosphide (InGaAsP) and Indium Tin Oxide (ITO) are deposited 
on a substrate of ITO and excited via a superstrate of Silicon Dioxide (SiO2). The thicknesses are optimized in 
order to excite an FB mode within a stopped light band that is robust to a few nanometers of surface rough-
ness, overlaps with the bandgap energy of InGaAsP, and minimizes reflection as much as possible. We focus on 
plane wave excitation through the superstrate which is suitable if one is using SiO2 prism-based coupling via the 
Kretschmann configuration for experiments30.

Reflectivity results in Fig. 2(a) show a broad dip in reflectivity in the upper left corner of the profile. This plas-
mon resonance is anticipated in the near-infrared regime for ITO films utilizing a Drude-model treatment and it 
shifts towards values of the bulk plasmon frequency as ITO thicknesses are increased31. For reference, we have 
also superimposed the curve corresponding to the pseudo-Brewster (PB) angle (black curve) which is analogous 
to the Brewster angle however when calculating the PB angle, one considers the absorption of light incident on a 
lossy media with imaginary dielectric constants32. The bending-back nature of the reflectivity contours to the left 
of the profile is caused by the summing of reflectivity values from the InGaAsP-ITO and SiO2-ITO interfaces. 
Around 1.545–1.565 rad/fs, (≈1.02 eV) the narrow dip in reflection is attributed to a near-zero material response 
with the real and imaginary parts of the permittivity both nearing zero for ITO using a lossy Drude model treat-
ment as we have for εITO. The absorbed mode is attributed to a radiative bulk plasmon polariton (white curve), 
also referred to as a Ferrell-Berreman mode, that exists to the left of the light line and disappears as film thick-
nesses are increased17. Upon examination, an uninterrupted contour for reflectivity reaches below 2.0% ranging 
roughly 39–74 degrees. In Fig. 2(b), the absorbance (α) is also shown but over a narrower frequency and incident 
angle range. The absorptance of is given by the emissivity in thermal equilibrium, α = − −Φ ΦR T1 k k, , , where R 
(T) refer to the spectral and directional reflectivity (transmission) powers33. For both PAR modes it is calculated 

Figure 1. Schematic of the asymmetric metamaterial stack studied which is composed of Silicon Dioxide, 
Indium Tin Oxide, and Indium Gallium Arsenide Phosphide. Optimized thicknesses for the upper ITO and 
InGaAsP layers are 8 nm and 20.8 nm respectively. The incoming field, which is described later in the Methods 
section, is TM-polarized with an incident angle ϕ1.
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to be >99.55%, with the peak intensity of absorbed power localized within the ITO thin film for the ENZ fre-
quency (see supplementary material for details)34, 35.

Reflection is expected to be further reduced for an incident wave if one can phase match it with a FB mode. 
Using a complex frequency analysis, the FB dispersion curve of Fig. 2 is derived and plotted in Fig. 328. Indeed, 
two minima are found on the reflectivity profile which corresponds to purely real frequencies on the dispersion 
curve and therefore an incoming wave can be perfectly phase matched and absorbed30. The reflection minima 
or points of perfect antireflection (PAR) are highlighted on the dispersion curve (black dots, blue online) and 

Figure 2. (a) Reflectivity profile as a function of incident angle (within SiO2) and input frequency. The 
dispersion of a bulk plasmon polariton mode (FB, white solid line) overlapping dip in reflectivity is predicted 
to occur due to ENZ behavior circa a frequency of 1.565 rad/fs (gray horizontal line, red online). Expected 
plasmon resonances for ITO thin films appear in the upper left of the profile andresonance excitation of a 
pseudo-Brewster (PB, black curve) mode is also superimposed. (b) The absorbance for the structure with 
values reaching over 98% within the innermost contour. The FB mode covers frequencies corresponding to a 
wavelength range of roughly 1207–1219 nm. Points of perfect antireflection (PAR) points and a point of zero 
GVD (black star) are highlighted.

Figure 3. Dispersion curve of the FB mode with the shaded area corresponding to angles in the light cone 
(legend) and contains the part of the curve shown in the reflectivity profile of Fig. 1. Black dots (blue online) 
mark PAR points at kx = 5.52 × 10−3 nm−1 and kx = 6.9 × 10−3 nm−1. The three gray dots (red online) represent 
ZGV points. One lying at kx = 0 at 1.565 rad/fs. The loss in the lower part of the diagram corresponds to the 
imaginary part of the complex frequency.
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defined as having reflectivity values below 0.05%. They are obtained at energies of 1.556 and 1.548 rad/fs corre-
sponding to incident angles of 47.2° and 67.9° respectively. These incident frequencies for PAR agree well with 
near-infrared measurements of perfect absorption in ITO films and may be shifted relative to each other by var-
ying ITO thickness7, 10. The radiative loss of these modes (e−ωt dependent) is due to a non-zero imaginary part of 
the frequency and shown as negative values in Fig. 3. It is dominantly Ohmic in particular when phase matching 
an incoming wave (ω″ = 0). However, near points of PAR, low reflectivity is still expected considering the rela-
tively low radiative losses36, 37 and therefore we see the elongated dip in reflectivity overlapping with the FB mode. 
As the FB mode transitions to a bound mode of the metamaterial, the loss returns to γ/2 (5.35 × 10−3 rad/fs) for 
in-plane modes outside the light cone. Near this point, just before the light line of SiO2, a change in curvature 
and ZGV point occur, marked by a red dot (gray online), while two other ZGV points which form stopped light 
bands are found to occur shortly beyond the light line and as kx goes to zero. For practical applications dissipative 
loss is a crucial issue to be addressed. To tackle this issue the layer of semiconducting InGaAsP is not only able to 
promote a flattened dispersion curve in combination with ITO28 but it allows gain to be introduced into the met-
amaterial stack3. Supplementary material is provided demonstrating how the loss in the FB mode can be affected 
when gain is introduced within the InGaAsP layer. It should be noted that the input frequency for PAR agrees well 
with bandgap values for InGaAsP near 1.02 eV38.

The figure of merit (f) for stopped light devices balances the range of k-vectors with the flatness of the band by 
calculating the average band velocity. The structure presented yields f = |Δkx/Δω| ≈ 0.4; previously established to 
be a good candidate for stopped light lasing where structures on the same order (f ≈ 1) have been shown to lase 
with significantly reduced threshold pumping2, 3, 27.

Results on group velocity and GVD. The radiative FB mode prominently lies within a stopped light 
energy band, bounded ZGV points, which spans the entire frequency range inside the light cone. The group 
velocity, Re[ ω∇k ], is plotted in Fig. 4(a) along with the group velocity dispersion (GVD), Re[ k2∇ω ], in Fig. 4(b). 
For small in-plane wavevectors the group velocity is reduced to the order of 10−3c yielding propagation lengths 
(2vg/ω″) between 1–1.5 μm. When phase matching an incident plane wave (black dots), light will slow to roughly 
0.02c which is comparable to other plasmonic devices designed for slow light operation39, 40. Here the GVD is also 
similar to previous HMM devices on the order of 104 ps2/m; highly useful in dispersion compensation devices but 
now additionally combined with PAR41, 42. One can notice the large dispersion near individual ZGV points, how-
ever slow light around 0.02c and zero GVD exists just before the light line within the stopped light band (high-
lighted in Fig. 2(b)). At points of ZGV the dispersion switches from normal (red curve online) to anomalous 
(black) or vice versa. Unlike previous plasmonic ENZ materials that guarantee a ZGV point at kx = 0, the two 
additional ZGV points near the light line are accompanied by a change in the sign of group velocity. Since the 
phase velocity (ω′/kx) of the FB mode is always positive, we therefore have group and phase velocities in opposing 
directions signifying a refractive index that is switching between positive and negative refraction. The wide range 
of tuning available for the refractive index, combined with reduced dispersion and low reflectivity, allows for a 
number of applications to be exploited such as nanoscale heat transfer, antireflective coatings, and subdiffraction 
focusing elements to name a few43–45. Furthermore, one may take advantage of enhanced harmonic generation, 
spatial chirping of non-periodic stacks, or the recently verified electrical tuning of modes in ITO layers in order 
to access areas of ZGV and zero or negative GVD to go along with excellent absorption27, 46–49.

Discussion
To conclude, we have demonstrated the existence of FB modes within stopped light bands using multilayered 
thin-films. By combining ENZ behavior with a stopped-light energy band structure we are able to permeate slow 
light throughout the mode’s band structure which simultaneously yield zero GVD and ultra-low reflection. This 
unified behavior yielded by the asymmetric thin-film layers and subsequent novel results have yet to be produced 
elsewhere to the best of our knowledge. The asymmetric stack is able to produce slow and low dispersive light 
along with a much reduced reflectivity below 0.05% by taking advantage of the impedance matching behavior of 
an ENZ material and phase matching with a FB mode. Although the dissipative loss is not negligible, the embed-
ded semiconducting material enables gain to be introduced in the structure whose stopped light band overlaps 
well with the bandgap energy of InGaAsP26–28. The subwavelength structure allows for integration within coupled 

Figure 4. (a) Absolute value of the group velocity of the FB mode with negative values of the group velocity in 
gray (red online) and positive values in black. (b) Absolute value of the GVD is shown with transitions between 
normal (red online, gray) and anomalous dispersion (black). PAR points are highlighted.
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photonic and plasmonic devices along with a number of available tuning mechanisms for the plasmon’s momen-
tum previously exhibited in ITO films7, 10, 47. This is on top of the aforementioned benefits of ENZ media and 
stopped light bands with frequency tuning between platforms yielding a multi-purpose metamaterial.

Methods
Transfer matrix analysis. The field is represented by a TM-polarized plane wave, = ++ − −E E Ee ei i i

ik d ik dzi i zi i, 
where the +(−) sign represents the forward (backward or reflected) propagating wave at the boundary interface 
of layers i and i + 1 with thicknesses di, of 20.8 and 8 nm for InGaAsP and ITO layers, respectively. The complex 
wavevector normal to the incident plane is defined as ε ω= −k c k/zi i x

2 2 2 , while kk sininx 1 1ε ϕ=  is taken to 
be real and conserved at each boundary. The permittivity of ITO is defined within the Drude free-electron model, 

i/( )ITO p
2 2ε ε ω ω ωγ= − +∞ , with designations for the plasma frequency (ωp = 3.13 rad/fs), scattering rate 

(γ = 1.07 × 10−2 rad/fs)3, 50, and background permittivity (ε∝ = 4.0). It should be noted that various factors such as 
surface roughness as well as non-local responses due to quantum pressure and diffusion may considerably 
increase the scattering rate51–54. The effects on the dispersion curve from an increased scattering rate compared to 
the local limit we have used are addressed in the accompanying supplementary material. The reflectivity profile 
shown in Fig. 2 is extracted from the transfer matrix of the HMM stack which relates the reflected and transmit-
ted fields at each surface boundary and is defined as,
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The transfer matrix (Mi,i+1) between successive layers is defined by a 2 × 2 matrix whose elements consist of the 
reflectivity (r) and transmission (t) coefficients at each interface.
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The transfer matrix of the entire structure considers reflection and transmission at each boundary interface and 
is defined as T Mi i,i 1= ∏ + . We then subsequently compute the ratio of reflected and incident field amplitudes at 
the superstrate-ITO interface, E E/1 1

− + 9.
To show the correspondence between the reflectivity and near-zero permittivity of the ITO film, we examine 

the conditions for PAR based on a Fresnel equation approach. For simplicity the under layers are approximated as 
perfectly conducting yielding the following two conditions for the input wavelength (λ) and incident angle which 
must be simultaneously met7,

Figure 5. Plotted is the deviation from the PAR condition represented by the equality in eqn. (5). The black 
(dashed) and white lines denote values for which the frequency and incident angle satisfy the PAR conditions 
of eqns (4) and (5) respectively. Crossing points of the white and black dashed lines which satisfy the conditions 
for PAR agree well with the narrow dip in reflectivity of Fig. 2 between 1.55–1.57 rad/fs.
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where ε ′ITO (ε″ITO) is the real (imaginary) part of the ITO permittivity. From eqn. (5) one can notice that the equal-
ity is satisfied if the thickness of the thin film ITO layer and the real component of its permittivity both approach 
zero. Consequently eqn. (4) tells us that the imaginary part of the ITO permittivity must also approach zero in 
order to prevent the radical from diverging.

Figure 5 shows that the conditions for PAR are met for a number of incident angles. Here we have plotted the 
deviation from the condition represented by eqn. (5) with the white line signifying the values of frequency and 
incident angle which match the condition exactly. Overlapped on this plot are the values for which the condition 
represented by eqn. (4) is also satisfied (black dashed line). The black and white lines periodically intersect at 
points where the PAR conditions are fulfilled. Between these points, circa a frequency of 1.565 rad/fs, the PAR 
condition is only slightly deviated from and therefore reflection is still anticipated to be extremely low, agreeing 
well with the reflectivity profile. Using an ITO thickness of 8 nm we find the condition for PAR is predicted to 
occur for a wavelength of λ ≈ 1204 nm (≈1.565 rad/fs) for which ε ′ITO = 0.002 and ITOε″  = 0.027; delineated by a 
gray horizontal line in Fig. 2(a) (red online). This agrees precisely with the TM results at normal incidence. It 
should be noted that as one moves above and below this energy we begin to strongly deviate from the PAR condi-
tions of eqns (4) and (5) where we also expect a large amount of reflected power from the bulk ITO substrate. In 
addition, it is the thin films which dominate the structure of the dispersion curve and reflectivity profile (see 
supplementary materials for an analysis of the effect of ITO thickness on absorption). The super and substrate 
materials are optimized for radiative coupling of the FB mode and to minimize transmission. The dispersion 
curve of Fig. 3 is derived by taking the frequency with the TM analysis to be complex and assuming the plasmon 
decays away as one moves away from the stack in the super and substrate26, 28.

References
 1. Tsakmakidis, K., Boardman, A. & Hess, O. Trapped rainbow’ storage of light in metamaterials. Nature 450, 397–401 (2007).
 2. Boyd, R. W. & Gauthier, D. J. Controlling the Velocity of Light Pulses. Science 326, 1074–1077 (2009).
 3. Pickering, T., Hamm, J. M., Page, A. F., Wuestner, S. & Hess, O. Cavity-free plasmonic nanolasing enabled by dispersionless stopped 

light. Nat. Commun. 5, 5972 (2014).
 4. Kubo, T. S., Mori, D. & Baba, T. Low-group-velocity and low-dispersion slow light in photonic crystal waveguides. Opt. Lett. 32, 

2981–2983 (2007).
 5. Wang, Q. J. et al. Whispering-gallery mode resonators for highly unidirectional laser action. Proc. Natl. Acad. Sci. 107, 22407–22412 

(2010).
 6. Feng, S. & Halterman, K. Coherent perfect absorption in epsilon-near-zero metamaterials. Phys. Rev. B 86, 165103 (2012).
 7. Luk, T. S. et al. Directional perfect absorption using deep subwavelength low-permittivity films. Phys. Rev. B 90, 085411 (2014).
 8. de Ceglia, D., Campione, S., Vincenti, M. A., Capolino, F. & Scalora, M. Low-damping epsilon-near-zero slabs: Nonlinear and 

nonlocal optical properties. Phys. Rev. B 87, 155140 (2013).
 9. Liberal, I. & Engheta, N. Near-zero refractive index photonics. Nat. Photon. 11, 149–158 (2017).
 10. Capretti, A., Wang, Y., Engheta, N. & Dal Negro, L. Enhanced third-harmonic generation in Si-compatible epsilon-near-zero indium 

tin oxide nanolayers. Opt. Lett. 40, 1500–1503 (2015).
 11. Vincenti, M. A., De Ceglia, D., Ciattoni, A. & Scalora, M. Singularity-driven second- and third-harmonic generation at epsilon-near-

zero crossing points. Phys. Rev. A 84, 063826 (2011).
 12. Sun, L., Li, Z., Luk, T., Yang, X. & Gao, J. Nonlocal effective medium analysis in symmetric metal-dielectric multilayer metamaterials. 

Phys. Rev. B 91, 195147 (2015).
 13. Li, Y. et al. On-chip zero-index metamaterials. Nat. Photon. 9, 738–742 (2015).
 14. Marini, A. & García de Abajo, F. J. Self-organization of frozen light in near-zero-index media with cubic nonlinearity. Scientific 

Reports 6, 20088 (2016).
 15. Ferrell, R. Predicted radiation of plasma oscillations in metal films,. Phys. Rev. 111, 1214–1222 (1958).
 16. Ciattoni, A., Marini, A., Rizza, C., Scalora, M. & Biancalana, F. Polariton excitation in epsilon-near-zero slabs: transient trapping of 

slow light. Phys. Rev. A 87, 053853 (2013).
 17. Newman, W. D. et al. Ferrell−Berreman modes in plasmonic epsilon-near-zero media. ACS Photon. 2, 2–7 (2014).
 18. Henrard, L., Vandenbem, C., Lambin, P. H. & Lucas, A. A. Comment on Are Volume Plasmons Excitable by Classical Light? Phys. 

Rev. Lett. 104, 149701 (2010).
 19. Kats, M. A., Blanchard, R., Genevet, P. & Capasso, F. Nanometre optical coatings based on strong interference effects in highly 

absorbing media. Nat. Mater. 12, 20–24 (2013).
 20. Godwin, R. P. & Mueller, M. M. Reflection spectroscopy by plasma-resonance enhancement, Appl. Optic. 12, 1276–1278 (1973).
 21. Maas, R., Parsons, J., Engheta, N. & Polman, A. Experimental realization of an epsilon-near-zero metamaterial at visible wavelengths. 

Nat. Photon. 7, 907–912 (2013).
 22. Javani, M. H. & Stockma, M. I. Real and imaginary properties of epsilon-near-zero materials. Phys. Rev. Lett. 117, 107404 (2016).
 23. Vassant, S., Hugonin, J.-P., Marquier, F. & Greffet, J.-J. Berreman mode and epsilon-near-zero mode. Opt. Expr. 20, 23971–23977 

(2012).
 24. Campione, S., Kim, I., de Ceglia, D., Keeler, G. A. & Luk, T. S. Experimental verification of epsilon-near-zero plasmon polariton 

modes in degenerately doped semiconductor nanolayers,. Opt. Expr. 24, 18782–18789 (2016).
 25. Oskooi, A. F., Joannopoulos, J. D. & Johnson, S. G. Zero–group-velocity modes in chalcogenide holey photonic-crystal fibers. Opt. 

Express 17, 10082–10090 (2009).
 26. Page, A. F. Surface plasmon emission and dynamics in active planar media, Ph.D. thesis, Imperial College London (2016).
 27. Page, A. F., Pickering, T. W., Hamm, J. M., Wuestner, S. M. & Hess, O. Dynamics of plasmonic stopped-light nanolasing and 

condensation. MRS Advances 1, 1671–1676 (2016).
 28. Tsakmakidis, K., Pickering, T. W., Hamm, J. M., Page, A. F. & Hess, O. Completely stopped and dispersionless light in plasmonic 

waveguides. Phys. Rev. Lett. 112, 167401 (2014).



www.nature.com/scientificreports/

7SCiENTifiC REPORtS | 7: 8702  | DOI:10.1038/s41598-017-08342-x

 29. Park, J., Kang, J., Liu, X. & Brongersma, M. L. Electrically tunable epsilon-near-zero (ENZ) metafilm absorbers. Scientific Reports 5, 
15754 (2015).

 30. Devanathan, S., Yao, Z., Salamon, Z., Kobilka, B. & Tollin, G. Plasmon-waveguide resonance studies of ligand binding to the human 
beta 2-adrenergic receptor. Biochemistry 43, 3280–3288 (2004).

 31. Brewer, S. H. & Franzen, S. Indium Tin Oxide plasma frequency dependence on sheet resistance and surface adlayers determined by 
reflectance FTIR spectroscopy. J. Phys. Chem B 106, 12986–12992 (2002).

 32. Azzam, R. M. A. & Ugbo, E. E. Contours of constant pseudo-Brewster angle in the complex ε plane and an analytical method for the 
determination of optical constants. Appl. Opt. 28, 5222–5228 (1989).

 33. Ravindra, N. M., Ravindra, K., Mahendra, S., Sopori, B. & Fiori, A. T. Modeling and simulation of emissivity of Silicon-related 
materials and structures. J. Electron. Mater. 32, 1052–1058 (2003).

 34. Silveirinha, M. G. & Engheta, N. Tunneling of electromagnetic energy through subwavelength channels and bends using ε-near-zero 
materials. Phys. Rev. Lett. 97, 157403 (2006).

 35. Alù, A., Silveirinha, M. G., Salandrino, A. & Engheta, N. Epsilon-near-zero metamaterials and electromagnetic sources: tailoring the 
radiation phase pattern. Phys. Rev. B 75, 155410 (2007).

 36. Berini, P. Long-range surface plasmon polaritons. Adv. Opt. Photon. 1, 484–548 (2009).
 37. Sreekanth, K. V., De Luca, A. & Strangi, G. Experimental demonstration of surface and bulk plasmon polaritons in hypergratings. 

Scientific Reports 3, 3291 (2013).
 38. Seifert, S. & Runge, P. Revised refractive index and absorption of In1-xGa xAsyP1-y lattice-matched to InP in transparent and 

absorption IR-region. Opt. Mater. Express 6, 629–639 (2016).
 39. Wang, G. & Lu, H. Unidirectional excitation of surface plasmon polaritons in T-shaped waveguide with nanodisk resonator. Opt. 

Commun. 285, 4190–4193 (2012).
 40. Zeng, C. & Cui, Y. Low-distortion plasmonic slow-light system at telecommunication regime. Opt. Commun. 294, 372–376 (2013).
 41. Kravtsov, V., Atkin, J. M. & Raschke, M. B. Group delay and dispersion in adiabatic plasmonic nanofocusing. Opt. Lett. 38, 

1322–1324 (2013).
 42. Yildirim, H. Dispersion parameters and nonlinear optical properties of silicon nitride rib waveguides. Opt. Commun. 284, 

2031–2035 (2011).
 43. Pop, E. Energy dissipation and transport in nanoscale devices. Nano Res. 3, 147–169 (2010).
 44. Pendry, J. Negative refraction makes a perfect lens. Phys. Rev. Lett. 85, 3966 (2000).
 45. Krichevsky, A. et al. Method and system for reducing undesirable reflections in a HAMR write apparatus, U.S. Patent 9,484,051 

(2016).
 46. Fu, H. Y. and Qiu, M. Optical Properties of Nanostructures, Chap. 7–8 (Pan Stanford, 2011).
 47. Luk, T. S. et al. Enhanced third harmonic generation from the epsilon-near-zero modes of ultrathin films. Appl. Phys. Lett. 106, 

151103 (2015).
 48. Li, C. et al. Self-deflecting plasmonic lattice solitons and surface modes in chirped plasmonic arrays. Opt. Lett. 40, 898–901 (2015).
 49. Yoon, J. et al. Broadband epsilon-near-zero perfect absorption in the near-infrared. Scientific Reports 5, 12788 (2015).
 50. Khajavikhan, M. et al. Thresholdless nanoscale coaxial lasers. Nature 482, 204–207 (2012).
 51. Mortensen, N. A., Raza, S., Wubs, M., Søndergaard, T. & Bozhevolnyi, S. I. A generalized non-local optical response theory for 

plasmonic nanostructures. Nat. Commun. 5, 3809 (2014).
 52. Sondheimer, E. H. The mean free path of electrons in metals. Advances in Physics 1, 1–42 (1952).
 53. Ghorannevis, Z., Akbarnejad, E. & Ghoranneviss, M. J. Structural and morphological properties of ITO thin films grown by 

magnetron sputtering, Theor. Appl. Phys. 9, 285–290 (2015).
 54. McMahon, J. M., Gray, S. K. & Schatz, G. C. Calculating nonlocal optical properties of structures with arbitrary shape. Phys. Rev. B 

82, 035423 (2010).

Acknowledgements
Funding is provided by the Science Foundation of Ireland (SFI)-AMBER Director’s Fund 12/RC/2278, SFI 15/
IFB/3317, and by EPSRC (UK) EP/L024926/1. We also like to thank Christopher Wolf and Kyle Ballantine for 
discussions.

Author Contributions
F.B., A.P., J.F.D., and O.H. conceived the project. F.B. and A.F.P. provided numerical simulations. All authors 
analyzed results and provided feedback on the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-08342-x
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-08342-x
http://creativecommons.org/licenses/by/4.0/

	Combining ε-Near-Zero Behavior and Stopped Light Energy Bands for Ultra-Low Reflection and Reduced Dispersion of Slow Light ...
	Results
	Reflection and absorption profiles. 
	Results on group velocity and GVD. 

	Discussion
	Methods
	Transfer matrix analysis. 

	Acknowledgements
	Figure 1 Schematic of the asymmetric metamaterial stack studied which is composed of Silicon Dioxide, Indium Tin Oxide, and Indium Gallium Arsenide Phosphide.
	Figure 2 (a) Reflectivity profile as a function of incident angle (within SiO2) and input frequency.
	Figure 3 Dispersion curve of the FB mode with the shaded area corresponding to angles in the light cone (legend) and contains the part of the curve shown in the reflectivity profile of Fig.
	Figure 4 (a) Absolute value of the group velocity of the FB mode with negative values of the group velocity in gray (red online) and positive values in black.
	Figure 5 Plotted is the deviation from the PAR condition represented by the equality in eqn.




