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immersed in air: epsilon-near-zero metamaterials
mediated by a phonon-polaritonic anisotropy†

Kota Ito,a Yuri Yamada, *a Atsushi Miuraa and Hideo Iizuka *b

Epsilon-near-zero metamaterials offer opportunities for intriguing electromagnetic-wave phenomena.

Here we experimentally demonstrate that silica perpendicular nanopillars immersed in air exhibit

a uniaxial epsilon-near-zero response mediated by phonon polaritons in the mid-infrared range. Unique

mushroom-shaped heads on nanopillars play a crucial role to realize SiO2 metamaterials over a large

area in our self-assembled fabrication process with block copolymers, polystyrene-block-

poly(dimethylsiloxane) (PS-b-PDMS). SiO2 nanopillars having heights of 80 nm, 200 nm, and 300 nm

(aspect ratios up to �13) are obtained after calcination at 450 �C and the electromagnetic responses are

evaluated using a mid-infrared ellipsometric apparatus. For nanopillars with 200 nm height, the

permittivity of the perpendicular component 3t approaches to near zero (0.2) while the parallel

component 3k shows a value of 1.8. The measured uniaxial epsilon-near-zero responses are excellently

reproduced by the effective medium theory. Our results, therefore, indicate that SiO2 nanopillars/air

uniaxial epsilon-near-zero metamaterials in the mid-infrared range can be amenable to large scale

fabrication.
1 Introduction

Researchers have designed electromagnetic metamaterials with
unconventional permittivity and permeability values in various
frequency ranges. Epsilon-near-zero metamaterials are unique
class of materials, which enable the permittivity values lower
than that of the free-space.1 They have realized various appli-
cations ranging from perfect imaging systems,2 waveform
shaping,3 light tunnelling,4,5 perfect absorption,6 and sponta-
neous emission enhancement.7 Sometimes epsilon-near-zero
metamaterials are designed to have anisotropic8,9 or more
specically uniaxial permittivities,10 i.e., the permittivity
component in the direction perpendicular to the lm is
different from that in the direction parallel to the lm. Metal
and dielectric lms are stacked alternately to achieve an
epsilon-near-zero permittivity in the parallel direction, and that
has been utilized to control thermal emission11 and optical
response.12 Alternatively, metallic nanopillar arrays can achieve
a uniaxial anisotropy with an epsilon-near-zero permittivity in
the perpendicular direction. One pioneering work is Au
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nanorod arrays obtained by electroplating in porous anodic
alumina oxide (AAO) templates.13–16 The Au nanorods also
realize the polarization converters17 because the phase delay
between p-polarized (perpendicular) and s-polarized (parallel)
light is signicantly different.

Surface phonon polaritons observed in polar materials, such
as hexagonal boron nitride (hBN), SiC, and SiO2, provide strong
light–matter interaction in the mid-infrared wavelength
range.18–24Of thesematerials, SiO2 is a prominent candidate due
to ease of synthesis and its numerous potential applications.
SiO2 has been widely explored for various application scenarios,
such as thermal emission control,25,26 superlenses,27,28 and bio-
sensing.29 Particularly, for thermal emission, when one of the
components in such metamaterials is air with small thermal
conductivity or vacuum with no thermal conductivity, one can
expand design variation in tailoring electromagnetic waves.

In spite of its importance for numerous applications, the
mid-infrared device fabrication oen suffers from complicated
top-down procedures, which are relatively expensive and time-
consuming. Self-assembly of block copolymers provides peri-
odically ordered patterns on substrates with relatively simple
and low-cost manners.30–32 In these block copolymers, dissim-
ilar polymer chains are covalently linked to each other, and
form microphase-separated structures at a molecular level. The
long-range periodicity of the obtained microphase-separated
structures is greatly enhanced by various external elds, such
as vapor33,34 or thermal35 annealing. The formedmicrophase has
been utilized as nanomasks for the subsequent
RSC Adv., 2019, 9, 16431–16438 | 16431
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microfabrication,36 proting from the fact that the pattern
feature size is well below the conventional photolithography. A
number of well-ordered microphase structures have been real-
ized including in-plane cylinders,37,38 perforated lamella, and
vertical cylinders.39,40 Vertical cylinders based on the self-
assembly of block copolymers are attracting of great interest
because they can be a viable solution to fabricate meta-
materials, leading to observe epsilon-near-zero behaviours.

Previously, we have reported a fabrication of SiO2 perpen-
dicular pillar arrays from self-assembled block copolymers,
polystyrene-block-poly(dimethylsiloxane) (PS-b-PDMS), using
solvent annealing and several etching steps.41 We have specu-
lated that the unique mushroom-shaped heads on nanopillars
play a crucial role to maintain a hexagonal regularity during
removal of organic components, which was yielded by O2-RIE.
The obtained perpendicular pillars are expected to be a plat-
form for SiO2 metamaterials or nanophotonic devices, but its
possibility has not been investigated. In this paper, we report
a uniaxial epsilon-near-zero behaviour enabled by self-
assembled silica nanopillar arrays immersed in air. The elec-
tromagnetic response is evaluated at each etching step and the
route for SiO2 metamaterials is clearly presented. Mid-infrared
ellipsometry has been performed to characterize the effective
permittivity of the SiO2 nanopillar arrays. The results validate
that self-assembly of block copolymers enables to fabricate
metamaterials, having a uniaxial epsilon-near-zero character-
istic. The measured uniaxial epsilon-near-zero responses are
excellently reproduced by the effective medium theory using
retrieved permittivity parameters. We have to mention that
there are several pioneering works on manipulating heat ow.
Recently, thermal emission and conduction,42 or thermal
conduction and convection43 are simultaneously engineered.
They have demonstrated sophisticated ways to control two
thermal properties out of three (i.e. thermal emission,
conduction and convection) and realized promising thermal
designs. In this work, we focus on engineering electromagnetic
responses (thermal emission) using SiO2 nanopillar arrays with
unique mushroom-shaped heads. It would be a great challenge
to control two thermal properties with the specic SiO2 meta-
materials, however the idea is beyond the scope of this study.
The effort to utilize our SiO2 metamaterials is underway to
propose an advantageous thermal and optical designs.

2 Experimental
2.1 Pattern formation of mushroom-like silica nanopillars

The overall preparation process of SiO2 cylinder arrays is shown
in Fig. 1. Firstly, cylindrical patterns have been formed from the
spin-casted lm with phase composition of 3–8 wt% PS-b-PDMS
dissolved in THF. Aer solvent annealing in chloroform vapor
for 90 min, CF4/O2 RIE (reactive ion etching) has been applied
under a CF4 ow rate of 0.1 Pa m3 s�1 and an O2 ow rate of 0.17
Pa m3 s�1 for 60 s at a power of 200 W and chamber pressure of
16 Pa in the case of route B in Fig. 1. With regard to CF4/O2 RIE,
the method established by Son et al.39 was modied. O2 plasma
treatment has been applied to the lm using a plasma reactor
(PR300, Yamato Science Co. Ltd.) at 100 W under an O2 ow rate
16432 | RSC Adv., 2019, 9, 16431–16438
of 0.08 Pa m3 s�1, followed by calcination at 450 �C. The same
O2 plasma process has been carried out without O2 RIE on the
lm fabricated via route A. For route C, the lm was calcined at
450 �C aer continuous CF4/O2 RIE (without O2 plasma). RIE
system (RIE-10NR, Samco Inc.) was employed in this study.
2.2 Ellipsometric measurement

We employed ellipsometric technique to evaluate SiO2 nano-
pillar arrays with the unique mushroom-shaped heads. Ellips-
ometry is a well-established method to characterize optical
responses of thin lms.44 In ellipsometry, a difference in light
reection of p- and s-polarizations is detected as the changes in
a polarization state. The samples were measured by a mid-
infrared ellipsometric spectrometer (IR-VASE, J. A. Woollam).
The measured results were represented by two values, namelyJ
and D as:

J ¼ tan�1
����rprs

����; (1)

D ¼ arg

�
rp

rs

�
; (2)

where rp and rs are the Fresnel reection coefficients in p- and s-
polarizations. J and D represent relative amplitude and phase
difference of the p-polarized reection coefficient to the s-
polarized counterpart. Thus the tilt of the samples and other
artifacts are easily compensated in measurement results and
how the permittivities of our samples relate to the two polari-
zations is observed through eqn (1) and (2). The absolute values
of J and D do not have signicant meaning, thus an optical
model is required to analyse measurement data. In this paper,
we mainly discuss the frequency responses of our samples with
eqn (1) and (2) aer showing the p-polarized reection coeffi-
cients (Fig. 2).
2.3 Characterization

SEM images of surface and cross-sectional views were obtained
using eld-emission scanning electron microscopes (Hitachi S-
4800 and S-5500, respectively). FT-IR (Fourier-transformed
infrared) spectroscopy was conducted on an FT-IR spectrom-
eter (Nicolet iS50, Thermo Fisher Scientic, Inc.) to investigate
compositional change of the nanopillars during the fabrication
steps. The incident angle from the surface normal was changed
from 30� to 60� at every 10�. The nite integration-technique
based simulator CST Microwave Studio was utilized in the
frequency domain for electromagnetic simulations of our
nanostructures. The electromagnetic elds were excited and
monitored by Floquet ports, and the reection coefficients were
calculated. From eqn (1) and (2) with the simulated reection
coefficients, we obtained J and D.
3 Results and discussion
3.1 Changes of electromagnetic status depending on process

Firstly, we measured FTIR spectra on SiO2 nanopillars obtained
thorough route B in Fig. 1 to investigate the electromagnetic
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 P-polarized reflection spectra using FTIR spectroscopy during
transition after (a) CF4 and O2 RIE, followed by (b) O2 plasma, and (c)
calcination at 450 �C.

Fig. 3 (a, c and e) Cross-sectional and (b, d and f) top view SEM images
showing the emergence and maintenance of perpendicular cylinders
from the 5 wt% PS-b-PDMS solution via route B in Fig. 1. Images were
taken (a and b) after CF4 and O2 RIE (B-1 in Fig. 1), (c and d) after O2

plasma for 240 s (B-2 in Fig. 1), and (e and f) after calcination at 450 �C
(B-3 in Fig. 1). The scale bars indicate 100 nm, respectively.

Fig. 1 Schematic of fabrication routes of SiO2 nanopillar arrays depending on the sequential etching process.
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View Article Online
status at each etching step. Fig. 2 shows the obtained results of
SiO2 nanopillars fabricated from a 5 wt% PS-b-PDMS solution
via route B in Fig. 1.

In Fig. 2(a), at reection spectra were observed in the
wavelength range from 7 to 20 mm aer CF4 and O2 RIE (B-1 in
Fig. 1). Then in Fig. 2(b), a broad dip has emerged at around 8.5
mm aer O2 plasma (B-2 in Fig. 1) at all angles. The obtained
dips correspond to fused quartz phonons, which induce an
epsilon-near zero response. But at this stage, a hallo-like dent
was also detected at around 11 mm, indicating amorphous silica
structure remains to some extent. Upon calcination at 450 �C
(Fig. 2(c)), the dips at around 8.5 mm become sharper and the
hallo-like dent patterns at 11 mm disappear because the
permittivity of the SiO2 nanopillars approaches to that of fused
quartz. These measured results indicate that calcination step,
which is newly added in this study, enables fabrication of the
fused quartz-like SiO2 nanopillars from the self-assembly of PS-
b-PDMS. Then, we investigate morphological change of SiO2
This journal is © The Royal Society of Chemistry 2019
nanopillars upon the sequential etching steps using SEM
(Fig. 3). As was indicated in the previous report, O2 RIE partially
melts the thin surface layer of PDMS pillars and yields
mushroom-like heads, which is supposed to play a key role to
maintain a hexagonal regularity during removal of organic
components by O2 plasma.41 The morphology is well observed
in cross-sectional SEM images (Fig. 3(a, c and e)) and more
detailed explanation for the formation of mushroom-like heads
can be found in elsewhere.45 We newly nd that mushroom-like
heads are effective to maintain the regularity of the pillar
structure even at 450 �C calcination. No signicant degradation
in the hexagonal regularity during calcination is seen in Fig. 3(e)
and an average height of 200 nm, corresponding to an aspect
ratio of 8.7 unveils for the fused quartz-like SiO2 nanopillars.
RSC Adv., 2019, 9, 16431–16438 | 16433
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Fig. 5 Ellipsometrically measured and calculated parametersJ (a) and
D (b). Data are obtained at angles of 55� (blue line), 60� (green line), 65�

(red line), 70� (cyan line), and 75� (purple line), respectively. Solid curves
are measured results and dotted curves are predicted results by the
effective medium theory.
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Here, we investigate other conceivable routes for SiO2 met-
amaterials consisting from nanopillar arrays (route A and route
C in Fig. 1). In the route A, the pillar arrays are fabricated
without O2 RIE, leading to signicant deterioration of the
hexagonal regularity upon the O2 plasma treatment, which is
shown in Fig. 4. In the case that the O2 plasma process has been
conducted with a short duration (60 s), PS remains in the
bottom of the pillars as shown in Fig. 4(a), which acts as
a foundation to maintain the hexagonal regularity, instead of
adhesion between the adjutant mushroom-like heads (Fig. 3).
Then we have lengthened the duration of O2 plasma (120 s), and
found that the regularity of the remaining pillar arrays was
signicantly lowered as the organic remnants were removed
(Fig. 4(b)). It should be noted that the higher the PDMS pillars,
the more severely the regularity of nanopillar arrays is deterio-
rated. The observation in this study veried our concept, that
the mushroom-like heads are essential on fabrication of the
fused quartz-like SiO2 nanopillars using self-assembly of PS-b-
PDMS. Onemay doubt a necessity of the O2 plasma treatment to
remove organic remnants and fully oxide the PDMS to the fused
quartz. Calcination at 450 �C immediately aer the continuous
RIEs (route C in Fig. 1) can provide a mushroom-like heads as
well as remove the organic components. However, nanopillars
with high aspect ratios are not obtained. Nanopillars seem to
collapse and form dot arrays upon calcination without the O2

plasma process (Fig. S1 in ESI†). O2 plasma is frequently used
for surface modication of plastics, and increase of oxygen
content on the surface was reported.46 The thickness of surface
oxide layers was studied using XPS depth-proling technique
(Fig. S2 in ESI†). The thick oxide layer was yielded upon the O2

plasm process, which can act as a protecting substance during
calcination at 450 �C. It is obvious that the route B in Fig. 1 is an
only solution to fabricate SiO2 nanopillar arrays having
a hexagonal regularity and fused-quartz-like electromagnetic
states.
3.2 Ellipsometry measurement and prediction of the optical
anisotropy

We evaluated the fused-quartz-like nanopillar arrays fabricated
from the 5% PS-b-PDMS solution. Ellipsometrical parametersJ
and D were measured by the mid-infrared ellipsometry appa-
ratus and the results were depicted in Fig. 5. Data from 5
Fig. 4 Cross-sectional SEM images showing the emergence of
straight perpendicular cylinders from a 3 wt% PS-b-PDMS solution via
route A in Fig. 1. O2 plasma treatment was conducted for (a) 60 s and
(b) 120 s. The inset in (a) is a top-view image of the straight shape
pillars. The scale bars indicate 100 nm.

16434 | RSC Adv., 2019, 9, 16431–16438
different angles, namely 55�, 60�, 65�, 70�, and 75� have been
presented. In the spectra for J, the peaks are negative in the
case that the incident angle is smaller than the Brewster angle
of the silicon and air interface (73�). A strong resonant mode
was clearly identied at around 9 mm in Fig. 5(a) which was
induced by phonon polariton excitations. The changes inJ and
D come from the phonon polariton excitation in our nanopillars
that is seen in Fig. 2. As pointed out in the previous section, the
clear dips are detected in the reectivity (Fig. 2) where the
resonant mode is observed in Fig. 5. Note that the depolariza-
tion factors measured in the optical ellipsometry are also shown
in Fig. S3 in ESI,† and it is smaller than 2% in the wavelength
range of interest.

Then, we will retrieve a uniaxial permittivity from the
measuredJ andD by utilizing the effective medium theory. The
permittivity of SiO2 (3Q) is expressed by the Lorentz model.

3Q ¼ 3N þ A1

u01
2

u01
2 � u2 � iG1u

þ A2

u02
2

u02
2 � u2 � iG2u

; (3)

where u is the angular frequency, 3N is the permittivity at
innite frequency, A1,2 is the oscillator strength, u01,02 is the
resonance frequency, and G1,2 is the damping rates for two-
poles. Here, we regard the arrays of SiO2 nanopillars as a thin
lm with an anisotropic permittivity according to the effective
medium theory. The permittivity components in the directions
of perpendicular (3t), and parallel (3k) to the lm surface are
given by47

3t ¼ f3Q + 3A (1 � f), (4)

3k ¼ 3A
3Qð1þ f Þ þ 3Að1� f Þ
3Qð1� f Þ þ 3Að1þ f Þ; (5)

where f is the volume fraction of the SiO2 nanopillars within the
lm, and 3A is the permittivity of air. Together with these values
and the height of the SiO2 nanopillars estimated from the SEM
observation, we t a set of permittivity parameters to explain the
experimental results (Table S1 in ESI†). The calculatedJ and D,
based on the tted parameters, are shown as the dotted lines in
Fig. 5. The solid and the dotted curves agree quite well,
This journal is © The Royal Society of Chemistry 2019
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indicating that the experimental results are well reproduced by
the calculated values over the entire substrate.

The predicted permittivities based on the effective medium
theory are shown in Fig. 6. We observe an anisotropic nature in
the permittivity in Fig. 6(a), where the perpendicular compo-
nent 3t approaches 0.2 with a parallel component 3k of 1.8. The
results validate that self-assembly of block copolymers enables
to realize a phonon-polaritonic anisotropy, which facilitates
uniaxial epsilon-near-zero metamaterials. We have also pre-
dicted intrinsic permittivity 3Q as shown in Fig. 6(b). It is clear
that the resonant wavelength of the obtained nanopillars is
almost identical to that of the reported fused quartz, though the
resonant amplitude of the nanopillars is smaller than the re-
ported value. This phenomenon may come from the low calci-
nation temperature in this study (450 �C), which leads to
a weaker SiO2 bond than nominal fused quartz substrate.
Fig. 7 SEM images of the SiO2 nanopillars fabricated from (a) 3 wt%
and (b) 8 wt% PS-b-PDMS solutions. Inset in (b) represents the adhe-
sion between mushroom-like heads of adjacent pillars. Ellipsometri-
cally measured and calculated parameters J (c and d) and D (e and f)
for films fabricated from 3 wt% (c and e) and 8 wt% (d and f) PS-b-
PDMS solutions. Data are obtained at angles of 55� (blue line), 60�

(green line), 65� (red line), 70� (cyan line), and 75� (purple line),
respectively. Solid curves are measured results and dotted curves are
predicted results by the effective medium theory.
3.3 Ellipsometric measurements on nanopillars having
heights of 80 and 300 nm

The SiO2 nanopillars with other heights have been also
measured by the mid-infrared ellipsometric apparatus to verify
our calculations. Changing the content of PS-b-PDMS in the
spin-casting solution allows us to tune the height of the SiO2

nanopillars easily via route B in Fig. 1. As was mentioned in the
previous section (3.2), the SiO2 nanopillars with a height of
around 200 nm are obtained from the 5 wt% PS-b-PDMS solu-
tion. Meanwhile, the compositional weight percentages of
3 wt% and 8 wt%, respectively, realize the pillars whose heights
are 80 nm and 300 nm as shown in Fig. 7(a) and (b). In both
cases, perpendicular cylinder arrays having mushroom-like
heads are clearly observed even aer 450 �C calcination. An
aspect ratio as high as 13 is achieved from the 8 wt% PS-b-PDMS
solution aer calcination (Fig. 7(b)).

The permittivities for the lms fabricated from 3 and 8 wt%
of PS-b-PDMS solutions are modelled by the same manner
retrieved in the lm prepared from the 5 wt% solution.
Fig. 6 Predicted permittivities of SiO2 nanopillars. (a) Perpendicular
component (blue solid curve: real part, and green dashed curve:
imaginary part) and the parallel component (red solid curve: real part,
and cyan dashed curve: imaginary part) of the uniaxial permittivity of
the SiO2 nanopillars. (b) Intrinsic permittivity of the SiO2 nanopillars
(thick blue curve: real part, and thick green dashed curve: imaginary
part). The permittivity of fused quartz in ref. 48 is shown for compar-
ison (thin blue curve: real part, and thin green dashed curve: imaginary
part).

This journal is © The Royal Society of Chemistry 2019
Ellipsometrically measured parameters J and D are compared
with those obtained from the predicted models (Fig. 7(c–f)). The
results show that the modelled permittivity well explains the
obtained cylinder arrays with each height. It is well observed
that the measured peaks and the dips become steeper as the
pillar height increases due to the enhancement of the anisot-
ropy. The experimental results are well reproduced on calcula-
tions for SiO2 nanopillars with different heights, which
corroborates our predicted model strongly.

Importance of the high-aspect ratio upon optical anisotropy
which can expand material designs is shown in previous
discussion. Additionally, we would like to compare directly the
impact of the aspect ratio of the SiO2 nanopillar arrays on the
electromagnetic responses. Uniaxial permittivity media provide
the feature of different wavevectors for p- and s-polarized waves.
Using the retrieved permittivity components in Fig. 6, we
calculate the optical lengths of p- and s-polarized waves along
the nanopillars. Fig. 8 shows the relative optical length of the p-
polarized wave to the s-polarized wave, the real part of gph–gsh
with pillar heights of h ¼ 80 nm, 200 nm, and 300 nm,
respectively. In this relation, the perpendicular wavevector
RSC Adv., 2019, 9, 16431–16438 | 16435
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Fig. 8 Relative optical length of the p-polarized wave to the s-
polarized wave in the nanopillar array with heights of 80 nm, 200 nm
and 300 nm, respectively. Data are calculated at an angle of 65�.

Fig. 9 Comparison of (a) and (c) ellipsometric spectraJ and (b) and (d)
D obtained by CST microwave studio (dotted curves) and the effective
medium theory (bold dotted curves). The pillar height is set at 200 nm.
(c) and (d) are the magnified images of the plots indicated by the red
squares in (a) and (b). The inset in (d) depicts the simulation model of
SiO2 nanopillars in CST microwave studio.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 6

/8
/2

02
5 

6:
55

:5
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
components for p-polarization (gp) and s-polarization (gs) are
expressed as:

gp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kk0

2 � �
3k
�
3t

�
b2

q
; (6)

gs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kk0

2 � b2

q
; (7)

where b and k0 are the lateral wavevector component and the
free space wavelength. We see that the optical length of the p-
polarized wave can be shorter (3k > 3t) [longer (3k < 3t)] than
that of the s-polarized wave around the wavelength range of
phonon polariton excitation, and the optical length difference is
enhanced as the pillar height increases.
3.4 Validity of the ellipsometric values based on effective
medium theory by CST microwave studio simulation

The effective medium theory has been known to work well in the
case that the structure is regarded as homogenousmedium.49 In
this study, the pitch between the pillars is much smaller than
the wavelength of interest, while the pillar heights are smaller
than the incident wavelength. Thus, we try to validate the
calculations utilizing the effective medium theory and CST
microwave studio. The results are shown in Fig. 9. In the CST
microwave studio simulation, the model is composed of the
innite substrate, pillar array with the hexagonal arrangement,
and innite atmosphere above the structure. The electromag-
netically simulated structure is shown in the inset of Fig. 9(d).
Note that the mushroom-like head has little inuence on the
electromagnetic response because the size is small enough as
compared to the wavelength of light. There was no signicant
difference in the calculated results using the effective medium
theory (Fresnel equations) and CST microwave studio. Only
a slight difference between these two simulations, less than
0.5�, can be found in a magnied image (Fig. 9(c) and (d)). The
calculation based on CST Microwave studio reects Maxwell's
equation accurately, without using approximations.50 Thus we
have concluded that Fresnel calculation based on the effective
medium theory well provides sufficient precision compared to
full-wave simulation.
16436 | RSC Adv., 2019, 9, 16431–16438
4 Conclusions

To conclude, we have demonstrated a bottom-up approach for
the large-scale fabrication of metamaterials consisting of SiO2

nanopillar immersed in air with a cost-effective manner. Self-
assembly of PS-b-PDMS block copolymers enables to form
uniaxial epsilon-near zero metamaterials which are mediated by
phonon-polaritons in the mid infrared wavelength region.
Unique mushroom-like heads on SiOx perpendicular cylinders
play a key role to realize SiO2 nanopillars having the similar
permittivity as that of the fused quartz over a large area.
Nanopillars having heights of 80, 200, and 300 nm are fabri-
cated and the mid-infrared ellipsometry is conducted. The
experimental values are well reproduced on the calculated
results utilizing the effective medium theory for nanopillars
with various heights. The observed agreements indicate an
optical anisotropy of the SiO2 nanopillars. Furthermore, the
calculation based on the effective medium theory is validated by
the CST microwave studio simulation. Due to the intrinsic
property of block copolymers, structural parameters, including
the size and spacing of SiO2 nanopillars, can be tailored. Such
a character may allow us to control the volume fraction of
nanopillars and to design metamaterials with hyperbolic
permittivity. This study can potentially be used in a variety of
optical and thermal applications, with cost-effective manner,
and enables to contribute the progress of nanophotonics to
benet our society.
This journal is © The Royal Society of Chemistry 2019
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3 A. Alù, M. G. Silveirinha, A. Salandrino and N. Engheta, Phys.
Rev. B: Condens. Matter Mater. Phys., 2007, 75, 155410.
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17 P. Ginzburg, F. J. Rodŕıguez Fortuño, G. A. Wurtz,
W. Dickson, A. Murphy, F. Morgan, R. J. Pollard, et al.,
Opt. Express, 2013, 21, 14907–14917.
This journal is © The Royal Society of Chemistry 2019
18 P. Li, X. Yang, T. W. W. Maß, J. Hanss, M. Lewin, A.-K.
U. Michel, M. Wuttig and T. Taubner, Nat. Mater., 2016,
15, 870–875.

19 R. Hillenbrand, T. Taubner and F. Keilmann, Nature, 2002,
418, 159–162.

20 J. D. Caldwell, L. Lindsay, V. Giannini, I. Vurgaman,
T. L. Reinecke, S. A. Maier and O. J. Glembocki,
Nanophotonics, 2015, 4, 44–68.

21 F. Neubrech, D. Weber, D. Enders, T. Nagao and A. Pucci, J.
Phys. Chem. C, 2010, 114, 7299–7301.

22 J.-J. Greffet, R. Carminati, K. Joulain, J.-P. Mulet, S. Mainguy
and Y. Chen, Nature, 2002, 416, 61–64.

23 K. Joulain, J.-P. Mulet, F. Marquier, R. Carminati and
J.-J. Greffet, Surf. Sci. Rep., 2005, 57, 59–112.

24 B. J. Lee and Z. M. Zhang, J. Appl. Phys., 2006, 100, 063529.
25 Y. Zhai, Y. Ma, S. N. David, D. Zhao, R. Lou, G. Tan, R. Yang

and X. Yin, Science, 2017, 355, 1062–1066.
26 K. Ito, K. Nishikawa, A. Miura, H. Toshiyoshi and H. Iizuka,

Nano Lett., 2017, 17, 4347–4353.
27 J. Kyoung, D. J. Park, S. J. Byun, J. Lee, S. B. Choi, S. Park and

S. W. Hwang, Opt. Express, 2014, 22, 31875–31883.
28 W. Cai, D. A. Genov and V. M. Shalaev, Phys. Rev. B: Condens.

Matter Mater. Phys., 2005, 72, 193101.
29 M. P. Schwartz, S. D. Alvarez and M. J. Sailor, Anal. Chem.,

2007, 79, 327–334.
30 X. H. Zhang, J. F. Douglas and R. L. Jones, So Matter, 2012,

8, 4980–4987.
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