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The adsorption of thiacyanine dye molecules on citrate-stabilized silver nanoparticle clusters drop-cast
onto freshly cleaved mica or highly oriented pyrolytic graphite surfaces is examined using colocalized
surface-enhanced Raman spectroscopy and atomic force microscopy. The incidence of dye Raman sig-
natures in photoluminescence hotspots identified around nanoparticle clusters is considered for both

citrate- and borate-capped silver nanoparticles and found to be substantially lower in the former case,
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suggesting that the citrate anions impede the efficient dye adsorption. Rigorous numerical simulations
of light scattering on random nanoparticle clusters are used for estimating the electromagnetic enhance-
ment and elucidating the hotspot formation mechanism. The majority of the enhanced Raman signal,
estimated to be more than 90%, is found to originate from the nanogaps between adjacent nanoparticles
in the cluster, regardless of the cluster size and geometry.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Dye coated metallic nanoparticles (NPs) exhibit interesting opti-
cal properties provided by the interaction between the metal core
and dye shell. Depending on the interaction mechanism between
the two, the optical properties of dye molecules and NPs can be
changed separately or jointly within the adsorbate-NP complex [1].
For example, the NP surface plasmon frequency can be changed
by the presence of adsorbate while the dye fluorescence can be
quenched or enhanced by the NP [2,3]. Ultimately, under special
conditions, these complexes can exhibit unique characteristics dif-
ferent than those of either isolated dye molecules or NPs. Owing to
the variety of mechanisms by which dyes can interact with met-
alic NPs, dye-NP complexes can lead to applications ranging from
nanoscale sensing [4] to advanced composite materials for novel
active and nonlinear optical devices [5].

Many of the recent studies have been focused on dyes which
are able to self-assemble in highly oriented structures called J-
aggregates on the surface of the NPs [6-14]. J-aggregates have a
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strong and narrow excitonic absorption band that is red-shifted
withrespect to the monomer absorption band [15]. The special way
of molecular stacking, responsible for the formation of Frenkel exci-
tons, has been extensively studied [16-24] as these aggregates are
the most famous spectral sensitizers of silver halides for the photo-
graphicindustry [25]. On the other hand, it has been shown that the
combination of J-aggregates and silver or gold NPs provides a plat-
form for the fundamental studies of excitons and their interaction
with high electromagnetic fields, as well as a way to utilize optical
properties of such a hybrid system for nanoscale optical devices.
A necessary condition for the interaction to occur is that the
dye molecules are adsorbed on the surface of the NPs. Therefore,
the adsorption process plays one of the key roles in these systems.
The most common way in which the dye-NP hybrid systems are
prepared is by mixing the appropriate colloid and dye solutions and
letting the resulting mixture reach its metastabile or stabile state
in which the NPs have dye molecules adsorbed on their surface.
The dynamics of the adsorption process is quite complex as it the
depends on various factors including the target concentration of
the constituents, affinity of the dye molecules to bind to the NP
surface and the type of capping anions protecting the surface of the
NPs. For instance, the spectrophotometric studies of thiacyanine
(TC) dye coated silver nanoparticles (AgNPs) in Refs. [26,12-14]
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show that the capping anions can influence the mechanism of the
adsorption process and therefore its efficiency.

The influence of capping anions on the adsorption process can
be studied on a nanoscopic level by exploiting very strong localized
plasmonic fields at the NP surface and employing surface-enhanced
Raman scattering (SERS) [27,28]. SERS has already been used for
identification of TC J-aggregates and for studying their dynamics
on the surface NP clusters in solutions [29-36].

In view of the significance of the dye-to-NP adsorption mech-
anism, here the mechanism of TC dye adsorption on the surface
of AgNP clusters with citrate anion stabilization is investigated. In
order to probe the presence of TC dye molecules on the nanoscale
(i.e. onindividual AgNP clusters), Ag colloids are mixed with TC dye
solutions, and subsequently drop-cast onto freshly cleaved mica
or SiO, substrates and, after drying, investigated using colocalized
Raman microspectroscopy and atomic force microscopy (AFM). The
key mechanism used for the identification of a small amount of TC
dye molecules adsorbed on AgNP clusters is SERS [32]. The mea-
surements are complemented by rigorous numerical simulations of
plane wave scattering on AgNP clusters, showing that the electro-
magnetic enhancement of the Raman signal originates dominantly
from the nanogaps between adjacent AgNPs within the clusters.
The analysis of the SERS spectra acquired at the AgNP clusters on
mica substrate and the fact that the majority of the SERS signal
comes from the nanogaps indicate that the citrate anions impede
the efficient dye adsorption.

2. Materials and methods
2.1. Chemicals

Silver nitrate (AgNO3), potassium chloride (KCl), and sodium
borohydride (NaBH,) trisodium citrate (Na3CgH50- x 3H,0) of the
highest purity were purchased from Sigma Aldrich and used as
received.

Thiacyanine dye (3,3-disulfopropyl-5,5-dichlorothiacyanine
sodium salt, TC) was purchased from Hayashibara Biochemical
Laboratories, Okayama, Japan.

2.2. Samples

Aqueous solutions of borate- and citrate-capped AgNPs
were synthesized by NaBH4 reduction of AgNOs3, as described
in Refs. [12,14]. For the synthesis of citrate-capped AgNPs,
Na3zCgH507 x 3H,0 was used as a stabilizing agent. The solution
of borate-capped AgNPs was prepared immediately before use as
the colloid is stable only up to a few hours. Oppositely, the solu-
tion of citrate-capped AgNPs is stable for a longer period of time,
measured in months, due to the protective citrate anion mantle.
The average diameter of both borate- and citrate-capped AgNPs is
around 10 nm (see Section S1 of the Supplementary information).
The nominal concentration of citrate-capped AgNPs in water solu-
tion is cag =16 nM (see Fig. S1 for the related absorption spectra).

Aqueous TC dye solution with nominal concentration
crc=50 M of TC and 1mM of KCl was prepared by dissolv-
ing the solid TC in water and by adding KCl afterwards. Water
purified with a Millipore Milli-Q water system was used in all
cases. The absorption spectra of the TC dye is given in Fig. S1 in the
Supplementary information.

The Ag colloid and the TC dye solution are mixed, and the
resulting mixture (see Fig. S1 in the Supplementary information
for the related absorption spectra) is drop-cast on a substrate.
The adsorption of TC molecules on the surface of borate-capped
AgNPs happens almost instantaneously [13,12], and the mixture
was therefore drop-cast on the substrate a few minutes after mix-

ing the two solutions. On the other hand, the adsorption of TC dye
on the surface of citrate-capped AgNPs is a much slower process
[26,14] and for that reason the mixture was left overnight and
afterwards drop-cast on a substrate.

For the investigation of TC/citrate-capped AgNP clusters, as well
as for initial characterization of pristine citrate-capped AgNP clus-
ters, mica was used as a substrate. Mica has an atomically flat,
hydrophilic surface on which the AgNPs are easily deposited, while
its contribution to the total Raman signal is small (see Section S2
of the Supplementary information). In addition to mica, highly ori-
ented pyrolytic graphite (HOPG) and SiO, substrates were used as
their surfaces are hydrophobic and, therefore, facilitate the forma-
tion of large, closely spaced AgNP clusters as well as more efficient
aggregation of the TC dye on their surface. In particular, HOPG is
used for Raman characterization of concentrated TC dye, since the
dye efficiently aggregates on its surface. The SiO, is used for the
control study of AgNPs having dye/borate anions conformed to their
surface, since the large closely spaced AgNP clusters are required for
fast Raman/SERS characterization of the initially unstable borate-
capped AgNPs. Raman spectra of the TC dye, Mica, Si and HOPG are
shown in Fig. S2 in the Supplementary information.

2.3. Methods

The AgNP clusters on a substrate are investigated using colo-
calized Raman microspectroscopy and AFM. The two techniques
are used simultaneously thus providing spatially resolved chemi-
cal information of the sample along with its surface topography at
the same place. In this way one is able to identify and assert the
size of the SERS active AgNP clusters while obtaining the chemi-
cal identity of the analyte adsorbed on the surface of AgNPs. The
AFM is operated in tapping mode in order to minimize the lateral
force between the tip and the sample induced by lateral move-
ments of the tip across the sample. The cantilever-tip system is
oscillated at the characteristic first order resonance which is usually
in the 90-230 kHz range. For Raman spectroscopy and SERS mea-
surements a linearly polarized semiconductor laser operating at a
wavelength of 532 nmis used. The laser power was varied from 2 to
0.2 mW within the ~0.3 x 0.3 wm sized focus. The experiments are
performed using commercial NTegra Spectra system from NT-MDT.

To numerically solve the classical Maxwell equations we have
used the finite element method implemented within the Comsol
Multiphysics software package [37]. We consider clusters of AgNPs
having a diameter of 10 nm on a substrate under plane wave illu-
mination. The Ag dielectric constant is taken from Rakic et al. [38].
The substrate is assumed to be semi-infinite and isotropic with
a dielectric constant of 2.25, which roughly corresponds to the
dielectric constants of both mica and SiO, at visible frequencies.
The surrounding medium is vacuum and its dielectric constant is 1.
For purposes of efficient meshing, AgNPs are assumed to lie 1 nm
above the substrate. The clusters are formed in the plane which is
parallel to the substrate by allowing AgNPs to have random posi-
tion but enforcing the following conditions: (i) there is a certain
minimal allowed distance d between two AgNPs; two AgNPs sep-
arated by the minimal distance are said to be adjacent; (ii) each
AgNP must be adjacent to at least one other AgNP, thus ensuring
that each randomly generated cluster is connected. By imposing
these two conditions, we were able to randomly generate various
cluster geometries and mimic the lack of control over the clusters
morphology in the experiment.

The absorption o,()), scattering og(A) and extinction gext(A)
cross sections are calculated as a function of wavelength A,
according to their well-known definition [39]. The electric-field
enhancement f{r, 1) is defined as the squared ratio of magnitudes of
the local electric field E(r, A) and the incoming electric field Eg(A),
with r denoting the coordinate at which the former is evaluated.



542 U. Ralevic et al. / Applied Surface Science 434 (2018) 540-548

Following Kerker et al. [40], the SERS enhancement factor is defined
as F(r, Ajpe, A) =f(x, Ainc )A(x, L) with A and A denoting the laser and
Stokes wavelength, respectively. Since the measured PL/Raman sig-
nal being reported in this paper originates from large (relative to
a cluster), diffraction limited, spots of 300 nm approximate diame-
ter, it cannot be directly related to the spatially-resolved field and
SERS enhancement factors. Instead, we consider their integrals over
the cluster surface S and the corresponding cluster-averaged SERS
factor (F(Ainc, A)) defined as

1
(F()‘ino k)) = § /F(l‘, )"il’lcv k)ds (1)
S

3. Results and discussion

3.1. Surface-enhanced Raman spectroscopy of pristine
citrate-capped AgNPs

Fig. 1(a) shows an AFM topograph of pristine AgNP clusters
on mica surface. The corresponding PL/Raman map is shown in
Fig. 1(b). The intensity of every pixel in the PL/Raman map is
obtained by dividing the sum of PL/Raman intensities across the
entire spectral range (100-2000cm~!) with the number of spec-
tral points. The color bar in panel (b) thus enumerates the average
photon count. Bright areas in Fig. 1(b) represent the regions of
enhanced signal, henceforth referred to as hotspots. These regions
coincide with AgNP clusters consisting of a large number of AgNPs
(with diameters in the 10-50 nm range), as seen by comparing the
PL/Raman map with the AFM topography image. In fact, we find
that the hotspots are dominantly formed within larger AgNP clus-
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ters, such as those in Fig. 1(a), regardless of the substrate which is
used (mica, SiO, or HOPG).

Fig. 1(d) and (e) shows two sets of consecutively acquired spec-
tra with a 40 s time step taken at two hotspots from Fig. 1(b) using
532 nm laser with intensity of ~200 wW/wm?2. The spectra in panels
(c)and (d) are similar, but cannot be quantitatively compared. Both
sets feature a wide background which spreads over the entire spec-
tral range, and a pronounced band blinking in the 1000-1800 cm™!
range (shaded region) which hinders a quantitative analysis. Con-
sidering that citrate anions are used for stabilizing the AgNPs, our
hypothesis is that the blinking spectra is the SERS signal from the
citrate anion mantle, sensitive to local heating in hotspots due to
the small size of citrate anions, while the wide background is PL
coming from the AgNP clusters.

3.2. Numerical simulations of light scattering on random AgNP
clusters

In order gain an insight into hotspot formation and assess the
Raman enhancement factors, we employ a numerical model to
calculate the electromagnetic fields scattered on randomly gener-
ated AgNP clusters. The motivation for considering random AgNP
clusters is to get an idea on the variability of the electric field
enhancement upon changing the cluster geometry and to identify
any invariants which could be used to interpret SERS measure-
ments on clusters whose exact geometry is unknown. A typical
cluster consisting of 20 AgNPs is shown in Fig. 2(a). In this example
we set the minimal AgNP distance at d =0.8 nm while the adjacent
AgNPs are indicated by solid (red) lines Fig. 2(a). The extinction
cross-section of the AgNP cluster in panel (a) is plotted in Fig. 2(b),
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Fig. 1. (a) AFM topograph of pristine AgNP clusters drop-cast onto a freshly-cleaved mica substrate. (b) Corresponding PL/Raman map. (c), (d) Typical SERS spectra acquired
within two hot spots in panel (b). The spectra were measured consecutively with a 40s time step. The excitation laser wavelength is 532 nm.
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Fig. 2. (a) Sketch of a typical cluster geometry used in the numerical model. Normal incidence is assumed for the incoming wave while its electric field is polarized parallel
to the plane of the cluster and oriented as indicated by the arrow. The incident field intensity is set to 200 wW/wm?. (b) Extinction spectra of the cluster in panel (a). The
inset shows the electric field magnitude distribution at 532 nm. (c¢) Surface integrals of the intensity enhancement over the entire cluster surface (solid black line) and over
the entire gap area (dashed red line) plotted as the function of the wavelength. (d) Surface integrals of the total field enhancement (solid, black) and the ratio of the field
component perpendicular to the AgNP surface (dashed, red) both taken over the entire cluster surface. (For interpretation of the references to color in this legend, the reader

is referred to the web version of the article.)

as a function of the incident wavelength. For the considered cluster,
the scattering cross-section is negligible with respect to the absorp-
tion cross-section and therefore oex; ~ 0,. The two peaks observed
at 365 and 435 nm, represent the single particle and cluster surface
plasmon, respectively. Below we find that the wavelength of the
former is virtually independent on the presence of other AgNPs,
while the cluster plasmon wavelength redshifts with increasing
cluster size. Upon the excitation of a cluster plasmon, the electric
field is resonantly enhanced over the entire cluster. Although the
distribution of resonant fields is highly dependent on the details of
AgNP arrangement [41], the highest enhancement is known [42,43]
to be invariably reached within the gaps between adjacent AgNPs,
which is corroborated by our numerical simulations of many ran-
dom AgNP arrangements.

The inset of Fig. 2(b) shows the spatial distribution of the elec-
tric field magnitude in the plane containing the NP centers, excited
at 532 nm which is far from the cluster plasmon at 435 nm. This
hints that the highest field enhancements are reached in NP gaps
for any wavelength and not just for resonances. Fig. 2(c) shows the
surface integral of the field enhancement evaluated over: (i) the
entire cluster surface, consisting of the surfaces of all AgNPs and
(ii) over the entire gap area, consisting of the sum of gap areas of
individual AgNPs, defined as parts of the NP surface located very
close to the adjacent AgNP, as indicated by the (red) shading in
Fig. 2(c) inset. According to this definition, the surface over which
the (ii) integral is evaluated is a small fraction of the (i) integral.
However, the spectra in Fig. 2(c) show that these integrals have
virtually the same value away from surface plasmon resonances.
The difference around the cluster plasmon wavelength is also not
significant, being of the order of 10%. This shows that regardless of
the cluster geometry, the majority of the SERS signal of any species
adsorbed uniformly on AgNPs is likely to come from the gap region
(see also Fig. S3 in the Supplementary information).

Another important question regarding the fields on AgNP clus-
ters is their orientation with respect to the AgNP surface, as

it determines the SERS cross section of vibrational modes of
molecules adsorbed on the AgNP surface. To evaluate the extent
to which the electric field is perpendicular to the local surface, in
Fig. 2(d) we evaluate the surface integrals (taken over the entire
cluster) of (i) the square of the normalized total electric field mag-
nitude, which equals f(r, 1) by definition (solid, black), and (ii) the
square of the normalized magnitude of the electric field component
perpendicular to the AgNP surface (dashed, red). The comparison of
the two spectra in Fig. 2(d) shows that the contribution of the tan-
gential component of the local electric field is negligible, indicating
that in such clusters the perpendicular component of the electric
field is the principal source of the SERS signal.

Having established that for an arbitrarily chosen AgNP cluster
the large majority of the SERS signal comes from gaps between
AgNPs and is associated with the perpendicular electric field com-
ponent, we now focus on the cluster-averaged SERS enhancement
factor (F(Ajnc, A)) and investigate how is it affected by the clus-
ter size and geometry. The typical case is illustrated in Fig. 3(a) in
which we consider a hierarchy of 3 NP clusters shown in the inset,
each having twice as many AgNPs as the previous one. The first one
represents a randomly chosen connected arrangement of 5 AgNPs
with d=0.8 nm. The second is obtained by adding 5 more AgNPs
so that each new AgNP is adjacent to one of the existing AgNPs.
Finally, the third and largest cluster is obtained by adding 10 more
AgNPs to the second one. The corresponding (F(Ai,c, A)) spectra in
Fig. 3(a) shows two main effects of the cluster size increase. First,
the enhancement peaks associated with the cluster plasmon under-
goes a gradual redshift. Second, the surface-average enhancement
(F(Ainc, A)) increases, meaning that the actual SERS signal enhance-
ment given by S x (F(Ajnc, A)) will increase even more rapidly with
adding new particles to the cluster. For example, a cluster having 5
AgNPs exhibits an average Raman enhancements of the order of 10
in the 532-600 nm range, whereas a cluster having 20 AgNPs yields
10 times higher values in the same range. In previous studies on
AuNP chains [44], the increase of particle number has been found
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to either increase or decrease the average Raman enhancement,
depending on the relative position of the incident wavelength and
the cluster (chain) plasmon.

In Fig. 3(b) we consider the role of the spacing d between adja-
cent AgNPs. For a cluster comprising 8 AgNPs decreasing d from
5nm down to 0.5 nm is seen to result in drastic changes of (F(Ajsc,
A)). The cluster plasmon is rapidly blueshifted and approaches the
single-particle plasmon as the AgNPs are moved further apart (see
also panel (c) of Fig. S3 in the Supplementary information). Simi-
lar conclusions have been previously reported for the AuNP linear
chains embedded in a dielectric medium [42,45]. Meanwhile, the
peak values of (F(Aj,c, A)) are seen to decrease very rapidly since
the gap field enhancement becomes less effective with increasing
d. For example, the lowest considered minimal distance of 0.5 nm
yields SERS enhancements as high as 104 in the 532-600 nm range.

Lastly, by evaluating the average Raman enhancement at
the excitation and Stokes wavelengths of 532nm and 550 nm,
respectively, for a 150 randomly generated 8 AgNP clusters, we
evaluate how the cluster morphology affects the non-resonant SERS
enhancement value. The variety of clusters that have been consid-
ered in the 150 member ensemble, is represented by 25 typical
members sketched in the left panel of Fig. 3(c). The histogram
of (F(Ajpc, A)) values is shown in the right panel, where the col-
umn colors are selected so that they correspond to the color of the
associated cluster in the left panel. The distribution is quite wide,
spanning the range from 50 to 600. By comparing the two panels
of Fig. 3(c), we see that the highest enhancements are reached in
chain shaped clusters having the chain axis aligned with the inci-
dent electric field, such as the one illustrated in Fig. 3(c) by filled
circles. The effect of disorder of the linear AuNP chain on the Raman

enhancement was studied in Ref. [43], where increasing disorder
was found to diminish the Raman enhancement. In this case, the
highest Raman enhancements were found for AuNP chains, when
the incident electric field is oriented along the chain axis.

The brief numerical analysis of light scattering on random
AgNP clusters made in this section shows that the overall SERS
enhancement is highly dependent the cluster geometry and its ori-
entation relative to the electric field polarization. The sensitivity
of (F(Ajnc, A)) to fine details, such as the gap spacing, makes its
exact evaluation very difficult even when electron microscopy is
used for determining the AgNP arrangement with nanometer spa-
tial resolution [46]. In the present case, the possibility of resonant
enhancement cannot be excluded, since the cluster plasmon res-
onances are seen to redshift in elongated clusters with a larger
number of particles than the ones considered here [42,43]. How-
ever, beside the well elaborated enormous Raman enhancements
having a resonant origin [42], we have shown that in the non-
resonant case enhancement factors in the range of 102-103 are to
be expected.

3.3. Surface-enhanced Raman spectroscopy of TC coated AgNPs I:
influence of citrate capping anions on the TC dye adsorption

In the TC/AgNP mixture, the AgNPs may have the J-aggregates or
dye monomers or dimers adsorbed on their surface, or even remain
pristine. Therefore, it is expected that AgNP clusters drop-cast
from the mixture would have a variety of SERS spectra corre-
sponding to those of different dye conformations, citrate anions
and even their combinations. To make a clear distinction between
the non-aggregated and aggregated molecules one must have an
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Fig. 4. (a) AFM topograph of TC dye coated Ag NP clusters which are drop-cast on
mica. (b) Corresponding PL/Raman map. (c) and (d) Typical SERS spectra acquired
within the hot spots, by consecutive measurements with 40s time step. The exci-
tation laser wavelength is 532 nm. In the lower parts of panels (c) and (d) shown
are the SERS spectra obtained by summation of the corresponding consecutively
acquired spectra, and the Raman spectra of the drop-cast TC dye. (For interpretation
of the references to color in this legend, the reader is referred to the web version of
the article.)

excitation resonant with the absorption of either aggregated or
non-aggregated dye molecules [32,47]. Here we use a non-resonant
laser line at 532 nm which does not allow identification of differ-
ent dye conformations. However, AgNP clusters are very efficient
enhancers at this wavelength, as it is shown in Section 3.1 and thus
through the SERS effect alone we are able to determine if the TC
dye molecules are adsorbed on AgNPs or not.

Comparison of the AFM topograph and the corresponding
Raman map in Fig. 4(a) and (b) reveals that the hot spots are located
within the larger AgNP clusters, as in the case of pristine AgNPs
in Section 3.1. The SERS spectra acquired at these hot spots can
be unambiguously categorized in two groups: one featuring stable
Raman bands during successive measurements and the other hav-
ing blinking Raman bands. The wide background from the AgNP
clusters exists in this case as well. Fig. 4(c) and (d) shows the two
distinct spectra types. The recording time step is 40 s and the laser
intensity is ~200 pW/um?2.

The consecutively measured SERS spectra having stable Raman
bands are reminiscent of the drop-cast TC dye Raman spectrum.
The similarity between the two becomes even more convincing
after summation of ten consecutively measured spectra, six of
which are displayed in Fig. 4(c). By applying markers to the three
wave-number regions, I (300-1000cm~1), I1 (1050-1250cm~1), I1I
(1400-1600 cm~1), where the TC dye has its characteristic Raman
bands (see Fig. S2 in the Supplementary information), we find
that in region I around 600 cm~! the summed SERS spectrum has

two bands matching those of a drop-cast TC dye, which is plot-
ted again, for clarity, below the summed spectrum. The modes
around 400 cm~! and 900 cm~! are, however, absent in the related
TC dye SERS. In the remaining regions Il and III the two spectra
have, more or less, the same Raman bands and even similar back-
grounds. Hence, our experiments corroborate the fact that the dye
molecules are adsorbed on the surface of the AgNPs, and point out
another interesting possibility — the dye molecules drop-cast on the
surface of HOPG may be similarly organized as the dye molecules
on the surface of the AgNPs.

Panel (d) in Fig. 4 displays SERS spectra characterized by a pro-
nounced band blinking in the 1000-1800 cm~! range, as indicated
by gray (orange) region. The resemblance of the spectra in Fig. 4(d)
and those of pristine AgNPs in Fig. 1(c) and (d) suggests that the TC
dye molecules are not adsorbed on the surface of the AgNPs. How-
ever, the sum of the consecutive recordings, shownin the lower part
of Fig. 4(d), reveals certain SERS bands in region Il and IIl which are
overlapping the drop-cast TC dye bands. Occasional emergence of
Raman bands which could belong to the TC dye bands in regions I,
Il and III, however, is a common event even for the SERS spectra of
pristine AgNPs. Having in mind that practically the entire enhanced
Raman signal originates form the analyte located in the nanogaps,
the blinking SERS signal can be interpreted as a consequence of
mixing of the pristine AgNPs blinking SERS and the TC dye SERS
which are collected at different nanogaps where the former has the
dominant contribution. Consequently, we are unable to conclude
whether the AgNP clusters exhibiting blinking SERS bands have the
dye molecules adsorbed on their surface or not. However, the exis-
tence of the two distinct SERS spectra clearly points out that the
AgNPs are partially covered by the TC dye molecules. This further
indicates that during the adsorption process, the TC dye molecules
are either competing with citrate anions in order to replace them on
the surface of AgNPs or that the TC dye molecules have a difficulty
conforming over the citrate anion mantle. Hence, we proceed fur-
ther by changing the concentration of TC dye in the mixture while
maintaining the concentration of AgNPs constant at cag =16 nM.

The blinking and TC dye SERS spectra observed for
0.01cc=0.5pM, 0.1crc=5pM, and 0.5crc=25pM of TC, are
shown in Fig. 5(a)-(c), respectively. By analyzing spectra at the
hotspots within various Raman maps, we find that the AgNP
clusters deposited from the solution with the lowest dye concen-
tration yield no clear dye SERS spectra, whereas the AgNP clusters
deposited from the solution with the two higher dye concentration
provide a number of distinct TC dye SERS spectra at the hotspots,
shown in Fig. 5. Comparison of the summed SERS spectra, in the
lower parts of panels (a), (b) and (c) in Fig. 5, and the concentrated
TC dye Raman spectra corroborates that the SERS spectra in panels
(b) and (c) correspond to the one of the TC dye. As expected,
using TC dye concentrations of 0.01crc=0.5 wM, 0.1crc=5 M in
the final solution yields either pristine or partially covered AgNP
clusters, a fact that concurs with the results in Ref. [14]. However,
observation of the blinking type SERS within the AgNP clusters
derived from the mixture with the highest TC dye concentration of
0.5crc =25 M, for which all of the AgNPs in the solution should be
covered by the dye molecules [ 14], further indicates that the citrate
anion mantle impedes the adsorption of the TC dye molecules.

3.4. Surface-enhanced Raman spectroscopy of TC coated AgNPs II:
influence of borate and citrate capping anions on the TC dye
adsorption

In order to examine if the citrate anions impede the TC dye
adsorption, we have performed an additional set of measurements
on a control sample — borate-capped AgNPs mixed with the TC dye
and deposited on the surface of 300 nm thick SiO,, which is ther-
mally grown on the Si wafer. Meanwhile, the borate-capped AgNPs



546 U. Ralevic et al. / Applied Surface Science 434 (2018) 540-548

Concentration of TC in the mixture

0.5 uMof TC 5uMof TC 25 uM of TC >
A2 A2 A2
@, LAl e L LGN £
O P r""',.::..‘ WM b fl'-m Afuey
E A M . E MWMMW g . i
o et et ™ |5 e
an
m,nw"/jw \\—«M M# - fL\W
k_f\_ﬁ_ﬁ\.w""/ﬂ« B L_/\J_,.M...-r’\-'//m\« LJ\A._.M.-«JV//MA

5 10 15 20
Raman Shift [100 x cm™]

-
-
(¢)]

10
Raman Shift [100 x cm™]

15 20 1 5 10 15 20
Raman Shift [100 x cm™]

Fig. 5. Blinking and TC dye SERS spectra (acquired by consecutive measurements with 40 s time step) at hotspots on the samples made by varying the TC concentration in
TC-Ag NP mixture: (a) 0.5 wM, (b) 5 wM and (c) 25 M. All shown spectra were taken under the same conditions using 532 nm laser with intensity of 200 pW/wm?.

are unstable with the average lifetimes of the order of couple of
hours in the colloid dispersion and are usually stabilized by sodium
citrate (or rather by the citrate anions which replace the borate
anions while conforming to the surface of the AgNPs), as explained
in Ref. [14]. The related lifetimes are much shorter upon deposition
of these AgNPs on a substrate. The SiO, surface is hydrophobic, and,
therefore, promotes formation of closely spaced clusters larger than
those observed on mica, since the droplet drop-cast of the former
dries over a certain area rather than spreading all over the surface.
Such an arrangement, along with the enhanced contrast between
the SiO, surface and the clusters, is absolutely necessary for fast
acquisition of the SERS signal from the unstable, dye/borate-capped
AgNP clusters.

Fig. 6(a)-(c) shows the three Raman maps corresponding to:
(i) AgNP clusters deposited on mica from a solution having
a (citrate-capped) AgNP to the TC dye concentration ratio of
22nM/17 pM~1.3 x 103, (ii) AgNP clusters deposited on mica
from a solution having a (citrate capped) AgNP to the TC dye con-
centration ratio of 16 nM/25 uM =~ 0.64 x 103, (iii) AgNP clusters
deposited on SiO, /Si from a solution having a (borate-capped) AgNP
to the TC dye concentration ratio of 10nM/16 pM=~0.63 x 103,
respectively. The (red) diamonds mark the spatial positions within
the hotspots where the blinking type of Raman spectra is observed,
whereas the (green) squares mark the pixels having the TC dye type
of Raman spectra. These maps share the color bar which is located
below them. Panels (d), (e) and (f) of Fig. 6 display examples of the
spectra collected at the hotspots within the corresponding maps
in panels (a), (b) and (c), respectively. For comparison, the concen-
trated TC dye Raman spectra is plotted in each panel, below all the
other spectra.

The dye/borate-capped AgNPs deposited on the SiO,/Si, form a
higher number of larger clusters than the dye/citrate-capped AgNPs
on mica, as seen by comparing the Raman maps in panels (a), (b)

and (c), as expected. The SERS spectra acquired at these clusters is
exclusively of the TC dye type, as seen in panel (c). In fact, we find
this to be the case for every recorded Raman map. In contrast, the
dye/citrate-capped AgNP clusters exhibit both the blinking and the
TC dye SERS, even when the ratio of the citrate-capped AgNPs and
the TC dye concentrations in solution is approximately the same as
the one of the borate-capped AgNPs and the TC dye (compare panels
(b)and (c) in Fig. 6). The adsorption of the TC dye seems to be more
efficient if the AgNPs have borate anions initially conformed to their
surface and, therefore, we conjecture that the citrate anions indeed
interfere with the adsorption process of the TC dye molecules.

Our findings are in agreement with the previous spectrophoto-
metric study of J-aggregation of TC dye on the surface of AgNPs
[26,13,14,12], where is found that the capping anions (borate
or citrate), as well as added KCI, have an important role in the
adsorption and J-aggregation of the dye molecules. In case of
borate-capped AgNPs, the J-aggregation is found to be a fast pro-
cess (kapp =4.97 s~1) whose kinetics can be explained in terms of
autocatalysis. Differently, kinetics measurements of J-aggregation
on the surface of citrate-capped AgNPs has shown that the J-
aggregation occurs via a two-step slower process (adsorption and
aggregation, kapp1 =0.008 57! and kappz =0.11s71). Also, in the case
of citrate-capped AgNPs was found that the quantity of added KCl
has an important role in the adsorption of TC dye molecules.

This conclusion is further supported by the analysis of the DFT
calculated adsorption energies of the TC dye, borate and citrate
anions on the surface of Ag, reported in our previous work [26]
(see also Section S4 of the Supplementary information).

4. Summary

In summary, the analysis of SERS enhancement based on rigor-
ous simulations of Maxwell equations for the case of plane wave
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Fig. 6. Raman maps of (a) clusters deposited on mica from a solution having a (citrate capped) NP to the TC dye concentration ratio of 22 nM/17 pM~ 1.3 x 10-3, (b) clusters
deposited on mica from a solution having a (citrate capped) NP to the TC dye concentration ratio of 16 nM/25 uM ~0.64 x 10-3 (c) clusters deposited on SiO/Si from a
solution having a (borate capped) NP to the TC dye concentration ratio of 10nM/16 uM = 0.64 x 10-3. (d)-(f) Examples of the blinking and dye SERS spectra observed in the

Raman maps, displayed below the corresponding Raman maps.

scattering on random silver nanoparticle clusters on various sub-
strates has shown that, for the investigated nanoparticles and the
532 nm excitation laser, typical enhancement factors in the range
of 102-103 can be expected. The highest field enhancement factors
are reached at collective nanoparticle plasmon resonances, which
lie in the 400-500 nm range for medium sized clusters (around 20
nanoparticles), and become redshifted in elongated clusters with
an increasing number of particles. From an inspection of electro-
magnetic field distribution on nanoparticle surfaces, a conclusion is
reached that at least 90% of the SERS total enhancement originates
from nanogaps between adjacent nanoparticles, implying that the
experiments are sensitive only to adsorbates located in these gaps.

Combined AFM and PL mapping of citrate-capped AgNP clus-
ters with dye molecules adsorbed from solutions of variable TC
concentration have shown that, even at highest TC concentrations,
not all hotspots exhibit Raman signatures characteristic of TC dye
molecules, indicating that the clusters are only partially covered
by dye molecules. In contrast, the control experiment carried out
with borate-capped AgNP clusters, with similar nanoparticle and
dye concentrations, has shown a complete dye-coverage of AgNP
clusters.

These results are a direct demonstration that the citrate anions,
while useful for stabilizing the colloid, impede the efficient TC dye
adsorption.
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Abstract

®

CrossMark

Refractive index sensing with metal-insulator-metal (MIM) metasurfaces featuring a
continuous dielectric film between two metallic layers suffers from a low spatial overlap
between high field enhancement regions and the analyte placed above. Recent studies have thus
turned toward hollow MIM metasurfaces, particularly suited for fluid analytes which can
infiltrate the hollow cavities. Here we describe a general procedure for reaching the optimal
design in three most relevant configurations: mushroom-type structures with narrow dielectric
pedestals carrying the top metallic ribbon array, hollow structures with the metallic ribbon array
resting on a distant lateral support, and hollow structures in which the metallic ribbons are
carried by an encapsulating layer from top. We contend that since a majority of the resonant
eigenmode energy is contained within the analyte, very high refractive index sensitivities are
possible for three different measurement methods: spectral, reflectance and phase interrogation.
This is confirmed by numerical simulations demonstrating terahertz spectral sensitivities of
above 700 GHz RIU~! with a normalized sensitivity of around 0.6 RIU™! (RIU stands for
refractive index unit). Detection limits and dynamic ranges are estimated for both bulk
refractive index sensing and thin film detection. Refractive index sensitivities and corresponding
figure-of-merit factors are shown to reach maxima in the critical coupling regime characterized
by equal radiative and non-radiative decay rates of the resonant mode which is controlled by
cavity height. Since this regime is associated with a zero reflectance which prevents
measurements of any signal, metasurfaces should operate close to the critical coupling point
where reflected beam is still measurable. The final optimization is done by decay rate
engineering in order to achieve narrower resonances and improve sensing performance.

Supplementary material for this article is available online

Keywords: metasurfaces, metal-insulator—metal structures, refractive index sensing,

critical coupling

(Some figures may appear in colour only in the online journal)

1. Introduction

Metasurfaces comprising planar resonators with narrow spec-
tral features and strong electric field enhancement are good
candidates for efficient and label-free refractive index sensors.
The flat outline is important because it simplifies fabrication

* Author to whom any correspondence should be addressed.

1361-6463/21/285106+13$33.00

and results in a compact structure while sharp spectral features
can be accurately measured using well-established modern
detection techniques. High sensitivity is ensured by design-
ing the metasurface so that the analyte ends up at electric field
hotspots, while the ensuing refractive-index dependent modi-
fication of the spectral response allows for label-free sensing
and eliminates the need for a delicate labeling process. As the
resonant frequency is swept across the entire electromagnetic
spectrum simply by geometrical scaling, metasurfaces have

© 2021 IOP Publishing Ltd  Printed in the UK
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been found particularly interesting for applications at mid-
infrared, terahertz and microwave frequencies where due to
a long wavelength, a strong electric field enhancement is
required for detecting refractive index changes of deeply sub-
wavelength structures such as thin fluid and molecular films
[1-4].

Initial work on metasurfaces for terahertz thin film sensing
relied on standard split-ring resonators [5, 6]. Subsequently,
it was established that increasing the Q-factor, e.g. by means
of employing resonators with Fano lineshapes, improves the
sensitivity [7-9]. Further progress was made upon realizing [1]
that a large fraction of resonant eigenmode energy contained
in the thick and typically high refractive index substrate harms
sensitivity. Various approaches to increase the spatial overlap
between the resonantly enhanced electric fields and analyte
have been attempted, including the utilization of thin [10, 11]
or low refractive index substrates [12], lifting of metasurfaces
above substrates by dielectric pillars [13] or partially etching
the substrates thus making pedestals which hold metasurfaces
[14-17].

More recently, attention moved toward metasurfaces
which, in addition to the layer of metallic elements on top,
include a solid metal film underneath separated by an insu-
lating layer [18], collectively referred to as metal-insulator—
metal (MIM) metasurfaces. A distinct feature of such struc-
tures are leaky eigenmodes confined between the top metal
patch and the underlying metal film [19], offering the possibil-
ity of highly enhanced field coupling with an analyte [20]. As a
result, MIM metasurfaces have been recognized as promising
platforms for sensing based on frequency shift measurements
(spectral interrogation) [20-25]. The reflectance (intensity)
interrogation based on the measurement of the reflected field
intensity is also very efficient when MIM metasurfaces operate
as electromagnetic absorbers. Then, a high electric field gener-
ated inside MIM cavities leads to a nearly complete absorption
of an incident electromagnetic field and a near-zero reflection.
Any change of the refractive index of a surrounding medium
results in a huge relative change of the reflected field intens-
ity [26, 27] which can be detected even by the naked eye [28].
Finally, the phase of reflected field is associated with a very
steep slope in the case of a near-complete absorption. This
feature provides a large phase variation upon refractive index
changes and very efficient phase sensing [29, 30]. Generally,
MIM metasurfaces operating as electromagnetic absorbers are
very suitable for sensing since the wave injected into the MIM
cavities remains trapped which results in an extreme sensit-
ivity of reflected field to even small perturbations inside the
MIM cavities [31]. However, in the original setting whereby
the analyte layer is located on top of MIM cavities, the spatial
overlap with resonant fields is still relatively low.

Further improvement is reached employing a structured
dielectric layer [32-34], especially if parts of the dielec-
tric under the metal patch are etched away forming nar-
row dielectric pedestals which carry the metal patches in
so called mushroom-type MIM metasurfaces [35-37]. The
highest analyte-resonant field overlap is achieved in hollow
MIM metasurfaces [38—41] suitable especially for fluid ana-
Iytes which can infiltrate the hollow cavities. In view of the

many diverse approaches and geometries considered for MIM
metasurface sensing, a lack of well-defined design procedures
and operating regimes which would yield optimal sensitivity is
apparent. It should also be noted that so far only spectral inter-
rogation has been considered, while questions on efficiency of
sensing based on reflectance and phase measurements remain
open.

Here, we present a general analysis of hollow MIM metas-
urfaces and describe a procedure by which the optimal design
(an optimal metasurface is defined as the one with maximized
refractive index sensitivity) can be attained for three most rel-
evant configurations (two versions of hollow cavity arrays and
the mushroom structure) operating with three different inter-
rogation methods based on frequency, reflectance and phase
measurements. The paper is organized in the following way.
The modeling of metasurfaces and their operating regimes are
described in section 2. The design procedure is discussed in
section 3. The spatial overlap between an analyte and MIM
cavity modes is analysed in section 4. Bulk refractive index
sensitivities are evaluated and discussed in section 5. It is
demonstrated that the refractive index sensitivity is maximized
in the critically coupled regime where the radiative and non-
radiative decay rates of the resonant mode are equal, while in
practice, an optimal working point should be close to the crit-
ical coupling point. The dynamic range for the sensing and thin
film sensitivities are considered in section 6. The final optim-
ization is done by decay rate engineering in order to achieve
narrower resonances, which is examined in section 7. At the
end, in section 8, we discuss the operation at oblique incidence
and issues relevant for practical realization.

2. Sensing structures, modeling and operating
regimes

The schematics of four metasurfaces considered in this paper
are shown in figure 1. For simplicity, we discuss metasurfaces
which are periodic along x- and invariant along the y-direction,
while the analysis of structures periodic along both directions
would follow along the same lines. In each of cases depic-
ted in figure 1, there is an array of parallel metallic ribbons
on top. The dielectric-loaded MIM structure (metasurface 1)
from figure 1(a) is transformed into a mushroom-type struc-
ture (metasurface 2) from figure 1(b) by etching away parts of
the dielectric spacer in order to make isolated dielectric ped-
estals carrying the metallic ribbons. Two hollow geometries
are investigated. The first one (metasurface 3) in figure 1(c)
has a top metallic slit array which would, in practice, stand
on very distant spacers such as dielectric beads. A fluid ana-
Iyte, e.g. coming from environment above, can infiltrate the
space between two metallic layers through slits. In the second
hollow structure (metasurface 4), depicted in figure 1(d), the
metallic ribbons are deposited on a transparent encapsulating
layer which acts as their mechanical support. In this case, a
fluid analyte can flow laterally through the hollow channel.
All configurations can be accounted for by varying the
dielectric spacer width wy in the following way: in dielectric-
loaded metasurfaces it is equal to the unit cell width (w, = P),
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Figure 1. Cross sections (xz-plane) of MIM metasurfaces
considered in this paper (left) and corresponding unit cells (right):
(a) dielectric-loaded metasurface with a continuous dielectric spacer
(metasurface 1), (b) mushroom-type metasurface with a dielectric
pedestal in the center (metasurface 2), (c) hollow metasurface with
the metallic ribbon array standing on a lateral support (metasurface
3), and (d) hollow metasurface encapsulated by a polymer layer
(metasurface 4). All metasurfaces are periodic along x- and invariant
along the y-direction.

figure 1(a), in mushroom-type structures it is narrower than the
metallic ribbon width (w; < wy,), figure 1(b), while in hollow
metasurfaces it is completely removed (w,=0), figures 1(c)
and (d). Numerical calculations were done using rigorous
coupled wave analysis implemented in the Reticolo code [42].
The unit cells of metasurfaces employed in simulations are
presented on the right hand side of figure 1. The period
P, metallic ribbon width w,, and spacer thickness (i.e. cav-
ity height) ¢, are selected according to the design proced-
ure described below. The thickness of top metallic ribbons
is t,, = 300 nm, whereas the metasurface from figure 1(d) is
encapsulated by a polymer layer with the thickness 7, =40 pm.

The refractive index n,=1.5 of the reference analyte
was chosen as representative for typical low-loss liquids
at terahertz frequencies, such as hexane (n,=1.37), octane
(n,=1.391), decane (n,=1.405), and ethanol (n,=1.6)
[39, 43]. The refractive index sensitivity was calculated
by increasing n, to n,+ An,, where An,=0.1 in the
case of frequency interrogation, An,=0.01 in the case of
reflectance interrogation, and An,=0.001 in the case of
phase interrogation. Metallic parts were assumed to be

(a) fO(na+Anal) fo(na) (b)

. R RE—— 400
: 1 | T R(n,*An,)
0.6 2 =)
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“04 .
FWHMR() & '[==="a(n,)
02 —— @(n,+An,)
) - T <l)sl.max
0 0
1.1 1.2 13 1 1.1 1.2 1.3
© f[THz] @ f[THz]
C
2 TS 90
R max(pR|) max(|Ad])
1.67 | — AR
_ )
%12 s
< = FWHM(AD(f)])
Z =
3 0.8 <
0.4 max(|AR|)

o
o

13 1 1.1 1.2 1.3

1.1 1.2
f[THz] f[THz]

Figure 2. (a) Reflectance and (b) phase spectra for two values

of the analyte refractive index n, and n, + An,. Corresponding
changes of (c) reflectance (the absolute and relative changes,

AR = R(nq + Ang) — R(na) and pR= AR/R(n,), respectively) and
(d) phase (A® = ®(ny + Ana) — P(na)).

made of gold and modeled by Drude permittivity (plasma
frequency w, =1.37 x 10'® rad s~!, collision frequency
Ve =4.05x 10" rad s~!) [44] whereas polyimide with a
refractive index of ny;=1.8470.06 [45, 46] was assumed
for dielectric spacers in metasurfaces 1 and 2. The encap-
sulating layer for metasurface 4 in figure 1(d) was modeled
by a low-loss polymer Zeonor with a refractive index of
n,=1.518 4 j0.0009 [47].

The sensing mechanism is based on shifting of a metas-
urface resonance due to small changes of n,. As a result, the
resonant frequency f as well as the reflectance R and phase
® at the operating frequency (not necessary equal to the res-
onant one) are changed as illustrated in figures 2(a) and (b).
Three refractive index sensitivities (frequency, reflectance and
phase), corresponding to three distinct interrogation methods,
are calculated, as defined by the formula S;(f) = |AI(f)|/Any,
where f in parentheses denotes the operation frequency (relev-
ant only for reflectance and phase interrogation). Depending
on the chosen interrogation method, /(f) stands for resonant
frequency f, reflectance R(f), or phase ®(f). AI(f) denotes
the change of I(f) resulting from a given change An, of n,, as
illustrated in figure 2. According to this definition, for reflect-
ance and phase S;(f) is operation frequency dependent, while
it is not the case for frequency interrogation.

Figure-of-merit (FOM) factors are introduced in order to
evaluate the sensing efficiency from the viewpoint of listed
interrogation methods. Each FOM factor is defined as the
ratio between sensitivity S;(f) and a conveniently selected
nonideality metric N;(f): FOM;(f) = S;(f)/N:(f). In spec-
tral interrogation, narrower resonances are easier and more
precisely detected. Therefore, Ny is usually taken as the res-
onance linewidth FWHM{R(f)}, defined as the full-width
at half maximum (FWHM) of the reflectance spectra R(f),
figure 2(a). For intensity interrogation, Ng(f) can be taken to
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Figure 3. Resonant frequency as a function of (a) period P and (b) spacer thickness z,. The vertical dashed line in (a) denotes the selected
period of 100 um. (c) Radiative and non-radiative decay rates, ,, 7o, and (d) spectral width (FWHM) of resonant modes, (e) the minimal
reflectance Ryin and (f) the maximal phase slope ®g max (illustrated in figure 2(b)) for all considered metasurfaces as a function of ;. The

critical coupling for the considered metasurfaces 1-4 is approximately

achieved for t;; = 3.5 um, t, = 1.75 pm, t;3 = 1.5 pm, and

4 = 1.25 pm, respectively, which are denoted by the vertical dashed lines.

be equal to the reflectance [26] R(f) at operation frequency.
This is justified by the fact that the accuracy of measure-
ments is maximized for structures operating near the point
of darkness with a near zero reflection [26]. Then any vari-
ation of surrounding refractive index would result in a huge
relative change of the reflectance (theoretically infinite for the
zero reflectance in the working point) as shown in figure 2(c).
In order to avoid extremely low and experimentally non-
achievable values, the minimal reflectance in numerical calcu-
lations was set to 0.01. Finally, for phase interrogation, Ng (f)
is set equal to the spectral width FWHM{A®(f)}, figure 2(d),
because steeper phase change is easier to detect [48].

The spectral response of MIM metasurfaces is known to be
determined through the interplay of radiative and non-radiative
decay processes of the resonant mode [49], as quantified by
their respective rates -y, and . In this sense, there are three
possible operating regimes [49, 50]: undercoupled (v, < 7o),
overcoupled (7, > 7o), and critically coupled (v, = 7). Radi-
ative and non-radiative decay rates are most directly obtained
by fitting the actual reflection coefficient (measured or numer-
ically simulated) to the so-called temporal coupled-mode the-
ory model [51]. For the single channel case considered here,
it amounts to fitting R(f) to Rremr = 1 — 4v07/((f—fo)> +
(70 + 7)), with 7, and g as fitting parameters [49, 52]. The
calculations below were done for reflectance spectra with vari-
able spacer thickness ¢ (typical spectra for metasurface 4 are
given in figure S1 of supplementary materials (available online
at stacks.iop.org/JPD/54/285106/mmedia)). Since R(f) has an
inverted Lorentzian shape, its FWHM is qual to 2(~, + ).

3. Design procedure

The geometry of MIM metasurfaces is determined by three
parameters, metallic ribbon width w,,, period P, and spacer
thickness #;,. The cavity mode is a standing wave with the
wavelength determined by the metallic ribbon width. Accord-
ing to the cavity or standing-wave resonance model [49, 53],
the resonant frequency of MIM cavities can be approxim-
ated with fy = ¢/(2wyn.), where c is the velocity of light in
vacuum and 7, is the cavity refractive index. The considered
metasurfaces are designed for operation around 1 THz due to
a straightforward fabrication of terahertz structures, whereas
applications at higher frequencies are discussed below. For the
chosen resonant frequency, the cavity model gives w,, around
83 and 100 pm for the spacer refractive index of 1.8 (polyim-
ide spacer for metasurface 1) and 1.5 (spacer with completely
infiltrated analyte for metasurfaces 3 and 4). Finally, we adop-
ted wy, =80 pm.

We start by considering a unit cell width that seems reas-
onable, P=100 pm. In particular, it is chosen with the aim of
achieving a large ratio w,,/P since it implies that the resonant
eigenmode will span the majority of the unit cell (meaning that
a high field enhancement over a large fraction of the unit cell is
obtained). The resonant frequency is practically independent
of P for periods larger than 100 pum as depicted in figure 3(a).
On the other hand, for smaller periods the cavity modes are
not localized anymore, and due to their hybridization [19],
fo decreases. Later, in section 7, we will consider how chan-
ging P affects sensitivity, reaching a somewhat unexpected
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Figure 4. (a) Spatial distribution of the electric field enhancement
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of the resonant modes within unit cells for all four metasurfaces.

The calculations were done for #;; = 3.5 um, t;, = 1.75 pm, 3 = 1.5 pm, and t4 = 1.25 pm, respectively, and at resonant frequencies. The
areas containing an analyte are encircled by dotted lines. (b) Cg factor as a function of spacer thickness. In structures 1-3, the height of the
areas with the analyte was limited to 10 pm for the sake of numerical calculations. Metasurfaces marked with 2’ and 3’ are modified
versions of metasurfaces 2 and 3, respectively, where the fraction of electric field energy in the analyte above the metasurfaces is omitted.

conclusion. In the dielectric pedestal case, metasurface 2 in
figure 1(b), we fix w, = P/3.

The resonant frequency weakly depends on the spacer
thickness as shown in figure 3(b). On the other hand, ¢; domin-
antly controls radiative and non-radiative decay rates, presen-
ted in figure 3(c), and thus determines the operating regime
of MIM metasurfaces [49, 50]. Typically for MIM metasur-
faces, v, grows approximately linearly with #; while o decays
as 1/t; [49]). The critical coupling is determined by the point
of intersection of these two curves when =, = 7. The inter-
section points from figure 3(c) approximately give the follow-
ing spacer thicknesses (denoted by vertical lines in figure 3):
ts1 = 3.5 pm for metasurface 1, t,, = 1.75 pum for metasur-
face 2, t;3 = 1.5 pum for metasurface 3, and 74 = 1.25 pum
for metasurface 4. The resonance width is minimized for #,
values which are usually close to the critical coupling point,
figure 3(d). A slight deviation is observed only for metasur-
face 1 due to higher non-radiative decay rates as a result of
losses in the polyimide spacer. At the same time, the min-
imal reflectance Ry,, figure 3(e), and maximal phase slope
Dy max, figure 3(f), reach extrema exactly at the critical coup-
ling point. These results indicate that the operation of metas-
urfaces around the critical coupling point could be beneficial
for sensing since reduced resonance width and low reflect-
ance provide enhanced FOMs with the spectral and reflectance
interrogation, respectively, while a large phase slope facilitates
sensing with phase interrogation.

4. Fraction of electric field energy in analyte

Regardless of interrogation method, the sensing is based on the
spectral shift of a metasurface resonance due a small change
of analyte refractive index. Therefore, a larger spectral shift is
expected to give a larger refractive index sensitivity in all three
interrogation methods. According to the perturbation theory,
the relative frequency change Afy/f of an electromagnetic

cavity with refractive index n and dielectric permittivity € due
to a small change of refractive index An is given by the fol-
lowing approximate equation [54, 55]

An

e|E|2dV
AfO _H fanalyte ‘ ‘ 7CE, (1)

B e[EPAV

f n all space
where E is the electric field while Cp is the fraction of elec-
tric field energy confined within the volume of an analyte to
be sensed. Therefore, the relative frequency shift for a given
refractive index change An/n depends only on factor Cg. The
maximal relative frequency shift of (Afy/f)max = An/n is
then achieved for Cg =1 when the entire electric field energy
of an electromagnetic resonator is stored within the analyte.

Spatial distributions of the electric field enhancement
|E./Eo| (Ep is the magnitude of the incident electric field) are
displayed in figure 4(a) for all four metasurfaces. The cavity
modes with a high field enhancement are excited between two
metallic layers and their overlap with an analyte (encircled for
a better visibility) is drastically increased in metasurfaces 2—4.
Using such spatial distributions, factor Cr was calculated as a
function of spacer thickness and depicted in figure 4(b). Cg
is maximal and equal to 1 for metasurface 3 since the analyte
is infiltrated both in MIM cavities as well as above them. For
metasurfaces 2 and 4, a fraction of the electric energy is stored
inside the dielectric pedestal (metasurface 2) and the encap-
sulating layer (metasurface 4) and therefore does not over-
lap with analyte. As a result, the nominator in equation (1) is
decreased leading to a lower Cg. For t; around 1.5 um, Cg is
reduced by only ~ 10% and ~ 5%, respectively. On the other
hand, in the dielectric-loaded metasurface 1, the analyte is out
of the region with a high field enhancement leading to a very
low Cg less than 0.1.

In calculations of Cg factors for modified metasurfaces
2 and 3, marked with 2’ and 3’, only the electric field
energy inside MIM cavities was taken into account, while
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Figure 5. Bulk refractive index sensitivities and corresponding FOM
(f) FOMo.

the fraction above the metasurfaces was omitted. An analog-
ous case for metasurface 4 was not considered since the ana-
Iyte is already confined between two metallic layers. Since
the electric field enhancement is dominantly distributed inside
the MIM cavities, Cg for the modified metasurfaces is only
slightly decreased by around 5%. This indicates that metas-
urfaces 2 and 3 can operate with high refractive index sensit-
ivities even for analytes confined just inside them as will be
discussed later in section 6.

5. Bulk refractive index sensitivity

The numerically calculated refractive index sensitiv-
ities Sy, Sk, So, and corresponding FOM factors,
FOMy, FOMg, FOMg are given in figure 5. For reflectance
and phase interrogation in which these quantities are opera-
tion frequency dependent, the operation frequency is set to the
value at which sensitivity reaches its maximum over a conveni-
ently chosen spectral interval enclosing the resonance (thus
the operation frequency is slightly different at each #,). Due to
a large Cg, factor of metasurfaces 2—4, the spectral and reflect-
ance sensitivities are enhanced by around order of magnitude
compared to the dielectric-loaded configuration of metasur-
face 1. The phase sensitivity of metasurfaces 2—4 is increased
2-3 times. The lower enhancement of the phase sensitivity is
achieved because S dominantly depends on the phase slope
which is very high in the case of the dielectric-loaded struc-
ture as well, figure 3(f). Except Sy which is independent on the
operating regime, all sensitivities and FOM factors are max-
imized around the critical coupling point. In mushroom-type

factors: (a) Sy and (b) FOMy, (c) Sk and (d) FOMg, (e) S¢ and

metasurfaces, the pedestal width w, of around 40% of the
metallic ribbon width w,, is already sufficiently narrow to
provide sensitivities comparable to hollow metasurfaces.

The spectral sensitivity Sy, figure 5(a), around the critical
coupling point is above 0.6 THzRIU ™! for metasurface 2 and
above 0.7 THzRIU™! for metasurfaces 3 and 4 (RIU stands
for refractive index unit). According to the perturbation theory
and equation (1), |Sy| = (fo/n.)Ce while the maximal sensitiv-
ity |S¢lmax = fo/n4 is achieved for Cg =1, when the fraction of
the electric field energy in an analyte is maximized. As a result,
the maximal theoretical sensitivities for the critically coupled
metasurfaces are the following: 0.63 THzRIU ™! for metasur-
face 1 (fy =0.95 THz), 0.75 THzRIU~! for metasurfaces 2
(fo =1.12 THz), and 0.77 THz RIU~! for metasurfaces 3 and
4 (fo = 1.15 THz). The numerical results show that metasur-
faces 2, 3, and 4 reach 83%, 95%, and 90% of the theoretically
predicted spectral sensitivity, as a result of large Cg factors,
Cg=~0.89, Cg=1, and Cg ~0.96, respectively. On the other
hand, metasurface 1 with a very low Cg factor less than 0.05
achieves only 13% of Sy predicted by the perturbation theory.
While the spectral sensitivity does not depend on spacer thick-
ness, FOM factor FOM, figure 5(b), is inversely proportional
to resonance width FWHM(R(f)) and reaches the maximum
around the critical coupling point where FWHM is minimized,
figure 3(d).

The reflectance sensitivity Sg, figure 5(c), has a maximum
around the critical coupling point. Here the resonance width
is minimized, figure 3(d), which provides maximal AR (illus-
trated in figure S2 of supplementary material). The maximal
sensitivity is achieved with metasurface 3. Due to the largest
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Cg factor, it is associated with largest spectral shifts reflect-
ance changes for the same refractive index variation. FOM
factor FOMg, figure 5(d), inversely proportional to reflectance,
has a sharp peak at the critical coupling point where the reflect-
ance reaches the minimal value close to zero, figure 2(e).

The phase sensitivity S¢, figure 5(e), and corresponding
FOMg, figure 5(f), are also maximized at the critical coupling
point. Phase difference due to refractive index change grows
with the slope of the phase curve ®(f) (illustrated in figure
S3 of supplementary material), which is maximized at the
critical coupling point as depicted in figure 3(f). FOM factor
FOMy is also maximized at the critical coupling point since it
is inversely proportional to the spectral width of ®(f) which is
minimized at this point (given in figure S3 of supplementary
material).

Although the refractive index sensitivities and FOM factors
are maximized at the critical coupling point, this operat-
ing regime is associated with zero reflectance which pre-
vents measurements of any signal. Therefore, practical devices
should be designed to operate close to the critical coupling
point where reflected beam is still measurable. Such small
detuning from the critical coupling point can be also expec-
ted in realistic devices due to unintentional deviations of 7
introduced during fabrication. According to experimental data
[56], it is safe to adopt that the minimal reflectance for reliable
terahertz reflection and phase measurements is Ry = 0.01.
According to figure 3(e), the minimal reflectance Ry, is below
the established threshold of 0.01 for Af, ~ 150 nm around £
(i=1-4). Therefore, realistic and experimentally measurable
sensitivities are obtained for the spacer thicknesses t; + At,.

The spectral interrogation is independent on spacer thick-
ness and obviously not influenced by fluctuations of #,. The
reflectance sensitivity is also robust, Sz for metasurface 3
decreases by only ~ 3% for At, = 150 nm as can be seen from
figure 5(c). On the other hand, the phase sensitivity, figure 5(e),
is severely affected by deviations of 7, and it decreases by more
than 50% for Az, = 150 nm. Therefore, realistic values for S
are around 1 x 10* deg RIU™!.

Bulk refractive index sensitivities Sy for metasurfaces 3 and
4 are above 700 GHz RIUfl, while the normalized sensit-
ivity S¢/fy is around 0.6 RIU~! (for f, around 1.15 THz).
These values are slightly larger than the best experimental res-
ults achieved so far with hollow metasurfaces and for similar
n, around 1.5 (Sy ~ 500 GHz RIU~! [38], normalized sensit-
ivity 0.31-0.55 RIU~! [39]). The obtained sensitivities also
exceeds the results previously obtained with other sensing
platforms at terahertz frequencies, such as waveguides [57]
(Sy=91.25 GHz RIU™") and Fabry—Pérot cavities (normal-
ized sensitivity of around 0.52 RIU1) [58]. At the same time,
the cavity height of hollow metasurfaces (/1.5 pm) is much
smaller than the thickness of waveguide (=1 mm) and Fabry—
Pérot cavities ~50—70 pum which indicates that hollow metas-
urfaces are good candidates for more compact and lower limit
of detection sensing.

The comparison of refractive index sensitivities with
intensity (reflectance) interrogation is more difficult since it
has been much less employed. The sensitivity of holey MIM
metasurface operating in transmission mode [59] of around

0.67 RIU™! is order of magnitude lower than the sensitiv-
ity of hollow metasurfaces. The main benefit of the reflect-
ance interrogation is large FOM factor and relative reflectance
change for structures operating with a near-zero reflection. The
phase interrogation is still practically unexplored at terahertz
frequencies. The obtained phase sensitivity of around 1 x 10*
deg RIU™! is comparable to maximal phase sensitivities of up
to 10° deg RIU~! obtained at optical frequencies [60]. Since
metasurfaces 2—4 are associated with high spectral, reflect-
ance, and phase sensitivities at the same time, the same MIM
geometry can be employed for efficient sensing with multiple
interrogation methods.

According to the calculated refractive index sensitivities
for metasurface 3 of Sy~ 700 GHz RIU™', Sg ~ 10 RIU™!,
and Sg ~ 10* deg RIU™! and the corresponding resolutions
[61] for spectral, reflectance and phase measurements of Jf =
2-5 GHz, 6R=0.01, and §® =1°, respectively, the limit of
detection for refractive index sensing is estimated at 0.003—
0.007 (<1072) for the spectral interrogation, 10~ for the
reflectance interrogation, and finally, only 10~ for the phase
interrogation.

6. Dynamic range and thin film sensitivity

In previous sections, refractive index sensitivities have been
calculated by increasing an analyte refractive index n,=1.5
for a fixed and small An,. On the other hand, dynamic range
defines the range of An, for which the specified sensitivity can
be reached. Figures 6(a)—(c) depict changes of a measured sig-
nal (Afo, AR, A®) for An, varied up to 0.5 (n, + An, in the
range 1.5-2) for the spectral and reflectance interrogation, and
up to 0.01 (n, + An, in the range 1.5-1.51) for the phase inter-
rogation. The insets of figures 6(a)—(c) display corresponding
refractive index sensitivities. The sensing with spectral inter-
rogation provides a wide dynamic range since |Afy| almost lin-
early grows with An, (figure 6(a)) in the whole range. At the
same time, the resulting sensitivity Sy decreases by only 30%
for An,=0.5. On the other hand, |AR)| is approximately linear
only for n, + An, in the range from 1.5 to 1.6 (figure 6(b)). For
An, 2 0.1, the slope of |AR| curve progressively falls down
while | AR| approaches the maximal value of 1. As a result, the
reflectance sensitivity decreases by almost order of magnitude
for An,=0.5. The phase interrogation is characterized with
a very narrow dynamic range since A® is linear up to only
An, =0.002 while Sg falls down by four times for An,=0.01
(figure 6(c)). Therefore, from the point of view of the limit
of detection, the phase interrogation provides the best sensing
performance, but such high sensitivity is achievable in a very
narrow range of An, in the order of 1073.

So far we have considered bulk refractive index sensitivit-
ies, but they stay on the same level if an analyte is confined
just within MIM cavity, in the channel between bottom metal-
lic plate and top metallic resonators. This is illustrated in figure
S4 of supplementary material for metasurfaces 2 and 3, while
the analyte is already confined in metasurface 4. The reason
for such behavior is high Cg factor even in the case when the
fraction of electric field energy above metasurfaces is omitted,
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Figure 6. Dynamic range for metasurface 3: (a) |Afo|, (b) |AR|, and (c) A®| for increasing An,. The inset depicts changes of the
corresponding sensitivities. Thin film refractive index sensitivities for metasurface 3: (d) |Afo|, (e) |AR|, and (f) A®| as a function of
analyte thickness #,. The inset depicts changes of the measured signal for ultra-thin films in order to determine limits of detection. Shaded

areas denote measurable film thicknesses.

as illustrated for metasurfaces 2’ and 3’ in figure 4(b). There-
fore, obtained bulk refractive index sensitivities can be easily
transformed into thin film sensitivities by dividing them with
spacer thickness (zy,13,t4). For metasurfaces 3 and 4, thin
film sensitivities in the spectral interrogation are around 4.7 x
10° GHz (RIU~! mm™"), and around 4 x 10°> GHz (RIU"!
mm~!) for metasurface 2. These values are very high con-
sidering the highest spectral sensitivities (in the range 10—
2.1 x 10° GHz (RIU~! mm™")) reported so far with terahertz
metasurfaces [4].

Metasurfaces 2—4 provide the sensing of analytes confined
within MIM cavities and therefore with a deep subwavelength
thickness, where the ratio of the free-space wavelength Ay and
the analyte (spacer) thickness is around 150-200. As a result,
such metasurfaces are suitable for sensing of thin films. Limits
of detection were estimated for metasurface 3. In numerical
calculations, a thin film with refractive index n,=1.5 and a
variable thickness #, up to the spacer thickness z, = 1.5 um was
placed inside MIM cavities, on the top of the bottom metal-
lic plate. The rest of the cavities remained hollow. The results
for changes of resonant frequency, reflectance, and phase with
increasing film thickness z,, are given in figures 6(d)—(f).

Similar to the previous analysis of dynamic range, |Afp|
approximately linearly grows with 7, up to the maximal thick-
ness of 1.5 ym. On the other hand, the dynamic ranges for
the reflectance and phase measurements are narrower, since

AR and A® are linear up to 7z, ~ 250 nm and ¢, ~ 40 nm,
respectively. At the same time, AR and A® go into the sat-
uration (characterized with maximal AR=1 and A® =180°)
for t, ~ 1 ym and 7, =~ 130 nm, respectively. Limits of detec-
tion of thin film thickness are determined from the insets of
figures 6(d)—(f). If assumed resolution is §f =2-5 GHz for the
spectral interrogation and 6R=0.01 for the reflectance inter-
rogation [61], the limits of detection are around 10 and 4 nm,
respectively (the insets of figures 6(d) and (e)). Therefore, the
spectral and reflectance interrogation allow detection of very
thin films with a large \o/#, ratio of around 5 x 10*. The ulti-
mate sensitivity for thin film detection is achieved with the
phase interrogation since the accuracy of phase measurements
of §® =1° enables the detection of films with angstrom thick-
ness as shown in the inset of figure 6(f). According to these
results, hollow metasurfaces provide very high sensitivities for
detection of thin film thickness as well, which are comparable
to the best sensitivities achieved so far [62, 63].

7. Optimization by decay rate engineering

The main focus of the previous analysis was on the reach-
ing of the maximal Cg factor by maximizing the overlap of
an analyte and regions with a high electric field enhancement
in order to minimize the influence of underlying substrate.
Another direction to improve sensing performance is to design
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Figure 7. Real part of metal wave impedance Z,, for 14 metals [44]
at 1 THz.

metasurfaces with narrow resonances. Here we consider two
possibilities: the utilization of a metal with lower losses and
increasing of period P. Gold has been traditionally employed
for making metallic parts of metasurfaces. Still, metal with
lower losses would provide lower non-radiative decay rates,
more narrow resonances and larger refractive index sensitivit-
ies. Metal losses are determined by the integral of Poynting
vector flux through the surface enclosing metallic domains,
and it can be shown that the metallic losses are proportional to
the real part of the metal wave impedance (Z,, = \/ tto/€0Em»
where po is vacuum permeability, £¢ is vacuum permittivity,
and €, is metal permittivity) [52]. The real part of the metal
wave impedance for 14 metals [44] at 1 THz (close to the oper-
ating frequency of considered metasurfaces) is presented in
figure 7. As can be seen, copper has the lowest impedance and
therefore, below it is considered as a candidate to replace gold.

In the numerical calculations, copper is modeled with

Drude parameters, the plasma frequency w, = 1.12 x 10" rad s~!

and collision frequency 7. = 1.38 x 10'3 rad s~! [44] which
is four times lower than the collision frequency of gold. Decay
rates for metasurface 3 made from gold and copper are depic-
ted in figure 8(a). Radiative decay rates stay the same, but
non-radiative decay rates are decreased in the case of copper
resonators due to a lower absorption. As a result, the critical
coupling is achieved for thinner spacer thickness #;3- ~ 1.2 um
(compared to tg3 /= 1.5 pm in the case of gold). The lower non-
radiative decay rates result in narrower resonances with lower
FWHM as shown in figure 8(b). Finally, copper based metas-
urface has a larger FOM factor (by around 30%) and larger Sg
(by around 25%) as displayed in figures 8(c) and (d), respect-
ively. Influence of lower g on Sy and S is weak and they
stay practically the same.

Increasing unit cell size and metasurface period P is another
way to decrease resonance width. In this case, radiative decay
rates are decreased since they scale as ~ P~![64]. This is illus-
trated in figure 9(a) for metasurface 3 and periods P =100 pm
(taken so far in the previous calculations) and P=175 pm.
Non-radiative decay rates stay practically the same since they
stem from losses in metallic parts which are fixed, whereas
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interrogation, and (d) reflectance sensitivity.
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Figure 9. Metasurface 3 with larger period: (a) decay rates,

(b) resonance width, (c) FOM factor in the spectral interrogation,
and (d) reflectance sensitivity. The inset of (b) displays the
resonance width as a function of a metasurface period.

the critical coupling is now shifted to thicker spacers with
ti3.+ /= 2.15 pm. The resonance width depicted in figure 9(b)
is decreased for the larger period, while the minimal FWHM
is reached for P around 175 pum as shown in the inset of
figure 9(b). For larger periods, in addition to the zeroth order,
the first diffraction order becomes propagative as well, which
limits the minimal FWHM. As in the previous case, decreased
resonance width leads to larger FOMy (by around 45%) and
Sk (by around 30%) as presented in figures 9(c) and (d),
respectively. Still, this improvement is achieved for the spacer
thickness increased by around 40% which preserves thin film
sensitivities at the same level. Finally, an optimal structure
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would comprise of copper resonators with a larger period of
P =175 pm. Due to decreased both radiative and non-radiative
decay rates in such structure, FOMy and Sp are increased
by around 85% and 60%, respectively (figures 9(c) and (d)),
compared to the initial metasurface 3 made of gold and with
the period P =100 pm. The optimal structure is achieved for
the same spacer thickness as the initial metasurface 3 (t;3 ~
1.5 pum) since the increase and decrease of #; due to larger
period and the utilization of copper, respectively, are com-
pensated by each other. As a result, the observed improvement
is reflected in thin film sensitivities as well.

8. Discussion

All presented results were obtained for the normal incidence.
Still, the operation at oblique incidence could be more favor-
able for practical measurements in order to spatially separ-
ate the incoming and reflected beam. The cavity modes of
MIM metasurfaces (field distributions plotted in figure 4(a))
are localized and their resonant frequencies weakly depend on
angle of incidence (AOI) (depicted in figures S5(a) and (b) of
supplementary material). The minimal reflectance increases
(figure S5(c) of supplementary material) and the maximal
phase slope decreases (figure S5(d) of supplementary mater-
ial) with AOI which results in lower reflectance and phase
sensitivity. For the operation at a larger AOI, metasurfaces
can be always redesigned by tuning spacer thickness in order
to reestablish the operation near to the critical coupling point.
For example, the spacer thickness in metasurface 3 operating
at AOI=30° should be just increased from t;3=1.5 to 2 ym
as shown in figure S6 of supplementary material. On the other
hand, tunable AOI can be used in order to adjust the optimal
operating conditions when spacer thickness deviates from the
optimal one mainly due to fabrication imperfections [29]. Tak-
ing metasurface 3 again as an example, deviation of the spacer
thickness by Af; = 250 nm from the optimal value t;=1.5 ym
is compensated by the operation at AOI around 20° when the
structure is returned back near to the point of critical coup-
ling as illustrated in figure S7 of supplementary material. At
the same time, tunable AOI can be used in order to increase
reflection and get sufficiently high signal (figure S5(c) of sup-
plementary material).

Operation at oblique incidence provides an additional bene-
fit since measurements can be performed by spectroscopic
ellipsometry. This technique is very attractive for sensing
devices [29] since it simultaneously gives both amplitude and
phase signals while relative measurements provide an ultimate
sensitivity for detection of thin films. Although the ellipso-
metry is dominantly employed at optical and infrared frequen-
cies, recent developments make the technique applicable at
terahertz frequencies as well [65, 66]. The operation of pro-
posed sensing structures in transmission mode is possible with
similar metasurfaces consisting of a double layer of spatially
separated metallic patches and an analyte under investigation
between them [67].

Hollow cavities of MIM metasurfaces can be easily infilt-
rated by a fluid analyte, bringing it into the region with a high

field enhancement. However, more sophisticated fabrication
methods are required to produce such metasurfaces. In the
case of mushroom-type structures [68], a partial etching of
the dielectric spacer underneath top metallic stripes is needed
to narrow the spacer and make a dielectric pedestal out of it.
Such structures were successfully fabricated and employed for
surface enhanced Raman spectroscopy [69, 70] as well as for
refractive index sensing at mid-infrared [36] and even optical
frequencies [35, 37].

Hollow structures were dominantly realized at microwaves
[71] and terahertz frequencies [38—41, 72]. Similar planar
MIM structures with a nanofluidic channel between two metal-
lic layers were implemented at mid-infrared frequencies and
applied for enhanced infrared spectroscopy of molecules and
liquids [73-75], while vertical MIM cavities were used for gas
sensing [76]. Finally, hollow MIM metasurfaces have been
recently fabricated even at near-infrared frequencies [77]. In
practical applications, hollow metasurfaces are convenient for
the combination with a microfluidic channel placed between
bottom metallic plate and array of top metallic resonators
[39, 41].

The operation close to the critical coupling point can be
adjusted by choosing an appropriate thickness of the dielec-
tric pedestal in mushroom-type structures or lateral spacer
height. In the static case when there is no possibility for a
post-fabrication tuning of the spacer thickness, metasurfaces
are designed with an analyte filled inside MIM cavities. On the
other hand, the spacer thickness can be mechanically tunable
in some hollow structures, by vertically moving the layer with
top metallic resonators [71, 72]. With this option included,
the critical coupling can be adjusted for a broader range of
analyte refractive index. However, because of technological
challenges, so far this option has been implemented only at
microwaves [71] and terahertz frequencies [72]. In order to
make metasurfaces more robust to fabrication inaccuracies and
provide dynamically tunable critical coupling, an additional
approach could be to employ the concept of disordered struc-
tures with just a few tunable unit cells [78].

An additional option to improve the sensitivity of the
dielectric-loaded MIM metasurface from figure 1(a) is to use
dielectric spacer as a label [79]. Although in this configuration
an analyte is above the metasurface, due to its interaction with
the label, the spacer properties (such as refractive index) are
modified. In this way, changes in the analyte are transformed
into changes of the spacer which is in a region with a high field
enhancement. Still, such kind of sensing requires appropriate
labeling for every analyte.

9. Conclusions

Hollow MIM metasurfaces enable an excellent spatial overlap
between analyte and regions with high electric field enhance-
ment, so that the fraction of resonant eigenmode energy stored
in the analyte tends to unity. This is the dominant factor
responsible for a large refractive index sensitivity (normal-
ized sensitivity of above 0.6 RIU™!). We have estimated the
attainable detection limit for the refractive index sensing at
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< 1072 RIU for spectral interrogation, 10~3 RIU for reflect-
ance interrogation, and 10~* RIU for phase interrogation.
Such high resolutions are achievable in a dynamic range of
around 0.5 and 0.1 RIU for the spectral and reflectance inter-
rogation, respectively, whereas the price for the ultrahigh
detection limit provided by the phase interrogation is a nar-
row dynamic range of only 10~2 RIU. Since the ratio of free-
space wavelength and effective analyte thickness defined by
cavity height is very large (around 150), hollow metasurfaces
are promising for sensing low amounts of analyte with a deeply
subwavelength thickness. The attainable detection limit for the
film thickness sensing is in the order of nanometers for the
spectral and reflectance interrogation, and in the order of ang-
stroms in the case of the phase interrogation. At the critical
coupling point with equal radiative and non-radiative decay
rates of the resonant mode, the resonance width is minimized,
reflectance tends to zero providing a huge relative change,
while the phase slope is maximized. These properties enable
maximal sensitivities and FOM factors simultaneously in all
three interrogation methods (spectral, reflectance, and phase).
Simple semi-analytical model of reflective metasurfaces based
on temporal coupled-mode theory confirms that the critical
coupling point is the optimal working regime for such sens-
ing structures [80]. In order to provide high enough output
reflectance, realistic structures should be slightly detuned from
the critical coupling point by choosing a proper spacer thick-
ness of MIM cavities prior to fabrication or by slightly adjust-
ing AOI for a post-fabrication tuning. Improved FOM factor
in the spectral interrogation and reflectance sensitivity were
achieved by decreasing the resonant mode width, by using
copper instead of gold due to lower losses, and by increasing
metasurface period in order to decrease non-radiative losses.
Following this approach, future study should focus on a design
of MIM metasurfaces with asymmetric top metallic struc-
tures in order to achieve narrow resonances [81]. In order to
employ hollow metasurfaces for the sensing of chiral analytes,
future works should consider structures with chiral top metal-
lic resonators [82]. In comparison with the standard dielectric-
loaded MIM metasurfaces, the fabrication of hollow metasur-
faces is more challenging. However, their implementation has
already been demonstrated from microwave to near-infrared
frequencies, where their full potential will be achieved by their
integration with microfluidic structures.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).

Acknowledgments

We acknowledge funding provided by the Institute of Phys-
ics Belgrade, through the grant of the Ministry of Education,
Science, and Technological Development of the Republic of
Serbia and support by the Science Fund of the Republic of
Serbia, PROMIS, 6062710, PV-Waals. B V acknowledges

support provided by the ITO Foundation for International Edu-
cation Exchange from Tokyo.

ORCID iDs

Borislav Vasi¢ @ https://orcid.org/0000-0002-1575-8004
Goran Isi¢ @ https://orcid.org/0000-0002-6841-9356

References

[1] O’HaraJ F, Singh R, Brener I, Smirnova E, Han J, Taylor A J
and Zhang W 2008 Thin-film sensing with planar terahertz
metamaterials: sensitivity and limitations Opt. Express
16 1786-95

[2] Wu C, Khanikaev A B, Adato R, Arju N, Yanik A A, Altug H
and Shvets G 2012 Fano-resonant asymmetric
metamaterials for ultrasensitive spectroscopy and
identification of molecular monolayers Nat. Mater:

11 69-75

[3] O’Hara J F, Withayachumnankul W and Al-Naib 12012 A
review on thin-film sensing with terahertz waves J. Infrared
Millim. Terahertz Waves 33 245-91

[4] Beruete M and Jauregui-Lopez I 2020 Terahertz sensing based
on metasurfaces Adv. Opt. Mater. 8 1900721

[5] Driscoll T, Andreev G O, Basov D N, Palit S, Cho S Y,
Jokerst N M and Smith D R 2007 Tuned permeability in
terahertz split-ring resonators for devices and sensors Appl.
Phys. Lett. 91 062511

[6] Sun Y, Xia X, Feng H, Yang H, Gu C and Wang L 2008
Modulated terahertz responses of split ring resonators by
nanometer thick liquid layers Appl. Phys. Lett. 92 221101

[7] Debus C and Bolivar P H 2007 Frequency selective surfaces
for high sensitivity terahertz sensing App!l. Phys. Lett.

91 184102

[8] Reinhard B, Schmitt K M, Wollrab V, Neu J, Beigang R and
Rahm M 2012 Metamaterial near-field sensor for
deep-subwavelength thickness measurements and sensitive
refractometry in the terahertz frequency range Appl. Phys.
Lett. 100 221101

[9] Singh R, Cao W, Al-Naib I, Cong L, Withayachumnankul W
and Zhang W 2014 Ultrasensitive terahertz sensing with
high-Q Fano resonances in metasurfaces Appl. Phys. Lett.
105 171101

[10] Tao H et al 2010 Performance enhancement of terahertz
metamaterials on ultrathin substrates for sensing
applications Appl. Phys. Lett. 97 261909

[11] Srivastava Y K, Cong L and Singh R 2017 Dual-surface
flexible THz Fano metasensor Appl. Phys. Lett.

111 201101

[12] Brian B, Septilveda B, Alaverdyan Y, Lechuga L M and K&ll M
2009 Sensitivity enhancement of nanoplasmonic sensors in
low refractive index substrates Opt. Express 17 2015-23

[13] Dmitriev A, Hédgglund C, Chen S, Fredriksson H, Pakizeh T,
Kaill M and Sutherland D S 2008 Enhanced nanoplasmonic
optical sensors with reduced substrate effect Nano Lett.

8 3893-8

[14] Otte M A, Estévez M-C, Carrascosa L G,

Gonzdlez-Guerrero A B, Lechuga L M and Sepuilveda B
2011 Improved biosensing capability with novel suspended
nanodisks J. Phys. Chem. C 115 5344-51

[15] Aéimovié S S, Sipovéa H, Emilsson G, Dahlin A B,
Antosiewicz T J and Kéll M 2017 Superior LSPR substrates
based on electromagnetic decoupling for on-a-chip
high-throughput label-free biosensing Light Sci. Appl.

6 17042


https://orcid.org/0000-0002-1575-8004
https://orcid.org/0000-0002-1575-8004
https://orcid.org/0000-0002-6841-9356
https://orcid.org/0000-0002-6841-9356
https://doi.org/10.1364/OE.16.001786
https://doi.org/10.1364/OE.16.001786
https://doi.org/10.1038/nmat3161
https://doi.org/10.1038/nmat3161
https://doi.org/10.1007/s10762-012-9878-x
https://doi.org/10.1007/s10762-012-9878-x
https://doi.org/10.1002/adom.201900721
https://doi.org/10.1002/adom.201900721
https://doi.org/10.1063/1.2768300
https://doi.org/10.1063/1.2768300
https://doi.org/10.1063/1.2939215
https://doi.org/10.1063/1.2939215
https://doi.org/10.1063/1.2805016
https://doi.org/10.1063/1.2805016
https://doi.org/10.1063/1.4722801
https://doi.org/10.1063/1.4722801
https://doi.org/10.1063/1.4895595
https://doi.org/10.1063/1.4895595
https://doi.org/10.1063/1.3533367
https://doi.org/10.1063/1.3533367
https://doi.org/10.1063/1.5000428
https://doi.org/10.1063/1.5000428
https://doi.org/10.1364/OE.17.002015
https://doi.org/10.1364/OE.17.002015
https://doi.org/10.1021/nl8023142
https://doi.org/10.1021/nl8023142
https://doi.org/10.1021/jp110363a
https://doi.org/10.1021/jp110363a
https://doi.org/10.1038/lsa.2017.42
https://doi.org/10.1038/lsa.2017.42

J. Phys. D: Appl. Phys. 54 (2021) 285106

B Vasic¢ and G Isi¢

[16] Moritake Y and Tanaka T 2018 Impact of substrate etching on
plasmonic elements and metamaterials: preventing red shift
and improving refractive index sensitivity Opt. Express
26 3674-83

[17] Meng K et al 2019 Increasing the sensitivity of terahertz split
ring resonator metamaterials for dielectric sensing by
localized substrate etching Opt. Express 27 2316472

[18] Hibbins A P, Sambles J R, Lawrence C R and Brown J R 2004
Squeezing millimeter waves into microns Phys. Rev. Lett.
92 143904

[19] Todorov Y, Tosetto L, Teissier J, Andrews A M, Klang P,
Colombelli R, Sagnes I, Strasser G and Sirtori C 2010
Optical properties of metal-dielectric-metal microcavities in
the THz frequency range Opt. Express 18 13886-907

[20] Cong L, Tan S, Yahiaoui R, Yan F, Zhang W and Singh R 2015
Experimental demonstration of ultrasensitive sensing with
terahertz metamaterial absorbers: a comparison with the
metasurfaces Appl. Phys. Lett. 106 031107

[21] Ye J and Van Dorpe P 2011 Improvement of figure of merit for
gold nanobar array plasmonic sensors Plasmonics 6 665

[22] Lu X, Zhang L and Zhang T 2015 Nanoslit-microcavity-based
narrow band absorber for sensing applications Opt. Express
232071520

[23] Wang B-X, Zhai X, Wang G-Z, Huang W-Q and Wang L-L
2015 A novel dual-band terahertz metamaterial absorber for
a sensor application J. Appl. Phys. 117 014504

[24] Lu X, Wan R and Zhang T 2015 Metal-dielectric-metal based
narrow band absorber for sensing applications Opt. Express
23298427

[25] Luo S, Zhao J, Zuo D and Wang X 2016 Perfect narrow band
absorber for sensing applications Opt. Express 24 9288-94

[26] Liu N, Mesch M, Weiss T, Hentschel M and Giessen H 2010
Infrared perfect absorber and its application as plasmonic
sensor Nano Lett. 10 2342-8

[27] Cheng F, Yang X and Gao J 2014 Enhancing intensity and
refractive index sensing capability with infrared plasmonic
perfect absorbers Opt. Lett. 39 3185

[28] Wang X, Luo C, Hong G and Zhao X 2013 Metamaterial
optical refractive index sensor detected by the naked eye
Appl. Phys. Lett. 102 091902

[29] Kravets V G et al 2013 Singular phase nano-optics in
plasmonic metamaterials for label-free single-molecule
detection Nat. Mater. 12 304-9

[30] Vasi¢ B and Gaji¢ R 2014 Enhanced phase sensitivity of
metamaterial absorbers near the point of darkness J. Appl.
Phys. 116 023102

[31] del Hougne P, Brahima Yeo K, Besnier P and Davy M 2019
On-demand coherent perfect absorption in complex
scattering systems: time delay divergence and enhanced
sensitivity to perturbations (arXiv: 2010.06438)

[32] Zhou H, Yang C, Hu D, Li D, Hui X, Zhang F, Chen M and
Mu X 2019 Terahertz biosensing based on bi-layer
metamaterial absorbers toward ultra-high sensitivity and
simple fabrication Appl. Phys. Lett. 115 143507

[33] Wang W et al 2020 Enhancing sensing capacity of terahertz
metamaterial absorbers with a surface-relief design Photon.
Res. 8 519-27

[34] Li Y, McLamb M, Park S, Childers D, Boreman G D and
Hofmann T 2020 Reciprocal plasmonic metasurfaces:
theory and applications (arXiv: 2005.00685)

[35] Shen Y et al 2013 Plasmonic gold mushroom arrays with
refractive index sensing figures of merit approaching the
theoretical limit Nat. Commun. 4 2381

[36] Bhattarai K, Ku Z, Silva S, Jeon J, Kim J O, Lee S J, Urbas A
and Zhou J 2015 A large-area, mushroom-capped plasmonic
perfect absorber: refractive index sensing and Fabry-Perot
cavity mechanism Adv. Optical Mater. 3 1779-86

[37] Zhu J, Lin G, Huang Y, Zhang K, Wu M, Wu W and Lu P
2020 Three-dimensional cavity-coupled metamaterials for

plasmonic color and real-time colorimetric biosensors
Nanoscale 12 4418-25

[38] Soltani A, Neshasteh H, Mataji-Kojouri A, Born N,
Castro-Camus E, Shahabadi M and Koch M 2016 Highly
sensitive terahertz dielectric sensor for small-volume liquid
samples Appl. Phys. Lett. 108 191105

[39] Hu X, Xu G, Wen L, Wang H, Zhao Y, Zhang Y,

Cumming D R S and Chen Q 2016 Metamaterial absorber
integrated microfluidic terahertz sensors Laser Photonics
Rev. 10 962-9

[40] Duan G, Schalch J, Zhao X, Zhang J, Averitt R D and Zhang X
2018 An air-spaced terahertz metamaterial perfect absorber
Sens. Actuators A 280 303-8

[41] Lan F et al 2019 Dual-band refractometric terahertz
biosensing with intense wave-matter-overlap microfluidic
channel Biomed. Opt. Express 10 3789-99

[42] Hugonin J P and Lalanne P 2005 Reticolo Code for Grating
Analysis (Palaiseau: Institute d’Optique)

[43] Laib J P and Mittleman D M 2010 Temperature-dependent
terahertz spectroscopy of liquid n-alkanes J. Infrared
Millim. Terahertz Waves 31 1015-21

[44] Ordal M A, Bell R J, Alexander J R W, Long L L and
Querry M R 1985 Optical properties of fourteen metals in
the infrared and far infrared: Al, Co, Cu, Au, Fe, Pb, Mo,
Ni, Pd, Pt, Ag, Ti, V and W Appl. Opt. 24 4493-9

[45] Tao H, Strikwerda A C, Fan K, Bingham C M, Padilla W J,
Zhang X and Averitt R D 2008 Terahertz metamaterials on
free-standing highly-flexible polyimide substrates J. Phys.
D: Appl. Phys. 41 232004

[46] Ma Y, Chen Q, Grant J, Saha S C, Khalid A and
Cumming D R S 2011 A terahertz polarization insensitive
dual band metamaterial absorber Opt. Lett. 36 9457

[47] George P A, Hui W, Rana F, Hawkins B G, Smith A E and
Kirby B J 2008 Microfluidic devices for terahertz
spectroscopy of biomolecules Opt. Express 16 1577-82

[48] Lodewijks K, Van Roy W, Borghs G, Lagae L and Van
Dorpe P 2012 Boosting the figure-of-merit of LSPR-based
refractive index sensing by phase-sensitive measurements
Nano Lett. 12 1655-9

[49] Isi¢ G, Vasi¢ B, Zografopoulos D C, Beccherelli R and Gaji¢ R
2015 Electrically tunable critically coupled terahertz
metamaterial absorber based on nematic liquid crystals
Phys. Rev. Appl. 3 064007

[50] Qu C et al 2015 Tailor the functionalities of metasurfaces
based on a complete phase diagram Phys. Rev. Lett.

115 235503

[51] Fan S, Suh W and Joannopoulos J D 2003 Temporal
coupled-mode theory for the Fano resonance in optical
resonators J. Opt. Soc. Am. A 20 569-72

[52] Isi¢ G and Gaji¢ R 2014 Geometrical scaling and modal decay
rates in periodic arrays of deeply subwavelength terahertz
resonators J. Appl. Phys. 116 233103

[53] Balanis C A 2005 Antenna Theory (New York: Wiley)

[54] Joannopoulos J D, Johnson S G, Winn J N and Meade R D
2008 Photonic Crystals: Molding the Flow of Light
(Princeton, NJ: Princeton University Press)

[55] Unger A and Kreiter M 2009 Analyzing the performance of
plasmonic resonators for dielectric sensing J. Phys. Chem.
C 113 12243-51

[56] Miao Z, Wu Q, Li X, He Q, Ding K, An Z, Zhang Y and
Zhou L 2015 Widely tunable terahertz phase modulation
with gate-controlled graphene metasurfaces Phys. Rev. X
5041027

[57] Mendis R, Astley V, Liu J and Mittleman D M 2009 Terahertz
microfluidic sensor based on a parallel-plate waveguide
resonant cavity Appl. Phys. Lett. 95 171113

[58] Liu Z et al 2020 High-Q metamaterials based on cavity
mode resonance for THz sensing applications AIP Adv.

10 075014


https://doi.org/10.1364/OE.26.003674
https://doi.org/10.1364/OE.26.003674
https://doi.org/10.1364/OE.27.023164
https://doi.org/10.1364/OE.27.023164
https://doi.org/10.1103/PhysRevLett.92.143904
https://doi.org/10.1103/PhysRevLett.92.143904
https://doi.org/10.1364/OE.18.013886
https://doi.org/10.1364/OE.18.013886
https://doi.org/10.1063/1.4906109
https://doi.org/10.1063/1.4906109
https://doi.org/10.1007/s11468-011-9249-9
https://doi.org/10.1007/s11468-011-9249-9
https://doi.org/10.1364/OE.23.020715
https://doi.org/10.1364/OE.23.020715
https://doi.org/10.1063/1.4905261
https://doi.org/10.1063/1.4905261
https://doi.org/10.1364/OE.23.029842
https://doi.org/10.1364/OE.23.029842
https://doi.org/10.1364/OE.24.009288
https://doi.org/10.1364/OE.24.009288
https://doi.org/10.1021/nl9041033
https://doi.org/10.1021/nl9041033
https://doi.org/10.1364/OL.39.003185
https://doi.org/10.1364/OL.39.003185
https://doi.org/10.1063/1.4794170
https://doi.org/10.1063/1.4794170
https://doi.org/10.1038/nmat3537
https://doi.org/10.1038/nmat3537
https://doi.org/10.1063/1.4886897
https://doi.org/10.1063/1.4886897
2010.06438
https://doi.org/10.1063/1.5111584
https://doi.org/10.1063/1.5111584
https://doi.org/10.1364/PRJ.386040
https://doi.org/10.1364/PRJ.386040
2005.00685
https://doi.org/10.1038/ncomms3381
https://doi.org/10.1038/ncomms3381
https://doi.org/10.1002/adom.201500231
https://doi.org/10.1002/adom.201500231
https://doi.org/10.1039/C9NR10343K
https://doi.org/10.1039/C9NR10343K
https://doi.org/10.1063/1.4949527
https://doi.org/10.1063/1.4949527
https://doi.org/10.1002/lpor.201600064
https://doi.org/10.1002/lpor.201600064
https://doi.org/10.1016/j.sna.2018.07.052
https://doi.org/10.1016/j.sna.2018.07.052
https://doi.org/10.1364/BOE.10.003789
https://doi.org/10.1364/BOE.10.003789
https://doi.org/10.1007/s10762-010-9678-0
https://doi.org/10.1007/s10762-010-9678-0
https://doi.org/10.1364/AO.24.004493
https://doi.org/10.1364/AO.24.004493
https://doi.org/10.1088/0022-3727/41/23/232004
https://doi.org/10.1088/0022-3727/41/23/232004
https://doi.org/10.1364/OL.36.000945
https://doi.org/10.1364/OL.36.000945
https://doi.org/10.1364/OE.16.001577
https://doi.org/10.1364/OE.16.001577
https://doi.org/10.1021/nl300044a
https://doi.org/10.1021/nl300044a
https://doi.org/10.1103/PhysRevApplied.3.064007
https://doi.org/10.1103/PhysRevApplied.3.064007
https://doi.org/10.1103/PhysRevLett.115.235503
https://doi.org/10.1103/PhysRevLett.115.235503
https://doi.org/10.1364/JOSAA.20.000569
https://doi.org/10.1364/JOSAA.20.000569
https://doi.org/10.1063/1.4904904
https://doi.org/10.1063/1.4904904
https://doi.org/10.1021/jp9027047
https://doi.org/10.1021/jp9027047
https://doi.org/10.1103/PhysRevX.5.041027
https://doi.org/10.1103/PhysRevX.5.041027
https://doi.org/10.1063/1.3251079
https://doi.org/10.1063/1.3251079
https://doi.org/10.1063/5.0007590
https://doi.org/10.1063/5.0007590

J. Phys. D: Appl. Phys. 54 (2021) 285106

B Vasi¢ and G Isi¢

[59] Yahiaoui R, Strikwerda A C and Jepsen P U 2016 Terahertz
plasmonic structure with enhanced sensing capabilities
IEEE Sens. J. 16 2484-8

[60] Huang Y H, Ho H P, Kong S K and Kabashin A V 2012
Phase-sensitive surface plasmon resonance biosensors:
methodology, instrumentation and applications Ann. Phys.
524 637-62

[61] Jepsen P U and Fischer B M 2005 Dynamic range in terahertz
time-domain transmission and reflection spectroscopy Opt.
Lett. 30 29-31

[62] Park H-R, Chen X, Nguyen N-C, Peraire J and Oh S-H 2015
Nanogap-enhanced terahertz sensing of 1 nm thick (\10°)
dielectric films ACS Photonics 2 417-24

[63] Srivastava Y K, Ako R T, Gupta M, Bhaskaran M, Sriram S
and Singh R 2019 Terahertz sensing of 7 nm dielectric film
with bound states in the continuum metasurfaces Appl.
Phys. Lett. 115 151105

[64] Isi¢ G, Sinatkas G, Zografopoulos D C, Vasi¢ B, Ferraro A,
Beccherelli R, Kriezis E E and Beli¢ M 2019 Electrically
tunable metal semiconductor metal terahertz metasurface
modulators IEEE J. Sel. Top. Quantum Electron. 25 1-8

[65] Neshat M and Armitage N P 2013 Developments in THz range
ellipsometry J. Infrared Millim. Terahertz Waves
34 682-708

[66] Chen X, Parrott E P J, Huang Z, Chan H-P and
Pickwell-MacPherson E 2018 Robust and accurate terahertz
time-domain spectroscopic ellipsometry Photon. Res.
6 768-75

[67] Karmakar S, Kumar D, Varshney R K and Chowdhury D R
2020 Strong terahertz matter interaction induced
ultrasensitive sensing in Fano cavity based stacked
metamaterials J. Phys. D: Appl. Phys. 53 415101

[68] Ogawa S, Fujisawa D, Hata H, Uetsuki M, Misaki K and
Kimata M 2015 Mushroom plasmonic metamaterial
infrared absorbers Appl. Phys. Lett. 106 041105

[69] Cetin A E, Yilmaz C, Galarreta B C, Yilmaz G, Altug H and
Busnaina A 2020 Fabrication of sub-10-nm plasmonic gaps
for ultra-sensitive Raman spectroscopy Plasmonics
15 1165-71

[70] Dai F, Horrer A, Adam P-M and Fleischer M 2020 Accessing
the hotspots of cavity plasmon modes in vertical
metal-insulator-metal structures for surface enhanced
Raman scattering Adv. Optical Mater. 8 1901734

[71] Kim J, Jeong H and Lim S 2019 Mechanically actuated
frequency reconfigurable metamaterial absorber Sens.
Actuators A 299 111619

[72] Schalch J, Duan G, Zhao X, Zhang X and Averitt R D
2018 Terahertz metamaterial perfect absorber with
continuously tunable air spacer layer Appl. Phys. Lett.
113061113

[73] Le T H H and Tanaka T 2017 Plasmonics-nanofluidics hydrid
metamaterial: an ultrasensitive platform for infrared
absorption spectroscopy and quantitative measurement of
molecules ACS Nano 11 9780-8

[74] Le T H H, Morita A, Mawatari K, Kitamori T and Tanaka T
2018 Metamaterials-enhanced infrared spectroscopic study
of nanoconfined molecules by plasmonics-nanofluidics
hydrid device ACS Photonics 5 3179-88

[75] Shih K, Ren Z, Wang C and Lee C 2019 MIR plasmonic liquid
sensing in nano-metric space driven by capillary force
J. Phys. D Appl. Phys. 52 394001

[76] Su D-S, Tsai D P, Yen T-J and Tanaka T 2019 Ultrasensitive
and selective gas sensor based on a channel plasmonic
structure with an enormous hot spot region ACS Sens.

4 2900-7

[77] Okatani T, Sekiguchi S, Hane K and Kanamori Y 2020
Surface-plasmon-coupled optical force sensors based on
metal insulator metal metamaterials with movable air gap
Sci. Rep. 10 14807

[78] Imani M F, Smith D R and del Hougne P 2020 Perfect
absorption in a disordered medium with programmable
meta-atom inclusions Adv. Funct. Mater. 30 2005310

[79] Lee M, Jeon H and Kim S 2015 A highly tunable and fully
biocompatible silk nanoplasmonic optical sensor Nano Lett.
15 3358-63

[80] Vasi¢ B 2021 A semi-analytical approach for refractive index
sensors based on reflective metasurfaces accepted for
publication in J. Opt. Soc. Am. B 38 1676-83

[81] Liu L, Li Z, Cai C, Zhu W, Zheng X, Zhang W, Xu J and Liu Z
2020 High-Q hybridized resonance in a plasmonic
metasurface of asymmetric aligned magnetic dipoles Appl.
Phys. Lett. 117 081108

[82] WangJ,Li G, OuK, YuF, Chen J, Li Z, Chen X and Lu W
2021 Controllable chiral emissions from free-electron
driven plasmonic metasurfaces J. Phys. D: Appl. Phys.

54 105105


https://doi.org/10.1109/JSEN.2016.2521708
https://doi.org/10.1109/JSEN.2016.2521708
https://doi.org/10.1002/andp.201200203
https://doi.org/10.1002/andp.201200203
https://doi.org/10.1364/OL.30.000029
https://doi.org/10.1364/OL.30.000029
https://doi.org/10.1021/ph500464j
https://doi.org/10.1021/ph500464j
https://doi.org/10.1063/1.5110383
https://doi.org/10.1063/1.5110383
https://doi.org/10.1109/JSTQE.2019.2893762
https://doi.org/10.1109/JSTQE.2019.2893762
https://doi.org/10.1007/s10762-013-9984-4
https://doi.org/10.1007/s10762-013-9984-4
https://doi.org/10.1364/PRJ.6.000768
https://doi.org/10.1364/PRJ.6.000768
https://doi.org/10.1088/1361-6463/ab94e3
https://doi.org/10.1088/1361-6463/ab94e3
https://doi.org/10.1063/1.4906860
https://doi.org/10.1063/1.4906860
https://doi.org/10.1007/s11468-020-01137-3
https://doi.org/10.1007/s11468-020-01137-3
https://doi.org/10.1002/adom.201901734
https://doi.org/10.1002/adom.201901734
https://doi.org/10.1016/j.sna.2019.111619
https://doi.org/10.1016/j.sna.2019.111619
https://doi.org/10.1063/1.5041282
https://doi.org/10.1063/1.5041282
https://doi.org/10.1021/acsnano.7b02743
https://doi.org/10.1021/acsnano.7b02743
https://doi.org/10.1021/acsphotonics.8b00398
https://doi.org/10.1021/acsphotonics.8b00398
https://doi.org/10.1088/1361-6463/ab2ea1
https://doi.org/10.1088/1361-6463/ab2ea1
https://doi.org/10.1021/acssensors.9b01225
https://doi.org/10.1021/acssensors.9b01225
https://doi.org/10.1038/s41598-020-71825-x
https://doi.org/10.1038/s41598-020-71825-x
https://doi.org/10.1002/adfm.202005310
https://doi.org/10.1002/adfm.202005310
https://doi.org/10.1021/acs.nanolett.5b00680
https://doi.org/10.1021/acs.nanolett.5b00680
https://doi.org/10.1364/JOSAB.422070
https://doi.org/10.1364/JOSAB.422070
https://doi.org/10.1063/5.0014311
https://doi.org/10.1063/5.0014311
https://doi.org/10.1088/1361-6463/abc7da
https://doi.org/10.1088/1361-6463/abc7da

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 27, NO. 1, JANUARY/FEBRUARY 2021

4700208

Beam Steering Efficiency in Resonant
Reflective Metasurfaces

Goran Isi¢ ¥, Dimitrios C. Zografopoulos

Abstract—Beam steering is one of the prevailing functions per-
formed by electromagnetic metasurfaces. Its efficiency depends
on a large number of physical parameters associated with reso-
nant elements comprising the metasurface and is thus notoriously
difficult to optimize. Here we formulate a theoretical model for
evaluating the diffraction efficiency of an array of lossy resonant
elements whose spectral response is dominated by the coupling
between a leaky eigenmode and a single incoming/outgoing chan-
nel. We use it to deduce a formula for the maximum attainable
diffraction efficiency and the gradient parameter profile for which
it is achieved. The optimization procedure is demonstrated on the
example of an electrically tunable liquid-crystal terahertz beam
steering metasurface. Finally, the proposed model is benchmarked
against rigorous metasurface simulations.

Index Terms—Gradient metasurfaces, beam steering, temporal
coupled-mode theory, tunable metamaterials.

1. INTRODUCTION

N THE early days of optics, light has been directed using
I reflection and refraction exclusively. In contrast, radio waves
have always been generated, guided and detected by components
whose size is comparable to their free-space wavelength. Tech-
nological progress over the past decades, allowing the prepa-
ration of thin layers and fabrication of submicron structures,
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has gradually lead to the development of optical components
that, similarly to their radio counterparts, have wavelength or
subwavelength sized elements. These diffractive optical com-
ponents have since been attracting a growing research attention
for their potential to provide improved characteristics or entirely
new functionality. Binary optics technology [1], involving sur-
face relief gratings with step-like profiles for light guiding, is a
prominent early example.

Electromagnetic metasurfaces [2] embody one of the more
recent research topics in optics aimed at using subwavelength,
often resonant, optically thin structures for purposes of control-
ling light. The subwavelength elements, organized into unit cells,
can nowadays be fabricated with nanoscopic precision, a wide
range of materials and physical parameters exhibiting a desired
in-plane gradient, giving virtually an arbitrary number of degrees
of freedom for designers of novel optical components [3], [4].

Beam steering, also called anomalous reflection in the litera-
ture [2], [5], [6], whereby the incoming beam is reflected into a
desired direction, is amongst the simplest functions these struc-
tures can provide. Beam steering metasurfaces are graded struc-
tures [4], [7] in many ways analogous to reflectarray antenna
used at microwave frequencies since the 1960s [8]. In fact, many
resonant metasurface element designs have either been inspired
by, or rediscovered independently from, the vast knowledge
accumulated over the years on microwave reflectarrays [9]-[11].
The novel terminology is, however, usually warranted by specific
traits associated with operation at terahertz or higher frequen-
cies. A number of demonstrations has so far been reported,
including operation at optical [5], [12] and terahertz [13], [14]
frequencies. In terms of possible applications, tunable beam
steering metasurfaces are particularly interesting, especially if
tuning is performed by electrical means. Various ideas have been
proposed, e.g. exploiting the electric field effect in conducting
oxides [15], graphene [16], semiconductor heterojunctions [17]
or by switching nematic liquid crystals [18], but only few have
so far been actually demonstrated [19], [20].

A major problem in developing a novel beam steering meta-
surface implementation, especially if it involves tunable or
reconfigurable operation, is making a realistic estimate of the
attainable diffraction efficiency (DE). In all but the trivial case
when resonant absorption is negligible and the available phase
range equals 27, increasing DE involves some kind of trade off
between amplitude and phase characteristics achievable often
only through blind fine-tuning a large number of parameters.
In such circumstances it is virtually impossible to identify the
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Fig. 1. The generic beam steering metasurface considered in this article.

optimal gradient parameter profile, let alone understand the role
of all resonant element physical parameters.

Here we formulate a theoretical model for beam steering effi-
ciency, relying on scalar diffraction [21] and temporal coupled-
mode theory [22]. We use it to derive analytical expressions
for the optimal gradient profiles and the highest achievable
DE for a wide class of reflective metasurfaces. As a proof of
concept demonstration, our method is applied for the analysis of
beam steering in electrically tunable liquid crystal (LC) terahertz
metasurfaces [18], allowing the assessment of its accuracy and
range of validity.

II. PROBLEM STATEMENT

A generic beam steering metasurface is depicted in Fig. 1.
It comprises an array of resonant elements above an opaque,
usually metallic, surface. While mutually similar, the resonant
elements exhibit a gradual variation in one (or more) of their
physical parameters, generating a step-like variation of phase
shift ¢, the wave experiences upon reflection. This parameter
will henceforth be referred to as the control parameter and
denoted by vy, as in Fig. 1. For clarity, we refer to v in singular
number, but it makes no difference if it involves two or more
actual physical parameters. For example, v may represent one (or
more) of linear dimensions of the resonant element [5], [9], [12],
[13], a voltage if the unit cell is electrically tunable [16]-[19] or
anything else that can be used to modulate ¢,. along the unit cell
array.

We assume that the metasurface is a periodic array of super-
cells comprising /V unit cells. Each unit cell is characterized by a
set IT of parameters that are identical across the metasurface and
the control parameter v which varies from cell to cell. Since the
metasurface is periodic, the pattern of control parameters {v,, }
is also periodic, i.e. v;4n = v; for any [. As N is arbitrarily
selected, our analysis is applicable to a wide range of metasur-
faces. Fig. 1 depicts a perpendicularly incident plane wave being
diffracted into a number of diffraction orders m = £1,+£2,...,
because the super cell width L is at least several times larger than
the free-space wavelength A. The device operates by ensuring
that the phase shift ¢,. provided by each unit cell is such that the
diffraction efficiency 7,, of all but one diffraction orders is close

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 27, NO. 1, JANUARY/FEBRUARY 2021

to zero, so that the reflected field is dominated by one diffraction
order whose propagation direction is 6,, = asin(mx/L).

The problem of designing an efficient metasurface can be
broken down into two stages. The first has a character of local
optimization. In it the optimal control profile {v,}, defined
as the one which maximizes 7, for a given supercell size NV
and with given unit cell parameters II, needs to be determined.
The brute-force search for {v,, }, whereby all possible profiles
are evaluated, has exponential complexity O(c™) and is thus
unfeasible even with modern computational resources for any
meaningful N, e.g. N > 5. Considering that one needs to solve
Maxwell’s equations rigorously for the entire supercell to eval-
uate 1), for any given {v,, }, which is often challenging to run
once, let alone through a loop, the optimal {v,, } can never be
rigorously determined for all practical purposes. In the second
stage, one needs to understand how II affects the optimal 7,,, and
possibly sweep the II-space searching for the global optimum. It,
of course, implies repeating the first stage as the optimal control
profile changes with II.

Under these circumstances, the best one can hope for is a
simplified model providing guidelines on optimal control and se-
lection of unit cell parameters that yield an acceptable efficiency.
To this end, here we start by invoking the scalar diffraction theory
and the Fraunhofer approximation [21], [23], according to which
the diffraction efficiency into the m-th diffraction order can be
written as

= sinc? (5 ) |Sw 1
Thm = SINC ( N ISn|”, (D
with the diffraction sum Sy given by

2

| Nl
SNZNT;)rneﬂm"a, a=- 2)

In the above equation, r,, represents the reflection coefficient
for an array of unit cells equal to the n-th cell in the considered
metasurface, i.e. r,, corresponds to a metasurface in which the
supercell comprises only one unit cell with control parameter
equal to v,. Equation (1) has been widely used in designing
multilevel surface relief gratings [24] with many studies devoted
to assessing its accuracy [25]. The extent to which Eq. (1) is
applicable to resonant arrays is, on the other hand, currently
unclear since it has so far not been investigated in context of
metasurfaces. On general grounds, it may be expected to be
exact in the limit of # — 0, while for any finite deflection angle
0, the accuracy depends on the specific characteristics of the near
fields at resonance. For purposes of illustration, in Section IV we
demonstrate the validity of Eq. (1) by comparing its predictions
with a rigorous numerical solution of Maxwell equations for
the case of an array of metal-insulator-metal (MIM) resonators
infiltrated by a nematic LC.

Our analysis is focused on the simplest type of resonant
elements for which we demand that their spectral characteristic
close to resonant frequencies is dominated by the interaction
of a quasi-normal mode (i.e. leaky eigenmode) [26] with a
single incoming/outgoing channel. More formally, we assume
that the reflection coefficient r(w) of a uniform array of such
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Fig. 2.  Single-channel TCMT model: (a) Reflection amplitude and (b) phase
drawn for various overcoupling parameter g values. The plots in this article have
been prepared with the help of Matplotlib [30].

resonators can be accurately described by the temporal coupled-
mode theory (TCMT) model for a single-channel resonant sys-
tem [22], [27]

r(w) =

u —ig

w — Wo
. 7u_
uU—+1

B ’Yr""YO’

g:A/r_'YO
Y+ Yo

3)

Here the resonant angular frequency wy, radiative decay rate 7,
and non-radiative decay rate v are the standard TCMT param-
eters, while w denotes the operation frequency. For purposes of
the analysis below, a representation of 7 in terms of two new
parameters is more helpful. The parameter u, introduced as the
normalized deviation from the resonant frequency in Eq. (3),
can be seen as the resonators’ state variable. Meanwhile, the
overcoupling parameter g, defined as the normalized difference
between the radiative and non-radiative decay rate and also
related to the reflection coefficient at resonance frequency by
g = —1r(wo), quantifies the ability of the resonator array to gen-
erate phase shift without losing energy. Equation (3) provides an
accurate description of resonator arrays with quality factors [28]
high enough so that the direct (background) reflection defined
as in Ref. [22] is spectrally flat in the resonance region. The
formalism can readily be generalized [29] both in terms of
multiple incoming/outgoing channels and quasi-normal modes.
Fig. 2 shows r(u) plotted according to Eq. (3).

III. OPTIMAL CONTROL

We will consider the optimization of |Sy| only for the
1-st diffraction order, since for any |m/| > 1 case there exists an
equivalent m = 1 case (possibly with a smaller supercell). This
is because the set of elements {e" "%} forn = 0,1,..., N —
1, which appear as summation terms in Eq. (2) for |m| > 1 is
a subset of elements {e""*} for n =0,1,...,N — 1 in the
summation for m = 1.

Let [u(1),ue2)] denote the interval onto which v-space is
mapped by u(v) and let v, i = 1,2, be defined by ug;) =
u(v(;). The procedure for identifying the optimal control profile
{v,, } may be classified based on how g depends on v. In order
of how they are addressed below, we distinguish the (a) lossless
case, (b) flat tuning, (c) general case and (d) skewed tuning.

The lossless case is characterized by g(v) =1 and for it
analytic expressions exist. We refer by flat tuning to the case
g(v) = go with gy being a constant and show that it can be
reduced to the lossless case. For the general case, with g(v)

4700208

being arbitrary, we describe a simple numerical solution. Finally,
by skewed tuning we denote the general case which fulfills the
condition that g(v) = go + au(v) and we show that it can also
be reduced to the lossless case in a similar manner as flat tuning.
We show below that skewed tuning is an excellent approximation
for realistic situations making it the model of choice in practice.

A. Lossless Resonators

In lossless (i.e. ideal) resonators gy = 1, so that, according to
Fig. 2, changing u only affects ¢,., while |r| = 1. The optimal
control then involves identifying the phase profile { ¢, } which
maximizes |Sy| as given by Eq. (2). If the tuning phase range
A, defined as

Ap = by — day, bu) = or(vy)), 1=1,2, (4)

is greater or equal to (N — 1)a, then it is obvious that there
exists an equidistant phase profile {¢,, }, with phase step equal
to a, such that |Sy| = 1, which is the largest value |Sy| can
reach under any conditions.

For A¢ < (N — 1)a, which is likely to be the case almost
always in practice, it is straightforward but a bit tedious (and
hence omitted here) to show that the phase profiles {¢!!} listed
below maximize |Sy| allowing it to reach the value denoted by
Sid (the superscript ‘id” here stands for ideal, i.e. lossless).

Forodd N = 2/ + 1 and s defined as s = A¢/2a, {¢!4} and
Sid are given by

¢mid; k= 07
Qbmid :t ka7 0 < k S |_8J7 (5)
$mia + 52, [s] <k <l

ei((s‘\s)a} ) (6)

id
¢}+1ik =

1 — ei(lf\:sJ)o‘

S}f}:l—&-QLsJ—i—QRe{ T o

Here | x| denotes the largest integer less than or equal to z, [z]
is the smallest integer greater than or equal to x and ¢y,q =
(é(1) + ¢(2))/2 is the phase value at the middle of the available
phase interval [¢ (1), d(2)].

For even N = 27[ and s defined as s = A¢/2a — 1/2, we
have

i _ bmat (k+3)a, 0<k<]s],
I4+1/2+(k+1/2) o %7 ls| <k <l

ei([s]—s)a} .8

To be accurate, we note that the expressions listed above
provide the maximum attainable value of |Sx| in all but some
practically irrelevant cases that occur at A¢ < 7/3. The phase
profiles as a function of A¢ given by Egs. (5) and (7) might
appear cumbersome, but their meaning is simple, as plotted in
Fig.3(a)and (b), by the gy = 1 curves. They merely show that the
optimal profile in the lossless case involves equidistant spacing,
with a step equal to «, distributed symmetrically around ¢,,;q
until the phase range is exhausted, with setting all the remaining
phase elements to ¢ (1) and @(2).

(N

1— ei(l—l—LsJ)a

S}{}:Q+2L5J+2Re{ T
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Fig.3. Phase profiles under optimal control for the flat tuning problem, drawn
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The resonator state profile {uS°} under optimal control is
found from {49} using

id
uy® = tan M, 9)
2
which follows from Eq. (3) when g = 1. Finally, one obtains
the optimal control profile {v2¢} from v2¢ = u~1(u2°), where
u~t(u) is the inverse of u(v).

The plots of S, evaluated as a function of A¢ according to
Egs. (6) and (8) are shown in Fig. 3(c) for several values of N.
As expected, S reaches unity for any A¢ > (N — 1)« (note
that « also changes with N). Although there is a variation of Si¢
with N, Fig. 3(c) shows that the S}{} curves quickly converge
towards their N — oo asymptote S'd. This is more evident in
Fig. 3(d) where the differential S}\‘} — Sid is shown to be less
than 0.03 for N =5 and less than 0.01 for N = 10, for any
A¢. Therefore, already for N > 5 one may safely use S'd as an
estimate for the maximum | Sy | value achievable under optimal
control.

B. Flat Tuning

Now, let us consider the more interesting case of gp < 1 and
denote the maximum of | Sy | (obtained under optimal control)
by Sn(go). As in the lossless case, tuning v leads to sweeping
one of the constant-g curves in Fig. 2 within the [u(q), u(2)]
interval, except that here |r| also changes with v, so that ¢,
values close to 7 (i.e. u & 0) are penalized by smaller values of
|r|. The optimal control problem in this case can be reduced to
the ideal go = 1 case, by noting that for any profile {u,} the
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following identity holds

N-1 . N-1 :
Z Un — 190 efina _ 1+ gJo Z Un — lefinoz (10)
— Uy + i 2 oy Uy + i )

which can be seen by adding a factor proportional to
Zg;ol exp(—ina) = 0 to the left-hand side. This means that
the Sy value of an array of g resonators with state profile {u,, }
is equal (14 go)/2 times the Sy value of lossless resonators
(go = 1) having the same state profile. It then implies that the
considered array of gg-resonators with the set of available states
[t(1), u(2)] has the same state profile {u; } under optimal control
as the array of lossless resonators with the same set of available
states, while the maximal diffraction sum is

1+ 9o
2

Sn(g0) = SN- (11
Now let us assume that we are given an array of gy resonators
with specified values of u ;) and u(2) and asked to determine
the corresponding optimal control profile {u2°}. The way we
would do it is to first determine ¢y and ¢ 2y which define the
set of available phases corresponding to lossless resonators with
the same ;) values
¢(i) = Zarctanu(i) +m, 1=1,2. (12)
Then, we proceed as in Section III-A to determine the
corresponding {44} while Sy (go) is obtained from Eq. (11)
using the value S% evaluated for A¢ = @(2) — ¢(1). Finaly, the
desired {u5°} is retrieved from { ¢! } with the help of Eq. (9) and
from it the control profile {vS°} by inverting the corresponding
u(v) mapping. The phases {¢,,} under optimal control of the
go-resonator array can be obtained as the arguments of the
reflection coefficients {r,} evaluated by plugging {u2°} into
Eq. (3). These phase profiles are shown for several exemplary
cases in Fig. 3(a) and (b) (the gy < 1 curves). As expected, the
optimal phases are seen to be slightly deflected away from the
¢ ~ m region as it is associated with smaller |r| values, with
the deflection being larger for smaller gq values.

The outlined procedure for optimal control in case of flat
tuning is straightforward, but non-trivial and thus understanding
in which circumstances is it warranted would be helpful. Upon
inspecting Fig. 3(a)—(d), one finds that for g; > 0.75, the optimal
{¢,,} differs only very slightly from the {44} set, which means
that the diffraction sum obtained by using simply {¢i¢} instead
of the optimal {¢,,} will be only marginally smaller than the
value given by Eq. (11). Meanwhile, from Fig. 3(c), one finds
that Si¢ > 0.95 if A¢ > 1.5, implying that not much is to be
gained by fine optimization when the available phase range is
above 1.57. An analogous conclusion holds for the general and
skewed tuning cases discussed below. Therefore, the analysis
presented in this article makes most sense for lossy resonant
metasurfaces - there is no point in applying it to systems with
go ~ 1 and A¢ = 27 as the accuracy of the underlying scalar
diffraction theory is lower than the prescribed gain. In those
cases one is likely to be well off using the lossless profile with
phase steps equal to «, as given by Egs. (5) and (7).
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C. General Case

Let us, for the purposes of this section, leave aside all the
previous considerations involving the TCMT model and the u
and g parameters. Consider instead a more general problem of
maximizing |Sy| given by Eq. (2) by a control profile {v,,}
defining the 7, terms in Eq. (2) through r,, = r(v,,), where r(v)
is an arbitrary complex-valued function such that |r| < 1.

This problem has a simple graphical interpretation if we look
at how the different exp(—in«) terms are added together in the
complex plane. If r,, = 1 for all n, the exp(—in«) terms form a
regular convex N-sided poligon, as depicted in Fig. 4(a) for the
N = 5 case. As pointed out before, any m > 1 case will involve
the same terms but perhaps permuted, so that they form some
other regular, convex or star, N'-sided polygon for N’ being a
divisor of V. Since the polygon is closed, the sum amounts to
zero. The effect of multiplying by r,, amounts to rotating the
corresponding exp(—ina) term clockwise by ¢,, and reducing
its amplitude by a factor |r,|. Therefore, maximizing |Sy]| is
equivalent to maximizing the length of the broken line obtained
by rectifying the mentioned polygons through multiplication by
Tn-

This problem has a simple solution which we illustrate con-
sidering a particular example of r(v), shown in Fig. 4(b). The
shown curves represent the reflection coefficient on an array of
MIM resonators infiltrated by a nematic LC, while v represents
the gate voltage which tunes the nematic molecule orientation.
Further details of this example will be given below and, in
particular, in Section IV.

Finding the optimal {v,, } can be broken down into two steps.
In the first, we select an angle © and search for the {v,,} that
maximizes the projection of the broken line representing Sy
onto that direction. Since the projection of Sy is equal to the
sum of the projections of the 7, exp(—in«) terms on ©, this
search involves N independent optimizations of each of the
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rn exp(—ina) terms, which is easily done even by the brute-
force sweep of the entire v space (i.e. available v values). The
second step involves repeating the first step for all © between 0
and 2, to find the direction O, onto which the S projection
is maximal for {v®*}. It is easy to see that the set {v**}
represents the optimal control profile for the initial problem.

Applying the above procedure onto the N = 5 example, with
r(v) given in Fig. 4(b), we obtain N =5 values of O,ax
which all yield the maximum of |S5| & 0.712. These angles are
denoted by ©;,7 =0, 1,...,4 and drawn in Fig. 4(c), together
with the optimal broken lines. The multiplicity of equivalent
optima is a consequence of the N-fold rotational symmetry
of the geometrical problem, with each solution corresponding
to one of the N cyclic permutations of {r,} in the supercell.
This, of course, means that when searching for Oy,.y, it is
sufficient to sweep only the [0, o] range. The optimal |r,,| and
¢y, profiles corresponding to the O case are shown in Fig. 4(d).
The optimal voltage values {v***} are indicated by the vertical
gray lines in Fig. 4(b) and enumerated by the corresponding
indexn =0,1,...,4.

Although general and simple, easily reproducing the results
from Sections III-A and III-B, the numerical procedure de-
scribed in this section only provides the correct solution, with no
insight on how it is conditioned by the unit cell characteristics.

D. Skewed Tuning

While capturing its nature, the flat tuning model of
Section III-B does not give an accurate quantitative assessment
in the tuning problem used as the example in Fig. 4 because the
g value changes noticeably over the v space. To explain this,
we will consider in more detail the characteristics of the LC
cell whose reflection function was shown in Fig. 4(b). Again,
for the purposes of this section, the LC cell is to be seen as
a representative example of a terahertz metasurface while its
specific details are given in Section IV. The reflection spectra
for several typical v values are given in Fig. 5(a) and (b) (dots),
together with best TCMT fits drawn by solid lines. In fact, the
vn,n = 0,1,...,4 values for which these curves are drawn are
equal to {v"**} from the previous section.

First, we notice that the TCMT fits reproduce the actual LC
cell spectra rather well, thus justifying the use of the TCMT
model. The (v) curves in Fig. 4(b) have, in fact, been drawn for
the operation frequency f = 1 THz, meaning that their values
correspond to the intersection of the reflection spectra and the
f = 1THz vertical line in Fig. 5(a) and (b). The extracted
TCMT parameters as a function of v are drawn in Fig. 5(c),
while the functions u(v) and g(v) can be inferred from Eq. (3).
In particular, with increasing v, u increases because fy = wq /27
decreases, as seen in Fig. 5(c). Meanwhile, g decreases from
around 0.65 at vy to around 0.52 at v,, which can be seen
by observing that the |r(wp)| value (reflection amplitude at
resonance) decreases for increasing v, .

To account for the variation of g, let us assume that u(v) and
g(v) are arbitrary but so that the linear relationship

g(v) = go + au(v), (13)
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Fig. 5. (a) Reflection amplitude and (b) phase spectra for the metasurface

described in Section IV, drawn for 5 values of v - the same ones that maximize
|Ss| in Fig. 4. Dots are the actual data points while solid lines represent the
TCMT fit. (¢) Extracted TCMT parameters as a function of v. (d) Plots of (u, g)
pairs through which the resonator is sweept by tuning v.

is fulfilled, which we refer to as skewed tuning because of
the skewed appearance of successive reflection spectra with
decreasing g as in Fig. 5(a). Introducing g(;) = g(v(;)), the
coefficients gg and a can be expressed as

_ @90 —vmI@ _ 92 ~ 90

9o y .
U(z) = U() U(2) = U()

(14)

It turns out that Eq. (13) is an excellent approximation as long
as the relative variation of g over the v space is small. To
show this for the LC cell example, in Fig. 5(d) we plot the
exact (u(v), g(v)) data points along with the lines generated by
Eq. (13), for three different operation frequencies. The extent
to which the skewed tuning model matches the exact v and
g data, means that it is virtually exact in this case, which has
been verified by comparing its prediction with the numerical
model from the previous section. Taking this into account, it
is reasonable to expect this to be an accurate model for other
metasurface types.

As in the flat tuning case, one can easily show that the identity

z_: Up — l(go + a‘un)efinoz —
Uy +1

n=0

efina’ (15)

1—|—go—iaNZ_:1un—i

2 = un +i

holds for any profile {u,,}. This then implies that the maximal

value of |S| under optimal control in skewed tuning, denoted
by Sn (g0, @), is given by

1+ go
2

- |1+go—ia|

5 (16)

Sn (g0, a) 5}3 ~ Sk‘h

polymer film

=

supercell

) m Magnetic field H,/Ho, N = 4

1 top electrode
Lc | I |

=
w

- ¢r
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thI =
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L= - - —— .1
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Fig. 6. (a) The x — z plane cross section of the LC MIM unit cell. (b)—(d)
Scattered magnetic field colormaps with overlayed reflection amplitude and
phase profiles, drawn over © — z range 1800 pm x 900 pm involving 12 unit
cells. The supercell size is (b) N = 12, (c) N = 6 and (d) N = 4 while the unit
cell parameters are given in Eq. (17).

and that the optimal control profile {v,, } can be determined in a
manner analogous to the flat tuning case.

Neglecting a in the right hand side of Eq. (16) is justified
as follows: Firstly, a is at least several times smaller than
Ag = g(2) — g(1) in any practically relevant case because for
reasonable tuning efficiency Au = u () — u(1) has to be at least
2, meaning that a is typically an order of magnitude smaller than
1+ go. Secondly, because of the absolute value in the middle
term in Eq. (16), a contributes to the factor that multiplies S{ via
a term proportional to a/(1 + go ), meaning that the overall con-
tribution of a is typically two orders of magnitude smaller than
1 + go and thus negligible. Therefore, the maximum attainable
|Swv| value under skewed tuning is given by an equation identical
to the one for flat tuning, Eq. (11), the only difference being that
now gy is determined by Eq. (14).

IV. EXAMPLE: TERAHERTZ BEAM STEERING WITH
LC METASURFACES

To validate our model and illustrate the design method on a
realistic example, we consider a metasurface consisting of an
array of MIM cavities infiltrated by a nematic LC depicted in
Fig. 6(a). Here the control parameter v, exhibiting a gradual
variation over the array of unit cells along the horizontal direc-
tion (x axis), is the voltage applied to the top electrode while
the bottom metal layer serves as the ground. The structure is
assumed invariant along the out-of-plane direction (y-axis), so
that applying a distinct voltage to each cell is straightforward,
similarly as in [19].

When v = 0, the nematic LC molecules are all oriented along
the y-axis because of a thin polymer alignment layer covering
the electrodes. Then the z-component of the LC permittivity
tensor is equal to n2, with n, being the ordinary LC refrac-
tive index. Upon increasing v, the nematic molecules realign
themselves along the vertical direction (z-axis). This process
saturates at a voltage value vy, ax When virtually all LC molecules
are vertically oriented with the z-component of the permittivity

tensor becoming close to n2 and n,. being the extraordinary
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index. The physics of the devices considered herein is mod-
elled by a rigorous multiphysics model involving Maxwell
equations for electromagnetic waves and the Q-tensor model
for LC switching. The LC parameters of the nematic mixture
1825 [31] with n, = 1.554 4+ 0.018i ind n, = 1.941 + 0.022i
have been assumed, while Zeonor is assumed for the encapsu-
lating polymer layer carying the electrodes [32] with a refractive
index of npey, = 1.518 + 0.001i [33] in the terahertz range.
The electrodes are assumed to be made of copper, instead of
the commonly used gold, because it is known to have a lower
absorption rate at terahertz frequencies [34]. The copper per-
mittivity ey, (w) was assumed to have the Drude form with the
copper plasma w, = 1.12 x 106 rad/s and collision frequency
Ye,cu = 1.38 x 103 rad/s taken from [35]. For further details
on modelling LC MIM cavities in the terahertz, the reader is
referred to our previous work [18], [36], [37].

The data shown in Figs. 4 and 5, and used as example in
previous sections, corresponds to a unit cell having the following
dimensions

w="T75pum, p=150pum and trc =5 pm. 17
The operation of an electrically tunable beam steering metasur-
face utilizing such a unit cell is demonstrated in Fig. 6(b)—(d).
The colormaps represent the = — z plane cross section of the
scattered field generated by a p-polarized (H field pointing
out of plane) perpendicularly incident f = 1 THz electromag-
netic field with magnetic field amplitude H illuminating the
metasurface. Following the procedure described in previous
sections, here the optimal control voltage profiles have been
determined for three exemplary supercell sizes: N = 12, 6 and
4. Applying these voltages to LC MIM cells, results in the phase
and amplitude profiles shown as overlays on Fig. 6(b)—(d) and
leads to the scattered field being predominantly steered along
the stated angle 6 corresponding to the m = 1 diffraction order.

We now address the accuracy of the presented model. First
we wish to assert the claim made earlier stating that the model
becomes exact as the deflection angle § — 0, which is a general
feature of scalar diffraction theory. To this end, we again consider
the metasurface with unit cell with parameters from Eq. (17) and
determine the optimal control profiles for N = 3,4, ...,40. To
obtain the exact n); values, we solve Maxwell’s equations exactly
for the supercell at f = 1 THz and determine 7; as the squared
modulus of the 1-st term of the scattered field Fourier series. In
Fig. 7(a) we plot this against the 1; values obtained from our

model
. 1\ 1+90 .iq ?
sinc < N) 5 SN

with go given by Eq. (14). Values of 7; obtained through nu-
merical optimization following Section III-C overlap the plotted
curve, demonstrating the accuracy of the skewed tuning model.
For reference, the diffraction angles 6 corresponding to the 1-st
diffraction order are given in the inset of Fig. 7(a). Therefore,
the model is rather accurate, especially for N > 10. A similar
trend is to be expected for other unit cell parameters or different
metasurface types, except that the particular N values may vary.

m = ; (18)
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0.70 0

|

S o065 S
> >
o oY
& 060 &
(5] S,
5 o055 5
8 So.
B 0.50 B
£ £
0 045 a

4

0405 10 20 30 40 0.8 2

1.0 1
Supercell size Frequency [THz]

Bg Model 71 (N = 11)

d]
9

Exact My (N =11) g,

trc [pm]

5

4

3
180 100 120 140 160 180

p [pm]

100 120 140

p [pm]

160

Fig. 7. Comparison of rigorously calculated 7; with values obtained from the
proposed model as a function of (a) supercell size, (b) operation frequency and
(c), (d) unit cell width p and LC cell height ¢1,¢. In each case, the applied voltage
profile corresponds to optimal control at f = 1.02 THz. Colormaps have been
prepared following [38].

Next, we test the spectral accuracy. For a particular supercell
size (N = 11), we determine the spectral behavior of 7; for the
metasurface optimized at f = 1 THz and compare it with values
obtained by using Egs. (1) and (3) but with changing f while
keeping the TCMT parameter profiles optimized for 1 THz. The
results in Fig. 7(b) also show a remarkable accuracy, indicating
that for N > 10 the presented model can be used for accurately
determining the device operation bandwidth.

As pointed out before, the significance of the model pre-
sented in this article is that it establishes a direct connection
between 77; and the unit cell parameters 11, helping the global
optimization. For example, the physically intuitive relationship
between TCMT parameters of terahertz MIM resonators and
their various parameters has been addressed in our previous
work, see [27], [36], [39]. To demonstrate how the presented
model fares in terms of predicting the n); variation with unit cell
geometrical parameters, we fix the supercell size to N = 11 and
sweep both the unit cell width p and the LC cell height ¢1,¢. For
each geometry, we determine the optimal control voltage profile
and assess 77; both using Eq. (18) and the rigorous supercell
simulations. The results are shown by the colormaps in Fig. 7(c)
and (d). The model is again found to be rather accurate over
the entire parameter plane, with deviations occuring for some p
values, likely due to the onset of additional diffraction orders.
Therefore, we conclude that the model described in this article
can be used for understanding the variation of DE over the unit
cell parameter space and thus provide help in designing novel
beam steering metasurfaces.
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V. SUMMARY

We have formulated a theoretical model for assessing the
diffraction efficiency of beam steering metasurfaces in terms
of resonant eigenmode parameters. The model has been used
to identify the control parameter profile yielding the highest
diffraction efficiency and to express this efficiency by a simple
formula. To illustrate the model and efficiency optimization
procedure, a detailed example involving electrically tunable
LC terahertz metasurfaces has been analyzed. The theoretical
predictions of the model have been compared with rigorous
numerical simulations involving large supercells and shown to
exhibit remarkable accuracy for sufficiently small deflection
angles. The results presented in this work will help the design
of novel beam steering metasurfaces by providing optimization
guidelines and a way to quickly assess the best possible perfor-
mance achievable by a particular resonant element.
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Semiconductor CdSe/CdS core—shell nanoplatelets exhibit narrow and intense absorption and
photoluminescence spectra in the visible range, which makes them suitable for numerous
applications in optoelectronics. Of particular interest is the preparation and optical
characterization of thin films with an accurately controlled amount of nanoplatelets. Here we
report on the use of spectroscopic ellipsometry for investigating the optical properties of
ultrathin films composed of a single layer of negatively charged CdSe/CdS core—shell
nanoplatelets prepared by the electrostatic layer-by-layer deposition on SiO,/Si substrates.
Combining the ellipsometric spectra with atomic force microscopy measurements, we were able
to infer the nanoplatelet film extinction spectra which was found to exhibit the two
characteristic exciton peaks albeit blueshifted relative to the colloidal nanoplatelets.

Keywords: semiconductor core—shell nanoplatelets, single-layer electrostatic deposition,

spectroscopic ellipsometry, refractive index

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanoplatelets (NPLs) or colloidal quantum wells have an
atomically flat surface [1]. Their thickness is quantized to an
integer number of monolayers, which enables thickness tun-
able emission. NPLs made of A”BY/ semiconductors such
as CdS, CdSe, and CdTe are especially interesting because
their absorption and photoluminescence (PL) bands lie in
the visible range and because of very high absorption and
PL excitation efficiency [1-3]. The optical properties of core
only NPLs such as quantum yield [4], photostability [5],
and reduced fluorescence emission blinking [6, 7] are greatly
improved by epitaxial growth of semiconductor shells [8]. All
these properties make NPLs good candidates for applications

4 Author to whom any correspondence should be addressed.

1361-6528/20/435708+8$33.00

in optoelectronics. Compared to quantum dots or nanorods,
NPLs exhibit extremely narrow intense bands on both absorp-
tion and PL spectra, which is essential for color purity of
light-emitting diodes [9—11]. They have directed emission and
polarization, fast radiative lifetimes related to the giant oscil-
lator strength effect allowing high quantum yields, and prom-
ising lasing properties [12, 13].

An important part of nanodevice design is the forma-
tion of high quality nanostructured films. Numerous tech-
niques are used for nanoparticle deposition on various sub-
strates, including spin-coating, drop-casting, doctor-blading,
self-assembling, etc Although these techniques lead to form-
ation of relatively thick films, their precise composition is
hard to control [14]. One of the bottom-up methods for
creating well-organized, layer-by-layer assemblies of nan-
oparticles is based on electrostatic interactions [15-17]. It
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allows the assembly of ultrathin nanoparticle films by expos-
ing a charged substrate to alternating solutions of polymer
molecules and nanoparticles charged with opposite signs, with
a single polymer molecule-nanoparticle stack representing the
smallest building block in the deposition procedure.

UV-vis absorption spectroscopy exhibiting a linear rela-
tionship between the absorption coefficient in the region
of the first absorption maximum and the number of nano-
particle monolayers is the standard technique for monitoring
the growth of layered structures, and for their optical charac-
terization [18]. It is, however, inadequate when the layers are
extremely thin or if the substrate is opaque. One way to over-
come this issue is to use spectroscopic ellipsometry (SE) in
reflection mode. Owing to its high surface sensitivity, SE has
an important role in optical characterization of ultrathin nano-
structured films, and various relevant characteristics such as
optical functions, film thickness, surface roughness etc can be
determined [19]. The key aspect of SE is an appropriate model,
capable of accounting for all relevant structural elements of
multilayer samples, especially close to material interfaces.

SE was used to measure the dielectric function of thin semi-
conductor nanocomposite films formed by spin-coating [20—
22], but the thicknesses of these films were of the order of
tens of nanometers. SE of somewhat thinner HgTe nanocrystal
film, self-assembled by a tenfold repetition of layer-by-layer
electrostatic deposition showed that the dispersion relation of
nanocrystals can be modeled by critical points [23]. How-
ever, the investigation of optical properties of a single layer
composed of charged layer and oppositely charged nanocrys-
tals on the top is very challenging, due to the strong correla-
tion between the thickness of the film and its refractive index
[24, 25].

In this work, we performed the extraction of pseudo refract-
ive index of a NPL monolayer, whose thickness is around 5
nm and which consists of a single layer of negatively charged
CdSe/CdS core—shell NPLs deposited on the top of the posit-
ively charged molecular layer on a SiO,(85 nm)/Si(bulk) sub-
strate. Real and imaginary parts of refractive index of the com-
posite film and the substrate were extracted using point-by-
point inversion from the SE experimental data [26]. In this
procedure, all the parameters of the model including refact-
ive indicies (Si, SiO», and positively charged molecular layer)
and thicknesses (SiO,, positively charged molecular layer and
NPLs film) must be fixed except for n and k of the NPLs film.
Then n and k values are allowed to vary independently at each
wavelength, and are results of this analysis. This is quite effect-
ive procedure for determining the complex refractive index
of a sample, particulary when dielectric function modeling is
difficult in some specific regions. Atomic force microscopy
(AFM) analysis of morphology and measured thickness of the
NPL film are used to interpret the data obtained by SE meas-
urements.

2. Material and methods

2.1. Sample preparation

Hydrophobic CdSe/CdS core—shell NPLs with 4.5 ML CdSe
core were synthesized according to a published procedure

" tiim

EXPTES

tSio

2

Figure 1. Film formed by close packed CdS/CdSe NPLs on the
substrate schematics: (a) 3D view and (b) vertical cross section.

[27]. In order to make NPLs solubilized and negatively
charged, hence suitable for electrostatic self-assembly, the
hydrophobic NPLs were functionalized with mercaptoacetic
acid (MAA). The surface of a commercial highly n-doped Si
wafer covered with SiO, film (of nominal thickness ~ 85 nm),
was treated in aqueous solution of aminopropyl trietoxy silane
(APTES) dissolved in toluene in order to charge SiO; pos-
itively. After being left in solution for 20 min, the substrate
was rinsed with toluene. Finally, the wafer with a monolayer
of APTES was treated in a colloidal solution of negatively
charged CdSe/CdS NPLs to form a 2D layer of close-packed
NPLs on SiO, film surface. The schematics of the structure is
shown in figure 1.

2.2. Characterization

2.2.1. Spectroscopic ellipsometry.  Spectroscopic ellipso-
metry measures the change in the state of polarization of the
incident light upon reflection from the sample. It gives the ratio
of the two complex Fresnel reflection coefficients, V; and ry,
for light polarized parallel and perpendicular to the plane of
incidence, respectively, p = 7, /7, = tan We'>.

SE measurements were performed using rotating-polarizer
spectroscopic ellipsometer (SOPRA GESSE-IRSE VASE).
The measured quantities were the two ellipsometric paramet-
ers, tan ¥ and cos A, and the spectral range was 200-700
nm (with step size 2 nm). During the measurements ‘previ-
ous tracking mode’ is used. This means that the angle of non-
rotating exit polarizer in the setup, often called analyzer, at one
point (energy or wavelength) is set to the value of ¥ attained
at the previous point. This is done in order to keep the reflec-
ted beam close to being circularly polarized and measurements
at optimal sensitivity [28]. We measured the SE spectra of
both the bare SiO,(85 nm)/Si substrate and the substrate with
the NPL monolayer on top. The dielectric function of highly
doped Si substrate does not necessarily coincide with spectra
found in the literature, therefore bare substrate characteriza-
tion is important to minimize potential errors in the extraction
procedure. The final SE spectra of the film were obtained by
averaging over 10 consecutive measurements of 10 s duration
for each point in spectra, in order to minimize random errors
and to improve signal to noise ratio. All the calculations were
performed using home-developed code in MATLAB.

2.2.2. AFM characterization.  The morphological character-
ization of CdSe/CdS core—shell NPL films was performed
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Figure 2. Real (top) and imaginary (bottom) part of the Si refractive index retrieved assuming the SiO, layer thickness is (a) 85 nm and (b)

85.6 nm.

by AFM, using the NTEGRA Prima system in ambient
conditions. Topographic imaging was carried out in tapping
AFM mode using NSGO1 probes from NT-MDT. The main
aim of the morphological characterization was to measure the
thickness of the CdSe/CdS core—shell film, the value which
was further included in the fitting procedure of ellipsometric
spectra. The film thickness was determined by the following
procedure. Topography was measured on five 2 x 2 m? areas.
For every scan area, an average height and surface roughness
were calculated. Both values were further averaged across all
considered areas. The final film thickness was calculated as a
sum of the averaged height and averaged roughness.

2.3. Ellipsometry data analysis

The initial step in the NPL film refractive index (point-by-
point) extraction is to properly characterize the substrate.
Commercially made Si wafer was used with nominally 85 nm
thick SiO; obtained using thermal oxidation. The Si wafer has
<001 > orientation, and is n-type semiconductor highly doped
with P (concentration ~ 10" cm™3, resistivity 3-5 Q2 cm),
therefore it differs from the intrinsic Si, and has slightly dif-
ferent optical properties [29].

The SE spectra of the substrate were measured at three dif-
ferent angles of incidence (AOI) 65°, 70", and 75" . Typically,
there is a strong correlation between the data at different AOI,
especially when the overlayer is thin [30]. However, when the
SE spectra are measured over the energy range where the sub-
strate has a sharp optical structure (like critical points) the
spectra of extracted data at different AOI do not coincide if the
thickness of SiO; is not properly determined [31]. This prop-
erty was used to extract the optical function of Si in the wafer
and oxide thickness with assumption that the dielectric func-
tion of SiO, is known and equivalent to the one from SOPRA
refractive index base [32]. Once the substrate optical proper-
ties are known, direct extraction (or point-by-point inversion)

2 2
(a) 10 x10 (b)S.O x10
-5.5
= 0.8
ES 5.0 45
= 0.6 A
2 4.5 A
E =
= 04 4.0
0.2 4.0
35 3.5

85.2

85.6 86
tsio(nm)

852 856 86
tsio(nm)

Figure 3. (a) Mapped error function for thicknesses of the SiO»
layer in range 85-86 nm and interlayer thickness in range O—1 nm.
(b) Selected error function for different SiO, thickness without
interlayer.

of index of refraction of the composite (mixture) consisting
of the CdSe/CdS core—shell NPLs with ligands and air was
performed. Here we refer to refractive index of composite as
pseudo refractive index of the NPL film, assuming that the
film is effectively uniform in its volume. Refractive index of
APTES was taken from the literature [33], and its monolayer
thickness is estimated to be 0.6 nm based on the length of the
molecule. The SE measurements of the sample with film were
analyzed at single angle, 75, since the measurements at dif-
ferent angles did not provide any additional information.

3. Results and discussion

3.1. Substrate characterization

Ellipsometric measurements of the substrate were per-
formed at three different AOI 650, 70° and 75 . Assum-
ing that the optical model used here is SiO,(85 nm)/Si, the
extracted refractive indices of Si from three different AOI
ellipsometric measurements coincide almost perfectly, except
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Figure 4. (a) Real and (b) imaginary part of extracted dielectric function of highly doped Si and lightly doped Si (taken from Herzinger
et al [34]). (c) Real and (d) imaginary part of refractive index of highly doped Si substrate extracted from the measurements (dotted line)

and approximated with analytical function to minimize the noise.

at wavelengths that are close to the critical points of Si 2(a).
Arwin and Aspnes showed that owing to the sharp features in
the dielectric function of Si near the critical points, it is pos-
sible to unambiguously determine the thickness and dielectric
function of thin films on Si substrate [31]. Here, a part of spec-
tra close to critical points is used for calculation of oxide thick-
ness and dielectric function of Si. We quantify the spectral
overlap by the standard deviation of the three spectra (STDS):

—— ¢ SIS [l =R+ Gy —kR]

2N\Naor —1 ’
where n;; and k;; are real and imaginary parts of refractive index
at \; and angle j, n; and k; are the mean values for the three
AOI at \;, N, is the number of wavelengths, and N4g; is the
number of angles of incidence (AOI = 650, 700, 750). The
initial model with only substrate and SiO, film was extended
by adding an interlayer between SiO; and Si, to test how its
presence influences the STDS. A commonly used model to
describe this layer assumes that its dielectric permittivity is
a 50% mixture of both materials, and is approximated with
Bruggeman effective medium formula. The STDS was cal-
culated in range 252-376 nm at 63 points, for thickness of
Si0; layer in range 85-86 nm, while the interface layer thick-
ness was in range 0—1 nm. The map of the error function is
shown in figure 3(a). The minimum value of STDS is at 85.6
nm, with no interface layer figure 3(b). The extracted refract-
ive indices at three different AOI for the thickness of 85 and
85.6 nm are shown in figure 2, and at thickness of SiO, 85.6
nm when STDS is minimal, three spectra are almost identical,
figure 2(b).

The real and imaginary parts of dielectric function of
calculated mean spectra, for the three spectra obtained by dir-
ect inversion at 65, 70", and 75" of highly doped Si in range
200-700 nm are shown in figures 4(a) and (b). They are plotted

together with results from Herzinger [34]. The differences in
the spectra originate from the fact that there is a difference
between the doping levels and type of dopants (here highly
P-doped, in the Herzinger paper slightly B-doped), and poten-
tially from the method of Si crystal growth.

In point-by-point extraction, calculated refractive indices
at different wavelengths do not directly depend on each other
and the measurement noise is directly transferred to the extrac-
ted optical data [30]. Eventually, all the measurement noise,
including that from the substrate optical constants, is propag-
ated into the extracted data of the film. To avoid this effect, in
the 380—700 nm range the real part of silicon refractive index,
obtained by direct extraction, is fitted to the Sellmeier empir-
ical formula [34], while the imaginary part is approximated by
an exponential tail [30]:

2

2 _

CN’, 2)

k= qePthe/>A=7) (3)

The seven model parameters are: D, A, B, C for approx-
imation of n, and the extinction amplitude «, the exponent
factor 3, and the band edge - for approximation of k. The fit-
ted refractive index of Si, and thickness of SiO; layer in range
380-700 nm, figures 4(c) and (d), were further used in extrac-
tion of optical properties of NPL film.

3.2. Surface morphology and thickness of the NPL fim

The typical topography of a 2 x 2 um? area of the CdSe/CdS
core—shell NPL film is depicted in figures 5(a) and (b). NPLs
are represented by bright grains with an effective diameter of
around several tens of nanometers. NPLs are well deposited
onto SiO, substrate, they are separated from each other and
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Figure 5. (a) CdSe/CdS core—shell NPL film topography colormap and (b) its three-dimensional rendering. The scan area is 2 x 2 pm?,
whereas the height scale is 12 nm and brightness is linearly proportional to height. (c) Height distribution of the topographic image in part
(a). (d) Average line-height and line-roughness for the topographic image in part (a). (¢) Model of the considered film: it is a two-component
structure with the bottom layer having the thickness of the average height and the top layer with the thickness equal to the average roughness.

form a monolayer. A small number of clusters represented by
wider and higher grains and depicted by brighter grains can
also be observed. Histogram of the height distribution is given
in figure 5(c). The average height of 5.3 nm and the average
roughness of 1.6 nm are indicated by dashed lines. In the cal-
culation of the film thickness, the zero-thickness which cor-
responds to the substrate was taken from narrow air gaps (rep-
resented with a dark colour) between neighboring NPLs. The
histogram is characterized by a single and narrow peak indic-
ating a good uniformity of the film thickness. According to
AFM images, the film roughness mainly originates from nar-
row air gaps between neighboring NPLs, from their not-flat
orientation and formation of small local clusters.

In order to better represent the film morphology, the aver-
age height and roughness profiles (called average line-height
and line-roughness respectively) of the topographic image in
figure 5(a) are shown in figure 5(d). Here the averaging was
done along the vertical lines. Dashed lines in figure 5(d) rep-
resent the height and roughness averaged over the entire topo-
graphic image and they correspond to the dashed lines in fig-
ure 5(c). The average height profile represents the layer com-
prised of NPLs, whereas the roughness profile represents a
mixture of NPLs and air. According to these results, the film
can be represented by a combination of two layers having the
thickness equal to the average height (the bottom layer) and
roughness (the top layer). This model is schematically repres-
ented in figure 5(e). Finally, the whole film can be approx-
imated as a single layer with the effective thickness equal to
the sum of the average height and roughness. After the aver-
aging over five different areas, the calculated film thickness
was 5.3+ 1.6 nm.

20 @] 20 ©
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Figure 6. (a) tan¥ and (b) cosA at 75° for bare substrate (dashed
line) and substrate with NPLs on it (full line) at range from 200 to
700 nm. (c) n and (d) k of extracted refractive index of the film at

shortened range 430-700 nm.

3.3. Extraction of NPL film’s refractive index

SE spectra of bare substrate and substrate with APTES and
NPLs on the top are shown in figures 6(a) and (b). The shifts
in the SE spectra of the film compared to the SE spectra
of the bare substrate confirm the presence of an overlayer.
When the film thickness is in the nanometer range, the thick-
ness, constituent volume ratios and the mixture’s refractive
index are correlated, so the modeling procedure with all these
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Figure 7. (a) Real and (b) imaginary part of extracted refractive index of NPLs. Dash-dot lines represent values obtained by direct
extraction, while full lines represent TL fits. The greyed area denotes part of extracted spectra used in TL fitting, while the rest of the spectra
is extrapolation by the model. (c) Schematic of bare NPLs, where estimated volume ratio of bulk CdSe and CdS is 40%/60%. (d) Schematic
of MAA covered NPLs, where estimated volume ratios of MAA and NPLs is 50%/50%.

parameters included and fitting directly to the SE curve is very
delicate. Therefore, we are extracting the refractive index of
the film (mixture) by direct inversion according to the model
shown in figure 5(e). AFM-deduced values for thickness of
closely packed NPL film (5.3 nm) and roughness (1.6 nm)
were used in the ellipsometric model. Since the NPL film is not
a bulk material, its roughness can be incorporated as the less
dense NPL film (50% air and 50% film). It originates from the
fact that surface of NPLs is not completely flat, NPLs do not
form closely packed monolayer, as well as from deposition of
NPL clusters that appear as bright spots in AFM topographic
images, figures 5(a) and (b).

The detailed description of the film includes NPLs covered
with MAA and mixed with air at some ratios. The Iat-
eral size of the NPLs, deduced from high resolution AFM
measurements [35] is around 30 nm, so 10-30 times smal-
ler than the wavelengths of the incident light, and effect-
ive medium approximation would be a natural choice for
calculation of their optical properties [19]. Estimated thick-
ness of the MAA on the NPLs is approximately 1 nm. This
means that the volume fraction of the bare NPLs in MAA
covered NPLs is around 50% (28 x 28 x 3.1/30 x 30 x 5.1),
figure 7(d). Assuming that the refractive index of the NPLs is
close to the one of the mixture of bulk CdSe [32] 40% and
CdS [36] 60%, figure 7(c), covered with MAA, the estimated
fraction of the air is around 40%.

Going backward, assuming the same coverage of MAA,
and fraction of air in the film whose optical properties were

extracted, figures 6(c) and (d), the real and imaginary parts of
extracted refractive index of NPLs are shown in figures 7(a)
and (b). The SE measurement noise is directly transferred to
the spectra of n and k, and an unexpected increase in k£ and
decrease in n at wavelengths greater than 610 nm are a con-
sequence of approaching the end of the measuring range of
the ellipsometer used in the experiment. The extracted dielec-
tric function (refractive index) is further parametrized using
Tauc—Lorentz (TL) oscillator model given by:

N 1 AvE;Cr(E—E,)°
eir(E) = { g:z;ljl(? —EN+CHE E>E, )
) g

where A; is the strength, C; is the broadening, and E; is the
peak central energy of the ith oscillator, while E, is the gap
energy. The real part of the dielectric function is derived from
the expression of ¢; using Kramers—Kronig integration. This
model accounts for the band gap of the NPLs, and prevents
absorption contributions below the band gap that appear due
to the decreased measurement sensitivity. The TL model is fit-
ted in range 430-610 nm, while the upturn in the extracted &
above 610 nm is attributed to the experimental artefact, and
extrapolated by the TL model [30].

The absorbance of the NPLs in chloroform solution shows
two characteristic excitonic resonances at 560 and 620 nm (fig-
ure 8). The extinction coefficient of the NPLs in the film is
evaluated from the absorption coefficient k through o = 47k/\.
The total absorption in the free-standing NPL film (mixture) is
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Figure 8. Absorbance (arbitrary units) spectra of CdSe/CdS
core—shell NPLs in a chloroform solution (dashed line), and
estimated absorption in the 5.3 nm NPLs film (full line).

then approximately o, Where gy is the film thickness. The
exciton peaks of the NPLs in the film are slightly blueshifted
compared to the ones in the solution. This shift could be caused
by a strain induced by the ligand exchange of oleic acid, used
in the solution, by MAA during the electrostatic deposition
[37], decrease of the refractive index of surrounding media, or
by the interaction of the NPLs with substrate and/or APTES
film.

Another important aspect of figure 8 is the very low mag-
nitude (below 0.5%) of the estimated NPL film absorption
even if it was free-standing or deposited on a weakly reflecting
substrate. It proves that the standard optical characterization
involving transmission spectrophotometry would be very dif-
ficult to realize for the investigated monolayer NPL films and
thus stands in favor of the appropriateness of the method used
in this article.

4. Conclusion

CdSe/CdS core—shell nanoplatelet films prepared on SiO,/Si
substrates by electrostatic single-layer deposition have been
investigated. We have found that the presence of a monolayer
NPL film on optically opaque SiO,/Si substrates can be estab-
lished using SE in combination with AFM measurements.
While AFM provides the film thickness and demonstrates its
surface morphology, the appearance of excitonic signatures in
the NPL film extinction spectrum inferred from ellipsometry
confirms the presence of CdSe/CdS core—shell NPLs. The two
exciton peaks are found to be slightly blueshifted compared
to the excitonic peaks in the absorption spectra of colloidal
NPLs, which can be explained by the ligand exchange, inter-
action of NPLs with the SiO, substrate and the APTES film
and/or by the decrease of the refractive index of the surround-
ing. These results assert SE as a promising tool for probing the
optical properties of monolayer NPL films on arbitrary sub-
strates, which is hardly possible using standard optical absorp-
tion measurements.

Direct extraction or point-by-point inversion is highly reli-
ant on the exact knowledge of the refractive indices and thick-
nesses in the underlying structure, so it is important to charac-
terize the substrate before measuring NPL films and extract-
ing their optical parameters. Here we determined the refractive
index of highly doped Si while the thickness of the SiO, layer
was determined by exploiting the fact that the regions of the
spectra close to the sharp optical structure (at critical points of
Si) are more sensitive to change of the angle of incidence.
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Tunable Beam Steering at Terahertz Frequencies
Using Reconfigurable Metasurfaces Coupled
With Liquid Crystals

Borislav Vasi¢ ¥, Goran Isi¢ ”, Romeo Beccherelli

Abstract—Metasurfaces with a spatially varying phase profile
enable the design of planar and compact devices for manipulating
the radiation pattern of electromagnetic fields. Aiming to achieve
tunable beam steering at terahertz frequencies, we numerically
investigate metasurfaces consisting of one dimensional arrays of
metal-insulator-metal (MIM) cavities infiltrated with liquid crys-
tals (L.Cs). The spatial phase profile is defined by a periodic voltage
pattern applied on properly selected supercells of the MIM-cavity
array. By means of the electro-optic effect, the voltage controls the
orientation of LC molecules and, thus, the resulting effective LC
refractive index. Using this approach, the spatial phase profiles can
be dynamically switched among a flat, binary, and gradient profile,
where the corresponding metasurfaces function as mirrors, beam
splitters or blazed gratings, respectively. Tunable beam steering is
achieved by changing the diffraction angle of the first diffraction
order, through the reconfiguration of the metasurface period via
the proper adjustment of the applied voltage pattern.

Index Terms—Beam steering, tunable metasurfaces, liquid
crystals, terahertz frequencies.

1. INTRODUCTION

UNABLE beam-splitting and steering devices are integral
T components of terahertz (THz) systems that are required
for wireless communications, measurements, imaging and sens-
ing [1]-[3]. In addition to common electromechanical scanning
and phased-array systems [4], there are several proposals for
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dynamically tunable THz beam steering utilizing wedge-shaped
devices [5] and leaky-wave antennas [6] with liquid crystals
(LCs), gratings with semiconductors [7], [8] and specially de-
signed THz systems [9]. Still, further developments are needed
in order to engineer more compact and faster devices with
increased efficiency and advanced functionalities.

One promising approach in this direction is the application
of metasurfaces, namely planar and periodic arrays of sub-
wavelength electromagnetic resonators which strongly enhance
light-matter interaction [10], [11] and have been demonstrated
to facilitate the design of efficient THz modulators [12]-[17].
Gradient metasurfaces [18]—[22] are a natural choice for beam-
steering applications since they introduce a spatially varying
phase shift at the interface between two media thus providing
additional opportunities for wavefront shaping [23]-[26]. In the
case of gradient metasurfaces with linear phase shift profile,
the beam-steering angle is dictated by the gradient of the linear
phase profile [23]-[25]. Therefore, tunable beam steering with
such metasurfaces can be realized by dynamically varying the
phase gradient [27]-[32], which is a known concept applied in
tunable microwave reflectarrays [33]-[35] and optical phased
arrays [36]. However, the rigorous approach requires changing
the period of the metasurface with simultaneous readjustment of
the phase in order to keep the linear phase shift from 0° to 360°
within each period [37]-[40], which is challenging for practical
realizations. The 360° phase-shift requirement is relaxed in
binary metasurfaces, periodic structures with just two spatial
zones introducing phase shifts of either 0° or 180°. They operate
as beam splitters like classical binary optical gratings [41].
Tunable beam splitting with adjustable diffraction angles can
be then realized by less demanding phase modulation between
0° and 180° [27], [42], [43].

The phase modulation is the underlying physical founda-
tion for tunable beam steering with both gradient and binary
metasurfaces. The modulation efficiency strongly depends on
the selection of the tunable elements and their applicability
for a specified frequency range. So far, semiconductors [7],
[8], [31] and graphene [37], [44] have been mostly employed
at THz frequencies. However, they are Drude materials with
tunable absorption which makes them more suitable not for
phase, but amplitude THz modulators [45], [46]. On the other
hand, recently it has been demonstrated that the large inherent
birefringence of LCs combined with the possibility for electrical
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Fig. 1. Principles of tunable beam steering: 1. control of DE for zero and first

order is achieved by modulation of the phase profile from (a) flat to (b) binary,
or to (c) gradient, 2. tunable angle « of the first diffraction order is obtained by
changing the period of either (d) binary or (e) gradient metasurfaces.

modulation of their refractive index render them promising for
frequency tunable THz metamaterials, which can provide both
amplitude [14], [47], [48] and phase [49] modulation. Still, the
interplay between amplitude and phase modulation needs careful
design.

In this paper, we investigate one-dimensional arrays of metal-
insulator-metal (MIM) cavities infiltrated with LCs targeting
the design of tunable binary and gradient metasurfaces at THz
frequencies working in reflection mode. Compared to conven-
tional LC cells, such MIM resonant cavities have been pre-
viously [14], [49] found particularly promising for LC-based
technology as the enhanced light-matter interaction allows an
orders of magnitude speedup in LC switching. The phase tun-
ing is achieved by the electro-optic modulation of the spatial
profile of the LC refractive index. The same metallic stripes
that form the MIM resonant cavities are also employed for
the application of the low-frequency LC control voltage. In
binary metasurfaces, the LC refractive index is periodically
varied in order to achieve periodic phase gratings with either
0° or ¢y phase zones, where ¢ € [0°,180°]. Beam splitters
with tunable diffraction efficiency (DE) are implemented by
modulating the LC refractive index in the zones with non-zero
phase ¢( thus controlling the interplay of the DEs for the 0°
and 41 orders. Next, we design gradient metasurfaces with a
four-level discretized linear phase profile (0°, 90°, 180°, 270°)
that behave like blazed gratings thus allowing for switchable
beam steering of the impinging THz beam between the 0° and
+1 diffraction order. A routine for the maximization of DE
in real lossy systems is also presented, leading to significant
improvement in the grating’s performance. In the case of both
binary and gradient metasurfaces, the beam splitting/steering
angle can be dynamically adjusted by reconfiguring the grating
period, thanks to the subwavelength dimensions of the employed
MIM resonant cavities.

II. MODULATION PRINCIPLES AND MODELING

The physical principles for tunable beam steering of the
proposed devices are illustrated in Fig. 1. The metasurface
acts as a phase grating with tunable phase profile. DEs for a
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patterns for (c) binary and (d) gradient metasurfaces. (e) Tilt angle of LC
molecules within in a single unit cell for two chracteristic bias voltages.

grating with symmetrical rectangular phase profile are given by:
cos?(¢o/2) for zero order, (2/7m)?sin?(¢y/2) for odd orders
(m = +£1,43,...), and zero for even orders (m = £2,£4,...),
where ¢ is the phase difference between two levels as depicted
in Fig. 1(b) [50]. A metasurface with flat phase (¢y = 0°) oper-
ates as a mirror which just reflects an incoming wave (zero order)
as depicted in Fig. 1(a). On the other hand, metasurfaces with the
binary phase profiles presented in Fig. 1(b) act as beam splitters.
If ¢pg = 115.2° (0.647), the outgoing wave is split into three
diffraction orders, 0 and £1, with same DE (higher orders are
neglected due to low DE). Furthermore, the zero-order beam can
be suppressed when the phase difference is exactly ¢g = 180°,
leaving just the £1 diffraction orders.

Blazed gratings are realized by gradient metasurfaces with
the sawtooth phase profile depicted in Fig. 1(c). They provide an
additional option to single out just +1 (—1) diffraction order (for
the positive (negative) phase slope with respect to the x-axis). For
the sake of simplicity and practical realization, here the sawtooth
profile is discretized into four phase levels 0°, 90°, 180°, 270°.

By changing the phase profile from flat to binary or gradient as
presented in Figs. 1(a-c), it is possible to control the DE of zero
and first order. In order to achieve beam steering with the same
amplitude, but at a tunable angle, it is necessary to control the
diffraction angle as shown in Figs. 1(d) and 1(e). The diffraction
angle of the first order is « = arcsin(A/P), where A is the
wavelength and P is the grating period. Therefore, a tunable
diffraction angle can be achieved by changing the metasurface
period with simultaneous readjustment of the phase in order to
keep either the binary or gradient profile.

The cross section of the considered metasurface is presented in
Fig. 2(a), whereas its three-dimensional unit cell with indicated
geometrical parameters is depicted in Fig. 2(b). The metasur-
faces consist of a bottom gold plate, a layer of the nematic liquid
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crystal with thickness t1,¢, a top metallic grating made of parallel
gold ribbons with width w,,, and a polymer layer with thickness
t, which serves as a substrate for the grating and simultaneously
encapsulates the LC. The unit cell size is wy.

The phase profile of the metasurfaces is controlled by the
pattern of voltage control signals U; applied between the back-
reflector ground plane and each one of the unit cells. The applied
voltage controls the orientation of LC molecules and the spatial
variation of the effective LC refractive index. The pattern of
the LC bias voltages produces the desired phase profile along
the x-axis of the metasurface. In the case of binary metasur-
faces, this pattern consists of two voltage levels Uy and Uy,
with the low level Uy fixed to zero, as schematically depicted
in Fig. 2(c). The number of voltage levels in the pattern for
gradient metasurfaces in Fig. 2(d) is defined by the number
of discrete phase levels chosen for the approximation of the
sawtooth phase profile, which is four in this study. We define
a phase cell as series of k adjacent unit cells that have the
same bias voltage and hence same phase value. The metasurface
period/supercell in binary structures consists of 2 phase cells (2 k
unit cells) corresponding to phase levels 0° and ¢, whereas in
gradient metasurfaces, it consists of 4 phase cells (4 k unit cells)
implementing the phase levels 0°, 90°, 180°, 270°. Therefore,
the metasurface period is defined as P = Nw,,., where N is
the number of unit cells per period, 2k and 4k in the case of
binary and gradient metasurfaces, respectively. Two examples
for a binary metasurface with N = 4 and gradient metasurface
with N = 8 are schematically shown in Figs. 2(c) and 2(d),
respectively.

Numerical calculations of both the LC studies and full-wave
propagation of the THz waves were done by means of the finite-
element method using COMSOL Multiphysics. The voltage-
dependent LC orientation and switching dynamics were solved
by the Q-tensor implementation of the Landau-de Gennes theory
for uniaxial nematics, a powerful tool capable of resolving biax-
ial solutions, nematic order variations and defects in complex
LC systems [51]. The spatial profile of the local molecular
orientation, which coincides with the optical axis of the unixial
anisotropic LC, was calculated by minimizing the total energy in
the LC bulk, composed by thermotropic, elastic, and electrostatic
energy contributions. Once the LC orientation is known, the
complex permittivity tensor which describes the LC dielectric
properties in the THz spectrum was calculated and fed into an
electromagnetic full-wave solver, using the same finely-resolved
mesh employed in the LC studies. This way, the spatial variation
of the LC anisotropic permittivity was rigorously taken into
account in our analysis [14], [49]. The Drude model [52] was
employed for gold permittivity. For both the equations governing
LC orientation and electromagnetic wave propagation, periodic
boundary conditions were imposed on lateral boundaries of the
supercell. Our numerical model thus cannot account for the
effects of the finite device surface area. However, all devices
considered in this work are designed for steering well collimated
incoming THz beams with millimeter-scale waists, meaning that
the device active area will in practice extend laterally at least a
couple of millimeters or circa 50 - 100 unit cells, so the edge
effects will always be negligible.
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The profile of the tilt angle, defined as the angle between
the x-y plane and the LC local optical axis, for the nematic
mixture 1825 [53] is given for two characteristic voltage levels
in Fig. 2(e) (tr,c = 3.35 um). For zero voltage, the in-plane
orientation of the molecules (xy-plane) is provided by well-
established LC alignment layers, e.g. rubbed polymer such as
Nylon-6 with negligible thickness as far as the electromagnetic
problem is concerned. Strong anchoring along the y-axis with
a pretilt angle of 1° was considered for the top and bottom
aligning surfaces of the LC cell. The dielectric permittivity of
the LC layer in the z-direction (which determines the spectral
position of MIM cavity resonances) is then equal to the ordinary
permittivity €,. Due to the electro-optic effect, the applied bias
voltage (the example for U = 2.8V is given) and resulting
electric field lead to the reorientation of the LC molecules.
Finally, for 10V, practically all LC molecules in the volume of
the LC cell beneath the top metallic ribbon are oriented vertically
(the tilt angle is 90°) thus giving the extraordinary permittivity .
in z-direction. According to measurement results, the refractive
indices of the highly birefringent nematic mixture 1825 around
the working frequency of 2.5 THz are n, = 1.54 4 j0.013 and
ne = 1.911 + j0.018 [53] which gives a large change of the LC
refractive index of around 0.37 for a low voltage sweep of 10 V
only.

The metasurface shown in Fig. 2 operates as a tunable
phase shifter when the MIM resonators are in the overcoupled
regime [49], defined by the requirement that the resonant mode
radiative decay rate 7,,q is larger than absorption decay rate
Vabs [14]. When ~padq 3> Yabs, the metasurface simultaneously
provides both a large phase change and high reflection in the
vicinity of resonance. By tuning the LC refractive index from n,,
to n., the resonance is spectrally shifted producing a phase shift
A® at the fixed operating frequency f,,,. The LC thickness t1,c
is the main geometrical parameter which determines the relative
magnitude of 7,,q and ~v,ps and, consequently, the achievable
phase shift. Therefore, in order to find the optimal structure, the
reflectance and phase are calculated as a function of ¢1,c while
other geometrical parameters are fixed. The unit cell size and
metallic ribbon width in all binary and gradient metasurfaces
considered here, are wy. = 32 ym and wy, = 28 pum, respec-
tively. Such values provide the resonant frequency around the
targeted f,, ~ 2.5 THz. The top substrate is Zeonor, a cyclo-
olefin polymer with very low losses at THz, with layer thick-
ness of 40 um and refractive index 1.518 + j0.0009, respec-
tively [54]. Metallic ribbon arrays similar to those considered
here have been experimentally patterned on Zeonor substrates
by standard photolithography [55].

The power reflectance for zero voltage applied to all unit cells
is given in Fig. 3(a). The resonance can be identified by the dip
in the reflectance map which is red-shifted for a thicker LC
layer while simultaneously the reflectance becomes higher. For
10V of applied voltage, the resonance is significantly red-shifted
compared to the previous case owing to the higher LC refractive
index that interacts with the z-polarized resonant mode, while
the overall reflectance is a bit lower as depicted in Fig. 3(b). The
phase difference A® between these two states is displayed in
Fig. 3(c) indicating a large phase change across the resonance.
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Fig. 3. The reflectance as a function of frequency and LC thickness t1,c
for two voltages (the same voltage applied to all unit cells): (a) U =0V and
(b) U = 10V. (c) Phase difference A® between the cases for 0 V and 10V, and
(d) its discretized representation (for sake of better visibility), where the area
with A® > 180° (Ad > 270°) is represented by 1 (2).

Larger values of A® are obtained with thinner LC cells because
the decrease of t1,¢ in overcoupled MIM cavities reduces the
total resonance linewidth y,q + Vabs. However, this comes at
the expense of bringing the resonant mode closer to critical
coupling which implies a lower reflectance [14].

Areas with desired A® are represented in the discretized
phase map in Fig. 3(d) with three levels: 717 if A® > 180°
needed for binary metasurfaces, 72" if A® > 270° needed for
four-level gradient metasurfaces (this area is a subset of domain
1), whereas the rest of the phase map is not of interest and it
is represented with ”0” level. In order to design efficient meta-
surfaces, reflectance should be as high as possible. Therefore,
the maximum LC thickness is selected to provide the maximum
phase difference required for binary 180° and gradient metasur-
faces 270°. These are found along the boundaries of domain 0
and 1 and a the boundaries between domain 1 and 2, respectively.
It is worth noting that the choices for ¢1,c are in general, not
unique for a single frequency. However we choose for the
highest possible values of ¢1,c, such that the device does not
suffer from additional losses. These values are t;,c = 3.35 ym
for binary and t1,c = 1.75 pum for gradient metasurfaces, for an
operating frequency f,p, = 2.42 THz and 2.7 THz, respectively.
The reflectance of the unitcellat U = 0V and 10V for the binary
(gradient) grating is 0.71 and 0.62 (0.7 and 0.73), respectively.

Although the role of the top polymer layer is to act as a
mechanical support for the proposed LC-based beam steering
devices, it also influences both reflectance and phase difference
because of Fabry-Pérot resonances. The power reflectance for
two voltages U = 0V and U = 10V (the same voltage applied
to all unit cells) and the phase difference between these two
states are presented in Figs. 4(a-c), respectively, as a function of
frequency and polymer layer thickness. As can be seen, both the
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frequency 2.42 THz.

reflectance and phase difference are characterized with fringes
due to Fabry-Perot resonances in the polymer layer. Therefore,
the polymer thickness influences the device performance and it
has to be taken into account. The chosen polymer is commer-
cialized in foils with a set of thickness values. In the the current
design, we have have selected ¢, = 40 pum, a value that does not
deteriorate the operation of the device and that we already found
suitable for the microfabrication of metallic structures [55].

III. TUNABLE BEAM SPLITTERS WITH BINARY METASURFACES

Having selected the LC thickness, all geometrical parameters
of the investigated metasurfaces are defined. The analysis starts
with a reference case of the binary metasurface with N = 8
unit cells per period, which acts as a beam splitter with tunable
diffraction efficiency. The level U; in the voltage pattern shown
in Fig. 2(c) is varied in the range 0—10 V. The maps for the
voltage dependence of DEs for three lowest orders are depicted
in Fig. 5(a), whereas the cross-sections of these maps for the
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Fig. 6. The transient response of the binary metasurface for a 50 ms and
10 V rectangular pulse: (a) the maximum tilt angle, and (b) DEs for three lowest
diffraction orders.

operating frequency f,, = 2.42 THz are shown in Fig. 5(b). As
can be seen, for zero voltage (working point 1), just zero order is
reflected and the binary metasurface operates as a mirror, with
a reflectance of 0.71, namely that of the unit cell in the case of
U =0V, as calculated in Fig. 3(a). For U; = 2.8V (working
point 2), the metasurface divides an incoming wave into three
beams, corresponding to —1, 0, 41 orders with the same DE of
around 0.18. For sufficiently high voltage (working point 3 at
U; = 10 V), the zeroth order is practically suppressed (DE is
just 0.01). The metasurface then splits an incoming beam into
—1 and +1 diffraction orders with the same DE of around 0.27.
DE for the second order mode is low in the whole frequency
range under investigation.

The transient response of the binary metasurface was inves-
tigated by applying a rectangular voltage pulse (with a duration
of 50 ms and amplitude of 10 V). Results for the maximum
tilt angle of LC molecules and DEs for the three lowest orders
are illustrated in Figs. 6(a) and 6(b), respectively. The voltage
is turned-on at ¢ = 10 ms. As a result of the biasing electric
field, LC molecules are vertically reoriented in a few ms and the
tilt angle reaches 90°. DE( simultaneously falls down while
DE; rises. Inverse processes take place at ¢ = 60 ms when
the voltage is turned-off. As can be seen, the response speed
is limited by the fall time starting at ¢ = 60 ms during which
LC molecules undergo elastic relaxation back into the initial
state dictated by the orientation of the planar alignment. The
resulting switch-off time for the LC molecules is around 50 ms.
Please note, that DE;, which is the key property of interest,
switches notably faster, in less than 20 ms. The switching times
of LC-based devices scale with the inverse square of the LC
thickness. In this work, the LC-infiltrated resonant MIM cavities
feature a deeply subwavelength thickness (A/36), which results
in two orders of magnitude faster switching compared with
non-resonant LC-THz modulators that employ LC cells with
a thickness comparable to the wavelength.

The modulation speed is compatible with several applications
such as THz time-domain imaging and spectroscopy [61]. A few
times improvement could be expected by exploiting the expertise
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Fig. 7. DE; as a function of frequency for the binary metasurface at Uy =
10 V. The bandwidth is defined as FWHM of DE;.

accrued in LC display technology on the synthesis of novel LC
molecules with low-viscosity and high-Ae at THz frequencies.
Another technique to increase the switching speed of nematic
LC cells is by using a polymer network to stabilize the LC
molecules [62], [63]. Finally, one of the most promising ways
to increase the device speed is by employing dual-frequency
nematic mixtures [64], thus equalizing the switch on and off
times and pushing the overall response time of the beam steerer
towards 1 ms, which is practically a fundamental limit of nematic
LC-based devices.

The proposed beam-steering devices belong to the class of
diffractive optics elements which inherently have a narrow
bandwidth. Here it is defined as the full width at half maximum
(FWHM) or 3-dB attenuation in DE; whichis presented in Fig. 7
as a function of frequency for U; = 10 V. The absolute value of
the bandwidth is 0.46 THz, while the relative bandwidth, namely
the FWHM over its central frequency f., is 18%.

IV. TUNABLE BLAZED GRATINGS WITH GRADIENT
METASURFACES

The geometry of the gradient metasurface is essentially the
same as for the binary structure, except the LC thickness is
reduced to 1.75 pm. The period of the considered metasurface
consists of N = 4 unit cells. The metasurface with zero volt-
age applied to all cells behaves as a flat mirror just reflecting
an normally-incident beam with DEy = 0.73 at the operat-
ing frequency 2.7 THz. The four-level gradient phase profile
0°, 90°, 180°, 270° given in Fig. 1(c) is provided by the
corresponding voltage pattern from Fig. 2(c) with Uy =0V,
Uy =18V,U; =2.2V,Us = 10 V. The reflectance and phase
for four cells with the specified voltages are given in Figs. 8(a)
and 8(b), respectively. As can be seen, the phase is linearly
changing across the cells from 0° to 270°. The reflectance is high,
above 0.7 for cells 1 and 4, since they implement the phase levels
0° and 270°, respectively, which are away from the MIM cavity
resonance. On the other hand, the inner cells 2 and 3 implement
the phase levels 90° and 180°, which are located in close vicinity
to the cavity resonance, so the resulting reflectance for these
cells is very low, around 0.1. DEs for the gradient metasurface
are shown in Fig. 8(c). DE_  is just slightly above 0.3. This low
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LC thickness, and (c) DEs as a function of ¢r,c.

efficiency is the result of high absorption in cells 2 and 3. At the
same time, 0 and —1 orders are suppressed with DEs less than
0.05.

Such large variations of the reflectance among the four cells
can lead to sub-optimal performance, even if the implemented
discretized phase profile is linear. This is a general issue of
beam steering gratings that involve lossy resonators [40]. In
order to maximize DE_ 1, a simple optimization procedure was
performed. Bias voltages for cells 1 and 4 were kept constant
at Up =0V and Us = 10V, respectively, while the voltages
applied on cells 2 and 3 were swept from 0 to 10 V. The same
procedure was repeated for the LC thickness in the range from
the initial value 1.75 pm to 2.85 pum. Thicker LC layers were
considered in order to enhance overall reflection and DE, ; by
reducing the absorption losses in the overcoupled MIM cavities.
The results of the optimization procedure are presented in Fig. 9.
DE maps for t,c = 2.45 pm are given in Fig. 9(a). The evolution
of the bias voltages for cells 2 and 3 which give maximum DE
is depicted in Fig. 9(b). DEs as a function of LC thickness are
presented in Fig. 9(c). As can be seen, the maximum DE,; is
achieved for Uy =0V, Uy =2.2V, and t1,c = 2.45 ym. The
results for the optimized gradient structure are presented in
Fig. 8. The reflectance is increased for all cells except for cell
1, the phase is not linear anymore, whereas DE_ ; is increased
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to around 0.5, which is a significant improvement compared to
0.3 for the non-optimized structure.

The main source of losses in the considered metasurfaces
is the field absorption within the LC layer. Therefore, further
improvement in DE can be achieved by considering LCs with
lower losses. The results for the optimized gradient metasurface
(with t1,c = 2.55 pm) infiltrated with a speculated LC with the
same real part of the refractive index, but with one order of
magnitude lower losses (imaginary part of the refractive index)
are given in Fig. 8 as well, to compare with previous structures.
Such low-loss LCs have been recently realized and characterized
at millimeter waves [56], and it can be expected that they
could retain such low amounts of absorption losses also in the
THz spectrum, given the material dispersion behaviour of most
nematic LCs [57]. As can be seen, the reflectance is increased in
all cells 1-4 compared to the optimized structure while the phase
profile stays almost the same. DE_ ; increases to around 0.65
which is quite close to the theoretical maximum of around 0.8 for
a4-level reflective grating. It can be remarked in Fig. 8(b) that the
phase profiles of the optimized structures deviate significantly
from the predefined 0° — 90° — 180° — 270° values. Therefore,
in order to maximize the DE_ ; of the investigated beam steering
metasurface, it is crucial to increase and equalize the reflectance
of each unit cell within a metasurface period.

V. TUNABLE BEAM STEERING

Beam steering with a tunable diffraction angle is achieved by
varying the metasurface period as schematically represented in
Figs. 1(d) and 1(e). Results for the beam steering with a binary
metasurface are depicted in Fig. 10(a). The number of unit cells
per period is varied from N = 4 to N = 20, which corresponds
to P varying in the range 128 — 640 pm. Simultaneously, the
voltage pattern from Fig. 2(b) is modified accordingly with
voltagelevels Uy = 0 Vand U; = 10V, such thateach grating is
composed of two phase cells of total width Nw,./2 with values
0 and 180°. As can be seen in Fig. 10(a), the diffraction angle of
the first order changes from 75.6° to 11.2° in accordance with
the well-known formula o = arcsin(A/P). Diffraction angle
for —1 order changes in the same way for the negative angles.
The highest DE,; of 0.31 is achieved for the smallest period
(N = 4), whereas DE_; slightly falls down with increasing P
down to around 0.25 for N = 20. The binary metasurface was
designed with the phase difference A®y = 180°. Therefore, it
acts as a beam splitter with just £1 diffraction orders, while
other orders can be neglected since their DEs are below 0.05.

The results for the beam steering with gradient metasurfaces
are depicted in Fig. 10(b). Here N changes from 4 to 12, while P
is in the range 128 — 384 ym. The optimized phase profile for
N = 4 was applied in other two cases as well. In all cases, the
voltage pattern was the same: Uy = 0V, U; =0V, U; =2.2V,
Us = 10V. Diffraction angle for the first order changes from
60.2° (N = 4) to 25.7° (N = 8) and 16.8° (N = 12). DE,
is high, around 0.5 for N = 4, but it falls down for larger
periods, so it is around 0.4 for N = 8, and around 0.35 for
N = 12. Other diffraction orders are quite well suppressed
for N = 4, however they become more pronounced for larger
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The period is represented by the number N of unit cells per period and it varies (a) from 128 pm (for N = 4) to 640 pm (for N=20) and (b) from 128 pm (for
N = 4) to 384 um (for N=12). Geometrical parameters are the following: the unit cell size wy,. = 32 pum, the metallic ribbon width wy, = 28 pum, and the LC

thickness (a) t;,c = 3.35 um) and (b) tr,c = 2.45 pm.

periods. Better performance, i.e. higher DE of the dominant
beam and higher suppression of undesired orders, are expected
by following an optimization procedure as described for the case
N=4.

The accuracy of the reported beam-steering angles depends
only on the metasurface period for a given wavelength of opera-
tion. The considered metal stripe array can be readily fabricated
by standard photolithography with resolution better than 1 pm
and accuracy of the pitch value better than 100 nm [55]. There-
fore, without resorting to more sophisticated nanofabrication
processes, the tolerance of the period value in the considered
metasurfaces would be less than 0.5%, which translates in a
maximum deviation of approximately 1 degree for the steering
angle for N = 4, and vanishing for larges pitch values.

VI. DISCUSSION

Standard tunable elements for beam-steering devices, such as
diodes employed for microwave coding metasurfaces [27] and
reflectarrays [33], [34], and ITO commonly used at near-infrared
frequencies [38], [42], are not applicable for THz devices.
Phase-change materials [58] require the temperature tuning
which limits achievable modulation speed. Electromechanical
metasurfaces [32] could be utilized for efficient beam steering,
but they require more sophisticated fabrication and control,
and they are prone to faster degradation of their moving parts,
especially at THz frequencies.

On the other hand, LCs as low-loss dielectrics with a con-
tinuous tuning of dielectric permittivity are simple and efficient
tunable elements. For the LC mixture 1825, the achieved DE
is 0.5-0.6. Further improvement of DEs can be achieved by
using LCs with lower losses, as demonstrated in the case of
the optimized gradient structure (Fig. 8(c)) whose DE reaches
around 0.65 when infiltrated with a novel LC mixture having
an order of magnitude lower losses [56]. Such high DE is quite
close to the theoretical limit of around 0.8.

The achieved DEs are higher than those obtained in THz
beam-steering devices with semiconductors as tunable ele-
ments [7], [8], [31]. These were made from thin semiconductor
films [8] or from metasurfaces coupled with thin semiconductor
layers [31]. In both cases, the modulation principle is based

on the control of free charge carries in semiconductors. Al-
though this provides efficient modulation of the real part of
semiconductors’ permittivity, a significant imaginary part leads
to a pronounced absorption and limits achievable efficiency to
around 0.2-0.3 [31].

Graphene-based metasurfaces are also appealing for beam
steering at THz frequencies [37], [44]. They are also made
of MIM-cavity based resonators. Still, very high voltages of
around 1 kV are needed because of thick insulating layers
of MIM cavities at THz frequencies. Such high voltages are
not suitable for practical applications because of huge power
consumption and safety issues. At the same time, THz devices
require large-area graphene, dominantly fabricated by chemical
vapour deposition. Losses in such graphene at THz frequencies
are several times higher [59] than the ones theoretically predicted
and used for numerical calculations [37]. At the same time, the
conductivity of chemical vapour deposition graphene is spatially
inhomogeneous [60], which also induces significant constraints
for making THz modulators.

MIM metasurfaces enhance the efficiency of THz beam-
steering devices compared to LC based wedge-shaped de-
vices [5] and Fabry-Perot cavities with LC layers [6]. MIM
cavities provide very compact devices since the thickness of
the active LC layer is decreased by orders of magnitude, from
millimiters [5] and hundreds of microns [6], to just several
microns in the case considered here. Since the speed scales with
the square of the LC thickness [14], the modulation speed in LC
devices with MIM cavities is greatly improved to a few tens of
milliseconds. Moreover, such thickness values for the LC cell
are fully compatible with the mature technology used in the
fabrication of LC displays.

DEs for considered metasurfaces are around 0.6 for binary,
and 0.5 for gradient metasurfaces. As already mentioned, ab-
sorption within the LC layer is the main source of losses. The
LC layer is thinner in gradient metasurfaces because a larger
phase difference is required, which implies a higher absorption
and a slightly lower DE compared to binary metasurfaces. In
order to increase DE, low-loss LCs are one possible solution.
Another approach can be the utilization of metasurfaces with
simultaneous control of both amplitude and phase [65]. This
could be implemented by two-dimensional arrays of MIM
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cavities and by angular reorientation of top metallic elements
of different shapes. In this way, it could be possible to achieve
required phase difference and retain high reflection amplitude.

VII. CONCLUSION

In a summary, we demonstrated that the functionality of
beam-steering metasurfaces based on one dimensional arrays
of MIM cavities infiltrated with LCs can be adjusted by dy-
namically controlling the spatial voltage pattern. As a result, the
metasurfaces can be switched from a mirror, to beam splitter
and blazed grating, while the angle of the diffracted beam can
be adjusted by reconfiguring the metasurface period. DE in
the range 0.5-0.6 can be further increased by using novel LC
mixtures with low losses. The proposed components can find
direct application in THz systems, as they feature i) flat profile
and compact dimensions with a subwavelength thickness, ii)
fast switching speed of around 20 ms, iii) continuous control
of the LC effective index with a low power consumption and
driving voltages not higher than 10 V, and iv) technological
scalability of their design and working frequency up to several
THz. The last point is particularly relevant as the performance
of other standard approaches for tunable THz devices using
e.g. electronics (PIN diodes, varactors) or MEMS rapidly de-
grades or becomes impractical above 1 THz. Together with
previously demonstrated LC based tunable metasurfaces for the
amplitude [14] and polarization modulation [49], they provide
a multifunctional platform for tunable THz devices.
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Electrically Tunable Metal-Semiconductor—Metal
Terahertz Metasurface Modulators

Goran Isi¢ Y, Georgios Sinatkas

Antonio Ferraro
Emmanouil E. Kriezis

Abstract—We propose metal-semiconductor-metal cavity ar-
rays as active elements of electrically tunable metasurfaces oper-
ating in the terahertz spectrum. Their function is based on reverse
biasing the Schottky junction formed between top metal strips
and the n-type semiconductor buried beneath. A gate bias be-
tween the strips and a back metal reflector controls the electron
depletion layer thickness thus tuning the Drude permittivity of the
cavity array. Using a rigorous multiphysics framework which com-
bines Maxwell equations for terahertz waves and the drift-diffusion
model for describing the carrier behavior in the semiconductor,
we find a theoretically infinite extinction ratio, insertion loss of
around 10%, and picosecond intrinsic switching times at 1 THz,
for a structure designed to enter the critical coupling regime once
the depletion layer reaches the bottom metal contact. We also show
that the proposed modulation concept can be used for devices op-
erating at the higher end of the terahertz spectrum, discussing the
limitations on their performance.

Index Terms—Terahertz metasurfaces, tunable metamaterials.
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1. INTRODUCTION

ERAHERTZ science has been steadily attracting a grow-
T ing interest over the past decades. Lying above the upper
limit of frequencies attainable in electronic devices and yet be-
low frequencies at which light can be efficiently generated and
detected, the current terahertz technology is faced with many
challenges [1]. Among them, the development of fast electro-
optic modulators for free-space terahertz signals, exhibiting low
insertion loss and high modulation depth, has been gaining in
importance over the past years considering the rapidly growing
demands of wireless communications [2].

Following initial successful demonstrations of electro-optic
modulation in terahertz [3], [4], the culprit of the very low
modulation efficiency has been identified as the incompatibil-
ity of submillimeter wavelengths with much smaller features of
the underlying electronic system [5]. A substantial increase in
modulation efficiency has since been provided by various metal-
lic structures [6], [7] whose resonant response translates into a
stronger light-matter interaction helping bridge the two scales.
Devices combining semiconductors (mainly gallium arsenide,
GaAs) with metasurfaces have been of particular interest [8] as
they offer high-speed modulation, a perspective of on-chip in-
tegration using established semiconductor technologies [9] and
are fully compatible with quantum cascade lasers [1], the most
promising source of terahertz radiation. Other material systems,
such as liquid crystals [10]-[12] and graphene [13]-[15] more
recently, have also been considered in depth, each presenting its
own set of comparative advantages.

After the first prototype was introduced [6], a number of
semiconductor-based terahertz metasurface modulators have
been considered [7], [16]-[20] with widely ranging perfor-
mance parameters. Perhaps the most convincing demonstration
so far has been the double-channel heterostructure modulator
[18] achieving modulation speed above 1 GHz and a modula-
tion depth of 85%. Leaving important technical details aside,
the above devices all derive their operation principle from the
original work [6]. It involves a cut metal wire taking various
shapes (e.g. a split-ring resonator or a dipole antenna) placed on
top of a semiconductor, in which modulation occurs as a result
of tuning the semiconductor conductivity beneath the gap, since
a high conductivity effectively short-circuits the two parts.

Here we consider an alternative device concept whose main
characteristic is that the tunable resonant element is buried

1077-260X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1.  (a) Operation principle, (b) Typical bias-dependent reflectance spectra,
(c) A section of the device shown in real scale (in the actual device, the strips are
repeated periodically). The epitaxial GaAs layer is selectively n-doped beneath
the strips.

into the semiconductor akin to the one recently used in elec-
trically tunable infrared polaritonic metasurfaces [21]. It com-
prises a metal-semiconductor-metal cavity of deeply subwave-
length thickness known for providing a substantial light-matter
interaction enhancement [22]. Such cavities have recently been
employed in electrical control of intersubband polaritons [23],
terahertz [24], [25] and infrared quantum detectors [26]
and vertical-external-cavity surface-emitting quantum cascade
lasers [27], [28]. In contrast to the listed examples which all rely
on AlGaAs quantum heterostructures, the active region in our
case is simply a single n-doped epitaxial layer of GaAs form-
ing a Schottky contact at the interface with the top metal layer,
allowing for tuning the n-GaAs permittivity by applying a gate
voltage.

II. OPERATION PRINCIPLE AND DEVICE GEOMETRY

The basic element of the device is a metal-semiconductor-
metal cavity array depicted in Fig. 1(a). A Schottky junction
is formed between the top electrode (gate) and the epitaxial
semiconductor layer while the contact to the bottom electrode
(ground) is ohmic. The gold and GaAs combination of ma-
terials is considered because its optical properties in metal-
semiconductor-metal cavities [29] as well as the relevant Schot-
tky [30], [31] and ohmic contact [32] characteristics are well
documented, however a range of other materials may suffice as
well. At zero bias, the electron concentration n, in each cavity
(gray shading) is considered equal to the fully ionized donor
concentration Ny (small spheres). If the doping is very high,
so that the plasma oscillation frequency wy, is above the in-
coming field frequency, the Drude response will be fast enough
to screen the external fields out of the cavities and the device
will act as a mirror. Upon applying a sufficiently large reverse
voltage, the depletion layer of the Schottky junction extends
over the entire cavity which now supports a photonic mode with
eigenfrequency wy = 27 fp and is characterized by a radiative
decay rate ;.4 and a non-radiative decay rate 7y, the latter be-
ing the sum of the rate of photon absorption in the metal ~;,, and
semiconductor ;. If the geometrical parameters of the cavity
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are chosen appropriately [11], the critical coupling condition

Yrad = Y0, (D

may be reached, ensuring the total absorption of an externally
incident terahertz beam. Therefore, by switching V, a large
reflectance modulation may be achieved in a band of frequencies
around fy, as depicted in Fig. 1(b).

In fact, the analysis below shows that efficient modulation
does not strictly require a sub-plasma frequency operation
(wp /wy > 1), as long as the free carriers are able to blueshift wy
enough. Formally, one may analyze the eigenfrequency wy (V;)
and decay rates vy, (Vy), 7s(Vi), Yrad (Vi) as functions of V.
However, since the quantitative connection between such a de-
pendence and the modulation efficiency is not straightforward,
here a direct approach is adopted whereby the decay rates are
analyzed only for fully depleted cavities after which the modu-
lation efficiency is evaluated without further reference to them.

For convenience, here the simplest implementation of the de-
scribed concept is considered, as depicted in realistic scale in
Fig. 1(c). The device represents a periodic array of long rect-
angular strips of width w and pitch p, connected to a common
potential V, at the far end. It is operative for one polarization
(across the strips) only, but polarization-insensitive variants [11]
can be straightforwardly devised by replacing the strips with
symmetrical patches (e.g. circular or square-shaped). Invoking
the temporal coupled-mode theory (TCMT) formalism [33],
[34], the complex reflection coefficient of metal-semiconductor-
metal cavity arrays with fundamental optical modes in the tera-
hertz range [22] can, to an excellent approximation, be written
as [35]

T(W) o w—wy+ 1(70 - ’Yrad)

= - . (2)
w—wo +i(70 + Yrad)

We use the TCMT formalism in conjunction with rigorous nu-
merical simulations (see Appendix IV), whereby the three pa-
rameters wy, Yo and 7,4 are extracted by fitting Eq. (2) to the
numerically calculated r(w). While useful in providing a sim-
ple way of parametrizing the optical response of the device, the
real advantage of the TCMT formalism stems from the fact that
7o and 7;,q are physically meaningful quantities which can be
related to the cavity geometry and eigenmode field distribution,
thus facilitating the design of cavities with desired r(w).

The process of identifying a geometry which yields a criti-
cally coupled optical mode at a desired frequency f can be illus-
trated on the example of f; = 1 THz. According to Fig. 1(c), it
involves deciding on values of three geometrical parameters, w,
p and t,. Here the gold strip thickness t,, is set to 0.3 pm instead
of being considered as a free parameter because its exact value
is insignificant, as long as it is much smaller than the wavelength
but large enough to ensure optical opacity. The cavity width w is
determined from the target f; because the fundamental optical
mode is a transverse-magnetic standing wave [22] whose eigen-
frequency is only weakly affected by changing ¢; and p (see
Figs. 2(a,b) below). A slight lateral spill of the standing wave
fields beyond the strip edges implies that the half-wavelength
in the semiconductor Ay gaas/2 is slightly larger than w.
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Fig. 2. TCMT parameters as a function of (a) semiconductor layer thickness,
(b) pitch. (c) Geometrical parameters yielding critical coupling at full depletion
(p is fixed at 1.25 w).

Assuming ngaas = 3.3 at 1 THz, yields Aggaas/2~
45.45 pm, starting from which we easily find w = 40 um to
yield fy ~ 1 THz.

To establish the role of GaAs thickness, in Fig. 2(a) we fix
p = 50 um and plot the TCMT parameters as a function of ;.
Since the cavity is assumed to be fully depleted, the absorption
rate in the semiconductor layer 75 will be negligible while ~y, be-
comes equal to the metal absorption rate v, plotted in Fig. 2(a).
The numerically calculated values of ~,,, and ~,.q, represented
by circles and squares respectively, are seen to fit very well to a
ts ! and t, curve (solid lines). The origin of the observed scaling
of v, and 7,,4 has been examined in Appendix C of [11] for the
mathematically analogous case of circular patch cavities filled
with a liquid crystal. This scaling follows from a straightforward
consideration of how the modal fields are redistributed when the
cavity height is changed, with the only subtlety being the eigen-
mode field normalization. Here we limit the discussion to noting
that the observed trend is what one would expect: compressing
the eigenmode into a thinner cavity causes the fields to pene-
trate more into the cladding on top and bottom, implying higher
absorption in the metal and, therefore, the increase of ~,,, with
decreasing t5. On the other hand, the radiation loss of a cavity
must be proportional to the fraction of its surface not covered
by metal and since the latter is proportional to 5, we infer that
Yrada should decrease as ¢, is decreased. In Fig. 2(a), adjusting
ts alone is found to be sufficient for achieving critical coupling,
seen as the crossing of vy, and ;.4 curves in Fig. 2(a). In fact,
since two curves proportional to ~¢;! and ~t always have an
intersection, we infer that adjusting t; alone will be sufficient to
fulfill Eq. (1) for any reasonable cavity. Meanwhile, the dashed
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line depicting f /15 shows that fy undergoes only a small rela-
tive variation over the considered ¢, interval, meaning that once
ts is fixed, w may be readjusted to set f exactly to the desired
value.

The effect of changing the pitch is considered in Fig. 2(b)
where t is set to a representative value of 2.8 ym. For p below
50 um, the strips spacing becomes too small, leading to the
hybridization of adjacent cavity modes and their delocalization
[29]. At the higher end, p is limited by the requirement that only
the zeroth diffraction order is propagative. The calculated ~,,
datapoints (circles) fit very well to the constant line. This follows
from the fact that once adjacent cavities become sufficiently
separated, the field of their eigenmodes becomes identical to
the field of an isolated cavity. Since ~,, is determined by field
penetration into the metal, it cannot depend on p. On the other
hand, v;,4 is seen to decrease rapidly with p, which might appear
surprising because it implies that the power emitted by each
cavity is affected by p. This, however, is a natural consequence of
the fact that the cavities represent an array of mutually coherent
emitters. In Appendix IV we give a short proof that v,,q ~
p~! approximately. This is confirmed in Fig. 2(b), with the
~p~! fit (full line) matching the numerical data very well over
the entire considered range of p. In this case, the dashed line
representing fy/40 shows that f; is virtually independent of
p. Since 7y, remains invariant, there will be cases in which
changing p alone will not be sufficient to reach critical coupling.
For example, cavities with higher aspect ratios (¢, /w) will be
highly overcoupled v, << Yrad, SO €ven at p = Ag, Vrad might
still be substantially larger than ~,,, . The reverse problem occurs
with very small aspect ratios (highly undercoupled cavities), as
in that case even for p ~ w, 7;.q might still be well below 7y, .

Now, consider a cavity with eigenfrequency wy in which Eq.
(1) is fulfilled for given ¢, and p. If we decrease p, in order
to retain critical coupling, we also have to decrease t,. Since p
does not affect it, 7, is modified only because ¢, was decreased,
meaning that we end up with a cavity having both ~,, and ;.4
larger than in the initial cavity. Therefore, decreasing p increases
the bandwidth Af = (v, + Yraq) /7 of the device. A shorter p
is also important as it allows smaller values for ¢g, translating
into lower operation voltage and higher speed. For these reasons,
in what follows we set the pitch to p = 1.25w, (a value close
to the onset of cavity mode hybridization) and adjust ¢s until
critical coupling is reached.

The above procedure may be repeated for an arbitrary fre-
quency fy. However, in order to find w and ¢ that ensure critical
coupling over the entire terahertz spectrum, it is more straight-
forward to employ geometrical scaling. Downscaling all geo-
metrical parameters of a cavity array by a factor, upscales the
TCMT parameters approximately by the same factor. However,
small deviations from linear scaling due to material dispersion
result in a cavity that does not meet the critical coupling con-
dition exactly [35], meaning that ¢, will have to be slightly
adjusted to restore it. Figure 2(c) shows the values of w and
that yield critically coupled cavities, for resonant frequencies
ranging from 0.3 THz up to 7 THz, beyond which GaAs cannot
be used for this purpose, due to its optical phonons and onset
of the reststrahlen band [29]. The plotted quantities are actually
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Fig.3. Schottky junction under reverse bias showing the depletion layer reach-
through effect. The profiles are drawn along the symmetry axis of a cavity
with p = 5272 ym, w = 42.18 pm, ty = 2.13 um, ¢, = 0.3 um and Nyg =
1.2 x 10 cm3, designed to operate at 1 THz. (a) Electron concentration (solid
line - rigorous model, dashed - FDA) parametrized by —V/,, (b) Corresponding
electric field profiles, (c) Depletion layer width with dashed lines indicating the
transition width, defined as location where n. reaches the 0.1 Ng and 0.9 Ny
marks.

normalized to the free-space wavelength Ay, demonstrating the
mentioned deviation from the linear scaling law. For the same
reason, the Q factor Q = w /2(Ym + Vrad) = wWo/4rad 18 seen
to decrease slowly going towards higher frequencies.

III. DOPING CONCENTRATION AND PERFORMANCE ANALYSIS

A nonzero concentration n, (r) of free electrons in the cavity
introduces a Drude term to the optical permittivity £,,; of GaAs.
The total permittivity becomes inhomogeneous and is given by
(361, [37]

w+ive)

es(r,w) = €opt <1 — w(wp(r)> , 3)

where the plasma frequency wj, and intraband electron collision
rate -y, read

2 q

c — * b
Hn TN

ne(r)g
€0pt€0m’£ ’

wp(r) = C))
while the realistic doping-dependent conduction band electron
mobility pu, is evaluated following [38]. At zero gate bias,
ne ~ N4 in the entire cavity, except in a thin depletion layer
beneath the gate. It is thus clear that the higher N, is, the greater
the voltage-induced change of permittivity will be, resulting in
more effective modulation. The upper limit on Ny is set by
the requirement that the cavity can be fully depleted before the
avalanche breakdown of the Schottky junction.

To estimate the highest possible value of N4, we consider
the characteristic Schottky junction behavior under reverse bias
illustrated in Fig. 3(a), where n, (r) is plotted along the vertical
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axis going through the center of the cavity, with —V/, as a param-
eter. The profiles drawn by solid lines are obtained using a rig-
orous solid-state physics framework based on a majority-carrier
solution scheme (for details see Appendix B). For compari-
son, the step-like n, profiles of the full depletion approximation
(FDA) [39] are indicated by dashed lines. Apart from being
abrupt, the FDA curves are a rather good match to the rigorous
ones. This is demonstrated in Fig. 3(c) where the depletion layer
width yqep,, defined as the distance from the junction at which
n. reaches 0.5 Vg, is drawn against —V}, for both the rigorous
(circular datapoints) and FDA model (solid line), the latter being
given by

2e5tat€0 (Yni — V)
dep — y 5
Ydey \/ qu ( )

where 1,; = 0.9V is the Schottky barrier height of the n-
GaAs/Au interface, q the elementary charge and e4,¢ = 12.9
the electrostatic dielectric permittivity of GaAs. With increas-
ing reverse voltage, the depletion layer expands until it reaches
the ground gold layer. In itself, the reach-through phenomenon
is not associated with critical behavior [40], as a further in-
crease of —V, merely causes a charge buildup on the gold side
of the contact. To simplify the evaluation of the breakdown
voltage, we employ the commonly-used critical field approxi-
mation [40], whereby the avalanche breakdown is assumed to
occur once the electric field passes a critical value E.i¢. The
latter is dependent on the doping concentration, but for simplic-
ity we take F..it = 4 X 107 V/m as a representative value [30]
for the range of V4 considered in this work.

Neglecting the effect of strip edges, the only nonzero com-
ponent of the static electric field is £, and it reaches its
highest value at the Schottky junction. According to FDA,
—Eyax = ¢NaYdep/Estat€0, from which we find the highest
doping for Fy,.x = E¢i¢ when yqep =

Estat€0 Ecrit

s (6)

N, d,max —
This value, however, is arrived at neglecting the tail of the ac-
tual n, profile. To see this, note that in the Fig. 3 example, FDA
predicts —V, = 37.48 V as the reach-through voltage, while the
actual n, profilesin Fig. 3 show thatevenat —V;, = 40V, there is
still a non-negligible concentration of electrons in the cavity. To
reduce the remanent n, at the ground contact, the cavity should
be biased slightly above the reach-through voltage and to achieve
this without avalanche breakdown, a slightly lower doping con-
centration is used, Ng = 0.9 X Ng 1yax. The cavity shown in
Fig. 3hast, = 2.13 um, giving Ny 1ax = 1.34 x 10" cm™3, s0
the actual value usedis Ny = 1.2 x 10'®cm™=. The numerically
calculated electric field profiles E, (y) are shown in Fig. 3(b).
On this scale, the latter virtually overlap with the field profiles
predicted by FDA. From these, we find that the breakdown oc-
curs around —V, =~ 46 V.
As a proof of concept, in Fig. 4 we analyze the switching of
a device designed to operate at 1 THz. The first four panels,
(a)—(d), depict n, (r), the normalized terahertz field magnitude
|E(r)|/Ey excited by an incoming linearly polarized plane wave
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Fig. 4. Proof of concept simulation for the 1 THz device (for details, see
Appendix IV and B). (a) Electron concentration, (b) High-frequency electric
field distribution resulting from illumination at 1 THz, (c) Real and (d) imaginary
part of permittivity at 1 THz. For better contrast, the range used in colormaps
of panels (b)—(d) is saturated by cutting out the high electric field values at
strip corners in (b), and gold permittivity values in (c) and (d). (e) Reflectance
spectra parametrized by —V/,, (f) Transient response of the total charge in cavity
to a 5 ps reverse bias pulse. (All the colormaps used in this article have been
produced by a source code kindly provided by Peter Kovesi, see [41].)

with field amplitude Ej falling perpendicularly onto the strip
array, as well as the real €, (r) and imaginary &;(r) parts of €, (r)
given by Eq. (3). For conciseness in illustrating the switching
effect of the gate voltage, we exploit the mirror symmetry of
the problem. Noting that the calculated distributions exhibit this
symmetry, in Figs. 4(a)-(d) we use the left half of the unit
cell to plot the quantities calculated at V, = 0V while those
corresponding to V, = —46 V are shown in the right half.

The depleted cavity (V, = —46 V) is seen to be virtually free
of electrons, except at the bottom contact (note the logarithmic
scale of the colormap). Consequently, €4 is very close to £
practically everywhere, thus justifying the assumptions made in
designing the cavities in previous section. At the microscopic
scale, the efficiency of the device is demonstrated by the huge
difference in the electromagnetic field intensity evident from
Fig. 4(b), where the field is seen to hardly penetrate the cavity
at V, = 0V, while at V, = —46V the field enhancement in the
cavity is around 10.

Figure 4(e) shows the calculated reflectance spectra R(w) =
|r(w)|? parametrized by —Vj. At fo we have R(wp; 0 V) ~ 90%
and R(wg; —46 V) &~ 0%. Introducing the reflectance modula-
tion (RM), and insertion loss (IL) as

RM = R(WO; OV) - R(wU; ‘/g,min)a
IL=1- R(wy0V), 7
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with V; i denoting the avalanche breakdown voltage, we find
RM and IL to be approximately 90% and 10%, respectively,
which is excellent for solid-state terahertz modulators [5]. Since
R(wo; X/mm) ~ 0% by design, the proposed modulator will
have a very high (theoretically infinite) extinction ratio which
will in practice be limited by device fabrication tolerance. Pre-
viously considered Schottky junction based modulators [6], [7]
used similar doping concentrations and, consequently, similar
gate-induced permittivity changes. The origin of the increased
modulation efficiency of the proposed device is the almost com-
plete overlap of the resonant terahertz fields with the region in
which ¢, is modified, which is known to be proportional to the
change in resonant frequency and decay rates [42]. Finally, we
note that the fact that the 40 V and 46 V reflectance curves almost
overlap, indicates that the critical coupling effect is rather ro-
bust to the presence of the remanent electron concentration at the
bottom electrode. It further implies that meeting the vy ~ Va4
condition reasonably well should not be particularly difficult
in practice, especially considering that various post-processing
steps might also help [34].

Switching times in the subnanosecond range are among the
key advantages of solid-state terahertz modulators over those
based on liquid crystals, phase change or thermal tuning [8]
where the switching time is in the millisecond range at best
[11]. In recently demonstrated semiconductor-based terahertz
modulators [16], [21] with ~ 10 MHz operating frequencies, the
speed has been found to be limited not by the inherent response
time of the device but by the driving circuit. More recently,
however, modulation above 1 GHz has been demonstrated [18].
Therefore, with driving circuits being perfected, the inherent
switching time of terahertz modulators might become the limit-
ing factor.

An important aspect of the proposed device is its very high
intrinsic speed, as a consequence of the ultrathin active region.
This is demonstrated by numerical simulations of the cavity
charge Q(t) (per unit length along the strip axis) transient upon
applying a rectangular pulse of reverse bias shown in Fig. 4(f).
The —Vj (t) pulse duration is set to 5 ps, with 0.5 ps 10%-90%
rise and fall times. The corresponding rise time of Q(t) is well
below 1 ps, while the fall time is somewhat longer and calculated
to be around 1 ps.

Such a short intrinsic response time originates from the very
small distance t; between the contacts, which is well below
A0/100 as shown in Fig. 2(c). Here, as well as in [21], it is
achieved by using a deeply-subwavelength cavity, while in [16],
[18] the small distance between the electrodes is achieved at the
expense of device complexity. Devices with laterally arranged
contacts are likely to have a much longer intrinsic response
time, increasing with the distance between the electrodes, as
demonstrated in [43].

Having seen that the proposed device performs very well
at fo = 1 THz, we now examine how changing f; affects the
modulator performance. The above procedure for determining
the appropriate donor concentration in conjuction with cavity
parameters shown in Fig. 2(c) can be repeated to obtain the
Ny values shown in Fig. 5(a). The corresponding inverse gate
voltages required for full depletion are shown in panel (b), while
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Fig. 5. Device parameters for operation across the terahertz spectrum, to be

combined with geometrical parameters in Fig. 2(c). (a) Doping and normalized
Drude parameters, (b) Gate voltage required for full cavity depletion and re-
flectance modulation. (c) Characteristic reflectance spectra for devices operating
across the terahertz spectrum (solid line - biased, dashed line - no bias). The
vertical gray arrows indicate the reflectance modulation.

the reflectance spectra for eight modulators with fj ranging over
the terahertz spectrum are depicted in (c). In the latter, solid lines
depict R(w) in fully depleted state and the dashed lines the zero
bias state. Note that the horizontal axis in Fig. 5(c) is shown
in logarithmic scale, in order to better resolve all the depicted
spectra. The thick vertical gray arrows indicate RM for each of
the depicted modulators.

Extracting RM for spectra at various fy, we obtain the curve
in Fig. 5(b) showing the gradual decline of RM from more
than 95% at 0.3 THz to around 46% at 7 THz. The reason
for such behavior can be understood by noting that, because
the electrostatic field at the junction must be less than F.;,
the surface density o of the total charge in the cavity remains
invariant with respect to fy and equals Nyts. This implies that
as ts is decreased, Vg and wy, increase, but so that w;, scales

(roughly) as ~ f& /2, Meanwhile, the modulation efficiency is
determined by the change of permittivity in the cavity which can
be effected by bias, which is equal to the Drude term contribution
and proportional to wy, /wy. The latter is drawn in Fig. 5(a) and,

as expected, found to scale (roughly) as ~ f; 1z,

Another feature arising at high fj is the change of the char-
acter of the cavity tuning. At 1 THz, the Drude contribution to
€s has comparable real and imaginary parts, which is apparent
in Fig. 4(c) and (d) and a consequence of the ratio 7. /wy being
close to unity. Plotting this ratio in Fig. 5(a), we find that it also
decreases at higher f;, meaning that the voltage-induced change
of permittivity becomes mainly real. The imaginary part of &
implies absorption in the semiconductor, introducing the semi-
conductor absorption term g to the nonradiative decay rate. In
terms of the reflectance spectra, this means that the cavity de-
signed to be critically coupled at full depletion, is driven further
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away from this condition at zero bias and has a significant
amount of reflection at resonance (slightly shifted though). Such
a behavior is nicely seen in the Fig. 4(e) plot. As fy approaches
7 THz, this changes significantly, as s at zero bias remains
rather small so the reflectance at cavity resonance remains
close to zero, as seen in the fy = 6 THz modulator example
in Fig. 5(c).

IV. SUMMARY

This article proposes a terahertz electro-optic modulator com-
prising an array of metal-semiconductor-metal cavities of deeply
subwavelength thickness. The modulator operates by depleting
the carriers from the doped semiconductor layer buried beneath
a Schottky junction. Combining the extremely high terahertz
field confinement with a reversely-biased Schottky junction in
the reach-through regime, allows for a modulation performance
that is predicted to match or even surpass existing devices. The
proof of concept analysis presented for the modulator operating
at 1 THz, based on a rigorous multiphysics framework incor-
porating Maxwell equations for terahertz waves and the drift-
diffusion model describing carriers in the cavity, predicts an
insertion loss around 10%, reflectance modulation of 90% and
a theoretically infinite extinction ratio associated with cavities
designed to work in the critically coupled regime. The perfor-
mance is found to decrease in modulators designed to operate
in the higher end of the terahertz spectrum, reaching insertion
loss of 54% and reflectance modulation falling to 46% at 7 THz.
This decline has been shown to be an inherent characteristic of
the Drude response in which the plasma frequency scales as the
square root of carrier concentration. In addition to forging strong
light-matter interaction, the ultrathin cavity has been shown to
allow for ultrafast intrinsic response times, which have been
shown to be in the picosecond range.

APPENDIX A
LIGHT SCATTERING ANALYSIS

To obtain r(w), the Maxwell equations are solved in fre-
quency domain using the scattered field formulation with the
background field Ey,(r) being the sum of the incoming and
the plane wave reflected from the opaque back metal elec-
trode (normal incidence is assumed), and the scattered field
E,(r) being induced by the presence of the inhomogeneously
doped semiconductor and the array of metal strips. The problem
is represented by a two-dimensional model with a rectangular
simulation domain, where the side boundaries are related with
periodic conditions on E(r), while the air superstrate above
the structure is represented by a few-wavelength-thick domain
terminated by a perfectly matched layer. The solution at both
the top and bottom boundaries is set by the zero-field (Dirichlet)
boundary condition. r(w) is obtained from Eg(r) as the complex
coefficient of the zeroth diffraction order (the only propagating
one in all considered cases).

The gold permittivity ,, (w) was assumed to have the Drude
form

() =1 - — ®)
i) = (“-)(W"'i'Vc‘,Au)7
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with the gold plasma w, = 1.37 x 10'6 rad/s and collision fre-
quency Ve Ay = 4.05 x 10 rad /s taken from [44].

The reasoning in the article relies on the concept of a leaky
eigenmode whose interaction with the environment is quantified
by its radiative ;.4 and non-radiative -y, decay rates. These may
be introduced in an intuitive manner by assuming that both the
dissipative effects (absorption in metal and semiconductor) and
the coupling between the eigenmode and environment are weak
enough to be treated perturbatively. In that case, the eigenmode
energy U exhibits an exponential temporal decay with a decay
rate equal to v,.q + 70, Whereby the total loss power Foqs =
P..q + P, is broken down into the radiation P, ,4 and absorption
Py terms so that Y,aq = Praa/2U and vy = Py /2U. A deeper
analysis employing TCMT [45] reveals a general connection
between the decay rates of a weakly coupled resonant system
and its scattering matrix [46] which, in case of a single-port
system with one eigenmode, implies Eq. (2). For sufficiently
high quality factors, the TCMT parameters are directly related
to the complex eigenfrequency w = wy + iwr of the associated
cavity quasi-normal mode [47], with w; = Y9 + Yrad- As TCMT
itself is not the focus of this work, the reader is referred to [35]
and [11] for further details on the formalism in the current
context.

To explain the dependence of ~,,q on p, let us assume that
the cavity array eigenmode is excited and allowed to decay both
radiatively and via absorption, and let H (x) = H (z, yo ) denote
the magnetic field phasor (only the z-component is nonzero)
along a horizontal line y = y, chosen at an arbitrary height
above the cavity array. Assuming the spacing between adja-
cent cavities is large enough, the total field H(x) may be
represented as a sum of fields emitted by individual cavities,
H(z) =5 Hy(x —np),where Hy(z) = Hyc(z,yo) is
the magnetic field profile of an eigenmode of a single cavity cen-
tered at x = 0. Since H () is periodic in z, it can be expanded
into a Fourier series H (v) = Y.>°_ _ H™) exp(imAk) where
Ak = 27 /p and m is the diffraction order. The dependence of
H(™) on p is seen after introducing the Fourier transform of
the single-cavity field by hy.(k) = [ Hyc(z) exp(—ikaz)dx
and noting that ") = h,.(mAk)/p, while hy.(mAk) is ob-
viously independent on p. In the considered spectral range,
only the zeroth diffraction order is propagative so the radiated
power flux through a unit cell equals Py yaq = ng|H(0) [2/2 =
20| hue (0)|? /2p, with zy denoting the free-space impedance. Fi-
nally, denoting by U, the energy contained in one cavity, and by
N the total number of cavities in the array (formally N — o0)
we have

Prad o N-Puc,rad

_ Z()|hu0(0)|2 1
25U ~ 2NU,. p

AUy ’

€))

Yrad =
thus proving the ~p~! scaling stated in the article.

APPENDIX B
SOLID-STATE ANALYSIS

The gate bias effect on the carrier distribution is described
using a rigorous solid-state physics framework based on a
majority-carrier solution scheme, consisting in the conservation
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TABLE I
SOLID-STATE PHYSICS PARAMETERS FOR GaAs [51]

Parameter GaAs
Static permittivity, €stat 12.90
High-frequency permittivity, eopt 10.89
Effective electron mass, m}/mo 0.067
Energy band gap, E4 (eV) 1.424
Electron affinity, xo (eV) 4.07
Conduction band density of states, N (cm™3) 4.7 x 107
Valence band density of states, N, (cm™3) 9.0 x 10'8

law for charge (Poisson equation) and the time-dependent cur-
rent continuity equations [48], [49]. The current density is ex-
pressed by the drift-diffusion expressions, while the simplified
Maxwell-Boltzmann energy distribution is used for the carrier
concentration, allowed by the moderate doping level of the n-
GaAs cavity. The Schottky contact is described as a source/sink
for carriers, treated as a surface recombination mechanism [50].
The Schottky barrier height of the n-GaAs/Au interface is con-
sidered 0.9 V, while the effective Richardson’s constant for the
n-doped GaAs is set equal to 4.4 Acm 2K ~? [39]. The lateral
intrinsic GaAs sections are interfaced to the central n-GaAs
(under the strips) using quasi-Fermi level continuity boundary
conditions. The resulting system of partial differential equa-
tions is set to additionally satisfy insulating conditions at the
external metamaterial unit-cell boundaries and the thermody-
namic equilibrium at the back contact, considered ideal ohmic.
It is highlighted that, even though both contacts can be indis-
criminately represented as Au layers from an electromagnetic
standpoint, suitable Au-based alloys should be used in practice
to ensure ohmic conditions at the back contact [32], having,
though, marginal effect on the electromagnetic analysis.

The GaAs semiconductor parameters are listed in Table I,
while the carrier mobility is calculated using [38]. The Au work-
function is set equal to 5.1 eV.
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Abstract

CrossMark

A method for fabricating surface-enhanced Raman scattering (SERS)-active substrates by immersion
deposition of silver on a macroporous silicon (macro-PS) template with pore diameters and depth
ranging from 500-1000 nm is developed. The procedure for the formation of nanostructured silver
films in the layers of macro-PS was optimized. Silver particles of dimensions in the nano- and
submicron-scale were formed on the external surface of the macro-PS immersed in the water—ethanol
solution of AgNO;_ while the inner pore walls were covered by smaller, 10-30 nm diameter, silver
nanoparticles. Upon introducing the hydrofluoric acid to the reaction mixture, the size of nanoparticles
grown on the pore walls increased up to 100—150 nm. Such nanostructures were found to yield SERS-
signal intensities from CuTMpyP4 analyte molecules of the same order to those obtained from
silvered mesoporous silicon reported previously. The tested storage stability for the silvered macro-
PS-based samples reached up to 8 months. However, degradation of the SERS intensity under
illumination by the laser beam during spectral measurements was observed. To improve the stability
of the SERS-signal a hybrid structure involving graphene oxide deposited on the top of analyte
molecules adsorbed on the Ag/macro-PS was formed. A systematic observation of the time evolution
of the characteristic peak at 1365 cm ™' showed that the addition of the oxidized graphene layer over
the analyte results in ~2 times slower decay of the Raman intensity, indicating that the graphene
coating can be used to enhance the stability of the SERS-signal from the CuTMpyP4 molecules.

Supplementary material for this article is available online

Keywords: surface-enhanced Raman scattering, silver nanoparticles, macroporous silicon,
porphyrin, graphene oxide

(Some figures may appear in colour only in the online journal)

1. Introduction

Surface-enhanced Raman scattering (SERS) is of great interest
since it is an extremely sensitive technique for wide applications
in analytical chemistry, environmental monitoring, biomedicine,
etc [1-4]. The most significant enhancement of Raman signal
takes a place for analyte molecules located in the 2—10 nm gaps

4 Author to whom any correspondence should be addressed.

0957-4484/18,/395708+-12$33.00

between nanostructures of the noble metals so-called ‘hot spots’,
where local light field strength can exceed the incident field by
many orders of magnitude [5-7]. The engineering of inexpen-
sive nanostructures for SERS with advanced properties, such as
high sensitivity and long-term stability remains an important task
for experimentalists.

Silver nanostructures are the most widespread SERS-
active substrates because of their superior Raman signal
enhancement in comparison to other noble metals when

© 2018 IOP Publishing Ltd  Printed in the UK
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excited in the visible region. Among them nanocomposites
based on silver coated porous silicon (PS) have been of
intensive interest for more than a decade due to high SERS-
activity while being easy to manufacture [8, 9]. The PS is an
attractive template for SERS substrate preparation due to
several reasons: developed surface area contributed by both
its external and internal surfaces, the pore diameter and
depth can be readily controlled by the regimes of PS fabri-
cation covering ranges of micro-, meso- and macroporous
materials [10]. Microporous silicon represents highly porous
silicon sponges in which the pores are less than 2nm in
diameter. Mesoporous silicon (meso-PS) is characterized by
its 2-50 nm pore diameter while its porosity (the fraction of
voids in the layer) can reach 85%-90%. The pore diameter
of macroporous silicon (macro-PS) varies in the range of
several microns. The feature of this material is in the parallel
cylindrical pores which are well-ordered. The porosity of
macroporous silicon is rather low and typically does not
exceed 20%.

Mesoporous silicon is the first material that was used to
obtain SERS-active substrates by silver deposition on the
internal surface of meso-pores by thermal decomposition
method [8]. In this method, meso-PS was soaked in a silver
nitrate solution after exposure to a procedure of plasma oxi-
dation to prevent the spontaneous immersion coating of the
silicon surface. The excess of the AgNO; solution was
removed from the pores and the sample was then dried.
Finally, the silver nitrate was thermally decomposed to silver
metal and gases.

Later the attention was directed to the formation of silver
nanostructures on the external surface of meso-PS by the
immersion plating method [9]. Immersion deposition occu-
pies a special place among the wet metal deposition techni-
ques as it allows the formation of metallic nanoparticles on
the substrate without applying external potential or additional
reducing agents. The works of Giorgis et al [11-13], our team
[14-16] and other groups [17-20] reported fabrication of
quasi-ordered silver nanoarrays over meso-pores which
demonstrated a high level of SERS-activity and the detection
limits down to 10™'° M. Several studies of the SERS-active
gold nanostructures deposited on the surface of meso-PS have
also been reported [21, 22].

It should be noted that in almost all the cases mentioned
above for meso-PS the metal deposition occurred on the top
of the porous layer occluding the pores. At the same time,
there was an intention to increase SERS-activity through
contributions of both external and internal surfaces of PS. For
this purpose, a suitable template is macroporous silicon.
Several authors reported macro-PS based plasmonic struc-
tures for the generation of SERS-signal [23-26]. For example,
sputtered gold nanoparticles (NPs) provided micromolar limit
of detection for thiol molecules [23]. Gold nanothorns grown
on macro-PS by the reduction from Au chloride solution were
shown to demonstrate femtomolar detection limit of crystal
violet [24]. The same order of detection limit of rhodamine
6G was achieved with the tightly packed film of Ag NPs [25].
Original SERS substrate was prepared by Kosovi¢ et al [27]
from silvered macro—mesoporous silicon templates. They

showed high SERS sensitivity that enabled ultralow con-
centration detection of R6G dye molecules down to 10™'5 M.
It should be noted that the thickness of the macroporous layer
in the above-mentioned studies was several times more than
the pore diameters. Thus, authors considered SERS-activity
contributed only by the metallic nanostructures on the exter-
nal surface of macro-PS.

In this paper, we develop the method of immersion
deposition of silver NPs on the walls of macropores. In prin-
ciple such kind of silvered macro-PS can be considered as a
system of nanovoids (‘antinanoparticles’ [28]). Metallic nano-
voids are of interest for SERS-spectroscopy because in contrast
to NPs they provide an additional enhancement of Raman
signal due to localized plasmon mode of strong rim component
around the nanovoid mouth and contributions from the multi-
ple reflections inside the voids [29]. Such nanovoids should
have 0.5-2 ym diameter and can be formed by several tech-
niques, such as the nanosphere lithography [30], its combina-
tion with additional processing steps [31-33], silver films
deposition on the alumina protrusion arrays [34] and other.

We propose an approach for the simple and cheap for-
mation of plasmonic structures on the surface and into the
pores of macro-PS, including etching of macropores in silicon
wafers followed by immersion deposition of silver films onto
the macro-PS surface. This work was initiated in [35] but we
were not successful in complete pore walls covering with silver
NPs at the experimental conditions used. However in the
current study we optimized the regimes of silver deposition by
varying the composition of the reaction mixture that allowed
covering not only external surface between macropores but
pore walls. The SERS-activity of the obtained silver nanos-
tructures was tested with cationic water-soluble porphyrin
CuTMPyP4 molecules and compared with the results for
substrates based on the silvered meso-PS reported before [15].

Moreover we have modified Ag/macro-PS structures
with thin 2D graphene oxide (GO) protective films and stu-
died their SERS intensity behavior. While providing an
excellent electromagnetic enhancement factor, some plas-
monic materials (e.g. silver) are known to be chemically
unstable, easily oxidizing and degrading in time, thus influ-
encing adversely the performance of optical devices. The
stability of the plasmonic nanostructures can be improved by
adding a layer of graphene over the metal deposit. Exper-
imental results suggest that the thin inert graphene layer can
be used as a shield to gases, liquid and other corrosive agents.
Recently Kravets ef al showed that coating of graphene over
copper and silver can protect them against oxidation and
degradation [36]. In the work [37] the stability in air of
devices constituted by gold and silver thin films was
enhanced or by the thin layer of graphene over the plasmonic
nanostructure.

Due to the volatility of the silver surface, various phy-
sical or chemical changes may occur at the metal-dielectric or
metal-analyte interface, especially when illuminated by a laser
beam, leading to the loss of the SERS-signal intensity. It is
suggested that graphene-containing layers can also protect
analyte molecules from photo-induced damage. Recently the
significant role of graphene in improving the stability of the



Nanotechnology 29 (2018) 395708

KV Girel et al

SERS substrate, either in storage or usage, has been demon-
strated [38-40]. In the current work composite structures GO/
CuTMPyP4/Ag/macro-PS and GO/CuTMPyP4/GO/Ag/
macro-PS were fabricated and the influence of graphene
oxide on the SERS performance has been studied using
micro-Raman system at high power density of laser illumi-
nation. The time evolution of the characteristic peak for
CuTMPyP4 at 1365 cm™' showed that the layer of oxidized
graphene over the analyte molecules results in nearly two
times increase of the SERS-signal stability.

2. Experimental

2.1. Chemicals and synthesis of the oxidized graphene

All chemicals (silver nitrate AgNO3 (99.9999%), hydrofluoric
acid HF (45%) and hydrochloric acid HCI, ethanol C,Hs;OH,
hydrogen peroxide H,0O,, ammonium hydroxide solution
NH4OH, dimethyl sulfoxide DMSO) were purchased from
Sigma-Aldrich Co. and used without additional purification.
To synthesize graphene nanoparticles, artificial graphite pro-
duced by Alfa Aesar with a particle size of 7-11 um was
used. Distilled water was used for preparation of all solutions.

Oxidized graphene was prepared using a modified pro-
cedure of Hummers [41] by chemical oxidation of synthetic
graphite in three stages. At the first stage the pre-oxidized
graphene was formed. Then graphene samples obtained were
oxidized. At the third stage GO was isolated from the
synthesis medium. Using the method of dynamic light scat-
tering with the Zetasizer Nano SZ90 (Malvern Panalytical
Ltd, UK), the average GO particle size is found to be around
130 nm.

2.2. Fabrication of porous silicon

Monocrystalline p-type silicon wafers of 12 €2 cm resistivity
and (100) orientation (JSC ‘Integral’, Belarus) were used as
initial substrates. They were cut from the silicon ingot fabri-
cated by the Czochralski method. Prior to macro-PS forma-
tion the wafers were cleaned in a solution of NH,OH, H,0O,
and H,O mixed in a volume ratio of 1:1:4. The native SiO,
layer was removed from wafers by rinsing in 4.5% HF
solution. The front face of the silicon wafers was then ren-
dered porous to a depth of 1 um by an electrochemical ano-
dization in a solution of HF (45%) and DMSO mixed at the
10:46 volume ratio. The potentiostat/galvanostat AUTOLAB
PGSTAT302n (Metrohm Autolab B.V., Netherlands) was
used to provide anodization at galvanostatic regime at a
current density of 8 mA cm 2. After anodization the wafers
were rinsed with deionized water and spun dry. With the
above procedure macroporous silicon of pore diameters and
depth varied from 0.5 to 1 ym was obtained. Meso-PS sam-
ples were formed in the same manner as it was reported
elsewhere [15].

2.8. Silver deposition on porous silicon

Silver was deposited on the meso- and macro-PS by immer-
sion technique. Freshly etched meso-PS samples were
immersed in a 3 mM AgNOj; solution in distilled water with
dipping time from 10 to 60 min. The procedure of silver
deposition on macro-PS was optimized by varying compo-
sition of solution (content of water, ethanol, hydrofluoric acid,
AgNO3;) and reaction duration for 20—200 min. The silvered
PS samples were rinsed with deionized water and then air-
dried. After that the wafers were diced into rectangular
samples with the 0.75 cm? surface area. To eliminate con-
taminants adsorbed on the high surface area of the Ag film,
which give rise to strong SERS background, Ag NPs sub-
strates were rinsed out in the 10 mM HCI solution for several
seconds.

2.4. Preparation of samples for SERS

The SERS-activity of the silvered PS was studied using water-
soluble cationic Cu(Il)-tetrakis(4-N-methylpyridyl) porphyrin
(CuTMpyP4). The samples for SERS measurements were pre-
pared in two ways. In the first case silvered PS samples were
incubated for two hours in the aqueous solution of 107°M
CuTMpyP4. The GO-based composites were obtained by drop
casting procedure: GO/CuTMPyP4/Ag NPs/macro-PS sample
was precipitated from 40 pl of a drop of the CuTMpyP4 solution
onto a silvered surface of macro-PS plate with the surface area
~40 mm? and allowed to air-dry, then 40 pl GO solution was
added and dried. In the case of GO/CuTMPyP4/GO/Ag NPs/
macro-PS composite an additional procedure of 40 ul GO drop
casting preceded the CuTMPyP4 deposition.

To study the storage stability of the silvered macro-PS
each sample with analyte was placed in a plastic zipper bag
and kept at 21 °C for 1, 3 and 8 months. The air was sucked
out of the bag before zipping.

2.5. Measurements

The morphology of the samples was studied by the scanning
electron microscope (SEM) S-4800 (Hitachi High-Technolo-
gies Corporation, Japan) that provided 1 nm resolution.

SERS spectra of CuTMPyP4 / AgNPs /macro-PS samples
were recorded with a 90° scattering geometry by using
DM160-MS35041 (Solar TII, Belarus) spectrometer equipped
with a CCD detector SPEC10:256E (Roper Scientific, USA)
cooled down to 153 K with liquid nitrogen. Wavelength of
441.6 nm was provided by He—Cd laser (JSC < PLASMA>,
Russia). The laser power used was typically of 8 ~ 10 mW.

Measurements of the SERS spectra kinetics for GO-
based composites were carried out by using a scanning probe
Raman microscope ‘NanoFlex’ (Solar LS, Belarus). The
source of excitation at 488.0 nm was an argon laser (Melles
Griot, USA). Excitation and registration of Raman scattering
was carried out through 100x objective with CCD camera
Newton 970 EMCCD DU970P-BV (Andor Technology
Ltd, UK).
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Figure 1. SEM images of (a), (c), (¢) top and (b), (d), () cross-sectional views of the Ag/macro-PS samples formed by the silver immersion
deposition from water—ethanol solution of 1 mM AgNO; for 40 (a), (b), 120 (c), (d) and 200 (e), (f) min.

3. Results and discussion

3.1. Morphology of the silver nanostructures

In the present work, we used anodizing regimes that provided
formation of the macro-PS layers with pore diameters and depth
varying in the range of 0.5—1 ym. Such dimensions are typical for
the SERS-active nanovoids obtained by the traditional nanoen-
gineering techniques [29, 42]. To form silver films on internal
surface of PS as well as on the walls of macropores with suitable
parameters, we carried out the immersion plating in the water—
ethanol AgNOj; solutions without of HF and in its presence
gradually increasing the deposition time from 20 up to 200 min.

3.1.1. Water—ethanol (1:1) 1 mM AgNOj solution. The typical
morphology of three samples of macro-PS formed at the Ag
deposition times of 40, 120 and 200 min is shown in figure 1.
SEM images for the same Ag/macro-PS samples obtained at
lower magnification are shown in figure S1 in the supporting
information, which is available online at stacks.iop.org/
NANO/29/395708 /mmedia. These samples were chosen
since they demonstrated quite different SERS-activity. A top
view images (figures 1(a), (c) and (e)) show that silver
particles of nano- and submicron sizes are observed on the
silicon surface between pores while they are hardly
recognized on the pore walls. Cross-sectional SEM images
(figures 1(b), (d) and (f)) clearly show that pore walls are also
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Figure 2. Size distribution histograms of Ag NPs on the silicon
surface between the macropores (a), (c), (e) and on the internal
surface of the macropores (b), (d), (f). Silver was deposited from
water—ethanol solution of 1 mM AgNO; for 40 (a), (b), 120 (¢), (d)
and 200 min (e), (f).

covered with Ag particles but their sizes belong to the
nanoscaled range. An increase in silver deposition time led to
the growth of the external silver NPs size while internal
particles remained with nearly the same diameter (figures 1(c)—
(f)). This is proved by size distribution histograms of silver
particles presented in figure 2. The external surface of the
macro-PS after 40 min deposition is covered with Ag particles
of diameters ranging from a few to 80 nm where NPs smaller
than 20nm are prevalent. Immersion for 120 min led to an
increase of Ag NPs diameters on the external surface of macro-
PS up to 140nm and shift of the prevalent size range to

20-40nm. Further deposition resulted in bimodal size
distribution of Ag NPs to the nanometer (less than 100 nm)
and submicron (140-200 nm) ranges. The dominated sizes of
Ag NPs were between a few to 20 nm.

The evaluation of Ag NPs density on the external and
internal surfaces of macro-PS showed that the number of
external particles deposited for 40 min is maximal and reaches
6 x 10'°cm 2, while density of the internal NPs is twice less
(3.3 x 10" cm™?). The last value is roughly saved for the
both external and internal surfaces for the samples formed for
200 min when bimodal size distribution of the Ag particles
takes a place. Almost twofold decrease in the whole number
of NPs can be due to the coalescence of the initially growth
nanoparticles. This also results in the extension of the size
range to submicron-scale and its splitting to the bimodal view.

Therefore, with increase of the deposition time Ag NPs
continue to coalesce while the reopened silicon surface is
covered with newly nucleated particles. Therefore, with
increase of the deposition time Ag NPs continue to coalesce
while the reopened silicon surface is covered with newly
nucleated particles. This kind of process is typical for the
following conditions: (i) a flat substrate, (ii) significant
mismatch of the lattice parameters of the substrate and
depositing material and (iii) weak wetting of the substrate
with the depositing material [43]. Indeed, the surface between
pores is flat enough and the difference in the lattice
parameters of the silicon and silver is of 25%. Moreover,
the wetting of the substrate decreases due to oxidation of the
silicon surface during the silver deposition procedure [44].

On the other hand, the sizes of Ag NPs on the pore walls
are approximately constant for all stages of deposition and
particles of 20-40 nm diameters are dominated (figures 2(b),
(d) and (f)). The number of the internal Ag NPs was not
significantly changed during the deposition process. It is also
observed that an amount of silver on the pore walls is smaller
than that outside the pores because the thin mesoporous layer
is quickly oxidized during Ag deposition limiting supply of
electrons to the silver ions for their further reduction.

We obtained the samples Ag/macro-PS by silver
immersion deposition during different time using solution with
concentration of 10mM of AgNO; without HF. The SEM
images of the samples obtained for 5, 15 and 45 min are shown
in figure S2. It can be seen that even higher silver nitrate
concentration in comparison to above discussed case (1 mM of
AgNOs3) does not result in silver deposition into macropores.

3.1.2. Water—ethanol mixture with addition of hydrofluoric
acid. It is known that the presence of HF in the reaction
solution in which silver precipitation takes place promotes the
growth of silver NPs on the silicon surface [45]. The influence
of the concentration of HF on the deposition rate, the shape of
silver particles and their dimensions was studied in [46]. It
was shown that the higher the concentration of HF, the faster
silver deposition occurs, and the larger the average diameter
the silver particles will have.

Therefore, we have decided to add hydrofluoric acid to
the reaction solution for the immersion plating of silver into
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Figure 3. Plain view SEM (a), (c), (e) top and (b), (d), (f) cross-sectional images of the Ag/macro-PS samples formed by the silver immersion
deposition for 15 (a), (b), 25 (c), (d) and 35 min (e), (f) in water—ethanol-HF solution of AgNO3 at 10 mM concentration.

macropores. Thus the macro-PS samples were immersed in
the mixture of deionized water, 1 M ethanol and 0.5 M HF.
Moreover, a higher (in comparison with water—ethanol
solution) concentration of AgNOj3 equal to 10 mM was used.
Figure 3 shows SEM images of the Ag/macro-PS samples
formed for 15, 25 and 35 min. SEM images for the same
samples obtained at lower magnification are shown in figure
3S in supporting information. These samples demonstrated
minimum/maximum/minimum SERS-activity, respectively
(see below SERS data which are shown in figure 6(D)
and section 3.2). When samples of macro-PS impregnated
in silver nitrate solution for 15 min the external surface
was covered with nanostructured silver film of densely

close-packed particles with a diameter of 100-700 nm, i.e.,
almost comparable to the pore diameter. At the same time, the
mouths of the pores remained open. The shape of Ag NPs is
irregular. Evidently it is impossible evaluate their density on
the Si surface cause Ag NPs are layered on each other. There
are individual particles with an average size of 200 nm on the
pore walls. With increasing deposition time to 25 and 35 min
much bigger silver NPs with broad size distribution and
irregular shapes on the interpore surface are formed
(figures 3(c)—(f)). In most cases the particles are partially
coalesced, forming a fractal-like network of large islands of
silver reaching sizes up to 1-1.5 gm. The number and size of
silver particles inside the pores slightly increased. As can be
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Figure 4. Reflection spectrum of the Ag/macro-PS sample formed
by the silver immersion deposition for 25 min) in water—ethanol-HF
solution of AgNOj3 at 1 mM concentration (1), absorption spectrum
of CuTMpyP4 in water solution (2).

seen from cross-sectional image for the sample obtained in
35min, a fairly uniform film of silver particles with a
diameter of about 200 nm is formed on the walls of the pores.

Thus, the addition of hydrofluoric acid into reaction
solution greatly effects the process of silver deposition on
macro-PS that manifests itself in accelerating of the
deposition speed and increasing the size and density of
the Ag NPs, in particular in the formation of silver film on
the pore walls, i.e. the particles decorate the inner surface
of the pores in contrast to the HF-free solution.

3.2. SERS-activity of the silvered macro-PS

We examined Ag coated macro-PS samples for their SERS-
activity using chromophore CuTMpyP4 with characteristic
Raman spectrum at the concentration 10~° M. The excitation
wavelength was 441.6 nm, which is highly suitable for mea-
surements since both porphyrin absorption and plasmon
extinction of silver substrate are in resonance. This can be
seen from figure 4 where a typical reflection spectrum of the
Ag/macro-PS sample formed by the silver immersion
deposition in AgNOj solution is characterized by a broad dip
around 410 nm which can be ascribed to surface plasmon
resonance of Ag NPs. The dip is broadened due to the particle
polydispersity covering the excitation range. The excitation
wavelength (441.6 nm), indicated by the dashed arrow, is seen
to match the intense 425 nm Soret band of the CuTMpyP4
absorption spectrum. The significance of the Ag NPs plasmon
resonance for the observed SERS-activity is demonstrated by
the fact that no Raman signal was observed for flat silicon
wafers soaked in the 10° M solution of CuTMpyP4, while all
silvered macro-PS samples exhibited SERS-activity.

It is important that for a correct measurement of the
spectral intensities it is necessary to pay special attention to
the Raman setup. This is due to the morphology of the sub-
strate surfaces, following silver deposition, is rather inho-
mogeneous. This is seen in the SEM images presented in
figures 1 and 3. Consequently, the observed SERS intensity

across the surface can exhibit significant variations. In order
to avoid errors in the determination of SERS-activity, we
performed measurements with experimental setup showed in
figure 5. The cylindrical lens focused the beam at the sam-
ple’s surface as a spot in the form of a line of approximately
4 mm. During measurements the sample was continuously
rotated. Thus obtained SERS intensity corresponds to aver-
aged scattering of analyte molecules located within the circle
of ~15 mm? area. Moreover, the rotating sample is less sus-
ceptible to local heating, hence the degradation of the Raman
signal during the measurement is decreased.

The SERS spectra for a series of Ag/macro-PS samples
of increasing time of silver film formation from different
reaction mixture and concentrations of AgNO; were mea-
sured to reveal optimal deposition regime. Figure 6 shows the
dependences of the SERS intensity on the Ag deposition time
which were estimated from the amplitude of the bands at
1365 and 385 cm ™" in the spectrum of CuTMpyP4 adsorbed
from the 10~®M solution. For the samples obtained in solu-
tion that does not contain HF the SERS intensity is periodi-
cally varied depending on deposition stage at the wide time
intervals scalable from 20 to 200 min (figure 6(A)). In this
case the most intensive SERS spectrum was observed for the
sample formed by silver deposition for 120 min. It is caused
by the morphology changes of the silver deposit on the
external surface of macro-PS (figures 1(c) and (d)). At the
stage of the coalescence of primary particles the boundaries of
Ag NPs are nearly connected causing a lot of hot spots. These
spots are the gaps between closely spaced interacting metallic
particles or NPs with sharp nanoscaled corners and edges
where large enhancement of the electromagnetic field is
present [47]. At the same time, only minor changes in the
morphology of silver coverage on the pore walls in course of
immersion are observed. Therefore, in general the variation of
SERS-signal is rather small as it is presented in dependence
on figure 5(A). It is well seen that the maximal intensity at
120 min is only at 1.1 times higher than the minimal level of
other points.

In the presence of HF in reaction mixture the highest SERS-
signal is achieved faster, i.e. for the macro-PS immersed in
AgNO; with the 1 mM concentration maximal band intensity
is observed for 60 min (figure 6(B)). When the concentration
of silver nitrate increased to 3mM the maximum of SERS
enhancement reached even faster for 40 min (figure 6(C)). It is
remarkable, that in both these cases time dependences demon-
strate two-peak character. The maxima of the SERS-signal
intensity for the samples formed in 3 mM AgNO; solution are
related to the deposition during 15 and 35 min, while in a case of
the 1 mM AgNOj solution they can be found at 30 and 60 min
(under the same HF content). The first maximum is less inten-
sive. This might mean that two layers of Ag NPs are formed and
that SERS depends in greater extent on the growth of silver
agglomerates in the second layer and the creation abundance of
channels between them where the scattering cross-section of the
analyte’s molecules drastically increases.

It should be noted that two-peak time dependences we
also observed earlier for the silvered samples prepared on the
base of n-type meso-PS substrates [16]. These peculiarities
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Figure 5. Schematics of the experimental setup and Raman spectrum of CuTMpyP4.

were connected with two stages of the Ag deposition process.
A special parameter effective time has been proposed: a pro-
duct of the silver salt concentration on the immersion
deposition time. For different time/concentration combina-
tions the value of effective time was just about constant. Silver
immersion deposition in the case of macro-PS proceeded
according to a slightly different way in contrast to meso-PS
because we used HF additive which promoted continuous
removing of passivating SiO, and resulting supply of the
great number of electrons for the silver reduction.

Figure 6(D) shows the dependence of the SERS-signal
intensity of 107°M CuTMpyP4 on the time of macro-PS
plates soaking in 10 mM silver nitrate solution. It is seen that
SERS intensity is maximal at the first 5 min. Increasing the
time of AgNOj; incubation to 15 min gradually decreases the
spectral signal following the maximum at 20-25 min, and
then SERS-activity again falls. The morphology of substrates
formed at 15, 25 and 35 min exhibited coalesced NPs with
highly irregular shapes and facetted forms with sharp edges
that could indicate a higher probability of hot spot appearance
(figure 3). The existence of many almost touching particles at
the external surface and coverage by AgNPs of 150-200 nm
size pore walls result in rather high level of SERS-activity for
the samples prepared during 20-25 min. However, the large
size of clusters due to the multitude of closely located big
particles up to 1.5 ym significantly weaken the SERS effect
for 35min sample since they almost overlay macropores
(figures 3 and S3(c)).

It is known that for a given excitation A, the largest
SERS intensity is reached when the SPR position is located at
the middle between the excitation )., and the wavelengths of
Raman scattering, e.g. [48, 49]. Thus, in principle one could
expect a somewhat different dependence of SERS intensity
for different modes of CuTMpyP4. Figure 6 shows the SERS

intensity variation of two CuTMpyP4 Raman bands (385 and
1365 cm_l) as a function of the time of silver immersion
deposition on macro-PS from 1 mM (figure 6(B)), and 10 mM
(figure 6(D)) AgNOj solution. The intensity variation of both
the 1365 and the 385 cm ™' band are found to exhibit the same
tendency. This result can be explained taking into account the
very broad contour of SPR band (figure 4).

Comparative analysis of spectral data for all studied Ag/
macro-PS samples reveals nearly the same order of the SERS-
activity (figure 6). The most intensive SERS-signal was
observed in the case of silvered nanostructure on macro-PS
formed in 3 mM AgNOj; solution in the presence of 0.5 M HF
(figure 5(C)). We also compared the level of SERS
enhancement by this Ag/macro-PS sample with that for Ag/
meso-PS based substrate. Figure 5(C) shows the dependence
of the intensity of CuTMpyP4 band at 1365 cm™ ' on the time
of silver immersion deposition on meso-PS. One can see that
the obtained results for both types of substrates are compar-
able in terms of enhancement efficiency. However the SERS
intensity from the sample based on the silvered macro-PS is
lower in comparison with the silvered meso-PS. We estimated
the detection limit for macro-PS based SERS-active sub-
strates at the level of 107" M (see figure S4 in supporting
information), while for the meso-PS samples it was evaluated
as 107" M [16].

Finally, the storage stability of the SERS-active substrates
formed by Ag deposition on the macro-PS for 120 min was
studied. The silvered PS samples stored for 1, 3 and 8 months
were rinsed in diluted HC1 (HCI:H,O = 1:9), immersed in
aqueous solution of 107’ M CuTMpyP4 for 2h, then twice
rinsed with distilled water and air-dried. As it can be seen from
the figure S5 (see supporting information) the intensity of the
SERS-signal was found to be nearly constant for the whole
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Figure 6. Dependences of the SERS intensity of the 1365 and
385 cm™' bands in the spectra of 107® M CuTMpyP4 on the

time of silver immersion deposition on macro-PS from 1 mM
(A), B), 3mM (C) and 10 mM (D) AgNOj; solution without

HF (A) and in the presence 0.5 M hydrofluoric acid (B)—(D).

The similar dependence for Ag/meso-PS sample is showed in
panel (C).

Figure 7. Degradation of SERS-signal for CuTMpyP4 at the Ag/
macro-PS substrate without graphene oxide in the process of spectral
measurements.
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Figure 8. Normalized SERS intensity decay of CuTMpyP4

(1365 cm™" peak) for three different nanostructures: CuTMPyP4 /
Ag/macro-PS (1), GO/CuTMPyP4/Ag/macro-PS (2) and GO/
CuTMPyP4/GO/Ag/macro-PS (3).

storage periods fulfilling the requirements for the SERS-active
substrates application [50].

3.3. Effect of the oxidized graphene on SERS-signal
degradation

Although silver nanostructures are known to have a high
SERS-activity, a major part of intensity enhancement can be
lost due to the plasmon induced heating effect [51]. This
results in reduction of spectral intensity, particularly because
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of destruction of biological objects under analysis [52].
Moreover, silver NPs suffer from high chemical reactivity
which can result in their degradation due to the reactions with
atmospheric species. The decrease of the SERS performance
will lower sensitivity and cause uncertainty of analysis.
Therefore efforts aimed to protect silver nanostructures via
depositing chemically inert layers are made [40, 53].

In principle SERS substrates based on silvered macro-PS
meet with the same problem concerning the signal degrada-
tion. When testing the prepared samples, this problem was
partially eliminated by using special experimental setup
(figure 5). Nevertheless to improve the stability and repeat-
ability of the SERS-signal we have prepared composite
nanostructures by coating the silver film and analyte by gra-
phene oxide as a protecting layer. The GO coating should
provide chemical isolation of the nanoparticles from atmo-
spheric species. Another thing, the high thermal conductivity
of graphene allows swiftly dispersing the heat induced in
plasmonic structure by laser excitation, thus protecting the
analyte molecules from damage.

Two kinds of composite structures named as GO/
CuTMPyP4/Ag/macro-PS (structure 1) and GO/CuTM-
PyP4/GO/Ag/macro-PS (structure II) were fabricated. To
study the influence of GO coating on the SERS performance
the micro-Raman spectrometer was used since it gives high
level of the power density from laser irradiation. While the
slight detuning from the CuTMpyP4 Soret absorption band
in our micro-Raman setup decreased the Raman cross-
section, the SERS spectra of the fabricated samples (see
figure S6 in the supporting information) was still very well
resolved, thus allowing the quantitative analysis presented
below. We repeatedly measured the SERS spectra at a fixed
point on the substrate under laser excitation during 1 min
with interval 5 s. Figure 7 shows that for the sample without
graphene oxide an obvious weakening of SERS intensities
(nearly three times) occurred with increasing aerobic light
exposure duration. Under the same conditions, the SERS-
signal on the graphene-shielded samples remained more
stable. Figure 8 compares kinetics of SERS degradation for
uncovered sample and for structures I and II containing GO.
The data shown in figure 8 are obtained as an average over 9
spectra obtained from 3 samples measured under identical
conditions at 3 randomly selected points. The time evolution
of the characteristic peak for CuTMPyP4 at 1365 cm ™' show
that the layer of the oxidized graphene over the analyte
results in reducing the intensity degradation caused by
photo-induced damage. For example, in the case of uncov-
ered substrate the 1365 cm ™' peak intensity of CuTMpyP4
molecules within the 60 s measurement period fall off 3.2
times, while the same peak intensity for the structures I and
II decreases of 2.5 and 1.4 times, respectively, as shown in
figure 8. However, it should be noted, that GO coverage
results in decrease of absolute level of initial SERS-signal of
~1.5 times. This may be due to the fact, that (i) GO layer by
itself can absorb a part excitation light, (ii) GO covering
Ag layer can shift plasmon resonance position (for both
structures) and (iii) in case of structures II, the intermediate
GO layer prevents a direct contact between the analyte
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molecules and the plasmonic film, thus decreasing the
electromagnetic enhancement.

Altogether, we can conclude that GO passivation layer
on the SERS substrate based on silvered macro-PS has a
positive impact on its properties. It provided a chemically
inert surface for the substrate to prevent photo-induced SERS-
signal degradation.

4. Conclusions

In this paper we have proposed a simple technique for the
preparation of sensitive SERS-active substrates based on silv-
ered macroporous silicon. By electrochemical etching of low
doped p-type silicon wafers macro-PS templates with pore
diameters and depth varying from 500-1000 nm were formed.
Silver nanoparticles were deposited by the immersion plating
method yielding a layer of big (up to 1500 nm) silver aggregates
on the external surface of the macro-PS and a layer of nanoscale
silver particles on the walls of the pores. The SERS performance
of the obtained substrates was tested by using water-soluble
porphyrin CuTMpyP4. The maximal activity was found for the
samples formed by Ag deposition in the water—ethanol mixture
with the addition of hydrofluoric acid. It is shown that the SERS
intensity provided by the silvered macro-PS was nearly the same
order as for the silvered meso-PS that we investigated earlier. A
notable SERS-signal stability improvement was observed in
samples with a single film of oxidized graphene deposited on top
of the analyte molecules attached to the Ag/macro-PS surface.
However, a further and perhaps even stronger protection against
the laser-induced SERS degradation is found in samples fea-
turing the intermediate film of GO placed between the analyte
and the silver NPs.
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Published online: 16 June 2017 . Weanalyze the fundamental properties of optical waves referred to as Tamm plasmon modes

. (TPMs) which are tied to the interface of a semi-infinite two-phase metallodielectric superlattice

with an arbitrary homogeneous capping medium. Such modes offer new ways of achieving high
electromagnetic field localization and spontaneous emission enhancement in the vicinity of the
interface in conjunction with absorption loss management, which is crucial for future applications.
The homointerface, formed when the capping medium has the same permittivity as one of the
superlattice constituents, is found to support a TPM whose dispersion overlaps the single-interface
surface plasmon polariton (SPP) dispersion but which has a cut off at the topological transition point.
In contrast, a heterointerface formed for an arbitrary capping medium, is found to support multiple
TPMs whose origin can be traced by considering the interaction between a single-interface SPP and
the homointerface TPM burried under the top layer of the superlattice. By carrying out a systematic
comparison between TPMs and single-interface SPPs, we find that the deviations are most pronounced
in the vicinity of the transition frequency for superlattices in which dielectric layers are thicker than
metallic ones.

The development of nanofabrication techniques has recently enabled the experimental demonstration of various
artificial materials consisting of subwavelength metallodielectric elements - metamaterials, designed to exhibit
peculiar optical properties that are not present in conventional media'. Aimed at gaining control over light prop-
agation, any artificial optical material must rely on a high radiation confinement and low losses in the structure
composites®. Surface modes on metal-dielectric interfaces offer a high radiation confinement to the surface, but
the presence of intrinsic dissipation in the metallic component imposes severe restrictions to their applications.

Among a variety of metamaterials that have been designed and fabricated so far, the so-called hyperbolic
metamaterials (HMMs) have attracted a rapidly growing attention®, as high quality ultrathin metal films can
be grown’ yielding metallodielectric superlattices that support electromagnetic modes with very high wave-
numbers and large photonic density of states that enables unprecedented ability to access and manipulate the
near-field coming from a light emitter or a scattering source®®. HMM:s can be composed of alternating metal
and dielectric layers, of an array of metallic nanowires embedded in a dielectric and different other 2D and 3D
metal-dielectrics’.

The aim of the present paper is to investigate the fundamental properties of surface plasmon modes localized
at the planar interface between an arbitrary semi-infinite medium, metal or dielectric, with a semi-infinite met-
allodielectric superlattice. The term superlattice is used to emphasize the periodic arrangement of alternating
metal and dielectric layers. Because of the analogy with electronic states localized at crystal lattice interfaces,
we refer to these surface waves as Tamm plasmon modes (TPM). Surface optical waves at an interface between
a metal and a purely dielectric superlattice (i.e. dielectric Bragg mirror), here referred to as Bragg TPMs, have
been considered previously®='°. The fact that such Tamm plasmons appear within the dielectric light cones in
both s- and p-polarization, inside the band gap of the Bragg mirror, makes them interesting for applications in
lasers!!, photodetectors'?, engineering of spontaneous optical emission'” and chemical and biological refracto-
metric sensors'>,

Yinstitute of Physics Belgrade, Center for Solid State Physics and New Materials, University of Belgrade, Belgrade,
11080, Serbia. 2Institute of Chemistry, Technology and Metallurgy, Center Of Microelectronic Technologies,
University of Belgrade, Belgrade, 11000, Serbia. Texas A&M University at Qatar, Doha, P.O. Box 23874, Qatar.
Correspondence and requests for materials should be addressed to G.1. (email: isicg@ipb.ac.rs)

SCIENTIFICREPORTS | 7:3746 | DOI:10.1038/s41598-017-03497-z 1


http://orcid.org/0000-0002-6841-9356
http://orcid.org/0000-0003-4242-8809
mailto:isicg@ipb.ac.rs
https://doi.org/10.1038/s41598-018-22652-8

www.nature.com/scientificreports/

(a) tdmeiqmz (c)
N\NNNA»
—igmz
ae /
€4 </\/V\/\iqm .
dielectric T\I}l\‘}?,?,,

Figure 1. Schematics showing the general properties of stratified two-phase metallodielectric systems with
an odd number of interfaces. (a) Two possible magnetic field variations which fulfill the interface boundary
conditions. (b) Definition of Fresnel reflection and transmission coefficients. (c) Magnetic field of a mode
fulfilling both the interface and boundary conditions at infinity.

In contrast to Bragg TPMs, the dispersion curves of metallodielectric TPMs have not been discussed sys-
tematically in literature so far. Metallodielectric TPMs are related to the traditional surface plasmon polaritons
(SPPs) in that they are in-plane, p-polarized evanescent waves, but they stem from the hybridization of many
single-interface SPPs of the metallodielectric superlattice and dielectric gap polaritons. The TPMs lie outside the
dielectric light cone like the conventional SPPs and thus cannot escape from the flat interface, they appear when
both the dielectric and metal layers are deeply subwavelength and have finite lateral group velocities. An impor-
tant difference between Bragg and metallodielectric TPMs, perhaps crucial for tailoring spontaneous emission,
is that the later exist even at the interface with air while the former are always buried beneath the interface with
the Bragg mirror.

The current relevance of metallodielectric TPMs comes from recent reports on spontaneous emission
enhancement by metallodielectric superlattices'>~!” from which it is evident that they strongly affect the photonic
density of states of an interface although a systematic understanding of their role is still lacking.

We analyze the conditions for the TPM existence for both metallic and dielectric capping layers, and deter-
mine their dispersion, propagation lengths as well as the TPM resonance strength quantified by the reflection
coeflicient residue at the TPM pole, which is proportional to the power a point dipole placed close to the interface
would emit into the mode!®. We also analyze the predictions made within the effective medium approximation
(EMA), which becomes accurate in the limit of vanishing layer thicknesses.

Two-phase stratified systems. We start with a reasoning requiring the use of single-interface boundary
conditions only with minimal technical details. In spite of its deceptively simple appearance, it allows us to reach
a general result regarding the existance of a particular surface mode in an arbitrary two-phase metallodielectric
system and offers the explanation for some surprisingly simple properties of homointerface TPMs. A rigorous
transfer-matrix-based method is then used in the remainder of the paper to confirm the general statements of this
section for the particular case of a two-phase system involving a semi-infinite metallodielectric superlattice whose
periodicity allows us to find closed-form solutions at the homointerface.

Starting from macroscopic Maxwell equations in which a dielectric and metallic medium are characterized
by relative dielectric permittivities ¢4 and ¢, the boundary conditions imposed on a p-polarized surface wave on
the planar interface between two media, with transverse wavevector components g; (i=d, m), are found to imply?

oag +a, =0, a‘zg—, i=d, m. "
i

Assuming that the z-axis is perpendicular to the interface and oriented towards the metallic medium, the
fields of the surface wave are proportional to exp(—iqqz) and exp(ig,2), in the dielectric and metal medium
respectively, from which it follows that the imaginary parts of both g; must be positive in order to meet boundary
conditions at infinity. This case corresponds to a magnetic field whose magnitude has a peak at the interface, as
indicated by the top curve in Fig. 1(a).

However, Eq. (1) remains fulfilled if g; are both replaced by —g;, corresponding to fields growing exponentially
away from the local minimum at interface, as depicted by the bottom curve in Fig. 1(a).

Introducing the Fresnel reflection and transmission coefficients as

— Qg — Oy -1
Tdm ag + oy, > tim + T (2)

for incidence from the dielectric side, and

"md = ~Tgm  Imd =1+ Tmg=1—f4m (3)
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Figure 2. Magnetic field variation on homointerfaces for (a) dielectric and (b) metallic capping medium. The
requirement that the Bloch anvelope, indicated by dashed lines, decays towards infinity on the right, yield the
condition that k4ty < Kty and Kgty > Kty for (a,b), respectively. Note that the values of k4 and ,, used in
panels (a,b) differ.

for the opposite incidence, the case of field having the peak at the interface is seen to represent the scattered field
for an incoming wave from either medium, when |ry,,| diverges, which is equivalent'’ to Eq. (1).

The analogous explanation of how the solution growing away from the interface arises, is found by assuming
two waves are incident on the interface, the one from the dielectric side with unit amplitude and the other with
complex amplitude a, as depicted in Fig. 1(b). By chosing a = r4,,/(r4,, — 1), the fields going away from the inter-
face cancel out when r,,,, has a pole, leaving only the incoming components which correspond to the exponential
growth away from the interface.

The significance of the latter solution to interface boundary conditions becomes apparent when additional lay-
ers with permittivities €4 and €, are inserted between the semi-infinite dielectric and metal media, which means
adding an even number of interfaces to the initial one. Now it is seen that if the boundary conditions at each
interface are satisfied by alternating field maxima and minima, as depicted in Fig. 1(c), the boundary conditions
at infinity will also be fulfilled, meaning that the obtained field will represent a surface mode of the multilayer.
Therefore, any metallodielectric multilayer capped by the semi-infinite dielectric on one side and the metallic
medium on the other, will have at least one surface mode whose transverse wavevector components fulfill Eq. (1),
which implies that its dispersion curve is identical with the single-interface SPP dispersion curve

€d€m

ﬁ =k >
dm 0, 5d+5m (4)

where (4, represents the complex amplitude of the longitudinal (parallel to interfaces) wavevector component
and ky = w/c is the free-space wavenumber.

To see the implications of this general result for semi-infinite metallodielectric superlattices, we consider a
surface wave, henceforth referred to as TPM, with a dispersion given by Eq. (4). The first condition it has to satisfy
on a semi-infinite superlattice capped by a dielectric, as depicted in Fig. 2(a), is that it decays exponentially to the
left, meaning that moving to the right, it has to decay in metallic layers and grow in dielectric ones. Denoting by ¢,
the layer thicknesses and «; the imaginary part of g;, we see that the field amplitude is multiplied by exp(—£,t,,,)
and exp(rq4ty) in passing through the metal and the dielectric layer, respectively, meaning that passing through
one unit cell, its amplitude is multiplied by exp(—k,t,, + K4ty). The second condition imposed on this TPM is that
it decays towards infinity on the right side, therefore a TPM on the dielectric-capped superlattice can exist only if

Repeating the above reasoning for the metal-capped superlattice, the field amplitude is seen to be multiplied
by exp(kyt, — Kqtg) in passing each unit cell, so a TPM with dispersion given by Eq. (4) will exist if the opposite
is true

In the following section we show rigorously that the homointerface supports only the TPMs given by Eq. (4),
in conjunction with conditions (5) or (6), depending on the capping medium. Under such circumstances, the
reasoning applied in this section has a purpose of giving an intuitive explanation of several coincidences that
might not have been expected. One interesting point to note here is that if the two possible homointerfaces of a
given semi-infinite superlattice are considered, one being capped by the dielectric and the other by the metal con-
stituent medium as in Fig. 2(a) and (b), at any given frequency w only one of the conditions in Egs. (5) or (6) can
be fulfilled, so only one of them can support a TPM. This hints that in drawing the schematics in Fig. 2, different
values of w have been assumed for panels (a) and (b).
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Figure 3. Schematics of the homointerface geometry used in the transfer-matrix method. The £, medium
extends from left infinity up to the interface at z=0, after which the superlattice is formed by periodically
repeating the unit cell comprising a ¢, and ¢, layer.

Homointerface. The general geometry of the problem is sketched in Fig. 3. The capping medium permittiv-
ity is assumed equal to one of the lattice constituents, ,, while the second medium permittivity is £,. This system
will henceforth be referred to as homointerface. In determining the fields, we follow the transfer-matrix method
of ref.? For completeness and due to some minor differences in notation, here we briefly summarize the main
aspects of the method.

The trasverse field phasor F in the n-th unit cell is represented as a sum of the forward and backward prop-
agating plane wave amplitudes, denoted by a, and b, in medium ¢, and by ¢, and d,, in the second medium. F
corresponds to the electric or magnetic field for a s- or p-polarized wave, respectively. The wave amplitudes a,, b,
of adjacent unit cells are related by the translation matrix

Ay 1 a, [A B
=T, |, T= \
bnfl bn ¢ D (7)
whose elements are given by
A = et cos(q,t,) — l[% + ﬂ]sin(qztz) ,
2la; o (8)
B— _eiqltzl[% _ ﬂ]sin(qztz),
20, o )
C= eiqltzi[% - ﬁ]sin(qztz),
2 (10)
D = it cos(q,ty) + i[& + ﬁ]sin(qzt‘z).
2l o (11)

Here g; represent the complex wavector z-components, related with the longitudinal (in-plane) component 3
via the dispersion relation of each layer

q, =+ ek — 3°, Im{g} >0, (12)

with £ denoting the sign that gives g; with a non-negative imaginary part. In case of s-polarization, a;=g; while
for p-polarization o; = g;/¢;, as before.

From the above, T is seen to be unimodular for any (real or complex) ¢; or g;. It further implies that the prod-
uct of its two eigenvalues is unity, so they can be written in the form e*Xf, where L=1, + t, and K is the Bloch
wavenumber. Here we define K so that exp(iKL) corresponds to a wave propagating towards positive infinity,
meaning that

Im{K} > 0,

eiKLIA—’_Di [A+D]2_1,
2 2

(13)

where + denotes the sign giving a non-negative imaginary part of K.
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Figure 4. Bulk band structure (shading) and TPMs (thick lines) of one typical example for each the two
possible band structure topologies. (a) tq > t,,, with wy < wy,,, leading to an intersection of the bands at wy.
Here titanium dioxide and silver are assumed with ¢, =20 nm and £, = 10 nm. (b) £, > t,, leading to wy < wy,
meaning that the upper and lower bulk bands do not intersect. Here t; =10 nm and t,, = 20 nm is assumed for

titanium dioxide and silver, respectively.

Before proceeding further, the basic aspects of dissipation should be clarified. At visible and infrared fre-
quencies, the dominant source of dissipation, by far, are intra- and inter-band electronic transitions in the metal.
Therefore, we assume that the dielectric has a purely real relative permittivity €= 6.76, corresponding to titanium
dioxide, while for metal we use the silver Drude-Lorentz parametrized experimental data from ref.!. A conven-

ient method?? to treat the problem of losses is to introduce a modified dielectric function of the metal via the
(14)

(1) &
Em = Em-

perturbation parameter p
e\P = Refe,,} + ipIm{e, },

Setting p to unity recovers the original €, while reducing it towards zero approaches smoothly the lossless
case £ in which the optical eigenmodes can properly be defined. The latter are thus used as a convenient scaffold
on which quantities calculated with real loss are projected. The eigenmodes of a lossless infinite superlattice,
henceforth referred to as bulk modes, are defined as solutions of Eq. (13) having both their eigenfrequency w and
wavevector k= (8, K) purely real.

Depending on the relative thickness of the dielectric, 4, and metal, ¢, layers, the band structure of the infinite
superlattice is known to have one of two possible topologies, corresponding to ¢4 > t,, and f4 < t,,, as indicated
by the shaded areas in Fig. 4(a) and (b). In this paper we carry out concrete calculations for one representative

example from both classes: t;=20nm, 3= 10 nm, shown in Fig. 4(a), and t;=10nm, t,, =20 nm, in Fig. 4(b).
A general property of the f;> t,, class is that the upper and lower bulk bands intersect® at a frequency wy we
shall refer to as the transition frequency. In the literature, wy is sometimes'® referred to as the topological transi-
tion point since the band topology changes when crossing wr. It can be shown?? that wr is defined by the condition
(15)

tigg + tmEm(wr) = 0,
(16)

which can alternatively be stated as
€H(UJT) =0,

with g denoting the average in-plane permittivity (or the in-plane permittivity tensor component in EMA)
17)

n=—

g =mne + (1 = ey,
L
While it is obvious that wy can be engineered by varying the thickness of layers in the metallodielectric super-
lattice, it is interesting that its value does not depend on the actual layer thicknesses but only on their ratio t4/t,,.
The bulk bands of the t4 < t,, class are separated by B4,,(w) which lies between them. The band edges shown
by thin (black) lines in Fig. 4 correspond to solutions having cos(KL) =1 (inner boundaries) and cos(KL) = —1
(outer boundaries). In a lossy system, however, there is no strict definition of band edges, but rather a continuum
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of modes in the 3 — w plane whose lifetime and propagation lengths increase rapidly around the band edges of
the lossless system?.

Having defined the bulk bands of the superlattice, we are now ready to discuss the surface modes of the
semi-infinite superlattice, i.e. the TPMs. By definition, the surface mode at a planar interface must be located
outside the bulk bands of both the capping medium and the superlattice, meaning that it must be represented by
a point in the 3 — w plane outside both the light line and the shaded regions in Fig. 4.

TPM:s are identified as poles of the reflection coeflicient r of an incoming wave from the capping layer. The
reflection coefficient r for the semi-infinite superlattice is determined as the N — oo limit of the reflection coefhi-
cient ry of a system comprising N unit cells, such that the ¢, medium of the N-th unit cell is semi-infinite. In that
case®, ay, by are related with ay, by via TN while ry is defined as the ratio of b, and a, when there is no incoming
wave in the N-th layer. Using the known expression? for TV, we find

B C
" A — sin([N — 1]KL)/ sin(NKL)" (18)

N

with A and C given by Egs. (8) and (10). Remembering that K has at least an infinitesimaly small positive imagi-
nary part, we find

Sln([N — I]KL) _ eiKL

im =,
N—oo  sin(NKL) (19)
and finally
= i = —_—
T NN A — el (20)

The condition for the existence of a TPM is that r diverges which happens when

A= (21)
Combining Eq. (13) with Eqs. (8) and (11), the necessary condition for Eq. (21) to hold in a non-trivial case
is found to be

; + a, = 0. (22)

Since this is equivalent with Eq. (1), a TPM can exist only in p-polarization while its in-plane wavenumber
must be qual to that of the single-interface SPP Srpy(w) = Bna(w).
Combining Egs. (21) and (22) for p-polarization gives

_ qztl - qltl
L

K = —OtlE” = O£2<€H.

(23)
Since K has a non-negative imaginary part by definition, we find that a TPM can exist on a homointerface
only if

Im{—aleH} = Im{azeu} > 0. (24)

For a dielectric-capped homointerface, where €, = ¢, Eq. (24) requires &) to be negative in the lossless limit, mean-
ing that the TPM exist only for frequencies up to wy, as indicated by the thick solid blue curves in Fig. 4(a) and (b).
In contrast, the metal-capped homointerface, where €, =¢,,, supports a TPM only above wr as g must be positive.
As wy is below the surface plasmon resonance frequency wy,, (the upper frequency limit for SPP propagation), only
if ty>t,,, a TPM on a metal-capped homointerface exists only in the ;> t,, class of superlattices, as indicated by the
thick solid red line in Fig. 4(a).

Solving for Eqgs. (22) and (24) with loss taken into account yields complex values for B1py(w), the real part of
which is drawn in Fig. 4(a) and (b) by thick dotted lines. We find that, quite generally, at any given frequency w
a TPM mode with Srpy(w) = Bna(w) exists either on the metal- or dielectric capped superlattice, which is mani-
fested by the fact that taken together, they form the complete SPP dispersion curves (3, (w) in Fig. 4(a) and (b).
In the lossy case, some subtleties arise regarding the inequality in Eq. (24), as indicated by the fact that the
metal-capped ¢4 > t,, homointerface is found to support a TPM above around 3.82 eV. Such modes, however, exist
only formally as their lifetimes are way too short to be relevant.

The above transfer-matrix-based homointerface TPM analysis thus shows formally that the TPM eigenmodes
discussed on general grounds in Section "Two-phase stratified systems" are, in fact, the only possible surface
modes and that they have properties very similar to single-interface SPPs. Before proceeding with details showing
the important differences between the two, we briefly look at the problem from the EMA perspective.

In EMA, the layer thicknesses t; are assumed to be negligible relative to any length scale relevant for wave
propagation, so the superlattice is described by two dielectric permittivities ¢ and ¢ |, with the former having

been defined previously in Eq. (17) and the latter given by
(o
(I = me, + 1g, (25)

The reflection coeflicient for a p-polarized wave incident from a semi-infinite medium ¢, is
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Q) — Qremy 9ema

Tema = > Qema = >

Qp + Qg g (26)

while the transverse wavenumber in the effective uniaxial medium is

=+ kZ _ E” 2 >
Qerma = EH 0 _ﬁ ’ Im{qema} = 0.
& (27)

The dispersion of the surface mode at the interface between ¢, and the uniaxial medium is obtained as

g (e — &)
ﬂema == kO, Lzl > Im{/gema} Z 0.
€”€J_ — & (28)

Replacing ¢ and €, by expressions given by Eqs. (17) and (25), we find that ., = B4y, Since the divergence
Of 7, TEQUTeS g, = —1€)),  comparison with Eq. (23), shows that the perpendicular component of the wave
in EMA is equal to the Bloch wavenumber

K= qema' (29)

Therefore, EMA describes correctly not only the dispersion and condition for the existence of the TPM, but
also its transverse extension into the superlattice quantified by the penetration depth

L __ 1
Im{K}  Im{q,,,}’ (30)

The overlap of complex dispersion curves B4, (w), Brpm(w) and Bema(w), corresponding to the single-interface
SPP, TPM and the EMA surface wave, is somewhat unexpected considering that it implies an idential modal
decay dynamics which is known to be determined by how is the modal energy distributed in space?’. The fact that
these three modes have a very different field variation in the direction perpendicular to the interface while sharing
the same dispersion curve is, evidently, a consequence of the simple rule by which the boundary conditions in a
two-phase stratified system can be fulfilled, as discussed in Section "Two-phase stratified systems", which allows
the ratio of the total field energy residing in the dielectric and metal medium to remain invariant upon the inser-
tion of an arbitrary number interfaces (as long as their total number is odd).

The manner in which the presence of a surface mode modifies the optical properties of an interface is deter-
mined by how the reflection coefficient r(/3), considered as a function over the complex 3 plane, behaves in the
vicinity of the associated pole (3. For example, ref.'® shows that the power emitted by a dipole located in the
vicinity of a metal-dielectric interface is proportional to the residue a,,. of r(f3) at 3, evaluated as

L1 g s
pole 27 Jy B - Bpole’ (31)

where «y denotes a positively oriented contour around (3, in the complex 3-plane, sufficiently small so that 7(3)
is analytic within it (i.e. avoiding the branch cuts associated with g;).
The analytic expression for the single-interface SPP residue has been reported in ref.'®

2e,€
- 12
Aspp = 3 By

el — ¢ (32)

Since the homointerface TPM and the EMA surface wave dispersion curves overlap with the SPP, it is straight-
forward to show that their residues are given by

sin(q2 t, — qltl)

a = a, >
TPM exp(ig;t,)sin(q,t,) PP (33)

where g, and ¢, should be evaluated at O1py;, and

f &
1+ L Ztig |
1—fe,) ™

respectively. The last two equations hold only if the mode exists while in case it does not, the corresponding res-
idue is zero.

Comparing the magnitudes of a,, arpy and Gy, in a £4> t,, type dielectric-capped superlattice, both |arpy]
and |a,,| are seen to decrease monotonously as w is increased towards wy, Fig. 5(a) (blue line). This happens
because the argument of the sine function in arpy in Eq. (33) is, according to Eq. (23), proportional to ¢, and
thus decreases close to zero (or becomes exactly zero in the lossless limit) at wy. Since |d,| is the limit of |arpy|
for vanishing layer thicknesses (this holds by definition of EMA and is also evident by taking the t,— 0 limit of
Eq. (33)) it is depicted by dotted lines and indicates the possible trend of the |arpy| spectra in case the layer thick-
nesses are scaled down. Above wy, the TPM mode of the dielectric-capped homointerface disappears, meaning

aema =

(34)
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Figure 5. Left panels: residue at the TPM and SPP mode, drawn for the (a) ;> t,, and (c) ¢4 < t,, examples,
respectively. Righ panels: penetration depths into the superlattice for (a) £y > t,, and (c) ¢4 < t,,, examples,
compared with the corresponding SPP penetration depth.

that |arpy| drops to zero. In order to simplify Fig. 5, the curves corresponding to |appy| = 0 are omitted, so in
Fig. 5(a) the blue and red curves are discontinued at w=wr. In the lossless limit (not shown), |arpy| becomes
exactly zero at wr.

The opposite trend of |arpy| is observed for the £, >t type metal-capped superlattice, where |arpy| starts from
small values (zero in the lossless limit) at wy and approaches |ay,,| as w goes to w,,. The disappearance of the TPM
resonance around wry is accompanied with a delocalization of the mode energy across the superlattice, as seen in
Fig. 5(b). In the lossless limit, the penetration depth 6 of the TPM mode diverges at wy, while in the real lossy case
shown in Fig. 5(b), é reaches values up to around 10 microns. The penetration depth of the single-interface SPP
shown for reference (black line), varies only a bit between 20 and 30 nm over the infrared and visible frequencies,
up to wy,, where it has a dip.

For the 4 < t,, class of superlattices, a simpler behavior is found, as depicted in Fig. 5(c) and (d). Here |arpy|
is only slightly below |ag,,|, while the TPM penetrates only slightly more into the superlattice, showing no pro-
nounced spectral variations.

Figures 5(a) and (c) show that the EMA description of homointerface TPMs is not entirely accurate, after all.
The fact that a,,, differs from apy; means that EMA does not account properly for the TPM contribution to the
reflection coefficient, meaning the it will give an erroneous TPM dispersion if any additional interface is added,
as it is the case with a heterointerface.

Heterointerface. A heterointerface is obtained when the capping medium permittivity ¢, differs from the
permittivities €, €, of the two superlattice constituents, as shown in Fig. 6. The notation is chosen so that ¢,
denotes the permittivity of the top layer of the superlattice, which is shown below to play a major role in deter-
mining the types of TPMs supported by the interface. Denoting by a and b the plane wave amplitudes of the
incoming and scattered wave, the heterointerface reflection coefficient r,, is defined as their ratio for excitation
from the capping medium. Introducing the auxiliary reflection coefficient
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Figure 6. Schematics of the heterointerface geometry. It is obtained from the homointerface geometry in

Fig. 4 by replacing the semi-infinite ¢, medium with a semi-infinite medium ¢, extending from left infinity up
to z = —t), so that the structure remains invariant for z> —t,. In the text we show that the TPM properties are
determined by a combined interaction of the newly added ¢, — ¢, interface at z= —¢, and the homointerface at
z=0 buried under the top ¢, layer of the superlattice.

Q, — o

r,=—4—,

Q, + 251 (35)
which corresponds to reflection on a single interface between ¢, and €, the total reflection coefficient is obtained
as

T, + rexp(Ziqltl)
Thet = T o "
¢ 1 + rrexp(2ig,t;) (36)
The condition for the existence of a TPM mode in the non-trivial case (r,= 0 and r = 0) is that the denomi-
nator vanishes

1 + rrexp(2igt) = 0, (37)

where we recognize the typical condition for a cavity resonance, with r, and r being the mirror reflection coefhi-
cients. In ultrathin films considered here, the real part of phase 24, ¢, is much below 7, meaning that the hetero-
interface TPMs are not expected to have a Fabri-Perot character but to be formed by the modification of poles of
either r, or r, as the rapid variation of the reflection phase in their vicinity allows the condition in Eq. (37) to be
satisfied.

For a given frequency w, the complex in-plane wavenumber of a TPM fulfilling Eq. (37) will be denoted by
B(w), with n=1, 2, ... enumerating the existing TPMs. In contrast to the homointerface case in which only one
TPM is allowed while the dependence of Fypy on w is given by an analytic expression, here multiple solutions may
exist while 3,(w) cannot, in principle, be expressed analytically. Therefore, we look for TPM modes by evaluating
Thet(w, B) in the 3 — w plane’® and use the fact that the local density of optical states p(w, () at the interface is pro-
portional® to the imaginary part of 1, so that sharp maxima of |Im{r;.}| signal the presence of a TPM.

Typical . maps for t; >t heterointerface types are depicted in Fig. 7(a-d), with lossless single-interface
€4 — 5,5]0) andeg, — 51510) SPP dispersion curves denoted by (,4(w) and (3,,,(w) drawn for reference. In order to
sharpen the map features, we compare the maps corresponding the actual silver permittivity e, (right panels of
Fig. 7) with ones obtained by assuming reduced losses, i.e. £’ with p < 1. Here we use p = 0.1, as it is found to be
sufficient for reliably resolving the TPM dispersion in the 3 — w plane. As expected, the |Im{r;.}| has higher val-
ues within the bands, and decreases rapidly with crossing the band edges indicated by thin (black) solid lines. The
TPM modes show up as dark bands in the 3 — w plane outside of the bulk bands.

A formal justification for relating the properties of the two maps is based on perturbation theory?> which
shows that, up to the first order, the real part of the modal wavenumber Re{g,} is independent on the pertur-
bation parameter g=Im{e}/e,,, while Im{{3,} has a linear proportionality. Therefore, the sharp maps in the left
panels of Fig. 7 are used for estimating the complex 3,. The estimated value is then used as a starting guess for
a Nelder-Mead minimization method?® implemented numerically, which finds the solutions for 3,, with high
accuracy, as the minima of the absolute value of the left-hand side in Eq. (37).

In the case of a metallic top layer of the ;> t,, heterointerface, two TPM modes, TPM-1 and TPM-2, are iden-
tified, as indicated by thick enumerated (red) lines in Fig. 7(b). The curves representing Re{/3;(w)} and Re{3,(w)}
are seen to correspond well to the sharp peaks in the vicinity of 3,,(w) and 3,,4(w) curves in Fig. 7(a). At first, it
might apear unusual that we do not consider the dark band in Fig. 7(a) appearing slightly above wj,,, and having
a negative slope. We have found that, although formally a TPM mode, it is so far from the real §-axis that the
associated propagation length is in the nanometer range, which makes it effectively indistinguishable from the
air-silver surface plasmon resonance. The fact that this band appears as sharp in Fig. 7(a) as TPM-1 and TPM-2,
while numerical calculations show it is dissipated much more, indicates that the perturbation picture does not
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Figure 7. Maps of |Im{r}| drawn in logarithmic scale with the colormap chosen so that all values outside the
(—3, 2) interval are saturated. Top panels are drawn for superlattices terminated by a metallic layer (¢, =¢,),
while the bottom ones correspond to a dielectric top layer (¢, =¢,). Left panels: maps obtained by multiplying
the imaginary part of the silver permittivity by p=0.1 in order to sharpen the features and render TPM:s visible.
Right panels: maps obtained by taking the loss fully into account. All maps correspond to the ;> t,, example.
The two slanted dashed lines represent the €, and ¢, light lines.

work well above the top bulk band. Indeed, in the vicinity of wy,,, the real and the imaginary part of €,, have
comparable magnitudes, meaning that |g| is not small compared to unity as required by perturbation theory*.
The fact that TPM-1 and TPM-2 in Fig. 7(b) arise by a modification of the metal-capped homointerface TPM
and the single-interface £, — €, SPP, respectively, can be shown by considering Eq. (37). Assuming first that |r,ex-
p(2ig,t,)| is small around the Brpp(w) pole of 7, so that the 3,(w) pole of 71, is close to Brpy(w), r can be written as

a
r(w, ) ~ V3 S—
B = Brem(w) (38)
which combined with Eq. (37) yields
Bi(w) ~ Brpy(w) — arpyr,exp(2igt). (39)

This shows that if the heterointerface is obtained by gradually changing the capping permittivity from ¢, to ¢,,,
the dispersion curve 3,(w) gradually evolves from (ypy(w), with a deviation increasing as r, increases and with
a factor proportional to the homointerface TPM residue arpy. Another important implication of Eq. (39) is that
using EMA does not yield a correct dispersion of heterointerface TPMs because a.,, differs from arpy,.

Repeating a similar analysis but now assuming 3,(w) is in the vicinity of 3,,,(w), we find

Byw) = Bim(w) — agyp, Jrexp(2ig;t), (40)
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interface SPPs.
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Figure 9. Maps of |Im{r;}| fully analogous to those drawn in Fig. 7, except that here the fy < t,, example is
considered.
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Figure 10. Left panels: residue at the TPM and SPP modes, drawn for the (a) ;> t,, and (c) f; < t,, examples,
respectively. Righ panels: penetration depths into the superlattice for (b) t; > t,, and (d) ¢, < t,, examples,
compared with the corresponding SPP penetration depth. SPP and SPPa stand for the ¢4 — ¢, and e, — ¢,
interface SPPs, respectively.

which shows that 5,(w) will be very close to 3,,(w) if |r exp(2ig,t,)| is small which e.g. is a good approximation
for t, =t,, =20 nm, or higher. Equations (39) and (40) thus allow us to classify the heterointerface TPMs into
homointerface-like (TPM-1) and SPP-like (TPM-2).

The bottom two panels of Fig. 7 show the case in which the ¢, > ¢, superlattice is terminated by the dielectric
layer. Here only one solution, TPM-3, exists which evidently originates from the dielectric-capped homointerface
TPM meaning it falls under the homointerface-like TPM type.

The thick TPM dispersion curves in Fig. 7 show the real part of the modal in-plane wavenumber [3,. The cor-
responding imaginary parts determine the lateral propagation length of the mode

L”,n = 1 .
Im{g,} (41)

The values obtained for the realistic (lossy) case are shown in Fig. 8(a), together with reference values cor-
responding to SPPs on ¢4 — ¢, (denoted as SPP) and ¢, — ¢,,, (denoted as SPPa) single interfaces. At lower fre-
quencies, both TPM-2 and TPM-3 are seen to have L values between the two single-interface SPP limits. As
wr is approached, the propagation length of TPM-3 drops which is a result of the reduced group velocity, cf. the
reduced slope of TPM-3 in the vicinity of wy in Fig. 7(d). The L value of TPM-2 also drops above wy, but here the
reason is that it hybridizes with bulk modes in the superlattice and free space modes in the ¢, light cone and leaks
away from the surface, cf. Fig. 7(b) where the thick (red) line denoted by 2 is seen to enter the ¢, lightcone once
it enters the upper bulk band. Finally, TPM-1 is seen to have extremely low propagation lengths (below 100 nm)
over the entire spectrum in which it is supported, which is the concequence of the vicinity of the SPP resonance
at wg,,,,.

Apﬁalogous Thee maps obtained for the ¢4 <t, example are plotted in Fig. 9(a-d). As here wy > wy,,
homointerface-like TPMs appear only in the case of a dielectric top layer, as indicated by the TPM-2 and TPM-3
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lines in Fig. 9(d). The shape of the TPM band indicated in Fig. 9(c) shows that the effect of replacing titanium
dioxide by air as the capping medium blueshifts the homointerface TPM and deforms it so that its slope becomes
zero around S~ 35 ym™" and negative for larger 3. This implies that at frequencies slightly above wy,, there are
two TPM modes, which is confirmed by the numerically found TPM-2 and TPM-3 dispersion curves in Fig. 9(d).
Here it should be noted that the TPM-3 curve represents —Re{;}(w), i.e. the actual dispersion curve lying in the
< 0 half-space is folded to the positive sided for a compact representation, see also refs?>*, for further discus-
sion of this topic.

The TPM mode of the t4 < t,,, superlattice with metallic top layer is a modified €, — €, single-interface SPP, as
evident from its dispersion in Fig. 9(a) and (b), where it is seen to closely follow the 3, (w) curve, up until hybrid-
izes with modes from the upper bulk band after which the pole shifts into the ¢, light cone and starts leaking out
into both the superlattice and capping layer propagating modes. The propagation lengths of the TPM modes of
the ¢4 < t,,, example are shown in Fig. 8(b).

The resonance strength and confinement degree of heterointerface TPM modes for the considered two super-
lattice types is summarized in Fig. 10(a—d). Perhaps the most relevant case is that of the ;> ¢, supperlattice with
a dielectric top layer supporting TPM-3 depicted in Fig. 10(a). Similarly as its homointerface counterpart, by the
perturbation of which TPM-3 is formed, the resonance strength of this mode is seen to rapidly decrease as wr is
approached while it becomes delocalized across the superlattice, as seen in Fig. 10(c).

Summary and conclusion. This paper presents a systematic analysis of surface waves on two-phase
semi-infinite metallodielectric superlattices. As their character is determined by the properties of the periodic
arrangement of unit cells, in analogy with surface electronic states in crystals, these waves are termed Tamm
plasmon modes.

It is shown that if the capping medium has the same permittivity as one of the superlattice constituents, a case
referred to as the homointerface, TPM modes can exist only along the single-interface SPP dispersion curve and
that there exists a critical frequency wy which represents the upper limit for the TPM existence in the dielectric-
and the lower frequency limit in the metal-capped superlattice and is determined by the superlattice composition
and relative layer thicknesses. This fact is particularly relevant if wy is below the SPP resonance frequency, which
happens if the dielectric layers are thicker than the metal layers. Both the dielectric- and metal-capped TPMs
become delocalized across the lattice when wr is approached, while the strength of the corresponding resonance,
quantified by residues of the reflection coefficient at the associated poles, dies out.

The heterointerface, where the capping medium permittivity differs from that of the superlattice constituents
and most relevant in practice as it includes the case of the superlattice exposed to air, is found to be exhibit a
more complex behavior. We show that the heterointerface TPMs can be analyzed as resulting from either the
capping-top layer interface, or an homointerface TPM located at the interface between the top layer and the rest
of the superlattice. The homointerface-like TPMs, originating from the latter group, are found to also exhibit the
critical behaviour around wr.

In view of the significance of the effective medium approximation for the ongoing research on hyperbolic
metamaterials, we have also compared its predictions against the exact theory. Somewhat surprisingly, we find
that EMA accurately describes several important aspects of homointerface TPMs with arbitrary layer thicknesses,
including the critical behaviour, but that it fails entirely in the heterointerface case.

These results are important for engineering the optical properties of semi-infinite metallodielectric superlat-
tices which have recently been receiving strong attention in connection with enhanced spontaneous emission into
the bulk superlattice modes. The analysis reported here should help quantify the individual contributions of the
bulk and TPM modes in the total optical density of states at the interface and thus tailor the amount of emitted
light that propagates through the superlattice or stays tied at the interface, respectively.
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Abstract Surface plasmon polaritons (SPP) are electromagnetic waves bound by the
collective oscillations of free carrier plasma to the surface of a conductor surrounded by
dielectric. These waves can be localized, concentrated or manipulated simply by process-
ing the conductor surface. The choice of a convenient conductor is quite limited by the
availability of natural materials and strong absorption losses associated with free electron
plasma. For this reason new alternative plasmonic materials are actively being researched
and developed. Most common approaches to this problem include doping of nonmetallic
materials and fabrication of metal-dielectric nanocomposite metamaterials. In this contri-
bution we perform an analysis of the suitability of the use of the heterometallic multilayers
consisting of copper and nickel. Copper is an excellent plasmonic material, but the problem
is formation of natural copper oxides on the surface. Therefore for this purpose a layer of
nickel is used as a protection against oxidation of copper. Laminate composite structures of
alternating nanocrystalline nickel and copper films on a cold-rolled polycrystalline copper
foils were fabricated by electrochemical deposition technique. We simulated the electro-
magnetic properties of subwavelength Cu/Ni multilayers by the 2D finite element method
using realistic material parameters to assess different electromagnetic modes. Our results
show that the pair Cu/Ni can be viewed as an alternative tailorable plasmonic material. It
has also been shown that it is possible to fabricate plasmonic structures without applying
any complex lithographic processes.
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1 Introduction

Plasmonic materials ensure extreme concentrations and localizations of electromagnetic
fields as a consequence of the appearance of evanescent waves (surface plasmons polari-
tons—SPP) in the range of negative values of relative dielectric permittivity (Maier 2007).
The many applications of plasmonics include ultrasensitive chemical sensors, advanced
all-optical devices, enhanced photodetectors, energy harvesting devices and many others
(Ozbay 2006; Anker et al. 2008; Aubry et al. 2010).

Among hurdles to a more widespread use of plasmonics are a rather limited range of
available plasmonic materials (usually good metals like gold and silver) and their high
absorption losses in the range of interest. This is why alternative plasmonic materials are
of great interest (West et al. 2010). Besides using materials like transparent conductive
oxides, highly doped semiconductors, intermetallics and similar, a possible approach is to
combine a plasmonic material with lossless dielectric into mesoscopic or subwavelength
nanocomposites (plasmonic crystals) (Vukovi¢ et al. 2011), thus allowing almost arbitrary
tailoring of frequency dispersion in a spectral range defined by the plasma frequency.

Thin copper films are mostly used in electronic applications due to high conductivity of
copper and low production costs. Together with nickel, copper is the most common choice
for metallic plating (Schlesinger and Paunovic 2011). Furthermore laminar structures of
alternating thin layers of copper and nickel offer excellent approach in tuning mechanical
properties of metallic coatings (Lamovec et al. 2011). Several different techniques have
been developed for the deposition of thin metal films for plasmonic structures (Nagpal
et al. 2009) but an interesting approach for growing of metal and alloy layers is the use of
electrochemical deposition technique. Electrochemical deposition (ED) technique is fully
compatible with other MEMS technologies, it is a low temperature deposition technique
with possibility of easy controlled deposition rate, thickness and microstructure of the
metallic films (Datta and Landolt 2000).

In this contribution we consider the use of bimetallic superlattices, i.e. all-metal 1D
plasmonic crystals consisting of two alternating materials with negative values of their
relative dielectric permittivities as plasmonic materials with tailorable properties. Copper
is a good plasmonic material, but not widely used due to surface oxidation impairing its
electromagnetic properties over time. The layers of nickel, also a plasmonic material, serve
a dual purpose of being a protection against copper oxidation and ensuring formation of
surface waves at the alternating interfaces between the two materials. At the same time, the
multilayers serve as couplers between the propagating and the surface waves. We examine
the optical properties of nickel-copper multilayers numerically, utilizing the finite element
program package Comsol Multiphysics and fabricate nanocrystalline Cu/Ni multilayers
using an ED technique.

2 Theory

We investigate a multilayer structure with individual strata of nickel and copper, each
described by its complex relative dielectric permittivity and thickness. The geometry of
the heterometallic multilayer is shown in Fig. 1a). Coupling of propagating waves to bound
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Fig. 1 a Schematic presentation of geometry of our heterometallic multilayer. Surface relief is visible at
the top of structure; b coupling between the SPP and the TM polarized propagating wave with incident
angle 0 on a diffractive grating (in this case the surface relief on the Cu-Ni multilayer). Yellow area shows
the intensity of the electric field of the SPP versus distance from the interface. (Color figure online)

surface modes is only possible by matching the wave vectors via refractive or diffractive
elements. Impedance matching between the propagating wave (k,,,,) and SPP (kgpp) via
diffraction grating (Ak) is shown in Fig. 1b). This allows for practically arbitrary tailoring
of optical properties by changing geometrical properties of the grating. Diffractive grating
is readily formable by selectively etching one of the two metal constituents.

We assume that the relative dielectric permittivity of each metal is well described by the
lossy extended Drude model (Maier 2007):

?

P
— ] 1
e(w) = €, Tt e (D

where ¢, is the asymptotic dielectric permittivity and y = 1/7 is the characteristic frequency
related to the damping of electron oscillations due to collisions, where 7 is the relaxation
time of the electron gas and o, is the plasma frequency, determined by the concentration of
free carriers

I’L6‘2

W, =
p m*eo

2

where n is the electron concentration, e is the free electron charge, g is the dielectric per-
mittivity of vacuum, and m* is the effective mass of electrons.

3 Experimental procedure

For our experiments we used a polycrystalline Cu foil (125 pm thick) as a substrate for elec-
trodeposition of thin copper and nickel films. For each experiment samples were processed
as follows: substrate preparation, electrochemical reagent preparation, electrodeposition
process and microscopic analysis of samples. Prior to deposition substrate was washed,
degreased and chemically polished in a mixture of acids HNO;:H;PO,:CH;COOH=4:
11: 5 vol%. Copper films were electrodeposited from a sulfate bath consisting of 240 g/l
CuSO4 -5H,0, 40.8 ml H,SO, and deionized water. Process temperature and pH were
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maintained at 25 °C and 0.4 respectively. We used a copper electrode with a cylindrical
shape. The volume of the electrolyte was 100 ml. Nickel films were electrodeposited from
a sulfamate bath consisting of 300 g/l Ni(NH,SO5), - 4 H,0, 30 g/l NiCl, - 6H20, 30 g/1
H;BO;, 1 g/l saccharine with maintained temperature and pH values at 50 °C and 4.2,
respectively. The volume of 500 ml electrolyte, magnetic stirring and pure Ni electrodes
were used. Electrochemical deposition was carried out using direct current galvanostatic
mode with the current density values maintained at 10 mA/cm? and 50 mA/cm?. The depo-
sition time was determined in dependence on the plating surface and the projected thick-
ness of deposits. The electrodeposition efficiency for Cu is about 97-98%, for Ni it is a lit-
tle lower. Ni and Cu films were electrodeposited separately from two different electrolytes.
This technique is known as the Dual Bath Technique (DBT). (Zhang et al. 2015)

Process of revealing the geometry of the multilayer structure started with a perpendicu-
lar cut of the deposited films. The samples were embedded in a self-curing methyl meth-
acrylate-polymer (Palavit G, Heraeus, Germany) and mechanically polished with different
SiC papers and alumina powder with different grain size (1 and 0.3 pm). Rinsing solution
of Na,CO; was used to avoid agglomeration of the alumina powder. Finally the structures
were dried in nitrogen flow.

Then, acidic solution of 1 M thiourea at 40 °C (pH=1, achieved by adding HCIl) was
used for selective etching of copper layers, while nickel layers showed chemical resistance
to this solution. Etching time of varies from 5 to 25 s.

4 Numerical modeling

We examined optical properties of bimetallic plasmonic crystal shown in Fig. 1. Using the
finite element method. To this purpose we utilized the RF module of Comsol Multiphysics
software package. Entire plasmonic crystal can be represented by its metaatom, a single
pair of Ni\Cu layers and Floquet periodic boundary condition applied to the edges of the
unit cell parallel to the layers. Boundary conditions correspond to dashed lines marking
a grating period in Fig. 1b. Light enters simulation domain from air via an active port.
We assume that the incident light is TM polarized. Dispersive properties are obtained by
performing a parametric sweep of wavelengths of interest. For the needs of our simula-
tion the plasmonic crystal is considered infinite in the direction perpendicular to the layers.
The parameters of Drude model describing the relative permittivity of the metals are taken
from literature. (Raki¢ et al. 1998).

Dispersive properties of our structure are shown in Figs. 2, 3 and 4. Reflection is calcu-
lated as ratio between total power received and emitted by the active port. What can readily
be seen is that the structure exhibits rich modal behavior manifested as dips in reflection
when incident light couples into plasmonic modes. When incident light fully couples into
surface modes (Fig. 2) structure behaves as a perfect absorber since there is no transmis-
sion through the structure. Furthermore dispersive properties are fully tailorable by chang-
ing the thickness of individual layers.

Electric field distributions of surface modes are shown in Figs. 5, 6. Distributions
are shown for three unit cells to better illustrate the response of the metamaterial as a
whole. Strongest coupling is achieved for structures with Cu layers thicker than Ni lay-
ers and almost all of the incident light is localized on subwavelength scale within the
channels formed by selective etching of copper as shown in Fig. 5. But since we have
a bimetallic structure plasmonic modes can also be bound to the surface of Ni layers
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Fig. 2 Dispersive properties

of Ni/Cu plasmonic crystal for
different values of layer thickness
and normal incidence; Ni layer
thickness is kept constant at

100 nm, Cu thickness varies from
100 nm to 400 nm

Fig. 3 Dispersive properties

of Ni/Cu plasmonic crystal for
different values of layer thickness
and normal incidence Cu layer
thickness is kept constant at

100 nm, Ni thickness varies from
100 nm to 400 nm

Fig. 4 Dispersive properties of
Ni/Cu plasmonic crystal for dif-
ferent values of layer thickness at
30° incident angle. Ni layer thick-
ness is kept constant at 100 nm,
Cu thickness varies from 100 nm
to 400 nm
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(a) (b)

Fig. 5 Electric field distribution Ni/Cu plasmonic crystal: a for 100 nm/200 nm at 475 nm wavelength,
normal incidence; b for 100 nm/400 nm at 455 nm wavelength and 30° incident angle

(a)

Fig. 6 Electric field distribution for 400 nm/100 nm Ni/Cu plasmonic crystal and normal incidence: a
410 nm wavelength; b 510 nm wavelength

(b

as shown in Fig. 6 for structures with thicker Ni layers. This shows that in addition to
tailoring macroscopic optical response we can also tailor transformations of the optical
space simply by varying thickness of the layers. While geometrical properties of the
grating define the operating range of the structure i.e. increasing the layers thickness
would push operating range into infrared, material properties limit its usefulness. High
absorptive loses of metals at longer wavelengths while potentially useful for far field
response (absorber) would severely hamper near field response (light localization) thus
depriving us of the entire aspect of potential applications.
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5 Experimental results

Microstructure of copper-nickel composite fabricated using the procedure described in
Sect. 3 of the paper was investigated using metallographic microscopy (Carl Zeiss micro-
scope “Epival Interphako”). Topographic details of multilayer cross-section were investi-
gated using Scanning Electron Microscope (SEM, JEOL JSM-6610LV). Structure consists
of 21 alternating copper and nickel layers deposited on a copper substrate. The thicknesses
of each layer is 1 pm.

Microstructure of the Ni/Cu multilayer before the selective etching of copper layers
in thiourea solution is shown in Fig. 7a. Microstructure after etching the copper lay-
ers in acid thiourea solution for 5 s is presented in Fig. 7b. We can see that the copper

(a) (b)

SEI 20KV
SUB-RGF

Fig. 7 Cross-section of an electrodeposited Ni/Cu multilayer, thickness 1 pm/l pm: a before a selective
etching of copper; b after 5 s etching of copper layers in thiourea solution, ¢ after 25 s etching; d SEM
image after 25 s etching
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is only partially removed manifesting as islands both between nickel layers and on the
copper substrate so it is necessary to increase the etching time. Results after 25 s etch-
ing process are presented in Fig. 7c. (optical image) and Fig. 7d. (SEM image). Darker
bands are Cu channels while brighter bands are Ni layers (Fig. 7b, c, d). It can be seen
that both Cu and Ni layers have uniform thickness. Good repeatability of the layer thick-
ness is also observed. Layer thickness is controlled by the duration and applied current
density of the ED process. The surface morphology of the substrate plays an important
role in the growth of the deposits (Fig. 7c, d). Layer closest to the surface follows sur-
face morphology and has poor uniformity but the quality of the layers improves with
the number of layers. The appearance of cracks and delamination of the layers was not
observed.

6 Conclusion

We simulated the electromagnetic properties of subwavelength Cu—Ni multilayers by
the 2D finite element method using realistic material parameters. A rich optical behav-
ior was obtained, as governed by the electromagnetic properties of the multilayers. We
adjusted both the far field and the near field response of the structure by simply varying
Cu to Ni thickness ratio. Experimentally, we fabricated 1D plasmonic crystals consist-
ing of alternately stacked nanocrystalline Ni and Cu layers by electrodeposition on a
cold-rolled copper substrate. We obtained highly parallel interfaces with thin individual
strata and excellent morphology. We made use of beneficial structural properties of both
Cu and Ni, while suppressing the undesirable ones. This approach offers high quality,
large area, compact and low cost structures, while retaining a compatibility with the
standard microfabrication and microelectronic processes. Uniformity and deposition
control can be further improved by introducing more efficient mixing of electrolytes
(ultrasound) and adding specific surfactants to the electrolyte, which is the direction of
our further research.
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ABSTRACT

We discuss arrays of metal-semiconductor-metal cavities as electrically tunable terahertz metasurfaces.
The operation of the considered device is based on reverse biasing the Schottky junction formed between top
metal strips and the n-type semiconductor buried beneath. The effective Drude permittivity of the cavity array is
tuned by changing the depletion layer thickness via a gate bias applied between the strips and a back metal
reflector. Combining Maxwell equations for terahertz waves with a drift-diffusion model for the semiconductor
carriers into a multiphysics framework, we show that the proposed modulation concept is promising for a large
part of the terahertz spectrum.

Keywords: terahertz metasurface, tunable metamaterial, terahertz modulation, Schottky junction.

1. INTRODUCTION

The development of fast electro-optic modulators for free-space terahertz waves is one of the important
challenges for terahertz technology and further progress in wireless communications. Following the low
modulation efficiencies found in initial experiments [1,2], which were ascribed to weak interaction of the
terahertz wave with the electron system [3], recent works have mostly employed resonant metasurfaces for
increasing the modulation efficiency [4-10]. In addition to semiconductors which seem to be most promising for
high-speed modulation [11], graphene [12] and liquid crystal [13-15] modulators have recently been attracting
attention. In contrast to existing semiconductor devices employing antenna-like elements for tuning, here [16]
we consider the use of a metal-semiconductor-metal resonant cavity array, known for providing a strong light-
matter interaction [17,18].
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Figure 1. Schematics of a) cavity-response tuning through carrier depletion and the resulting reflectance
modulation, b) real-scale device. ¢) and d) show the dependence of the TCMT parameters on device geometry.

2. MODULATION PRINCIPLE

The proposed device comprises an array of metal-semiconductor-metal cavities as shown in Figs. 1(a) and 1(b),
whereby the semiconductor (gallium arsenide-GaAs) is highly doped and prepared to form a Schottky junction
with the top electrode and an ohmic contact with the bottom one. With no bias, the free carriers inhibit the
penetration of terahertz fields and strongly dissipate the fields inside the cavity through Joule heating. Upon
applying a sufficiently high reverse bias, the depletion layer extends down to the bottom electrode and the cavity
is able to support a resonant mode at f;. According to a formalism known as the temporal coupled-mode theory
(TCMT) [19,20], in addition to f;, two more parameters are sufficient to fully characterize the resonant optical

978-1-7281-2779-8/19/$31.00 ©2019 IEEE 1
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response of such a cavity array: the resonant mode non-radiative decay rate v, and its radiative decay rate y;aq. Yo
is the sum of all absorption mechanisms, including absorption in the metal and Joule losses by the free carriers in
GaAs. However, at full cavity depletion, the Joule losses are negligible and y, becomes equal to the metal
absorption rate v,,. To achieve optimal performance, in this work we aim at designing the cavities (i.e. choosing
their geometrical parameters) so that yy=y.,q Which represents the so-called critical coupling regime and results in
100% absorption at f;. Figures 1(c) and 1(d) show how the TCMT parameters depend on the cavity array height
and pitch, with further details discussed in [16,21]. The modulation principle is thus based on having 100%
absorption at high reverse bias (fully depleted and critically coupled cavity) and a rather inefficient absorption at
resonance (typically 10% or less) at zero V,, resulting from the combined detuning of the resonance and its weak
coupling with the terahertz wave due to yo >> V.q.

For purposes of illustration, below we consider the case of a modulator designed to operate at f;=1 THz. The
cavity geometrical parameters yielding critical coupling for f; ranging across the terahertz range can be obtained
analogously or even faster by scaling the 1 THz cavity, Fig. 2(a) [20].

The dopant concentration Ny is the final parameter affecting the device operation. Since a higher electron
concentration leads to a higher resonance detuning at zero bias, Ny should be as high as possible while still
allowing the full depletion of the cavity at the maximal reverse bias -V, max. The latter is estimated via the so-
called critical field approximation whereby the junction breakdown is assumed to occur once the electric field at
the junction surpasses 4x10” V/m, which is reasonably accurate for the doping range considered in our work
[22]. The gate effect in the considered system is studied using a rigorous solid-state physics framework based on
a majority-carrier solution scheme [23,24], while typical electron concentration and electric field profiles for the
1 THz geometry are shown in Figs. 2(b) and 2(c).
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Figure 2: a) Geometrical parameters of critically coupled cavities drawn across the terahertz spectrum.
The behavior of the Schottky junction under reverse bias: b) and c) electron concentration and electric
field profile parameterized by V,, d) depletion layer width as a function of V.

3. PROOF OF CONCEPT

We use a rigorous multiphysics framework incorporating Maxwell equations for terahertz waves and a drift-
diffusion model for describing the carrier concentration n.(r) and mobility u, [25] in GaAs. The two physical
models are coupled via the inhomogeneous dielectric permittivity of GaAs [26]

&s(r, w) = gopt (1 wp () )

B w(w +iy,) )

where the plasma frequency w, and intraband electron collision rate v, are given in terms of the GaAs conduction
band effective mass m.* and unit charge g as

ne(r)q? yo=
O pamg

wp(r) =

2)

)
goptgomz



ICTON 2019 Fr.D1.4
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Figure 3: a)-d) Proof of concept multiphysics simulation results, showing the performance of the device
operating at 1 THz. For operating frequencies across the terahertz spectrum, e).f) and g) show
the required doping, modulation depth/bias voltage and modulator spectra, respectively.

The simulation results obtained for the fo=1 THz device are shown in Figs. 3(a)-3(d). The electron concentration
and electric field maps over the unit cell cross section are depicted in Figs. 3(a) and 3(b), where the unit cell
mirror symmetry is exploited to show the maps corresponding to zero and maximum reverse bias (Vg max = -46 V)
in the left and right half of the unit cell, respectively. These results demonstrate a very efficient electrical
switching effect, which is manifested through the voltage-dependent reflectance spectra in Fig. 3(c) (the numbers
associated with curves denote -V,) and the reflectance modulation RM > 90%. From the charge/discharge cycle
in Fig. 3(d) and the calculated ps-order rise and fall times of the Q(¢) curve, we conclude that the proposed
device has a very large intrinsic speed, which is a consequence of the deeply subwavelength separation of the
driving electrodes.

Using the cavity geometry parameters that ensure critical coupling at full depletion from Fig. 2(a), we carry out
a similar analysis for other f; values across the terahertz spectrum. The change of device geometry requires that
the GaAs doping is adjusted as well, as shown in Fig. 3(e). The downscaling of cavity geometry required for
operation at increasing frequencies, is seen to be accompanied by an approximately linear increase in the
required doping (i.e. the maximum Ny value which can be fully depleted), which in turn leads to a reduction of
the w,/wy ratio responsible for permittivity tuning according to Eq. (1). This causes the gradual decrease of the
modulator performance RM shown in Fig. 3(f), as additionally evidenced from several representative modulator
spectra shown in Fig. 3(g).

4. SUMMARY

The very high terahertz field confinement in arrays of metal-semiconductor-metal cavities with deeply
subwavelength thickness may be combined with a reversely-biased Schottky junction in or close to the reach-
through regime in order to provide a modulation performance on par or even exceeding best existing devices.
Considering that the deep modulation and fast response of the latter require the use of elaborate structures, we
believe that the simplification offered by employing the concepts discussed in this work will be of interest for the
development of novel terahertz modulators.
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MOANDPUKALNA MOBEPXHOCTU NNA3SMOHHbIX HAHOCTPYKTYP
AansA CNEKTPOCKONMMMUA NTMrAHTCKOro KOMbMHALUMOHHOIO
PACCEAHUA BUOMOIEKYN
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MeTopaom agcopbumoHHOW nMMobunuaaumMm copMmrpoBaHbl MIIA3MOHHbIE MOKPLITUS HA NMOBEPXHOCTN CTEKMSAHHBIX MOAJOXEK,
KOTOpble XapakTepu3ylTCH BbICOKOW OAHOPOAHOCTBIO M 3OMEKTUBHOCTBIO YCUIIEHNS CUTHAMNa rMraHTCKOro KOMOUHaLMOHHOro pac-
cesiHna (FKP). C ncnonb3oBaHWeM pasnunyHbiX HEOPraHUYECKUX M OPraHUYECKUX peareHToB OcyLecTBreHa 06paboTka HaHOCTPYK-
TYPVUPOBaHHbIX CepebpsHbIX MMEeHOK AN ynydlweHns apcopbumm pasHo-3apskeHHbIX MomneKyrn-aHanutoB. [lokasaHo, 4To nytem
npeaBapuTenbHOW MoaMdMKaLMM MIa3MOHHbBIX MOKPBITUA MOMUITUNIEHUMUHOM MOXHO yBenuuuTb curHan FKP ans kaTuoHHoro
nopcgpupuHa B 3-3,5 pasa. B cBolo oyepep, UCMOnb3oBaHNe MOANMUKATOPOB MOBEPXHOCTM HA OCHOBE MeEpKanTOMpONMOHOBON
KMUCINOTbI M MOHOB MeTara He NO3BONSAIOT MOSIHOCTLIO KOMMEHCMPOBaTh OTpuLaTeNbHbIN 3apsaa HaHovacTul, cepebpa u, cneposa-
TenbHO, YNyyWnTb aacopbLMIo Ha HUX aHWOHHBIX aHanuToB.

Knroyeenle crioga: nna3mMoHUKa; HaHOYaCTULbI cepe6pa; ruraHTckoe kKoMbrHauoHHoe paccesaHue.

SURFACE MODIFICATION OF PLASMONIC NANOSTRUCTURES
FOR SERS SPECTROSCOPY OF BIOMOLECULES
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dInstitute of Physics Belgrade, University of Belgrade, Belgrade, Serbia, isicg@ipb.ac.rs
S)Charles University, Prague 2, CZ-12116, Czech Republic, mojzes@Xkarlov.mff.cuni.cz
4B.l. Stepanov Institute of Physics NAS Belarus, 68 Nezavisimosti Ave., 220072 Minsk, Belarus,
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Plasmon coatings on the surface of glass substrates, which are characterized by high homogeneity and the efficiency of amplifi-
cation of the SERS signal, were formed by the adsorption immobilization method. Method of surface of the SERS-active substrates
modification by various inorganic and organic compounds to improve the adsorption of both positively and negatively charged ana-
lyte molecules was developed. It was shown that preliminary modification of plasmon coatings by mercaptopropionic acid and metal
ions (Au and Cu) could not completely compensate the negative charge of silver nanoparticles and, thus couldn’t improve the ad-
sorption of the anionic analytes. At the same time, the presence of positively charged copper ions in the solution contained anionic
labeled oligonucleotide upon its adsorption on the surface of the SERS-active substrate allows a significant increase in the signal of
Raman scattering of the analyte. The use of a surface modification based on polyethylenimine allows increasing of the SERS signal
for cationic porphyrin by 3-3.5 times.

Key words: plasmonics; silver nanopatrticles; surface enhanced Raman scattering.

BBeaeHune HbIMK pa3mepamu LLIepoxoBaTocTen B guanasoHe 10-
lvranTckoe kombuHaumoHHoe paccesiHue (KP) 100 HM. Takum obpa3om, BaXHbLIM yCOBMEM NPaKTy-
SIBMAETCA  YHUKalNbHLIM ~ MeTOAOM  KonebaTerbHow yeckon peanusaummn metopa KP asnsetca nHanuune
CMEKTPOCKOMMUM, KOTOPbLIA MO3BOMSET MofyyaTb [ae- OOCTYMNHbIX, BOCMPOU3BOAMMbIX, BbICOKOYYBCTBUTENMb-
TanbHyl0 MH(OPMaUMIO O CTPYKTYpe Wuccreayemblx HbIx [KP-akTnBHbIX CybCTpaToB, kak npaBumno, COCTo-
CoefiMHEeHN NpU nNpefenbHO HU3KUX KOHLUEHTpauusx. ALMX M3 HAHOCTPYKTYp GnaropofHbIx MeTasnnos. Pas-
Bnarogapsa BbICOKOW 4yBCTBUTEMbLHOCTM M cneunduny- paboTke mMeToAMK (DOPMMPOBAHWUS MAacCMBOB MeTar-
HocTu cnektpockonua MKP HaxoguT wwupokoe npume- NNYECKNX HAHOOGBEKTOB C 3aAaHHbIMK NapameTpamu
HEHWe BO MHOMMX aHanuTUYECKUX NPUNoXeHudax, Ta- (dbopmoit, pasmepoM, paccTosiHUEM Mexay HaHouva-
KUX, Hanpumep, Kak 6uomeauuMHCKash AuarHocTuka, ctuamm (HY), cTeneHbio ynopanao4eHHOCTU) B HacTo-
[eTeKTUpoBaHue N naeHtTudunkKaums crnegoBbiX KOmu- sllllee Bpems yaensetca 6onbluoe BHUMaHue [2].
YecTB BELLECTB, BNIOTb A0 perncrpauum oguHOYHbIX CnegyetT OTMETUTb, YTO CO3[aHWE HOBbIX Mnas-
MOnekyn v kneTtok [1]. MOHHbIX MaTepuarnoB He 4BnSETCS €O4WHCTBEHHbLIM
YnomsiHyTble Bblle aoctoMHcTBa Metoga [KP nyTem Ansi paclumpeHus cep npumMeHeHUs CneKkTpo-
obecneunBaloTcA C MOMOLLbLIO CcrieuuarnbHbIX meTan- ckonuun FKP. OaHUM 13 rnaBHbIX yCrnoBuin addeKTmne-
NNYECKUX HaHOCTPYKTYPUPOBAHHbIX MaTepuaros, Tak HOM peanusauny AaHHOTO MeToAa ABMAETCA Heobxo-
HasbiBaeMbIx [KP-akTuBHbIX cybcTpaToB, ¢ Xapakrep- AMMOCTb OBecnedeHunsl NpakTU4eckyn HenocpesCcTBeH-
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HOro KOHTaKTa MeXay Morfekynamu aHanuta u no-
BEPXHOCTbIO MeTanmna. OTO CBA3aHO C TeMm, 4To ad-
dekT NKP aBnseTca kopoTkoAeWCTBYOWNM, W, yaane-
HVe uvccrnegyemMon MOMeKynbl BCEro Ha HEeCKOIbKO
HaHOMETPOB NPVBOAMT K 3HAYMTENbHOMY MaJEeHUto
CurHana KoMGuHauuoHHoro paccesiHus. Kak npasuno,
NNasmMoHHbIE CTPYKTYpbl 06ragalT n3bbITOYHLIM MOo-
BEPXHOCTHbIM 3apsiA0OM M, CrefoBaTenbHO, 3apsag Mo-
neKkyn aHanuTa urpaeT KIoYeByto Posb B MpoLEcce Ux
copbuun Ha noBepxHocTb KP-akTMBHOro cybcrpara.
CnenyeT OTMETUTb, YTO GOMBLUIMHCTBO GUONOrNYECKU
BaXHbIX MOIEKyn, wunu ux dparmeHToB, obnagatT
KaTUOHHbIMW W aHWOHHBbIMW CBOWCTBamMKU. B atomn
cBsA3n, pa3paboTka MeToaoB Moaudukauum nnasMmoH-
HbIX MMEHOK, C Lenbio yBEenM4YeHUs nx CpoacTBa C 3a-
PSYKEHHBIMW aHanUTaMKn SIBNSAETCA BaXXHOW 3ajaden
AN paclIMpeHns Kpyra aHanmuTUYecKuUx MpUIoXeHun
cnektpockonun KP.

MeToauka akcnepuMeHTa

O6pasupl KP akTtuBHbIX cybcTpaTtoB Obinv nony-
YeHbl MeToAoM aacopbuMoHHON MMMobunusaumm [3].
B kauyecTBe moanoxek ucnonb3oBanocb CTaH4apTHOe
npegmeTHOe CTEeKno, MOBEPXHOCTb KOTOPOro KoBa-
NeHTHO Moguduumposanu nonuatuneHnMmmHom (PEI)
¢ monekynsipHon maccon 25000 r/monb. HaHovacTuupl
cepebpa Obiny CMHTE3npoBaHbl MO MeToanke [4] (KOH-
ueHTpauus cepebpa 27 wmr/n) U nepeBefeHbl MyTeM
onanmsa B 2.5 MM uuTpatHbii 6ydep. CTeknsiHHble
NNacTUHKN BbIAEPXMBANUCbL B pacTBOPE HaHOYaCTULY
cepebpa, Ha npoTshkeHun 24 4. [oToBble [KP-
aKkTUBHble cybcTpaThl TwaTenbHO OTMbIBanuChb Au-
cTMnnMpoBaHHoW Bogon. Bce obpasubl nocne xumu-
yeckon moaudumkauumn noBepPXHOCTU HaHovacTul, ce-
pebpa Takke NpoOMbIBaNMCb OUCTUIIIMPOBAHHOW BO-
[0V 1 BbICYLUMBANMCb Ha BO3AyXe.

Pasmep konnouaHbix HaHovdacTuy cepebpa onpe-
Aensncs MeToaoM AMHaMUYECKOro paccesiHusl cBeTa ¢
nomowbto npubopa Malvern Zetasizer Nano SZ90
(Malvern Panalytical Ltd, United Kingdom).

[nsa npoBepkn ahPeKTUBHOCTM yCUNeHns curHana
KP B KauyecTBe coeauHeHMUsi-aHanuTa WCNonb3oBa-
nMcb  kaTuoHHbIi - nopdmpuH  Cu(ll)-5,10,15,20-
TeTpakuc(4-N-metunnupnamHnin) - nopdupmH  (CuT-
MpyP4) 1 aHWOHHbIA ONWUIOHYKNEOTUA C Kpacutenem
BHQ1: 5'CCTGCGATCTCTCTATCCAG[BHQ1]3 (oli-
go-BHQ). HaHeceHue aHanutoB Ha o06pasubl ocy-
LLIeCTBMANOCL METOAOM KanenbHOro OCaXAeHus pac-
TBOpa C KoHUeHTpaumen 106 M.

Pernctpauusi CnekTpoB rMraHTCKoro KombuHaum-
OHHOro paccesiHnsi NpPoM3BOAMIacb C MOMOLLBIO MO-
aynbHoro KP-cnekTpomeTpa OCHAaLLEHHOro CrekTpo-
rpachom Spex 270M (Jobin Yvon) n MNM3C getektopom,
oxnaxaaembim XKUOKUM a30ToMm (Princeton
Instruments). MictouHukom BO36yxaeHust cnyxun He-
Cd nasep (Asoss. = 441.6HM) C MOLUHOCTbIO nopsiaka
2 MBT1. TouHocTb onpepeneHnsa konebaTtenbHbIX 4Ya-
CTOT He BbixoAuna 3a npegensl +1 cm™.

PesynbTaTtbl n ux obcyxaeHue

MeTogomMm npocBeynBaroLLert 3MEKTPOHHON MUKPO-
ckonun (TEM) Gbina m3yyeHbl CTPYKTYpHbIE CBOMCTBA
CMHTE3NpPOBaHHbIX HaHovacTuy cepebpa. AHanus
MukpocpoTorpacpum (cm. puc. 1(1)) nokasbiBaeT, 4TO
ONsl HUX XapakTepHa [OOCTaTO4YHO HW3Kasi nonuguc-
nepcHocTb Mo pasmepy u dopme. [JomuHupyowlee

KONMMYeCcTBO HaHoyacTuy cepebpa umeeT kBasvcde-
pudeckyto hopmy 1 pasmep B gnanasoHe 40 £ 5 HM.

B kauecTtBe OCHOBbI Anst POPMUMPOBAHUS MITA3MOH-
HbIX NNEHOK cepebpa ObiNn B3SATbI CTEKMSAHHbIE Nna-
CTUHKW. [NpurotoBneHne obpasLoB TOHKUX MNA3MOH-
HbIX MMEHOK N3 HaHo4acTuy, cepebpa Ha NOBEPXHOCTH
CTEKNSAHHbIX MOAJIOXKEK OCYLLECTBIIANIOCh METOAO0M
afcopbunoHHon ummobunusaumm. C nomoLubio AaH-
HOro mMeToda MOXHO (hOpMUPOBaThb MNA3MOHHbIE MO-
KpbITusa (cMm. puc. 1(2)), obnagatowime BbICOKON OOHO-
POAHOCTBLIO M BOCMPOM3BOAMMOCTLIO  CMEKTparnbHOro
curHana ot obpasua k obpasuy, 4YTo NO3BONSAET Mpo-
M3BOAUTb CpaBHEHWE WHTEHCMBHOCTU cnekTpoB [KP
aHanuTa npu obpaboTke CTEKNAHHLIX MOAMOXEK pas-
NNYHBIMY peareHTamu.

Kak 6bino OTMeYeHO paHee, 3NeKTpocTaTuyeckoe
B3aMMOLENCTBME HAHOCTPYKTYPUPOBAHHOIO cepebpa ¢
MOJieKynamMy aHanuta sBnseTCA OOHUM U3 KIYeBbIX
haKkTopoB, BNUAIOLWMX Ha 3PAEKTUBHOCTL YCUIEHUS
curHana MKP. UcxogHele HY cepebpa umetoT oTpuua-
TenbHbIM 3apsg (o3eTa-noteHuman okono -35 MmB).
MpuHUMasa BO BHUMaHWE MoOnekynsapHyto maccy MNoU
Ha MOBEPXHOCTN CTEKMNSAHHOW MOAMOXKW, Oblna npous-
BeeHa OueHKa TOMLWMHbI CMNosi nonumepa, kotopas
coctaBuna okoro 10 HM. Takum o6pa3om, MOXHO 3a-
knounTb, Yto ana HY cepebpa c pasmepom yactuy
okorno 50 HM Gonbluas YacTb NOBEPXHOCTW MeTanna
octaeTca cBobogHoOW OT nonumepa u obnagaert,
NpeanonoXnTenbHO TeMN e cBoucTBamu, 4yto n HY B
pacTtBope (T.e. oTpuuaTtenbHO 3apsbkeHa). lNpupoaa
oTpuUaTenbLHOro 3apsiaa Ha noBepxXHoCcTU cepebpa
MOXeT ObITb 0OyCcroBneHa kak HanMunem HaHo4acTu-
Lax crnos morekyn crtabunusartopa, Tak U TOHKON OK-
CUOHOW MNITEHKM.

1

Puc. 1. MukpodoTorpacus HaHouacTumy cepebpa (1) n doTo-
rpacusi o6pasua NKP-akTuBHoro cybetpata (2)

Fig. 1. TEM-image of silver nanoparticles (1) and photo of
SERS-active substrate (2)

N3 nutepaTypbl u3BecTHO, YTo obpaboTka nnas-
MOHHOWM MOBEPXHOCTW HEOPraHW4ecKUMM CONSMU MO-
XeT CyLlecTBEeHHbIM 06pa3oM NOBNUSATL HA UHTEHCUB-
HocTb curHana KP [5]. MexaHnsm gencreusi pasnuy-
HbIX XWUMWYECKWX peareHToB, OAHAaKo, A0 CuX nop
ocTaeTcs npegmMeToM Ans ndyveHus. C Lenbio nsydye-
HUS BMMSIHUA PasfMYHbIX MOANMUKATOPOB MOBEPXHO-
CTW NNa3MOHHbIX CTPYKTYp Ha adpeKkTUBHOCTL ycune-
HUS WHTEHCMBHOCTM KOMOWHALMOHHOIO paccesiHus,
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6biny npurotoBneHsl [KP-akTnBHbIE CybCTpaThl C pas-
TNINYHOWM XMMMYECKOM oBpaboTKoM M TUMOM aHanuTa.
Mopudmkaums HaHOCTPYKTYPUPOBAHHOW MOBEPXHOCTH
cepebpa ocyllecTBnsanacb kak noHamu metannos (Au
n Cu), Tak U OpraHU4eCKMMM COELMHEHUSIMU (MepKan-
TONPOMUOHOBOW KUCMOTOW 1 NONUITUNEHUMUHOM).

Ha pwuc. 2(1) npeactasneH cnektp 'KP katnoHHoro
nopcpumpunHa CuTMpyP4 ocaXgeHHOro Ha noBepXHOCTb
nnasmoHHon nneHkn u3 HY cepebpa c gmameTpom
okono 50 HM, cchopMUpoOBaHHOM MeTOAOM aacopOum-
OHHOM uMMOOMNU3auun 6e3 BO34ENCTBUSI AOMNOMHU-
TenbHbIX XUMUYECKMX peareHToB. Taknue HaHOCTPYKTY-
pbl XapakTepu3ytoTcs BbICOKON 3(pEKTUBHOCTLIO YCU-
nexusa curHana MNKP gns nonoxutenbHO-3apsikeHHOro
aHanuTa, a Takke AOCTaTOYHO XOpollenh OOHOPOLHO-
CTbl0 cuUrHana no noBepxHocTM obpasua. B Toxe Bpe-
M1, MPaKTUYECKN He yO4anocb 3aperucTpupoBaTb CuUr-
Han TKP gna oTpuuaTtenbHo-3apsXXeHHOro OfMUrOHYK-
neotuga c kpacutenem BHQ1. Takoe noeegeHue xo-
powlo cornacyetcsi ¢ npearnonoXxeHnem ob aneKkTpo-
cTaTMdeckon npupoae agcopbuumy Momnekyn aHanuta
Ha MOBEPXHOCTb MeTanfMyecKknx Mras3mMOHHbIX CTPYK-
TYyp.
Hanbonee 4acto wucnonb3yembiMn mogudmkato-
pamn nosepxHocTn [KP-akTuBHbIX cybcTpatoB npwu
paboTe ¢ 6MONOrMyYeckn BakHbIMM MOFEKyNaMu ABns-
I0TCS COEAMHEHUS, codepXallMe TUOSOoBble Tpynmbl
[6]. Ha pwuc. 2(2) npuBegeH cnektp KP kaTuoHHoro
nopcpupmvHa ans obpasua, NPUroTOBMEHHOTO MyTEM
06paboTkn NOANOXKKM MepPKanTOMPOMNMOHOBOW KUCIO-
Ton (MPA) (0,1 mr/mn pacTtBop B Boae) B TeveHue 10
MUH. BnaHo, 4TO NMponcxoauT yMeHbLUEHNE MHTEHCUB-
HOCTW curHana KOMOMHAUMOHHOIO paccestHusa npu-
MEpPHO B 2 pasa No CpaBHEHUIO CO cTaHaapTHbIM TKP-
aKTUBHbIM cybcTpaTom (6e3 Moaudukaumm noBepxHo-
ctun). lMNMpu atom uHTeHcmBHocTb KP ansa aHuoHHoro
aHanuta oligo-BHQ yBenunumBaeTca He3HauMTeENbHO.
Ckopee BCero, 3T0O CBA3aHO C TeM, YTO MepKanTonpo-
NMOHOBAasl KMCNOTa, B3aMMOAEWCTBYS MOCPEaCTBOM
TUOSBHOMN rPYNMbl C NoBepxHocTbio HY, skcnoHupyet
oTpuLaTenbHO-3apsXKeHHble  KapbOOKCUIbHbIE TpynMbl
Ha nosepxHocTb HY. T[lpy 3TOM 3HaAYMTENBHOrO
yMeHbLUEeHNst obLlero oTpyuaTensHoro 3apsaa cepeb-
PSHBbIX YacTuL, He MNPOWCXOAMT, a NafeHWe curHana
[KP ons kaTMOHHOro aHanuTa CBSI3aHO C yBerMyeHu-
€M PacCToAHMSA MeXay HUM M NNa3MOHHOWN MOBEPXHO-
CTbto. B uenom mcnonb3oBaHue Takow Mopmdukauum
NOBEPXHOCTM LenecoobpasHo B cryvyae NoNoXuTenb-
HO-3apPsPKEHHBIX OMONOrMYECKN BaXKHBIX MOJEKYM, KO-
TOpble paspyLlaTCa Npu NPsIMOM KOHTakTe ¢ cepeb-
poMm.

Onsi Toro 4to6bl YMEHbLIMTL OTpULATENbHLIA 3a-
psi4, NNa3MOHHOW HAHOCTPYKTPbl Obln MCMONb3oBaH
PS4 XUMWYECKUX peareHTOB COAepXallMX MOHblI Me-
TannoB, KOTOpble CNOCOGHbI K B3aUMOAENCTBUIO C MO-
BepxHocTbio HY cepebpa.

Ha pwuc. 2(3) npeacrasneH cnektp 'KP kaTnoHHoro
CuTMpyP4 ocaxpgeHHOro Ha noBepxHocTb [KP-
akTuBHoro cybcTparta, 06paboTaHHyld pacTBOpPOM
HAuCls (150 mkM) B TeyeHne 10 muH. B aTom cnyyae
Takke MPOUCXOAUT 3HAYUTENbHOE YMEHbLUEHUE WH-
TEHCUBHOCTU CUrHama KOMOMHALMOHHOIO paccesiHusi
npumepHo B 1,5-2 pa3a no cpaBHEHUO C Hemoaudu-
unpoBaHHbiM [KP-akTnBHbIM cybcTpaTtom. BeposTHo,
3TO CBSA3@HO C M3MEHEHVWEM PE3OHaHCHbIX YCIOBUIA
nasepHoro Bo30yXAeHWs 3a cYeT TOro, YTo Mpu 3ame-

LLEHMM MOHaMM 30510Ta aTOMOB cepebpa Ha noBepx-
HocT HY nomnoca noBepXHOCTHOro Mia3MOHHOMO pe-
30HaHCa CMellaeTcs B [ANIMHHOBONIHOBYKO obnacTb
cnekTpa. MoXHO Takke 3aknunTb, YTO Npu Moaudu-
KauuMm MOBEPXHOCTM nocepebpeHHbIX cybcTpaToB
MOHaMM 30510Ta HEe MPOUCXOAUT 3HAYUTENMBHOIO U3Me-
HeHWs Ons Hee obLero oTpuuaTenbHOro 3apsiga. 370
noaTBepXaaeTcsi  He3HAYUTENbHbIM  YBENUYEHNEM
curtana NKP ans aHMoHHoOro onuroHykneoTnaa.
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Puc. 2. Cnektpbl T/KP CuTMpyP4 Ha nna3moHHou nneHke (1)
- 6e3 moaudmKaLum NOBEPXHOCTM U MOANMDULMPOBAHHON: (2)
- MPA, (3) - HAUCI,, (4) - CuSOs, (5) - PEI

Fig. 2. SERS spectra of CuTMpyP4 on plasmonic film (1) —
without surface modification and modified with: (2) - MPA, (3)
- HAuCly, (4) - CuSOQ,, (5) - PEI

Takke Gbina npoBegeHa obpaboTka NMOBEPXHOCTU
'KP-aktvBHOro cybcrpata BOAHbIM pacTBOPOM Cyrlb-
data meau (Bpems o6pabotkm 10 MUH; KOHLEHTpaLms
peareHTa 5 mr/mn). NoHbl Mean, sBNaAchL AByx3apsaa-
HbIMM, CMOCOBHBI 3PHEKTUBHO 3KPaAHMPOBaTbL OTpULLa-
TenbHbIn 3apsg HY. Okasanocb, 4TO Mpu TakomW MoO-
Ondukaumm NOBEPXHOCTU MMAa3MOHHOM  CTPYKTYpbl
MHTEeHCMBHOCTL cnekTpa MKP, kak Anst kaTMoOHHOro, Tak
M @aHWOHHOTO aHanuWToB MPaKTUYECKW COBMAaZaEeT C UH-
TEHCMBHOCTbIO CMEKTPOB [aHHbIX aHANUTOB Ha HEMOo-

13-1 Meoicoynapoonas konghepenyus « Bzaumooeiicmeue uznyyenuti ¢ meepovim meaomy, 30 cenmsabps - 3 okmsops 2019 2., Munck, Benapyco
13th International Conference “Interaction of Radiation with Solids”, September 30 - October 3, 2019, Minsk, Belarus

487



Cekyus 5. Bruanue uznyuenuti na cmpykmypy u cOUCMBEa NOKPbIMULL
Section 5. Radiation influence on coatings structure and properties

audmumpoaHHom FKP-aktuBHoM cybetpate. Ckopee
BCEro, B 3TOM Clyyae WOHbI Meau MoryT gecopbupo-
BaTbCA WY noAaBepraTbCsa rmaponuay B npouecce oT-
MbIBKM 00pasLoB. [Insi NnpoBepkn 3TOro npeanonoxe-
HUSI Ha CTaHdapTHbIM HemoaudpuumpoBaHHbin [KP-
aKTUBHbIA 0b6pa3seL, Gbln HAaHECEHHbIM aHUOHbIA ONu-
FOHYKNeoTna B NPUCYTCTBUM MOHOB MeAM B pacTBope
(koHUeHTpaumsa cynbdata mean 10 mM). MNpu atom
Habnoganocb 3HauMTeNbHOE YBENWYEHUE curHana
KP anga aHnoHHoro aHanuta. BepoaTHo, B 3TOM chy-
Yyae B3aMMHOe  OTTallkMBaHuWe  OTpULATENbHO-
3apsbkeHHbIX aHanuta n HY cepebpa HenTpanuayetcs
NPUCYTCTBUEM  MONOXMTENbHO-3APSKEHHBIX ~ MOHOB
Meau, KOTopble CryXaT CBA3YHOLUMM areHTOM U, TakuM
obpasom, obecneunBaloT nogxoasilee pacnonoxeHue
MoreKyn BOMM3n NoBEPXHOCTM NIIA3MOHHON MIEHKN.

Takke Oblna ocyuwecTBrneHa Mopudukaumsa nnas-
MOHHOW NMOBEPXHOCTM MONIMMEPOM MYyTEM BblAEpPXKMBa-
HMs obpasuoB B BOOHOM pacTBope, coAepKallem pas-
BeTBNeHHbIn PEl ¢ MomekynspHom  maccom
25000 r/monb (koHueHTpauusa 0,1 mr/mn; Bpems Bbl-
aepxusanHusa 20 muH). MNonnatuneHnmnH 6uin BbiIGpaH
B KayecTBe BeLlecTBa, CNocobHoro addekTnBHoO aa-
copbupoBaTbCsi HA MOBEPXHOCTU cepebpa n ABNst-
weroca cnabbim ocHoBaHuem. brarogaps cBoew oc-
HOBHOW MpupoAe MonMMep MOXEeT 3KpaHvMpoBaTb OT-
puuatenbHbI 3apsg Ha HY. Ha puc. 2(5) npeacras-
neH cnektp KP katuoHHoro CuTMpyP4, ocaxgeHHoro
Ha noeepxHocTb [KP-akTneBHOro cybcrtpata moaudu-
unpoaHHoro PEl. ObpaboTka nna3mMOHHON MnoBepx-
HOCTW NOMUITUNEHUMUHOM NPUBOAUT K 3HAYMTENBHO-
my B 3-3,5 pasa yBennyenuto curHana 'KP kpacutens.
PoCT WHTEHCUMBHOCTM KOMOMHAUMOHHOIO paccesiHna
MOXeT OblTb 0OycrnoBneH CrnocoBHOCTBIO MONUaTuUne-
HMMMHA 06pa3oBbiBaTb [OMOMHUTENBHbIE CBSA3UM C
aHanuMToM K, Takum obpas3om, yBenuumBaTb Konuye-
CTBO MOMEKYNn KaTMOHHOro nopdupuHa BONM3N HaHo-
CTPYKTYPHOWM noBepxHOCTW cepebpa. Kpome Toro, mbl
npegnonaraeM, 4YTo MNONUATUNEHMMUH, Byaoyun cna-
OblM OCHOBaHWEM, He CMOCOGEH MOMHOCTbK) KOMMEH-
cvpoBaTb oTpuuatenbHbin 3apsg HY. OtcytctBue
curHana TKP agns onuroHykneoTvaa noaTrsepxaaet
3TO NpeanonoXeHue.

3aknoyeHue

MeTtonom afcopOLUnoHHON nMmMobunmsauum
cchopMUpPOBaHbI Ma3MOHHbIE MOKPbLITUSI HA MOBEPXHO-
CTW CTEKIISIHHbIX MOAJIOXKEK, KOTOPblE XapaKTepusyT-
Cs1 BbICOKOW OJHOPOOHOCTbIO Y 3DPEKTUBHOCTBIO YCU-
nexusa curHana MKP. Bbina ocyuwiectBneHa moavdun-
KaumMs NOBEepPXHOCTW HaHovacTul cepebpa WoHamu
MeTanmnoB u OpraHWYeckKMMW COEeAWHEeHUsIMU Ang
ynyydleHns agcopbummn Kak MoNoXUTENbHO- Tak U OT-
puuaTenbHO-3apsKeHHbIX Monekyn-aHanutoB. [loka-
3aHO, YTO NpeaBapuTenbHas moandukauma nnasmoH-
HbIX NOKpbITU MPA 1 noHammn metanna He No3BoNsAT
MOSIHOCTLIO KOMMEHCMPOBaTb OTpuUaTENbHbLIN 3apsa
cepebpsiHbIX HaHoyacTuL, W ynydwnTb agcopbuumio
aHWOHHOrO ONUroHykneoTuaa. B Toxe Bpems, npucyT-
CTBUE MONOXUTENBbHO-3aPSHKEHHBIX MOHOB Meau B
pactBope oligo-BHQ npu ero agcopbumn Ha nosepx-
HocTb [KP-akTmBHOro cybcrtpata nosBonseTr 3Hauu-
TENbHO YBENUYUTL CUrHamN KOMOWHALMOHHOIO pacces-
HUs aHanuta. B cBolo o4vepenb, MCMNONb3oBaHUE MO-
andurkaTtopa NOBEPXHOCTU Ha OCHOBE MONUITUIEHU-
MUHa no3BonseT yBenuuutb curHan KP gna katuok-
Horo nopdupwuHa B 3-3,5 pasa.

PaboTta BbinonHeHa B pamkax gorosopa ¢ BPO®U
®18CPBI-009.
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Abstract — This work presents the design of electrically tunable solid-state metamaterial ab-
sorbers in the terahertz spectrum. The proposed devices consist of a metal-insulator-metal res-
onant cavity formed between a subwavelength metal stripe grating and a back metal reflector.
The dielectric spacing between the metallic parts is occupied by a deeply subwavelength layer of
n-doped GaAs. By reverse biasing the Schottky junction formed at the interface between GaAs
and the top metal grating, the thickness of the associated carrier depletion zone is controlled
and, hence, the GaAs complex permittivity profile in the resonant cavities. Optimized structures
are derived based on the mechanism of critical coupling, achieving amplitude modulation of the
reflected terahertz wave with low insertion losses and theoretically infinite extinction ratio.

1. INTRODUCTION

In the last years, significant research effort has been dedicated to terahertz (THz) science, thanks to numerous
envisaged applications in technologically relevant sectors, such as wireless communications, safety, material char-
acterization or quality control, and bioengineering. The engineering of the THz systems needed to deploy such
novel technological paradigms relies among others on the availability of frequency-tunable components, capable
of controlling the amplitude and phase of the propagating THz waves. Various approaches have been thus far em-
ployed using materials whose electromagnetic properties can be dynamically controlled, such as thermally tunable
phase-change materials [1] or electrically tunable liquid crystals [2, 3] and semiconductors [4, 5].

The latter approach relies on the electrical control of a reverse biased Schottky junction formed at the interface
of resonating metallic elements, e.g. split-ring resonators, and a bulk n-doped GaAs substrate, which is depleted
in the vicinity of the junction. Although a validated approach, its efficiency is limited by the fact that the tunable
region lies in the substrate and thus it cannot fully overlap with the electromagnetic hot-spot of the metasurface
resonators. Here, we design a solid-state terahertz metamaterial absorber that works in reflection as an amplitude
modulator. Although it is based on the same principle of reverse biasing a Schottky junction, the depletion layer
can almost entirely overlap with the electromagnetic hot-spot volume and maximize the tuning effect, thanks to
the extremely subwavelength thickness of the employed metal-insulator-metal resonating cavities. The carrier
distribution is solved by means of the drift-diffusion model, seamlessly coupled with terahertz wave propagation
studies in a single finite-element method platform [6, 7]. Through a careful design exploiting the mechanism of
critical coupling, the modulator exhibits theoretically infinite extinction ratio and low insertion losses.

II. SOLID-STATE TUNABLE TERAHERTZ METAMATERIAL ABSORBERS

The layout of the proposed tunable terahertz metamaterial absorber is shown in Fig. 1. A layer of n-doped GaAs
is grown [8] on a metal back-reflector supported by a dielectric substrate. A grating of metal stripes is patterned
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on top of the GaAs layer, creating a periodic arrangement of metal-insulator-metal resonant cavities. Schottky
and ohmic junctions are suitably formed at the GaAs/metal grating and GaAs/metal back-reflector interfaces,
respectively [5]. When the junction is unbiased, a thin carrier depletion layer is formed, which occupies a small
fraction of the cavity. By reverse biasing the junction, the thickness of the depletion layer is adjusted, modulating
the GaAs complex permittivity in the resonant cavities. The device is designed to operate for a single (TM)
polarization, although it can be extended to dual-polarization by considering, e.g., a 2D grating of metallic patches.

non-biased .

ohmic«_ |

— Au
— n-GaAs
— GaAs (depleted)

— Si0,

Reflectance

Fig. 1: Layout of the investigated solid-state tunable terahertz metamaterial absorber. The application of an elec-
trical bias at the Schottky junction at the interface between the top Au electrodes and the GaAs layer controls the
carrier depletion zone inside the resonant metal-insulator-metal cavity. By proper design, the device is critically-
coupled at the target frequency in the biased case, thus achieving high modulation depth and extinction ratio.

In the biased case, which corresponds to a fully depleted cavity, GaAs is dielectric and the resonator is designed
such that the critical coupling condition is reached, in order to achieve complete absorption of the impinging THz
wave at the design resonance frequency fj. At rest, the real permittivity of the n-doped GaAs layer is lower, while
significant losses also arise, in accordance with the Drude model for doped semiconductors [6]. This leads to the
broadening of the reflectance spectrum R(f) and its shift towards higher frequencies, thus modulating the ampli-
tude at fy. By rigorously solving for the voltage-dependent carrier distribution and the THz wave propagation, a
series of optimized devices are derived in the one to few THz range, below the GaAs phonon resonances emerging
at 8 THz. To maximize the modulation depth, the bias voltage varies from zero up to the limiting value related to
the dielectric breakdown of GaAs. Figure 2 shows the key parameters for the optimally designed modulators.

Normalized Au Electrode Width Normalized Cavity Height Maximum Voltage +10'6 Donor Concentration
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Fig. 2: Optimized design parameters for modulation in the 1-7 THz range.
The performance of these optimized structures is evaluated in Fig. 3. The modulation depth of the THz wave,

namely R(fp) at V, = 0V, varies from 92% to 53%, whereas the extinction ratio in all cases is, theoretically,
infinite, owing to the zero reflectance of the biased state, which stems from the critical coupling condition.
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Fig. 3: Amplitude modulation for optimized structures working at 1 to 7 THz, according to the parameters of Fig.
2. Solid and dashed lines correspond to operation at maximum and zero bias voltage, respectively.

III. CONCLUSION

A new class of solid-state electrically-tunable terahertz metamaterial absorbers is presented, based on the elec-
trical control of the carrier depletion layer in metal-GaAs-metal resonant cavities with a reverse biased Schottky
junction. Optimized structures are derived, which operate as amplitude modulators at THz frequencies, exhibiting
both low insertion losses and theoretically infinite extinction ratio.
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Abstract— Plasmonics and optical metamaterials offer
possibilities for numerous applications in different fields, from
transformation optics and chemical sensing to merging the
beneficial properties of electronic and optical circuits. Crucial
for their function are interfaces between materials of which one
has to exhibit negative value of relative dielectric permittivity
due to the existence of free electron plasma. However, the choice
of convenient materials is rather limited and their performance
is severely impaired by strong absorption losses. This is the
reason why alternative plasmonic media are currently of an
increasing interest. In this contribution we consider one such
medium, the heterometallic multilayer consisting of copper and
nickel. Copper is an excellent plasmonic material, but needs
protection against surface oxidation, a role fulfilled by nickel
layers which simultaneously form interfaces supporting surface
waves. We describe our proposed heterometallics and consider
their electromagnetic properties and experimental fabrication.
Ab initio numerical simulations were done using the finite
element method for Cu-Ni multilayers on a copper substrate.
Laminate composite structures of alternately electrodeposited
nanocrystalline Ni and Cu films on cold-rolled polycrystalline
copper substrates were fabricated. Highly-densified parallel
interfaces can be obtained by depositing layers at a very narrow
spacing. Our results show that Cu-Ni pairs are a viable
alternative to conventional plasmonic media, while the
electrodeposition approach offers acceptable structural and
electromagnetic parameters with large area and good uniformity
at a low cost.

Index Terms — Plasmonics; Heterometallics;
Multilayers; Copper-Nickel Films; Electrodeposition

Optical

I. INTRODUCTION

FROM the electromagnetic point of view, the existence of
interfaces between materials with different relative dielectric
permittivity and/or relative magnetic permeability results in a
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wealth of different electromagnetic modes supported by such
structures. The simplest case is a contact between two semi-
infinite uniform materials, one of them with negative relative
permittivity (i.e. having free electrons as charge carriers) and
the other with positive permittivity. If electron plasma
frequency coincides with or is sufficiently near to the
electromagnetic wave frequency, a new mode appears defined
by the resonant oscillations of electrons. It is p-polarized and
bound to the interface between the two materials,
exponentially decaying in both perpendicular directions — the
surface plasmon polariton (SPP). More complex composites
introduce a wealth of new modes. The branch of
electromagnetic optics making use of the resonant properties
of free electrons is called plasmonics [1, 2]. The existence of
the SPPs and similar surface phenomena ensures extreme
localizations of fields in subwavelength volumes [3,4].

More generally, the possibility to design electromagnetic
modes at will opens the gate to arbitrary tailoring and
transforming the optical space. This is called transformation
optics [5], and plasmonics ensures its use in the optical
frequency range. Various applications include chemical and
biological sensors [6], circuits that merge compactness of
electrical circuitry with high frequencies of all-optical devices
[7], superabsorbers and superlenses, super-resolution
lithography [8], to name just a few.

One of the problems with the use of materials with free
electron plasma are their high absorption losses caused by
intra- and inter-band electronic transitions. Another is related
with the available operating frequency ranges. These are some
of the reasons why alternative plasmonic materials are
constantly being sought after. The most common choice for
plasmonics are gold and silver, both offering excellent
conductivity and the possibility to be processed using the
standard microsystem techniques. Other proposed materials
include transparent conductive oxides, heavily doped
semiconductors, intermetallics, etc. [9, 10]

Copper is one of the materials with properties very
convenient for plasmonics. A problem is that exposed to
atmosphere it quickly oxidizes, which can impair the
performance of nanometer-thick structures used in plasmonics
or even completely remove any desirable effects. In spite of
this, copper is sometimes used in plasmonics, combined with
some means to protect its surface.

Here we report on the design and fabrication of alternating
copper-nickel multilayers, where nickel serves a dual purpose
of ensuring multiple plasmonic interfaces with copper and
providing protection against environmental influences.
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Fig. 1. Geometry of our heterometallic multilayer. Surface relief is visible at
the top of the structure.

Fig. 2. Coupling between the SPP and the propagating beam on a diffractive
grating (in this case the surface relief on the Cu-Ni multilayer). M; and M,
denote nickel and copper (metal 1 and metal 2), respectively. Yellow area
shows the intensity of the electric field of the SPP versus distance from the
interface.

II. THEORY

We investigate a multilayer structure with alternating strata
of two different materials (metals M, and M,,) each of them
uniform and homogenous, each described by its complex
relative dielectric permittivity (¢,(®w) = €'| +&"; and &(w)=
€'l +¢",) and by its thickness (d; and d,). We assume that the
relative magnetic permeabilities of the both constituents p;(®)
and pp(w) are equal to 1 since we consider the optical
frequency range.

The geometry of the heterometallic multilayer is shown in
Fig. 1. The multilayer is deposited onto a copper substrate.
We assume that the relative dielectric permittivity of each
metal is well described by the lossy extended Drude model [1]

2
o .
o T 5 pj. 5 j:1,2 (1)
® +I'Yj(x)

g;(@)=¢
where o, is the plasma frequency of the electron plasma, &,
is the asymptotic dielectric permittivity and y=1/t is the
characteristic frequency related to the damping of electron
oscillations due to collisions, where 7 is the relaxation time of
the electron gas.

Since both M; and M, are plasmonic materials, the
multilayer structure shown in Fig. 1 represents the general
case of finite one-dimensional, two-material plasmonic crystal
[11, 12]. We denote the electromagnetic wave propagation
perpendicular to the multilayer surface by the Bloch wave
vector ¢. The propagation of a surface wave along an

interface between the two different materials M; and M, is

described by the plasmonic wave vector k . We denote the
number of the layer pairs by N, and the total thickness of a
single layer pair by a = d| + d>.

We proceed by writing the spectral dispersion relation
connecting the frequency and the wave vector within the
given structure. The usual way to obtain the dispersion of a
finite plasmonic crystal is to utilize the transfer matrix method
[13—15]. The dispersion relation is obtained as

(1~ Tn) = —cote(Ngalsin(ga) . @

%(Tn +T22):COS(‘I‘1) ) 3)

where 77, and T3, are the diagonal transfer matrix elements.
Written for the electromagnetic waves outside the light cone
and for S-polarized waves these elements are

Tll = exp(l Kmdml )[COSh(KmZa - Kmdel )_

_l(M_MJsinh(sza—szdml )} @

2 Kol Km2

Ty, = exp(=ix,,d, cosh(x,a = K,0d, )+

+1(KL2_MJSiHh(sza_Km2dml )} @
2 Kol Km2

whereas for P-polarized waves outside the light cone

Tll = exp(l Kmdml )[COSh(Km2a - Km2dm1 )_

, 6
2 Km1€m2 Km2€m1
Ty = exp(_iKmdml )[COSh(sza =Kyl )+
7
l Km2€m1 _ Km1€m2 sinh(sza _ szdml) ( )
2 Km1€m2 Km2€m1

These equations are also applicable for the waves inside the
light cone, but in this case hyperbolic functions in Ty, 75,
should be replaced with the corresponding regular
trigonometric functions.

The next point of interest is the surface relief visible on the
top of the sample in Fig. 1. An idealized view of the obtained
profile is shown in Fig. 2. The existence of the relief is
convenient to ensure coupling between SPPs and a
propagating interrogation beam without a need to utilize
inconvenient external beam couplers needed for the
conventional plasmonic structures.



It is well known that to couple propagating and surface
waves one needs to impart additional momentum Ak to the
propagating wave [1]. One of the methods of coupling is the
use of a diffractive grating [2]. In our case the heterometallic
multilayer itself represents such a grating. Technologically the
necessary relied can be produced in a simple way by
selectively etching the copper part of the heterometallic layer.

The well-known relation between the diffractive grating
constant a = d; + d, and the wave vector of the diffracted
mode is

Ak = imz—n , ®)
a
where m is an integer. Thus matching is obtained if

K=g+Ak , )
where the propagating mode is

ngsine. (10)

¢
here ® is the angular frequency, c is the speed of light in the
medium above the plasmonic surface and 0 is the incident
angle of the propagating mode.

III. NUMERICAL

We examined the scattering of a plane wave incident on the
structure in Fig. 1 using the finite element method. To this
purpose we utilized the RF module of Comsol Multiphysics
software package. The modeled structure consisted of four
nickel layers and three copper layers deposited on a copper
substrate. For the purpose of our simulation the substrate was
assumed sufficiently thick to be considered infinite. The
structure was surrounded by air.

Our simulations calculated the scattered waves as a
perturbation caused when our structure is introduced into a
background electromagnetic field described by a propagating
plane wave. Since the background medium is homogenous
(air) it is possible to set the background field by simply using
the analytic expression for the plane wave. The entire domain
was encased in a perfectly matched layer (PML) acting as a
perfect absorber and preventing unwanted internal reflections
by collecting scattered radiation. The total field representing
the optical response of the structure was calculated as a
superposition of the scattered and the background fields.

Figs. 3 and 4 show examples of the incident wave coupling
with the plasmonic modes of our structure for oblique
incidence. Fig. 3 shows a d;=100nm, d,=300nm structure for
750 nm incident radiation. A selectivity of light localization in
the copper channels is observed when changing the angle of
incidence from 30° to 60°. Coupling of the incident wave with
the surface modes on the copper substrate is shown in Fig. 4
for a 60° incident angle. The frequency and the strength of the
coupling are both dependent on the grating period. We
observed a blue shift of the resonant wavelength from 850 nm
to 670 nm when the thickness of the layers was changed from
d,=100 nm, ¢,=300 nm to d;=200 nm, d,=500 nm.

Fig. 3. Total electric field intensity for ¢,=100 nm, d,=300 nm structure at
750 nm for: a) 30° incident angle and b) 60° incident angle.
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Fig. 4. Total electric field intensity for: a) 4,=100 nm, d,=300 nm structure at
670 nm and 60° incident angle; b) d;=200 nm, d,=500 nm structure at 850 nm
and 60° incident angle.




IV. EXPERIMENTAL

For our experiments we used electrochemical deposition
since it is fully compatible with MEMS technologies and
offers a high controllability of the deposition rate, thickness
and residual stress in Ni and Cu deposits [16, 17].

The substrate for electrodeposition of Ni and Cu thin films
was a 125 pum thick copper foil. Prior to deposition, the
substrate was degreased and chemically polished in acid
mixture.

Electrochemical deposition was carried out using direct
current galvanostatic mode with the current density values
maintained at 10 mA/cm® and 50 mA/cm’. The deposition
time was determined in dependence on the plating surface and
the projected thickness of deposits.

Ni and Cu films were electrodeposited separately from
two different electrolytes. This technique is known as the
Dual Bath Technique (DBT).

Copper films were electrodeposited from a sulfate bath
consisting of 240 g-l’1 CuSO, x 5H,O (1M CuSOy), 40.8 ml
H,SO, (0.77 M H,SO,) and deionized water. The process
temperature and pH were maintained at 25°C and 0.4,
respectively. Nickel films were electrodeposited from a
sulfamate bath consisting of 300 g-I"' Ni(NH,SOs), - 4 H,0,
30 g1 NiCl, - 6H,0, 30 g1 H;BO;, 1 g1 saccharine with
maintained temperature and pH values at 50°C and 4.2,
respectively.

The microstructure of the laminate composite structures
was investigated by metallographic microscopy (Carl Zeiss
microscope “Epival Interphako®) . The topographic details of
the cross-section of the multilayer composite were
investigated by Scanning Electron Microscope (SEM, JEOL
JSM-T20).

The process of revealing the geometry of the multilayer
structure started with a perpendicular cut of the deposited
films. The samples were embedded in self-curing methyl
methacrylate-polymer (Palavit G, Heraeus, Germany) and
mechanically polished with different SiC papers and alumina
powder with different grain size (1 um and 0.3 pm). Rinsing
solution of Na,CO; was used to avoid the agglomeration of
alumina powder. Finally the structures were dried in nitrogen
flow.

The revealed microstructure of the Ni and Cu layers with
different strata thickness, before sacrificial etching of copper
layer in thiourea solution, is shown in Fig. 5 (total film
thickness 75 um), and in Fig. 6 (total film thickness 25 pm).
The acid solution of 1 M thiourea at 40°C (pH = 1, achieved
by adding HCI) was used for selective etching of copper
layers and the substrate, while the nickel layers remained
chemically stable.

In Fig. 7, the result of the etching process of the copper
layers in acid thiourea solution is presented. The released
nickel layers are clearly visible.

e e B TR e LR U R R A e

Fig. 5. Optical image of the cross-section of an electrodeposited Ni-Cu-Ni
multilayer, thickness 20 pm/20 pm/20/10/5 um, before a selective etching
copper film. The current density for both film was 50 mA/cm?

Fig. 6. Optical image of the cross-section of an electrodeposited Ni-Cu-Ni
multilayer, thickness of the single film is 5 um, number of layer is 5.

Fig. 7. SEM image of the cross-section of an electrodeposited Ni-Cu-Ni
multilayer, thickness 2 pm/5 pm/2 pm.



V. CONCLUSION

We analyzed the applicability of Cu-Ni laminar composites
as an alternative plasmonic material. It is shown that
beneficial properties of 2D copper layers can be used while
suppressing the undesired ones by the use of nickel. The
obtained structures serve a dual purpose as a plasmonic
platform and simultaneously a diffractive coupler between
propagating and surface modes. Among the advantages of the
utilized approach are its low cost and its high controllability
over large areas, the possibility to deposit layer on non-flat
structures, as well as its compatibility with the standard
MEMS procedures. Our further work will consider the use of
alternative substrates, as well as different other heterometallic
and, more generally, heteroplasmonic platforms.
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Tailorable Effective Optical Response
of Dual-metal Plasmonic Crystals
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Abstract - The main problems with plasmonics for devices
are connected with its very nature implying the need to use free
electron conductors, mostly good metals like silver or gold. The
choice of natural materials and thus their operating ranges, as
defined by their plasma frequency, is rather limited. Also,
absorption losses in good conductors are quite high. Because of
that alternative plasmonic materials are of increasing interest. In
this contribution we consider the possibility to design plasmonic
crystals incorporating a pair of plasmonic materials (all-metal
plasmonic crystals). For the sake of technological simplicity, we
limit ourselves to one-dimensional structures with a pair of
alternating layers with subwavelength periodicity. Such structures
behave as strongly anisotropic effective media tailorable by
design. In other words, instead of considering waveguiding in
usual IMI (insulator-metal-insulator) and MIM (metal-insulator-
metal) we investigate MMM (metal -metal -metal) and generally
PPP  (plasmonic-plasmonic-plasmonic) structures. For the
plasmonic material pair we choose copper and nickel. The
properties of Cu as a plasmonic material are excellent, however it
oxidizes when exposed to atmosphere. Besides serving as the
second plasmonic material, Ni also protects Cu layers against
corrosion.  Electromagnetic simulations to obtain optical
properties of our all metal plasmonic crystal were performed
using the finite element method.

1. INTRODUCTION

Plasmonics is a branch of electromagnetic optics
dealing with evanescent fields in nanostructures containing
conductive materials with free electron plasma [1]. High
localizations  of electromagnetic —near fields in
subwavelength volumes is achieved via the bound surface
modes at the conductor insulator interface [2]. Moreover
unconventional nature of these plasmonic modes allows for
practically arbitrary tailoring and transformation of the
optical space [3]. As such plasmonic structures can posses
macroscopic electromagnetic parameters rarely found in
nature in addition to intricate spatial field distributions.
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Numerous fields of practical use of plasmonics
include ultrasensitive chemical and biological sensors
(down to a single molecule of analyte)[4],
superconcentrators and superabsorbers, cloaking devices,
enhnancement of photodetectors and many others [5, 6].
Particularly interesting feature of plasmonics is a
possibility to fabricate integrated circuits merging the
dimensions of VLSI with THz operating frequencies and
low dissipation of all-optical devices[7].

Perhaps the most limiting factor in using the materials
with free electron plasma are their high absorption losses
due to carrier plasma relaxation. Furthermore most natural
plasmonic materials are metals which due to their
extremely high carrier concentrations have fixed plasmonic
properties creating a problem with the available operating
frequency ranges. As such alternative plasmonic materials
like transparent conductive oxides or heavily doped
semiconductors are constantly being investigated with
intention to overcome these problems usually by changing
the doping levels or deposition techniques [8, 9]. However,
metals like gold, silver, aluminium etc. are easily available
and posses numerous technological advantages including
the possibility to be processed using the standard well
developed microsystem techniques.

Copper is one of the natural plasmonic materials with
highly developed processing techniques. Unfortunately
when directly exposed to the environment copper very
quickly oxidizes. While this can have beneficial effect for
other uses of copper it also causes copper to lose all of its
plasmonic properties. One of the means of protecting the
copper from oxidations are lamellar structures in
combination with some other metal [10]. Metal commonly
chosen for protection of copper because of their matching
mechanical properties is nickel [11].

II. THEORY

We examine a multilayer structure with alternating
strata of two different metals. Each layer is described by its
complex relative dielectric permittivity and by its
geometrical properties. Relative dielectric permittivity of
each metal is well described by the lossy extended Drude
model [1]
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where ), is the plasma frequency of the electron plasma,
€, 1s the asymptotic dielectric permittivity and y=1/t is the
characteristic frequency related to the damping of electron
oscillations due to collisions, where 7 is the relaxation time
of the electron gas.

Interface between dielectric and metal supports
surface plasmon polaritons (SPP). Dispersion relation of
SPPs is given as [1]:

_babw 2
(e, +¢,)
__ % 3
o, Jire, ; 3)
where [ is SPP propagation constant, and ¢, and ¢, are
complex dielectric permittivities of dielectric and metal
respectively, @, is surface plasmon polariton frequency
and w, is the plasma frequency of the metal.

In case of a single metallic layer with thickness a
surrounded by dielectric two SPP states on both sides of the
layer couple splitting single state into even @. and odd @
states.
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In the case of multiple alternating layers splitting of
states leads to forming of bands similar to the electrons
propagating in periodic potential of crystal lattice. The
geometry of the heterometallic multilayer is shown in Fig.
1. The multilayer is deposited onto a copper substrate. The
multilayer structure shown in Fig. 1 is the general case of
finite one-dimensional, two-material plasmonic crystal [12,
13].

__Ni

Cu

Substrate

Fig. 1. Schematics of a finite Cu-Ni 1D plasmonic crystal
deposited on a copper substrate.

Propagation of electromagnetic wave in direction
perpendicular to the multilayer surface is described by the

Bloch wavevector g. Real values of Bloch wavevector
denote allowed bands and imaginary values denote
forbidden bands. The propagation of a surface wave
parallel to the layers along an interface between two
materials is described by the plasmonic wavevector k.
Number of the layer pairs is N, and the total thickness of a
single layer pair is a = d; + d,.

Dispersion relation of plasmonic crystal can be
obtained from Bloch periodic condition utilizing the
transfer matrix method [14, 15].

S0~ Tin) = —core(Nga)sin(ga) . (5)

S (1 +T) = coslga). ©)

where 77, and T), are the diagonal transfer matrix elements.
Written for the electromagnetic waves outside the light
cone and for TE polarization these elements are

T;, = exp(ix,d, )[cosh(x,a — x,d, ) -

(D
- 1[% - KIJ sinh (Kza —K,d, )}
2\ Kk K,
T, = exp(-ird, )[COSh(Kza —Kd; )+
1k, K ®)
+ [2 - lj sinh (r,a — x,d, )}
2\, K,
whereas for TM polarization outside the light cone
I, = exp(i Kd, )[COSh(Kza —K,d, ) -
1 k6 K& ’ )
- (21 -2 jsinh (x,a—x,d,)
2\ k&, K&
T, = exp(— ixd, )[cosh(icza - K2d1)+
-(®

+ 1(’(281 - Klgzjsinh (k0 —x,d, )}

K8

These equations can be modified for the waves inside
the light cone, only in this case hyperbolic functions in 7,
T, should be replaced with the corresponding regular
trigonometric functions.

[II. RESULTS AND DISCUSSION

We examined optical properties of plasmonic crystals
described in Fig. 1. using Finite Element Method. To
achieve this we used the RF module of Comsol
Multiphysics software package. We considered finite
plasmonic crystal consisting of three nickel and two copper
layers on a copper substrate. We assumed that the structure
was surrounded by air. Incident light is TM polarized.
Parameters for Drude model describing relative permittivity of
the metals are taken from literature [16].
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Fig. 2. Dispersive properties of Otto configuration coupling of
incident light to SPP on plasmonic crystal surface depending on
Ni layer thickness.

First we utilize Otto configuration with glass prism to
couple incident light to SPP on the surface of the plasmonic
crystal. We keep all of the parameters of the calculation the
same and only vary the thickness of the nickel layers from
Snm to 20nm. Thickness of the copper layers is 10nm.
Since excitation of SPP is achieved under condition of total
internal reflection (TIR) when coupling occurs significant
dip in the reflection is observed as shown in Fig. 2. What
can readily be observed is that by changing the thickness of
the Ni layers we change the effective parameters of the
multilayer. Plasmonic crystal behaves as a single metallic
material with tunable plasma frequency. Spatial field
distributions of SPP are shown in Fig.3 for 5/10nm Ni/Cu
plasmonic crystal.

Fig. 3. Field distribution of SPP at 520nm resonant wavelength: a)
on plasmonic crystal surface and b) within the plasmonic crystal.

Furthermore we investigate dispersive properties of our
plasmonic crystal under direct illumination without any

couplers. In Fig.4 are shown dispersive properties of 10/10nm
Ni/Cu plasmonic crystal for different incident angles.
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Fig. 4. Dispersive properties finite Ni/Cu plasmonic crystal for
different incident angles: a) 15° b) 30° and c)45°.
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Fig. 5. Field distribution for 45° incident angle at different
resonant wavelengths: a) 130nm; b) 140nm and ¢)150nm.

From Fig. 4 can readily be seen the existence of the
allowed and forbidden band. States in the allowed band are
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clustered together and spread apart with the increase in the
angle of incidence. Of particular interest are states in
130nm to 160nm band where nickel has negative permittivity
and copper has positive permittivity, but unlike most
commonly seen cases which argue for high contrast between
the materials here we have the case of very weak confinement
ie. the difference between relative permittivities is only a
fraction of unity. What we observe as shown in Fig.5 is very
high light localization on subwalength scale within the layers.

IV. CONCLUSION

Our investigations show that the effective properties of
the Cu-Ni plasmonic crystal are continually tailorable by
simple tuning of the thickness of the two building materials
thus offering an alternative to the conventional plasmonic
media. Furthermore our research demonstrates that MMM
(metal -metal -metal) structures support plasmonic modes in
weak confinement regime that can be excited using a
propagating wave. These plasmonic modes are highly
localized in individual strata of the crystal with excellent
spectral selectivity of the layers. From technological point of
view we have an added benefit that the techniques already
developed and tested for tuning mechanical and chemical
properties of metallic lamellar structures are perfectly aligned
with our approach to utilize all-metal plasmonic crystals for
their optical properties. An obvious direction for further
research is the consideration of other plasmonic material pairs,
including metal-transparent conductive oxide-metal structures.
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Abstract. The layer-by-layer deposition method involves a successive deposition of
polyanions and polycations onto a desired surface, usually by repeated immersion in aqueous
solutions of the polyelectrolytes. Since its advancement in the early 1990s, it has become
widespread as a cheap and versatile means for ultrathin polymer film preparation [1].

Here we consider multilayers of cationic poly(allylamine hydrochloride) (PAH) and
anionic poly(sodium 4-styrenesulfonate) (PSS) molecules deposited on top of commercially
produced dry thermal silicon dioxide layers (target thickness of 285 nm) grown over a lightly
Boron-doped crystalline silicon wafer, which serve as well-known substrates for the accurate
optical characterization of PAH/PSS multilayers. The bare substrate, substrate after base
piranha functionalization and, finally, substrate with the number of PAH/PSS bilayers ranging
from 1 to 4, were carefully measured by variable-angle spectroscopic ellipsometry (VASE) [2,
3].

In this work, we analyze the obtained VASE spectra to determine the dielectric function of
the polyelectrolyte films of different thicknesses. First, the spectra of bare substrates are fitted
to several models with different parameters, involving the Sellmeier function for the silicon
dioxide permittivity, the interfacial layer between silicon and silicon dioxide and the layer
thicknesses, in order to determine the minimal value of the test (error) function that can be
achieved for a given model [4, 5]. The fitting involved the least squares minimization of the
vector of residuals (difference between measured and model spectra) achieved using 3 different
algorithms, (i) Trust Region Reflective, (ii)) dogleg and (iii) Levenberg-Marquardt,
implemented in the scipy.optimize package of the SciPy Python library [6]. In the second step,
the VASE spectra of samples with various number of polyelectrolyte bilayers are fitted to
several models involving the Cauchy's function for the refractive index of the polyelectrolyte
layers and their thicknesses, assuming the dielectric functions and layer thicknesses of the
underlying substrate are known. The layer thicknesses inferred from VASE spectra are then
compared with thicknesses directly measured by atomic force microscopy.
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Abstract. Seminal work by Decher et al. in the 1990s introduced the layer-by-layer
deposition of oppositely charged polyelectrolytes [1-3]. This versatile deposition technique has
since attracted considerable interest owing to its ability to modulate polyelectrolyte multilayer
film properties at the nanoscale [4].

In this work, we study layer-by-layer polyelectrolyte deposition by alternately immersing
thermally oxidized silicon wafer substrates into successive aqueous solutions of cationic
poly(allylamine hydrochloride) (PAH) and anionic poly(sodium 4-styrenesulfonate) (PSS)
polyelectrolytes with intermediate rinsing steps [5]. The surface functionalization (SF) of the
substrates was performed by dipping them into the NH4OH/H>0O: base piranha mix for 2 hours
at 50°C, thus creating an OH™ terminated surface prior to exposing the samples to the positively
charged PAH.

Due to the polyelectrolyte multilayer film thickness at the nanometer scale, their
characterization requires highly sensitive techniques such as atomic force microscopy (AFM)
and variable-angle spectroscopic ellipsometry (VASE). Both techniques verified the presence
of polyelectrolyte multilayer films. Particularly, the SF and PAH/PSS bilayer thicknesses were
established by AFM scratching, whereas VASE measurements demonstrated consistent shifts
in the most prominent tan¥ peak resulting in an increase in the peak’s wavelength shift with
the increasing number of PAH/PSS bilayers.

Finally, the refractive indices of polyelectrolyte multilayer films of different thicknesses
(consisting of 1-4 PAH/PSS bilayers) in the wavelength range of 200-800 nm are determined
from the obtained VASE spectra for bare substrates, substrates after surface functionalization,
and substrates with one to four polyelectrolyte bilayers.
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Abstract. The research of two-dimensional (2D) crystals beyond graphene has led to a new
idea of stacking these atomically thin layers one on top of the other into the so-called van der
Waals heterostructures (VdWhs) [1]. The combination of different 2D crystals into a VdWh
gives rise to new electronic and optical properties, while preserving the intrinsic properties of
the constituent crystals [2]. This paired with the vast choice of currently available 2D crystals,
renders VdWhs as an interesting prospect for various applications in the fields of electronics
to optoelectronics [2].

In this work we investigate VdWhs produced from 2D transition metal dichalcogenides
(WS2, WSez, MoS: and MoSe»), which are considered to be strong candidates for applications
in the field of optoelectronics [2]. The fabrication of VdWhs was done by using the wet and
dry variants of the transfer method [3]. The structural and optical properties of the VdWhs
fabricated by these methods were thoroughly investigated by atomic force microscopy, Raman
spectroscopy and photoluminescence spectroscopy. The analysis of the results obtained from
the afore mentioned characterization techniques shows that VdWhs have low amount of surface
contaminants, unmodified crystal structure, high and uniform photoluminescence intensity.
The VdWhs are found to have interlayer contaminants which are accumulated in pockets of
different shapes. In fact, achieving clean interfaces is one of the main challenges of the transfer
methods.
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monitor

x, y stage optical X, Y,
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Figure 1. (a) MoS2 / WS2 VdWh. (b) WSe2 / WS2 / MoS2 VdWh. (c¢) Dry transfer setup
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In this work, layer-by-layer polyelectrolyte deposition has been studied by alternately immersing the
Si/Si02(300 nm) substrates into successive aqueous solutions of cationic poly(allylamine
hydrochloride) (PAH) and anionic poly(sodium 4-styrenesulfonate) (PSS) polyelectrolytes with
intermediate rinsing steps [1]. Base piranha approach was adopted for the surface functionalization (SF)
of the substrates by dipping them into the NH,OH/H,0, mix for 2 h at 50°C in order to create an OH"
terminated surface prior to exposing the samples to the positively charged PAH.

Due to their thickness at the nanometer scale, the characterization of polyelectrolyte multilayer
films requires highly sensitive techniques such as spectroscopic ellipsometry (SE) and atomic force
microscopy (AFM). Both techniques verified the presence of polyelectrolyte multilayer films.
Particularly, SE measurements demonstrated consistent shifts in the most prominent tan¥' peak resulting
in an increase in the peak’s wavelength shift with the increasing number of bilayers (Figure 1), whereas
the SF and PAH/PSS bilayer thicknesses were established by AFM scratching and are approximately
~0.5 nm and ~1.1-1.4 nm, respectively.

The empirical Cauchy model can be used for approximation of the real part of the refractive
index within spectral regions for which the material has very low or non-existing absorption [2].
Furthermore, complex refractive index of a layer in a multilayer structure can be extracted by direct
inversion when the thickness of the layer is known. In accordance with this, the thicknesses of the
polyelectrolyte multilayer films established by AFM were used to calculate the complex refractive
indices. Finally, direct inversion and parametric fitting based on the Cauchy model have been utilized
in order to fully determine the real and imaginary parts of the refractive index of ultrathin
polyelectrolyte multilayer films in the wavelength range of 200-800 nm.
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Figure 1. Experimentally measured ellipsometric spectra of two different Si/SiO2(300 nm) substrates with
SF and (a) one, and (b) four PAH/PSS bilayers.
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The discovery of many thermodynamically stable two-dimensional crystals attainable, amongst others,
by the mechanical exfoliation method [1] has, since the 2000s, been inspiring the investigation of a
range of electronic and, more recently, optoelectronic systems featuring such atomically thin layers
either individually or stacked into so-called van der Waals heterostructures. In case of van der Waals
heterostructure photovoltaics [2], light trapping strategies gain in significance as the active layer
thickness is typically two orders of magnitude smaller than the wavelength.

We pursue ways to increase the light absorption efficiency using plasmonic nanoparticles randomly
distributed on top of two-dimensional crystals [3]. To study the light absorption in disordered systems,
we employ Smuthi [4,5], an open-source T-matrix based Python package for simulating light scattering
on particles embedded in arbitrary layered systems. In numerical simulations, we assume that a number
N, of nanoparticles is arranged over a square area A with a uniform distribution. As macroscopic clusters
(such that A ~ 1 mm? or more) are way too large to simulate numerically, our method relies on
simulating sufficiently large (typically N ~ 100) ensembles of smaller randomly generated clusters and
estimating the absorption enhancement of a macroscopic system from the ensemble average. In the
example shown in Fig. 1, we study how the nanoparticle concentration n affects the observed
enhancement and find that, typically, the enhancement grows with increasing n, but, somewhat
unexpectedly, only to a certain point after which it starts to decrease.
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Figure 1. Absorption enhancement at A = 550 nm in a 1 nm layer of MoS; sitting on top of a gold film (a) A
typical cluster of 80 gold 100 nm nanoparticles randomly distributed over an area of 2 x 2 um?. (b) Absorption
enhancement histogram obtained by simulating 100 randomly generated clusters. The vertical black line
represents the ensemble mean, while the mean error is indicated by the red band. (c) Absorption enhancement
(ensemble mean) as a function of the number of nanoparticles with A = 4 7Im? The mean error is indicated by
error bars which are hardly visible on this scale.
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The optical properties of surface plasmon polaritons (SPPs) including field enhancement,
subwavelength field confinement, and high sensitivity to the structure of the dielectric/metal interfaces
where they exist have been exploited for numerous applications ranging from sensors to optical
integrated circuits [1]. One of the key requirements for building a SPP based device is a controllable
and efficient conversion of the free-space light to the SPPs. In the last two decades, isolated nano-sized
slits and grooves perforated in metal films have been utilized as efficient SPP launchers in novel,
compact SPP based devices, where high density of integration, amongst other properties, plays an
important role [2].

In this work we investigate the SPPs launched on a metal grove using finite element method numerical
simulations. In particular, we study the effects of various parameters such as grove shape and the
incident angle on the properties of launched SPPs and the launching efficiency. The launching
efficiency of the SPPs exhibits maxima (minima) whenever the scattering into SPPs is in constructive
(destructive) interference with the scattering arising via the groove mode excitation. The extremal points
position is found to be dependent on the groove shape and virtually independent on the incident angle.
We show that the rotation of the plane of incidence modifies the SPP wavevector by introducing an
offset between the amplitude and phase fronts of the launched SPP. The former becomes slanted with
respect to the Poynting vector, while the latter remains perpendicular to it.
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With the emergence of nanotechnology, spectroscopic ellipsometry (SE) got an important role in
optical characterization of ultra-thin nanostructured films [1]. Using this technique, various
relevant characteristics such as film thickness, surface roughness and optical functions can be
determined, but only by proper modeling of the near-surface region of multilayer samples.

In this work, we investigated the extraction of optical properties of ultrathin (~5 nm) films
composed of a single layer of core-shell CdSe-CdS nanoplatelets on SiO2(85 nm)/Si(bulk)
substrate. The ellipsometric spectra were measured using SE in rotating polarizer ellipsometry
(RPE) configuration. We compared two standard approaches for SE thin film analysis: “point-
by-point” inversion and model based (parametrized) data fitting [2]. While the model based data
fitting is quite effective in the case where the shape of film's dielectric function is easy to
anticipate, one should be careful with analysis of nanometer scaled film thicknesses. Since they
are very thin, reasonable goodness of fit could be misleading. On the other hand, “point-by-
point” inversion suffers from the fact that the neighbouring wavelengths do not support each
other, eventually leading to lack of Krammers-Kroning consistency [3]. It also strongly depends
on measurement precision and sensitivity which is critical in RPE configuration in case of A
being close to 0 or 180° [4]. For both approaches, pre-knowledge about the undetlying substrate
is essential. Having all this in mind, the combination of both “point-by-point” inversion and
parametrized fitting should be applied.
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Metasurfaces are artificial, planar, and periodic electromagnetic structures consisting of
subwavelength resonators which strongly enhance light-matter interaction. Therefore,
metasurfaces are an excellent choice for making compact and fast tunable photonic devices in a
broad window of the electromagnetic spectrum, including terahertz (THz) frequencies as well [1].
Gradient metasurfaces belong to a special class characterized by a spatially inhomogeneous phase
response providing novel opportunities for beam steering and wavefront shaping [2]. Here we
examine tunable metasurfaces with inhomogeneous phase profiles as efficient beam steering
devices at THz frequencies. The considered structures are based on metal-insulator-metal (MIM)
cavities, where the top layer consists of a metallic ribbon array separated from the bottom ground
plane by a thin layer of a highly-birefringent nematic liquid crystal (LC) [3, 4], which serves as an
electrically tunable element. The resulting change of the L.C refractive index provides spectral
shifting of the metasurface resonance and large phase shift of the reflected field at the desired
frequency.

In order to achieve tunable beam steering, we designed metasurfaces based on periodic arrays of
MIM cavities taken as building blocks, where the spatially varying phase profile, either binary or
linear, is provided by spatially inhomogeneous and tunable LC refractive index. The metasurface
with the binary phase profile consists of spatial zones with a phase shift either 0° or 180° and it
operates as a beam splitter. The reflection angle of the first diffraction order is adjusted by
changing the period of the supercell composed of individually-controlled MIM cavities, which
provide the binary phase profile of the grating. At the same time, by suitably selecting the binary
phase-shift values, the tunable grating enables the equal redistribution of the reflected power
between the first diffraction order and the back-scattered zeroth order. Finally, we demonstrate
that a gradient metasurface consisting of subunit cells with a discretized linear phase profile
ranging from 0° to 270° behaves as a blazed grating. Tunable beam steering is then achieved by
modifying the period of the linear phase spatial profile, which determines accordingly the
reflection angle of the diffracted terahertz beam.
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Surface plasmon polaritons (SPPs) are electromagnetic surface waves which propagate at a metal-
dielectric interface. The optical properties of SPPs such as subwavelength field confinement, field
enhancement and high sensitivity to the composition and structure of the surface have been
exploited for numerous applications ranging from sensors to optical integrated circuits [1]. Many
of the numerous applications of the SPPs require efficient and controllable methods for
conversion of the free-space light to SPPs [2]. In order to achieve SPP launching in such a way,
the transverse momentum of the free-space light has to be matched to that of a SPP. The
momentum matching is traditionally done by using a prism or a metallic grating. However, these
bulky elements are not convenient for applications demanding high density of integration, as it is
the case with the SPP based integrated optics. As an alternative to prisms and metallic gratings,
structures such as nano-sized slits and grooves perforated in metal films have been proposed
recently as promising candidates for novel compact SPP based devices [3].

In the process of light scattering on a groove in a metal film only a fraction of the incident wave
is converted to SPPs. Here we investigate the SPP launching efficiency in the 600 nm - 900 nm
wavelength range, using finite element based numerical simulations under the assumption that a
plane wave is incident on the groove. We study the influence of the groove shape, incident angle,
angle between the plane of incidence and the groove axis (the azimuth angle) and the polarization
of the incident wave on the launching efficiency and the character of the launched SPPs. We find
that the SPP launching efficiency exhibits minima (maxima) whenever the scattering into SPPs is
in destructive (constructive) interference with the scattering arising via the groove mode
excitation. The spectral position of these extremal points strongly depends on the groove shape
and the azimuth angle, while it is virtually independent on the incident angle. We show that the
rotation of the plane of incidence modifies the SPP wavevector resulting in an offset between
their amplitude and phase fronts. The former becomes slanted with respect to the Poynting
vector, while the latter remains perpendicular to it.
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The recent progress in depositing high-quality ultrathin metal layers, with thickness well below
the light penetration depth [1], has allowed the fabrication of metallodielectric superlattices with
properties very similar to hyperbolic homogeneous media [2]. The latter are characterized by a
very large photonic density of states (PDOS) [3] and thus considered promising for the
development of novel light sources [4].

In a boundless metallodielectric superlattice, the PDOS consists exclusively of bulk-like
plasmonic states, formed through a strong hybridization of surface plasmon polaritons of many
individual metal-dielectric interfaces comprising the superlattice [5]. So far, however, semi-infinite
superlattices have been more relevant in practice as quantum emitters have typically been
deposited on top of metallodielectric layers [6]. The superlattice-homogeneous medium interface
introduces two additional types of states into which photons may be emitted: far-field and Tamm
plasmon modes [7], which causes a strong spatial variation of the PDOS composition [8].

Here the problem of a single-defect in an otherwise boundless metallodielectric superlattice is
considered. It is relevant for emitters embedded into the superlattice, which has been suggested
[4] as a measure for further increasing PDOS. The considered defects take the form of a slightly
different layer thickness or a local permittivity deviation, so that the system may be regarded as a
combination of two semi-infinite superlattices interacting through a common capping layer. We
investigate the conditions leading to the formation of transversally localized plasmonic defect
states, study their dispersion and field distribution and evaluate their contribution to the total
PDOS. The results we obtained show that the total PDOS is significantly increased in
comparison to a defect-free case, which is of great interest for quantum well-based light-emitting
devices and infrared detectors.
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Metallic nanoparticles are known for their remarkable ability to confine and enhance the electromagnetic
fields incident upon them. These nanoobjects have thus been successfully utilized as a platform for enhancing
the intensity of light scattered from analyte molecules residing in their close vicinity. A perfect example is
surface enhanced Raman spectroscopy (SERS) in which the confined, strong electromagnetic fields transfer
the electromagnetic energy to the analyte thereby increasing the magnitude of the analyte phonon-modulated
dipole moment and consequently its Raman scattering efficiency [1]. The SERS enhancement factors depend
on various factors such as the topology of the metallic nanoobjects, and can be as high as 10" [1]. Large
enhancement factors render SERS a very versatile technique which can be used for detection of extremely
small amounts of analyte adsorbed on the surface of metallic nanoobjects [2] as well as for studies on a single
molecule level [3].

Here we investigate silver nanoparticle clusters deposited on an insulating substrate as a platform for SERS,
using confocal Raman microspectroscopy and a finite element based numerical analysis. The analysis of SERS
enhancement based on rigorous numerical simulations of Maxwell equations for the case of plane wave
scattering on random silver nanoparticle clusters, shows that the highest field enhancement factors are reached
at collective nanoparticle plasmon resonances and become redshifted in elongated clusters with an increasing
number of particles. From an inspection of electromagnetic field distribution on nanoparticle surfaces, a
conclusion is reached that at least 90% of the total enhancement originates from nanogaps between adjacent
nanoparticles, implying that the SERS experiments are sensitive only to adsorbates located in these gaps. The
latter conclusion is used to aid the experimental SERS study of the thiacyanine (TC) dye adsorption on the
surface of silver nanoparticle clusters. By analyzing the SERS spectra of TC dye coated nanoparticle clusters,
we find that the adsorption of this particular dye is strongly influenced by the capping anions which are
initially conformed on the surface of the nanoparticles.
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Since its discovery in the 1970s, surface-enhanced Raman scattering (SERS) has become indispensable in
analytic applications of Raman spectroscopy involving trace concentrations of analyte. It is well established
that SERS enhancement factors above 10 can be reached if the analyte molecules are deposited into the
electromagnetic "hotspots" formed in metal nanoparticle gaps or crevices, allowing single-molecule detection.
While several mechanisms are known to contribute to the overall enhancement, the dominant contribution to
large enhancement factors is known to be of the electromagnetic nature, scaling approximately as the fourth
degree of the local electric field enhancement.

Silver nanoparticles deposited on appropriately chosen substrates are amongst most frequently used SERS
substrates because the plasmonic properties of silver at visible frequencies are superior to other metals.
However, silver is prone to oxidation in ambient conditions, especially when illuminated by a strong laser
beam, leading to stability issues when attempting to use it in SERS substrates [1]. In addition to improved
stability, a passivation of the silver surface by ultrathin dielectric layers has been shown [2] to be beneficial as
a way to functionalize the surface. Recent studies [3,4] have indicated that graphene, as a two-dimensional
material which combines atomic thickness with mechanical robustness, might be an ideal protection layer for
silver nanoparticle SERS substrates.

Here we employ rigorous finite-element based numerical simulations of light scattering on silver nanoparticle
clusters deposited on a substrate, in order to determine the electromagnetic SERS enhancement factor
provided by the nanoparticle cluster. While it is evident that graphene or a similar absorbing two-dimensional
cover layer [5] reduces this factor, our aim is to determine and understand the magnitude of this reduction, in
order to help optimize the use of graphene in novel silver nanoparticle SERS substrates.
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An optical medium is said to be hyperbolic if the principal values of its dielectric permittivity tensor differ in
sign, implying a hyperboloid equifrequency surface. As the photonic density of states (PDOS) and the
associated spontaneous emission rate of quantum emitters are known to be proportional to the area of the
equifrequency surface, hyperboloid media exhibit very large Purcell factors, infinite in the local
approximation. In nature, a hyperboloid behavior occurs in certain crystals at mid and far infrared frequencies
and is usually associated with vibrational resonances.

In recent years [1], periodic stacks of ultrathin metal and dielectric layers, here referred to as metallodielectric
superlattices, have been considered as artificial media exhibiting a hyperboloid behavior up to visible
freugencies. As visible and infrared wavelengths are many times longer than the period, the main optical
properties of a superlattice can be understood by approximating it by a uniaxial homogeneous medium. A
more rigorous microscopic picture [2] shows that the unusual properties are a consequence of the transparency
of individual layers which allows a hybridization of surface plasmon polaritons (SPPs), supported by each
metal-dielectric interface, and the formation of Bloch SPPs delocalized across the superlattice.

Here we consider the spectral characteristics of PDOS at the interface between a semi-infinite
metallodielectric superlattice and a homogeneous medium. We discuss the conditions leading to the
appearance of surface modes referred to as Tamm plasmons and their contribution to the surface PDQOS,
aiming to discriminate the efficiency of a quantum emitter placed near the surface. Coupling of the emitted
radiation with Tamm and Bloch plasmons improves the interpretation of recent experiments by
Krishnamoorthy et al. [3]. We show how the classical results for emission into surface plasmons [4] are
modified in case of Tamm plasmons, explain the factors influencing the magnitude of the relative contribution
of Tamm plasmons to the total PDOS and its critical behavior in the vicinity of the topological transition
frequency between hyperbolic and elliptical regime.
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The strong scattering of light by noble metal nanoparticles has, since ancient times, been utilized in various
ways, from Roman stained glass to modern day hCG pregnancy tests. At optical frequencies, both the
"lightning rod effect" associated with nanometer geometric features and the excitation of collective charge
oscillations known as localized surface plasmons (LSPs) contribute to the formation of strong and highly
localized electric field "hotspots” at the nanoparticle surface. Understanding the "hotspot" formation
mechanism and its attributes such as resonant wavelength, excitation efficiency or spatial confinement, as well
as mastering the technology to efficiently produce LSP systems with desired properties, has been at the focus
of plasmonics and nanooptics in the past decade and motivated by the perspective of producing a new
generation of ultrasensitive spectroscopic sensors [1] or controlling the photon generation by quantum emitters
[2]. A significant recent development has been realized by the use of the layer-by-layer polyelectrolite
deposition technique [2,3], providing cheap means to produce dielectric layers the thickness of which can be
controlled with subnanometer precision.

Here we report on a comprehensive study of optical properties of silver nanospheres or nanocubes separated
from a flat or periodically corrugated aluminium substrate by a few nanometer thick layer of oxide and several
polyelectrolite layers. Combining theoretical methods based on the mixed representation of the Dyadic Green
function for the electric field, numerical simulations employing the finite element method, various colloidal
synthesis protocols for silver nanoparticle generation, holographic generation of periodically corrugated
surfaces, electron beam deposition of aluminium films, layer-by-layer polyelectrolite deposition,
spectrophotometry, spectroscopic ellipsometry, Raman spectroscopy and atomic force microscopy, we
investigate the properties of surface plasmon polaritons of the aluminum surface [4] and their role in the
formation of LSPs highly localized in tiny gaps between the nanoparticle and aluminium substrate.
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Plasmonic materials ensure extreme concentrations and localizations of electromagnetic fields as a
consequence of the appearance of evanescent waves (surface plasmons polaritons) in the range of negative
values of relative dielectric permittivity near the plasma frequency [1]. The many applications of plasmonics
include ultrasensitive chemical sensors, advanced all-optical devices, enhanced photodetectors, energy
harvesting devices and many others [2].

Among hurdles to a more widespread use of plasmonics are a rather limited range of available plasmonic
materials (usually good metals like gold and silver) and their high absorption losses in the range of interest.
This is why alternative plasmonic materials are of large interest [3]. Besides using materials like transparent
conductive oxides, highly doped semiconductors, intermetallic and similar, a possible approach is to combine
a plasmonic material with lossless dielectric into mesoscopic or subwavelength nanocomposites (plasmonic
crystals) [4], thus allowing almost arbitrary tailoring of frequency dispersion in a spectral range defined by the
plasma frequency.

In this contribution we consider numerically and experimentally the use of bimetallic superlattices, i.e. all-
metal plasmonic crystals consisting of two alternating materials with negative values of their relative dielectric
permittivities. We use the copper-nickel multilayers. Copper is a good plasmonic material, but not widely used
due to surface oxidation impairing its electromagnetic properties over time. The layers of nickel, also a
plasmonic material, serve a dual purpose of being a protection against copper oxidation and ensuring
formation of surface waves at the alternating interfaces between the two materials. At the same time, the
multilayers serve as couplers between the propagating and the surface waves.

We simulated the electromagnetic properties of subwavelength Cu-Ni multilayers by the 2D finite element
method using realistic material parameters. We adjusted the response by simply varying Cu to Ni thickness
ratio. A rich optical behavior was obtained, as governed by the electromagnetic properties of the multilayers.
Experimentally, we fabricated 1D plasmonic crystals consisting of alternately stacked nanocrystalline Ni and
Cu layers by electrodeposition on a cold-rolled copper substrate [5]. We obtained highly parallel interfaces
with thin individual strata and excellent morphology. We made use of beneficial structural properties of both
Cu and Ni, while suppressing the undesirable ones. The approach offers high quality, large area, compact and
low cost structures, while retaining a compatibility with the standard microfabrication and microelectronic
processes.
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