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Abstract: We report resonant photon tunneling (RPT) through one-
dimensional metamaterials consisting of alternating layers of metal and
dielectric. RPT via a surface plasmon polariton state permits evanescent
light waves with large wavenumbers to be conveyed through the meta-
material. This is the mechanism for sub-wavelength imaging recently
demonstrated with a super-lens. Furthermore, we find that the RPT peak is
shifted from the reflectance dip with increasing the number of Al layers,
indicating that the shift is caused by the losses in the RPT.
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1. Introduction

Transporting photons between different locations is a central problem of the growing field of
nanophotonics that is of critical importance for information processing and super-fine imaging.
A door to such transportation of photons has recently been opened by electromagnetic meta-
materials, which are assembled with artificial units smaller than the wavelength.[1, 2, 3] In
particular, one-dimensional (1D) metamaterials consisting of alternating thin layers of metal
and dielectric [4, 5, 6] are of great interest because of potential applications involving super-
lenses, which enable us to go beyond the diffraction limit and obtain super-resolution images at
optical frequencies.[7, 8, 9] The super-lensing effect is essentially based on resonant tunneling
of photons with a large wavenumber.

The phenomenon of photon tunneling (PT) is originally found in literature by Newton.[10]
Suppose a prism, which is made of glass with a high index of refraction (1), in the air. When a
light wave in the prism enters the bottom of the prism at an incident angle (6;) above the critical
angle of the total reflection [, = sin~!(1/n;)], the propagating light wave is totally reflected at
the interface between the prism bottom and air. However, the evanescent wave penetrates into
the air and decays exponentially. Therefore, if another prism is placed near the bottom of the
first prism, the evanescent wave reaches the second one and becomes propagating once more;
the light thus passes through the air gap even if 6; > 6. This is called PT, which is analogous
to electron tunneling (ET) through a potential barrier in quantum mechanics. The phenomena
of PT and ET are mathematically expressed in a similar way.[11, 12]

Analogy is sometimes helpful to understand a phenomenon and to expand a concept in
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physics.[13] In the case of ET through a quantum well sandwiched between two potential bar-
riers, the tunneling probability plotted as a function of the incident energy shows a peak when
the energy matches that of a quasi-bound state inside the well; this is resonant ET.[14] A natural
question arises: what is the photonic counterpart of resonant ET?

In the PT scheme mentioned above, let us insert a thin layer of metal, such as Al, Ag, or
Au, into the air gap and replace the two separated air gaps with dielectric layers (index of
refraction ny < n1).[15, 16] The thin metal layer supports surface plasmon polaritons (SPPs),
which (being non-radiative) can only be excited by evanescent waves of large wavenumber
ky = (@/c)n; sinBspp at the bottom of the incident prism at an angle of 6; = Ospp > 6, =
sin~!(ny/n1). The SPPs convey the evanescent waves with large k, to the other side of the
metal. As a result, light tunnels through the metal layer via a resonant state of SPPs even if
0; = Ospp > 0, [17]; this is called resonant photon tunneling (RPT) [18]. RPT via a SPPs
state is the basis for sub-wavelength imaging in a super-lens. Moreover, SPPs-assisted RPT
has attracted much attention also from a view point of extraordinary high transmission of light
through metal films with periodic sub-wavelength structures. [19, 20, 21, 22, 23, 24]

Dragila and co-workers [17] first demonstrated RPT in three-layer structures of
MgF,/Ag/MgF,. RPT experiments in a similar system of SiO,/Al/SiO, [18] and of
ZnS/Ag/ZnS [25] were also reported. These studies reveal RPT mechanism in three-layer struc-
tures containing a single metal layer, i.e., in photonic double barrier structures. However, little is
known about RPT in alternating layers of metal/dieletric containing several numbers of metal
layers (1D photonic metamaterials). In 1D photonic metamaterials mimicking an anisotropic
material [6], evanescent waves of light with large k., which convey the sub-wavelength scale
information of an object but which normally decay exponentially, can be carried for a long
distance by RPT via coupled SPPs.[4]

In this paper, we report experimental and numerical studies on RPT through 1D metamateri-
als consisting of alternating Al/dielectric layers. In the experiment, we observed that evanescent
light waves with large wavenumber can be carried through several Al layers in the metamateri-
als by the RPT via coupled SPPs. Furthermore, we found that the RPT peak is shifted from the
reflectance dip with increasing the number of Al layers. With the help of numerical results, the
origin of the shift is discussed.

2. [Experimental

The alternating Al/dielectric multi-layers were prepared on a high refractive index glass
(SFL11, index of refraction n; = 1.778 4-i0 at 633 nm) substrate. (See inset in Fig. 1.) A cou-
pling layer of SiO, (ny = 1.457 +i0 at 633 nm [26]) about 250 nm in thickness was deposited
on the substrate using an rf-magnetron sputtering technique. Aluminium (n3 = 1.373 4i7.618
at 633 nm [26]) and magnesium fluoride (MgF,, ns = 1.377 +i0 at 633 nm [26]) layers were
alternatively deposited using a vacuum evaporation technique. The mass thickness of the Al and
MgF, layers was monitored with a quartz crystal microbalance (QCM). The thickness of Al (d)
is the same as that of MgF,. An SiO, decoupling layer, about 250 nm in thickness, was finally
deposited using sputtering. The sample structure is represented by the number of Al layers, N,
as SiOy/Al[/MgF,/Al]y_1/S10;.

As illustrated in Fig. 1, a metamaterial sample was sandwiched between coupling and de-
coupling 60° prisms made of SFL11 using an index matching fluid (Methylene Iodide). A bare
SFL11 substrate and an SFL11 substrate with only a 250 nm SiO; layer were simultaneously
sandwiched as reference samples for transmission and reflection, respectively. The prisms with
samples were mounted on one axis of a two-axis rotating stage. A He-Ne laser (A = 633 nm) was
used for a light source. p-polarization (p-pol) and s-polarization (s-pol) were switched using a
half-wave plate. The reflected and transmitted light was detected with Si photo diodes. The an-
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Fig. 1. Experimental setup for simultaneous photon reflection and tunneling measurements.
Inset: a sample structure of a 1D alternating Al/dielectric metamaterial.

gle of the detector for tunneling (6;) was same as 6;. The angle of the detector for reflection (6,)
was always maintained at 6, = 6; by the other axis of the stage. Before measurements, a 100 %
transmission was measured through a bare SFL11 substrate at 6; = 60 °. At the same 6;, a 100
% reflectance was also measured using the substrate with 250 nm SiO; because 8, = 55° at a
interface between SFL11 and SiO,. Then, the intensities of reflected and transmitted (tunneled)
light through a metamaterial sample were simultaneously recorded using lock-in amplifiers
while changing 0;. We refer to the reflectance spectra as the attenuated total reflection (ATR)
spectra. We refer to the tunneling spectra as the PT spectra.

3. Results and discussion

Figure 2 shows the ATR (blue) and PT (red) spectra, which were simultaneously measured, for
the d =40 nm samples with (a) N = 1, (b) N =2, and (c) N = 3. The horizontal axis corresponds
to the incident angle in the coupling SFL11 prism (6;). The solid lines correspond to the p-pol
and the dotted lines to the s-pol. The arrows show 6, = 55° at an interface between SFL11 and
Si0,. In Fig. 2(a), the ATR spectrum exhibited a dip above 6, with p-pol. On the other hand,
no dips was observed with s-pol. These results suggest that the dip in the ATR spectrum with
p-pol is caused by the excitation of SPPs in the Al layer because the SPPs are TM waves, which
can be excited only with p-polarized light.

In the same figure, the PT spectrum with p-pol exhibits a peak at about 8; = 56°, where the
ATR spectrum shows a dip; this means that the light with a large k; is tunneled. It is noticeable
here that no peaks are observed with s-pol. This clearly show that the photon is resonantly tun-
neled via the SPPs through a single Al layer of 40nm in thickness. The maximum transmission
at the RPT peak (T,RFT) around 6; = 56° was 58.64 %. This is an order of magnitude larger than
the far-field transmittance at 633 nm (T6S3’;e) of 7.33 %, which is measured using a double-beam
type UV-Vis spectrometer at normal incidence.

Figure 2(b) shows that photons tunneled through a sample with N = 2 although T.XPT be-
comes small: TXPT = 3,16 %. (Note the value of the right vertical axis.) The corresponding
T6S31;e was 0.25 %. As shown in Fig. 2(c), we still observe RPT through an N = 3 sample con-
taining three Al layers, for which the total mass thickness of Al (df})lml =d x N) is equal to 120
nm. Although TRPT is very small, TRPT = 0.21 %, it is surprising because the transmittance

with a UV-Vis spectrometer was undetectable and the samples seem to be just a mirror to the
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Fig. 2. Simultaneously measured ATR (blue) and PT (red) spectra of d = 40 nm samples
with (a) N =1, (b) N =2, and (c) N = 3. Solid lines correspond to the p-pol and dashed
lines to the s-pol. Arrows show 6. = 55° at an interface between SFL11 and SiO,.
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eyes. The TRPT observed in Fig. 2 and the corresponding T, are summarized in Table 1. We

see that TRFT is an order of magnitude larger than 7.5’ In addition, it should be mentioned
that an N = 1 sample containing a 120 nm Al layer did not exhibit a RPT peak (not shown
here). This points out that chopping an opaque metal slab into several thin slices and using
RPT via coupled SPPs improve transparency. The present results reveal that the near-field light
with large k, is efficiently conveyed by RPT with coupled SPPs through 1D metal/dielectric
metamaterials. This is the basis for sub-wavelength imaging in a super-lens. [7, 8, 9]

Table 1. Experimental results for the d = 40 nm samples are summarized. The number of Al
layers (IV), the total mass thickness of Al (dﬁft a1 = d X N), transmission maximum at RPT

(Tn’f;?), far-field transmittance at 633nm measured using a UV-Vis spectrometer (TGS:{;e),

and the shift variation (A0).
S o
N tholtal (m) TR (%) T63I;e (%) AO(°)

1 40 58.64 7.33 0.2
2 80 3.16 0.25 0.9
3 120 0.21 - 1.1

In Fig. 2, we notice that the position of the RPT peak (Ogpr) is shifted rightward from that
of the ATR dip (647r). The shift variation of the RPT peak (A@ = Ogpr — B47g) in the d = 40
nm sample is summarized in Table 1. AO increases with N. To reveal the origin of the shift,
we carried out numerical simulations using the 2 x 2 transfer matrix method. Figure 3 shows
calculated ATR (blue) and PT (red) spectra of a metamaterial with d =40 nm with (a) N = 1, (b)
N =2, and (c) N = 3, which corresponds to Fig. 2. The solid lines correspond to the p-pol and
the dotted lines to the s-pol. An index of refraction of Al described in the Experimental section
(n3 = 1.373+417.618) is used. ATR dip and RPT peak are clearly seen for p-pol; the numerical
simulation reproduces the experimental results. There is some movement of the transmission
peak. The RPT in the simulation peak is shifted rightward with increasing N, as found in the
experiments, although the peak position is somewhat different between experiment and simu-
lation. This discrepancy is considered to be caused by the the difference in thickness and index
of refraction of dielectric SiO, and MgF,. In Fig. 4, A@ observed in the experiments for sam-
ples with d = 40 and 30 nm is plotted as a function of N (solid squares). In the same figure,
simulated A8 is also plotted for various d from d = 10 to 40 nm (crosses). The figure shows that
A0 both in experiments and calculation increases with an increase in N except for d = 10 nm in
numerical simulation.

An increase in N brings about an increase in the intrinsic losses in Al layers of metamaterials
due to the imaginary part of refractive index. One of the origins for the A6 is thus the intrinsic
losses in the system. We carried out calculations using the refractive index of Al multiplied by
0.8 (ny = 1.098 4+ i6.094). Open circles in Fig. 4 correspond to the calculated AB. A smaller
refractive index causes a smaller AG. Moreover, A6 is almost zero in an RPT via a guided mode
through alternating dielectric/dielectric multilayers without intrinsic losses (not shown here).

Even though an increase in measured A with N agrees qualitatively with simulation results,
there are quantitatively some differences. The measured A0 is much larger than the calculated
ones. In addition, calculated AB becomes negative for N = 1 samples. Therefore, there is an
additional origin for the shift, which is related to the losses. For example, the extrinsic losses
due to scattering at the interfaces between Al and dielectric layers is possible. In experiment,
we observed a consequence of the combination of both origins.

When the ATR spectra in Fig. 2 show dips at incident angles of 6; = 047g, the SPPs are
excited in Al layers in the metamaterials. The resonance with the SPPs leads to an electric field
enhancement of light. The RPT exhibits a peak at an incident angle of 6; = Ogpr, where the
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Fig. 3. Numerically simulated ATR (blue) and PT (red) spectra of d = 40 nm samples with

(@ N=1,(b) N=2,and (c) N = 3. Solid lines correspond to the p-pol and dashed lines to
the s-pol.
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Fig. 4. Shift variation of the RPT peak from the reflection dip (A0) for various d is plotted
as a function of number of Al layers, N. Solid squares are assigned to experimental results.
Crosses correspond to the numerical results using refractive index of Al described in the
Experimental section. Open circles also correspond to the numerical results but using the
refractive index of Al multiplied by 0.8.

electric field is most enhanced. The shift variation (A@) of the RPT peak from the ATR dip thus
corresponds to a difference between incident angles for the greatest field enhancement by the
SPPs resonance (Ogpr) and for the excitation of SPPs (047g): AO = Ogpr — Oarr. The present
results indicate that an increase in N, i.e., a coupling of SPPs through the metal/dielectric mul-
tilayers, enhances a difference in incident angles for the greatest field enhancement by the SPPs
resonant from that for the excitation of SPPs.

Comparing the measured spectra in Fig. 2 and calculated spectra in Fig. 3, we find that
the transmittance in calculations is much lower than that in measurements. Figure 5 shows
transmission maximum at a RPT peak for samples with various d as a function of N. Solid
squares correspond to experimental results. Crosses correspond to the calculation results using
ny = 1.373 4+ i7.618 for Al. For both d = 30 nm and 40 nm, the transmission maximum in the
calculations is much lower than that in the experiments. From the fabrication point of view, it is
plausible that the thickness of Al and MgF, is not exact the same as the values monitored using
a QCM. In addition, index of refraction for Al is known to depend strongly on the deposition
condition. Open circles in Fig. 5 correspond to the transmission maximum calculated using a
smaller index of refraction for Al (n§ = 1.098 +i6.094). The measured transmittance maximum
with d = 40nm is very similar with the calculated one with d = 20 nm and n3 = 1.373 +i7.618,
or with d = 30 nm and n§y = 1.098 4 i6.094.

In addition to the difference in thickness or refractive index of Al, we note here a possible
enhanced transmission of light by the roughness at an interface between Al and dielectrics.
As already mentioned in the Introduction, Avrutsky and co-workers [19] presented extraordi-
nary transmission of light with a periodically corrugated thin metal film, which can be treated
as surface-plasmon-enhanced resonant tunneling of light through a metal film with grating.
The sample is similar to the sample with N = 1 in the present study, although we do not in-
troduce a periodic corrugation. Lie and Ong [27] reported that the measured transmission in
Al/dielectric/Al/ZnO, which is similar to the sample with N = 2 in the present study, is one
order of magnitude higher than the calculated one. They attribute this discrepancy to the the
thickness inhomogeneity and roughness in the multilayer structures as well as the uncertainty
in the dielectric constants of Al. Therefore, the transmittance in the present photon tunneling
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tion of number of Al layers, N.

experiments may be enhanced by the thickness inhomogeneity and roughness at interfaces be-
tween Al and dielectrics.

4. Conclusion

In conclusion, RPT in 1D metamaterials consisting of alternating Al/dielectric layers has been
studied. We have succeeded in observing experimentally that evanescent waves with large
wavenumbers can be carried through several Al layers in the metamaterials by the RPT via
coupled SPPs. This SPPs-mediated transmission is an order of magnitude larger than the trans-
mission for light at normal incidence. Moreover, the measured SPPs-mediated transmission is
much larger than the calculated one. This discrepancy is primary caused by the uncertainty
in thickness or the refractive index of Al. In addition, the transmittance may be enhanced by
the roughness at interfaces between Al and dielectrics. The present results show that slicing
an opaque metal slab into several thin layers and using RPT make the metal semi-transparent,
demonstrating the mechanism used in sub-wavelength imaging by a super-lens. We also found
a shift of the RPT peak from the ATR dip, which was reproduced by numerical simulation. This
originates from the losses due to heating in the metal and scattering at the layer boundaries.
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