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Single-shot quantitative phase gradient microscopy
using a system of multifunctional metasurfaces

Hyounghan Kwon'?, Ehsan Arbabi
and Andrei Faraon®"2*

12, Seyedeh Mahsa Kamali*?, MohammadSadegh Faraji-Dana'?

Q itative phase i (QPI) of plays an | role in multiple biomedical applications, and
miniaturizing these systems will enable their adoption into point-of-care and invivo appllcatlons Here, we propose a compact
quantitative phase gradient microscope (QGPM) based on two dielectric face layers, inspired by a classical differential
interference contrast (DIC) microscope. Owing to the multifunctionality and compactness of the dielectric metasurfaces, the
QPGM simultaneously captures three DIC images to generate a quantitative phase gradient image in a single shot. The volume
of the metasurface optical system is on the order of Tmm? Imaging experiments with various phase resolution samples verify
the capability to capture quantitative phase gradient data, with phase gradlent sensi ty betler than 92.3mrad pm~" and
single-cell resolution. The results h the p: I of faces for d ping i ized QPI for
label-free cellular i and p f: devices.

on-chip spectrometers™ and endoscopes™. In addition, verti-
cal integration of multiple metasurfaces has been introduced to
achieve enhanced functionalities™ ™. Despite these great advances,
applications of metasurfaces for QPI have not previously been
explored. Although different types of spatial field differentiator,
which may be regarded as qualitative phase imaging devices, have
been proposed, their investigation has been limited to optical com-
puting and optical signal processing™*

Here, we propose a miniaturized quanmauve phase gradient
microscope (QPGM) inspired by the classical DIC microscope and
based on an integrated system of multifunctional dielectric meta-
surfaces. As we fully exploit the two unique properties of metasur-

investigated for imaging transparent specimens like cells'.

For these weakly scattering samples, phase information
represents the optical path difference of light passing through
the cell, which is usually directly related to its morphological and
chemical properties’. Moreover, phase imaging techniques do not
require contrast agents and avoid several issues faced in fluores-
cence microscopy such as photobleaching and icity’.
Although conventional phase imaging methods suchas phase con-
trast' and differential interference contrast (DIC) microscopy” only
capture qualitative phase information, quantitative phase imaging
(QPI) has been rapidly growing in the past two decades™*. For

Optical phase microscopy techniques have been widely
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Strong mid-infrared photoresponse in
small-twist-angle bilayer graphene

Bingchen Deng'#4, Chao Ma'#, Qiyue Wang?#, Shaofan Yuan'#4, Kenji W: ;

Fan Zhang ©2* and Fengnian Xia©®'*

Small-twist-angle (<2°) bilayer graphene has received
extraordinary attention reuntly due to its exciting pllysl-
cal properties™". C d with

Brillouin zone Mdlng in tmsted bllayer graphene (TBG) Ieads
to the f of a

modification to the density of states“*"*", Hwever, these
emerging properties have rarely been ged to realize

®32 Takashi Tani i3
®3, guchi?,

consists of a hBN/TBG/hBN heterostructure, which is assembled
using the dry transfer approach reported in refs. . A silicon back
gate is used to control the Fermi level in TBG. We present infor-
mation on the detailed fabrication process in the Methods. We
characterized the transport properties of the TBG transistor before
performing the photocurrent measurements. Figure 1b plots the

new optoelectronic devices. Here, we demonstrate the strong,
gate-tunable photorssponse in the mM-Infrared wavelength
range of 5 to 12um. A
of 26 mA W~ has been achieved at 12 pm vlhen the Ferml level
in 1.81° TBG was tuned to its

source-drain resistance as a function of the back-gate bias
(Vi) measured at 83K, with a source-drain bias (Vys) of 10mV.
The thicknesses of the top and bottom hBN layers in this device
are 30nm and 25nm, respectively, and its optical micrograph is
shown in the inset of Fig. 1c. Resistance maxima are observed at
Ve~ 1435V and at ~0V. The resistance maximum at Vg =0V

the strong pl critically d ds on the

of a superlattice bandgap, and it vanishes in the gapless case
with an ultrasmall twist angle (<0.5°). Our demonstration
reveals the promising optical properties of TBG and provides
an alternative material platform for tunable mid-infrared
optoelectronics.

Various twisted bilayer structures have recently been explored
extensively as they feature many novel physical phenomena such as
superconductivity and emerging topological properties”'’. Among
these twisted bilayer systems, small-twist-angle bilayer graph:
represents a particularly interesting material system. First, the
emergence of a moiré pattern in TBG leads to the formation of a

(charg, lity point) is due to the presence of a Dirac point in
TBG". The gate voltage at which charge-neutrality occurs (V)
is always within £2V V, for all of the devices in this work and is
subtracted from Vi in the bottom x-axis in Fig. 1b,c. The resistance
peaks at +43.5V are due to the formation of the superlattice band-
gap above and below the lowest moiré Dirac bands, as illustrated
in the calculated band structure in the inset of Fig. 1b (refs. “*).
When the Fermi level is tuned to the centre of the superlattice band-
gap, the carrier density in the channel is minimized, leading to the
observed resistance peaks. As reported previously**, four electrons
per moiré unit cell (4n,) are required to fill/vacate the lowest moiré
Dirac bands. We can therefore index the electron filling number in
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Mapping nanoscale light fields

N. Rotenberg and L. Kuipers*

The control of light fields on h scales in

has become ubiquitous, driven by both curiosity

and a multitude of applications in fields ranging from bi
theoretical modelling is far from trivial and highly

to optics. ing these fields in detail is crucial, as

! y. Recent of le field

mapping, particularly with near-field microscopy, have not only led to a vastly increased resolution, but have also resulted in
increased functionality. The phase and amplitude of dlﬁerem vector components of both the electric and magnetic fields are

In this Review we

now ible, as is the ul or | of il pulses in
assess the current shte-of-the-art of light i i the new science and nanostructures that have
b: ly become

ear-field microscopy is a powerful tool that allows the study
of the complex electromagnetic fields that surround nano-

photonic structures. As our control over the feature size of

these structures becomes ever finer, the ability to image their near
fields becomes ever more crucial. This is because, at the nanoscale,
light-matter interactions are intimately linked to an object’s geom-
etry and not yus( to the optical properties of its constituent materi-
als. Consequently, near-field mappings are often the only route to
understanding the underlying physical processes of exciting phe-
nomena such as dinary optical t %, light prop-
agation through photonic crystal waveguides’, and the optical
response of nanoantennas®
the details of nanoscopic light fields is crucial to the performance
of a device, near-field imaging becomes essential. Examples of such
situations include the creation of hotspots for nonlinear nanopho-
tonics’ or sensing applications®, the way in which nanophotonic
structures direct light flow®, or the generation of structured fields
for nanomanipulation'®". In all, there are a host of fields that stand
to gain from the information available from near-field microscopy.

In this Review we discuss recent progress towards a complete
mapping of light fields at the nanoscale, suggesting new scientific

*. Likewise, when accurate knowledge of

creates a permanent record of subwavelength regions of high field
intensities”’. Such methods, however, are rather specialized as they
permanently alter structures or only access a select few properties of
the light fields such as their intensities.

In fact, an ideal method would map out nanoscale light fields
without perturbing either the physical structure under investigation
or its near field. Further, such a technique should be flexible, allow-
ing for the study of a variety of different structures and providing
the maximal amount of information about their nanoscopic fields.
Clearly, such an optimal, one-way interaction is impossible, as the
act of bringing some of the near field into the far field must in some
way change the system. However, modern near-field scanning opti-
cal microscopes (NSOMs) can come very close to the ideal scenario
outlined above. While a comprehensive review of the operation of
NSOMs'“*' or their historical development™ is beyond our current
scope, we will focus on the recently emerged aspects of this tech-
nique that strive towards a mmplcw mapping of the near field.

The essence of near-field optical microscopy, as sketched in
Fig. 1, is very simple. A nanoscopic object, the near-field probe, is
brought into the near field, where it scatters some of the light into
the far field. There are two main approaches to this type of near-field
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Quantitative phase imaging (QPI) of plays an ial role in multiple biomedical applications, and
miniaturizing these systems will enable their adoption into point-of-care and invivo applications. Here, we propose a compact
quantitative phase gradient microscope (QGPM) based on two dielectric face layers, inspired by a classical differential
interference contrast (DIC) microscope. Owing to the multifunctionality and compactness of the dielectric metasurfaces, the
QPGM simultaneously captures three DIC images to generate a quantitative phase gradient image in a single shot. The volume
of the metasurface optical system is on the order of Tmm?. Imaging experiments with various phase resolution samples verify

the capability to capture quantitative phase gradient data, with phase gradient sensi
single-cell resolution. The results showcase the potential of metasurfaces for ping

label-free cellular imaging and point-of-care devices.

ptical phase microscopy techniques have been widely

investigated for imaging transparent specimens like cells'.

For these weakly scattering samples, phase information
represents the optical path difference of light passing through
the cell, which is usually directly related to its morphological and
chemical properties’. Moreover, phase imaging techniques do not
require contrast agents and avoid several issues faced in fluores-
cence microscopy such as photobleaching and phototoxicity®.
Although conventional phase imaging methods such as phase con-
trast' and differential interference contrast (DIC) microscopy® only
capture qualitative phase information, quantitative phase imaging
(QPI) has been rapidly growing in the past two decades™*. For

ty better than 92.3mrad pm~" and
i iniaturized QPI for

on-chip spectrometers™ and endoscopes™. In addition, verti-
cal integration of multiple metasurfaces has been introduced to
achieve enhanced functionalities’ . Despite these great advances,
applications of metasurfaces for QPI have not previously been
explored. Although different types of spatial field differentiator,
which may be regarded as qualitative phase imaging devices, have
been proposed, their investigation has been limited to optical com-
puting and optical signal processin;

Here, we propose a miniaturized quantitative phase gradient
microscope (QPGM) inspired by the classical DIC microscope and
based on an integrated system of multifunctional dielectric meta-
surfaces. As we fully exploit the two unique properties of metasur-
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Single-shot quantitative phase gradient microscopy
using a system of multifunctional metasurfaces

Hyounghan Kwon'?, Ehsan Arbabi®'2, Seyedeh Mahsa Kamali'?, MohammadSadegh Faraji-Dana'?
and Andrei Faraon®"2*

Quantitative phase imaging (QPI) of plays an ial role in multiple biomedical applications, and
miniaturizing these systems will enable their adoption into point-of-care and invivo applications. Here, we propose a compact
quantitative phase gradient microscope (QGPM) based on two dielectric metasurface layers, inspired by a classical differential
interference contrast (DIC) microscope. Owing to the multifunctionality and compactness of the dielectric metasurfaces, the
QPGM simultaneously captures three DIC images to generate a quantitative phase gradient image in a single shot. The volume
of the metasurface optical system is on the order of Tmm?. Imaging experiments with various phase resolution samples verify

the capability to capture quantitative phase gradient data, with phase gradient sensitivity better than 92.3mrad pm~" and
single-cell resolution. The results showcase the potential of metasurfaces for developing mini ized QPI for

label-free cellular imaging and point-of-care devices.

ptical phase microscopy techniques have been widely

investigated for imaging transparent specimens like cells .

For these weakly scattering samples, phase information
represents the optical path difference of light passing through
the cell, which is usually directly related to its morphological and
chemical properties’. Moreover, phase imaging techniques do not
require contrast agents and avoid several issues faced in fluores-
cence microscopy such as photobleaching and phototoxicity®.
Although conventional phase imaging methods such as phase con-
trast' and differential interference contrast (DIC) microscopy® only
capture qualitative phase information, quantitative phase imaging
(QPI) has been rapidly growing in the past two decades™**. For

on-chip spectrometers™ and endoscopes™. In addition, verti-
cal integration of multiple metasurfaces has been introduced to
achieve enhanced functionalities’ . Despite these great advances,
applications of metasurfaces for QPI have not previously been
explored. Although different types of spatial field differentiator,
which may be regarded as qualitative phase imaging devices, have
been proposed, their investigation has been limited to optical com-
puting and optical signal processing™*.

Here, we propose a miniaturized quantitative phase gradient
microscope (QPGM) inspired by the classical DIC microscope and
based on an integrated system of multifunctional dielectric meta-
surfaces. As we fully exploit the two unique properties of metasur-

Single-shot quantitative phase gradient microscopy
using a system of multifunctional metasurfaces




Druhy a struktura ¢lanku s o P

Single-shot quantitative phase gradient microscopy

* Nazev using a system of multifunctional metasurfaces

([ ] Auto‘r'i (+afi I ia Ce) Hyounghan Kwon'?, Ehsan Arbabi®'2, Seyedeh Mahsa Kamali'2, MohammadSadegh Faraji-Dana'?
and Andrei Faraon®"2*

] Abst ra kt (A n Ota Ce) Quantitative phase imaging (QPI) of les plays an ial role in multiple biomedical applications, and

miniaturizing these systems will enable their adoption into point-of-care and invivo applications. Here, we propose a compact

v

\ 4

quantitative phase gradient microscope (QGPM) based on two dielectric face layers, inspired by a classical differential

s
s V4 ; . . " vk " .
) U d b I > interference contrast (DIC) microscope. Owing to the multifunctionality and compactness of the dielectric metasurfaces, the
vo a Vy I I l e Ze n I ro e l I l u QPGM simultaneously captures three DIC images to generate a quantitative phase gradient image in a single shot. The volume
of the metasurface optical system is on the order of Tmm?. Imaging experiments with various phase resolution samples verify
v V' ” .
D ledky a disk
osazene vysiedky a diskuze

the capability to capture quantitative phase gradient data, with phase gradient sensitivity better than 92.3mrad pm~" and

single-cell resolution. The results showcase the potential of metasurfaces for loping i ized QPI for
label-free cellular imaging and point-of-care devices.

4 4
o Zaver Optiral phase microscopy techniques have been widely on-chip spectrometers™” and endoscopes®. In addition, verti-

For these weakly scattering samples, phase information —achieve enhanced functionalities’ . Despite these great advances,

investigated for imaging transparent specimens like cells™*.  cal integration of multiple metasurfaces has been introduced to

Podékovani a financovani

represents the optical path difference of light passing through
the cell, which is usually directly related to its morphological and
chemical properties’. Moreover, phase imaging techniques do not
require contrast agents and avoid several issues faced in fluores-
cence microscopy such as photobleaching and phototoxicity®.
Although conventional phase imaging methods such as phase con-
trast' and differential interference contrast (DIC) microscopy® only
capture qualitative phase information, quantitative phase imaging

applications of metasurfaces for QPI have not previously been
explored. Although different types of spatial field differentiator,
which may be regarded as qualitative phase imaging devices, have
been proposed, their investigation has been limited to optical com-
puting and optical signal processing™*.

Here, we propose a miniaturized quantitative phase gradient
microscope (QPGM) inspired by the classical DIC microscope and
based on an integrated system of multifunctional dielectric meta-

Autorské prinosy a (ne)konflikt zajmu
* Reference
* Doplnkové informace (Supplementary information/matterials)

(QPI) has been rapidly growing in the past two decades™*. For  surfaces. As we fully exploit the two unique properties of metasur-

Autori a afiliace https://orcid.org/0000-0003-0346-4110

Hyounghan Kwon'?, Ehsan Arbabi®"2, Seyedeh Mahsa Kamali?, MohammadSadegh Faraji-Dana'?
and Andrei Faraon®"%*

'T. J. Watson Laboratory of Applied Physics and Kavli Nanoscience Institute, California Institute of Technology, Pasadena, CA, USA. ?2Department of Electrical
Engineering, California Institute of Technology, Pasadena, CA, USA. *e-mail: faraon@caltech.edu

NATURE PHOTONICS | www.nature.com/naturephotonics


https://orcid.org/0000-0003-0346-4110

Druhy a struktura ¢lanku

v

namre A
photonics

e Nazev

* Autofi (+afiliace)
* Abstrakt (Anotace)

\ 4

« Uvod a vymezeni problému

* Dosazené vysledky a diskuze

e Zaveér

 Metody

* Podékovani a financovani

* Autorské prinosy a (ne)konflikt zajmu

* Reference

* Doplnkové informace (Supplementary information/matterials)

Abstrakt => lakadlo!

ARTICLES

https://doi.org/10.1038/541566-019-0536-x

Single-shot quantitative phase gradient microscopy
using a system of multifunctional metasurfaces

Hyounghan Kwon'?, Ehsan Arbabi®'2, Seyedeh Mahsa Kamali'?, MohammadSadegh Faraji-Dana'?

and Andrei Faraon®"2*

Quantitative phase imaging (QPI) of p les plays an

ial role in multiple biomedical applications, and

miniaturizing these systems will enable their adoption into point-of-care and invivo applications. Here, we propose a compact
quantitative phase gradient microscope (QGPM) based on two dielectric metasurface layers, inspired by a classical differential
interference contrast (DIC) microscope. Owing to the multifunctionality and compactness of the dielectric metasurfaces, the
QPGM simultaneously captures three DIC images to generate a quantitative phase gradient image in a single shot. The volume
of the metasurface optical system is on the order of Tmm?. Imaging experiments with various phase resolution samples verify
the capability to capture quantitative phase gradient data, with phase gradient sensitivity better than 92.3mrad pm~" and
single-cell resolution. The results showcase the potential of metasurfaces for developing mini ized QPI for

label-free cellular imaging and point-of-care devices.

ptical phase microscopy techniques have been widely

investigated for imaging transparent specimens like cells .

For these weakly scattering samples, phase information
represents the optical path difference of light passing through
the cell, which is usually directly related to its morphological and
chemical properties’. Moreover, phase imaging techniques do not
require contrast agents and avoid several issues faced in fluores-
cence microscopy such as photobleaching and phototoxicity®.
Although conventional phase imaging methods such as phase con-
trast' and differential interference contrast (DIC) microscopy® only
capture qualitative phase information, quantitative phase imaging
(QPI) has been rapidly growing in the past two decades™**. For

on-chip spectrometers™ and endoscopes™. In addition, verti-
cal integration of multiple metasurfaces has been introduced to
achieve enhanced functionalities’ . Despite these great advances,
applications of metasurfaces for QPI have not previously been
explored. Although different types of spatial field differentiator,
which may be regarded as qualitative phase imaging devices, have
been proposed, their investigation has been limited to optical com-
puting and optical signal processing™*.

Here, we propose a miniaturized quantitative phase gradient
microscope (QPGM) inspired by the classical DIC microscope and
based on an integrated system of multifunctional dielectric meta-
surfaces. As we fully exploit the two unique properties of metasur-

Quantitative phase imaging (QPI) of transparent samples plays an essential role in multiple biomedical applications, and

miniaturizing these systems will enable their adoption into point-of-care and invivo applications. Here, we propose a compact
quantitative phase gradient microscope (QGPM) based on two dielectric metasurface layers, inspired by a classical differential
interference contrast (DIC) microscope. Owing to the multifunctionality and compactness of the dielectric metasurfaces, the
QPGM simultaneously captures three DIC images to generate a quantitative phase gradient image in a single shot. The volume
of the metasurface optical system is on the order of 1mm?. Imaging experiments with various phase resolution samples verify
the capability to capture quantitative phase gradient data, with phase gradient sensitivity better than 92.3 mradym~' and
single-cell resolution. The results showcase the potential of metasurfaces for developing miniaturized QPI systems for

label-free cellular imaging and point-of-care devices.
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For these weakly scattering samples, phase information
represents the optical path difference of light passing through
the cell, which is usually directly related to its morphological and
chemical properties’. Moreover, phase imaging techniques do not
require contrast agents and avoid several issues faced in fluores-
cence microscopy such as photobleaching and phototoxicity”.
Although conventional phase imaging methods such as phase con-
trast' and differential interference contrast (DIC) microscopy” only
capture qualitative phase information, quantitative phase imaging
(QPI) has been rapidly growing in the past two decades™**. For
example, techniques like digital holographic microscopy’, tomo-
graphic QPI*, Fourier ptychography'’ and lensless imaging'' over-
come limitations of qualitative phase imaging methods to acquire
quantitative phase data.

Miniaturized microscopes have garnered great interest in recent
decades™ " because they enable and facilitate in vivo biological
imaging in freely moving objects' and in portable applications.
Miniaturized systems have only been demonstrated as different
forms of amplitude imaging modules such as single-photon' or
two-photon” fluorescence microscopes. This is mainly because
QPI systems usually require an interference ‘set-up’ to retrieve the
phase information, and such set-ups need complicated and bulky
optical systems. This left the miniaturized QPI microscopes that
are of interest in various fields such as biomedicine* out of reach
until now.

Dielectric metasurfaces are a category of diffractive optical
elements consisting of nanoscatterers'>'® that enable the con-
trol of light in subwavelength scales'*. In addition, metasur-
faces can simultaneously provide multiple distinct functionalities
through various schemes such as spatial multiplexing** or more
sophisticated designs of the nanoscatterers*. These capabilities,
compactness, low weight and compatibility with conventional
nanofabrication processes have made them suitable candidates for
miniaturized optical devices such as miniaturized microscopes”,

soubory citaci a vétSina citaci ¢lanku

ptical phase microscopy techniques have been wigda
investigated for imaging transparent specimens like ce @

on-chip spectrom¥ers™ and endoscopes”. In addition, verti-

cal integration of mW]tiple metasurfaces has been introduced to
achieve enhanced functignalities’ ™. Despite these great advances,
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applications of metasurtaes tor QPI have not previously been

types of spatial field differentiator,

which may be regarded as quaNtative phase imaging devices, have

been proposed, their investigatio Reen limited to optical com-
uting and optical signal processing

Here, we propose a miniaturized quantitative phase gradient
microscope (QPGM) inspired by the classical DIC microscope and
based on an integrated system of multifunctional dielectric meta-
surfaces. As we fully exploit the two unique properties of metasur-
faces, compactness and multifunctionality, via both polarization
and spatial multiplexing methods, two metasurface layers that are
cascaded vertically operate as a miniaturized QPGM. We experi-
mentally demonstrate that the millimetre-scale optical device can
capture quantitative phase gradient images (PGIs) from phase
resolution targets and biological samples.

Results

Concept of the metasurface-based QPGM. Figure la illustrates
the concept of a miniaturized QPGM consisting of two cascaded
metasurface layers. The roles of each layer are explained visually in
Fig. 1b. Metasurface layer 1 captures two images for transverse elec-
tric (TE) and transverse magnetic (TM) polarizations with focal
points that are separated along the y axis. In addition, it splits the
captured light equally into three separate directions towards the
three metasurface lenses in layer 2. To implement this multifunc-
tionality, polarization” and spatial multiplexing techniques™** are
employed in the design of metasurface layer 1 (see Supplementary
Note 1 for details). Metasurface layer 2, which is composed of
three birefringent off-axis lenses, forms three DIC images with
three different phase offsets between the TE and TM polarizations.
Effectively, each metasurface of the second layer constitutes a sepa-
rate DIC microscope system with the metasurface layer 1. With two
linear polarizers at the input and output aligned to 45° and —45°,

,,maly* abstrakt toho, co se odborn¢ ud¢lalo
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Fig. 1] Schematic of basad QPGM and its operati inciple. a, Schamatic of the OPGM employing two metasurface layers, where tha
I posed of th arat i The first metasurfaca, tnguhuwﬂheﬂufﬁelmsslnthsmmdmumlaya
forms a differant image of the object. A polarizer and thy It th it In three b, of the
roles of the t ® layers e 1 makes two uses for TE and TM and splits the field In thrae different directions

towands the three lanses In the sacond layer. With the polarizar, the three metasurface lenses In layer 2 form threa DIC images (I, |, and 1) having different

ph the TE and TM Thec

i the two layers forms the QPGM shown on the right. €, A binary phase sample

Mlﬂ unity amplitude used as an axample target. d, Sat of three DIC iImages of the phase sample shown in ¢ e, PGl formed from combining 1, i and 1,
from d, showing the phase gradient along the y axis. The y axis lles along the shear direction of the system.

respectively, the two metasurface layers capture three separate DIC
images with different phase offsets. As an example, a binary phase
target is shown in Fig. |c, which has optical fields with unity ampli-
tude, Ulx, y)=e¥=r, The QPGM simultaneously captures three
DIC images (I, I and 1), as shown in Fig. 1d. Specifically, I,, I, and
I, are written as

= |U(x.y) — e¥U(x, y - ay)| (1)

where ¢; = fy +%(j— 1) and Ay is the sheared distance between
TE and 'TM polarizations at the object plane. I,, I, and I, in Fig. 1d
show a strong contrast at the top and bottom edges of the sample
because each DIC image results from the interference of the two
sheared optical fields along the y axis by equation (1). Using I, I,
and I,, one can calculate the unidirectional gradient of the phase
sample with respect to y, V,¢(x, y), through the three-step phase
shifting method™:

Vi =_3'mnf\"r—!] Vs (2)
h-h
Hm, 4z 15 the PGI calculated in the absence of the sample that
i'u( calibration (see Supplementary Note 3 for details about
lhe three-step phase shifting method). Figure le shows the PGI
calculated from the three DIC images in Fig. 1d
The QPGM consists of the two ltifunctional 1

Second, the vertical i of the two
surface layers uniquely enables capturing the PGI in a single shot
with compact implementation of the system.

We should mention that while single polarization-sensitive
bifocal metasurface lenses have been demonstrated before for
polarization splitting and imaging™”, their potential application
for phase imaging has not been explored. Moreover, the working
principle used here is conceptually similar to gradient light inter-
ference microscopy, as in both methods several DIC images are
utilized to calculate the quantitative phase gradient image along
one axis”. Various devices also have been proposed to develop
compact (JP1 techniques*—*. However, they are designed as add-
on devices to a conventional microscope system and their imaging
performances mainly rely on the microscope, which is fundamen-
tally hard to miniaturize. The system demonstrated here differs
from previous approaches in that the highly miniaturized system
replaces the bulky phase or phase gradient microscope systems
and captures the phase gradient information in a single shot with-
out additional phase shifting elements like variable liquid-crystal
retarders or spatial light modulators.

In the following we discuss two |mp]zmeruauom of the QPGM,
one based on rfaces on tv and one com-
posed of metasurfaces on both sld.es-ufa single substrate. Although
the first implementation provides large aperture size and field
of view, the second implementation provides compactness and
mechanical rob

face layers for two main reasons (see Supplementary Note 1
and Supplementary Fig. | for detailed discussion based on wave
propagation simulations). First, at least two polarization-sen-
sitive bifocal lenses are needed to capture clear DIC images. In
other words, a single birefringent metasurface lens with a regular
refractive lens is not capable of capturing the DIC images clearly
(see I y Note 2 and Suppl Fig. 2 for theo-
retical and experimental results with the single metasurface lens).

Nikdy nepodvadét

Implementation of the QPGM by two separate dielectric meta-
surface layers. To implement the two metasurface layers, we utilized
a high-contrast transmitarray platform consisting of rectangular
amorphous silicon nanoposts on a fused-silica substrate, as shown
in Fig. 2a (see Methods and Supplementary Fig. 4 for detalLs)"
We designed the rfaces for an h of
850nm. In Fig 2b.c, schematics of the memurfaoe based QPGM
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showing definttions. The

a uniform array of rectanguiar nanoposts (top) and a single unit cell (bottom),
nanoposts are bocated on a fused-silica subsirate, cladded by an 8-um-thick SU-8

laryer for protection. The the two orthogonal

controfied wsing the nanopaosts. The amorphous

sllicon layer Is 664 nm thick, and the lattice constant s 380nm. b, Schematic side views of metasurface layers 1 (left) and 2 (right), showing the goid
apertures used to block unwanted diffraction and the external nolse. €, Schematic top views of metasurface layers 1 (left) and 2 (right). A magnified
vizw of the array of nancpasts Is shown at the centre. d, Optical Images of the fabricated metasurfaces. Nine coples of the fabricated metasurfaca-based
QPGM system are shown. e, SEM images of a portion of the fabricated metasurfaces. Scale bars. 2pm (left) and 1am (right).

The left and right images correspond to metasur-
Far:el.ayers 1 and 2 in Fig. la b, respectively. To minimize the effects
of geometric aberrations, the phase profiles of the metasurfaces
were further optimized using the ray-tracing method (Zemax
OpticStudio) over a field of view [FOVJ with diameter of 140 pm
(see Methods, Note v Table 1 and
Supplementary Fig. 5 for details D[(lleoplllmz.ed phase profiles and
correspending point spread functions).

C were used to fabricate
the metasurfaces (see Methods for the process details). All four
metasurface lenses have identical diameters of 500 um. To block the
stray light caused by imperfect operation of the metasurfaces and
limit the device aperture, circular gold apertures were patterned
wsing photolithography. Figure 2d.e presents optical and scanning
electron microscope (SEM) images of the two layers of the fabri-
cated metasurfaces. In this design, the whole QPGM system would
fit within 2 cube measuring 1.92x 1.26 x2.70 mm?, including the
space between the metasurfaces. The magnification and objective
numerical aperture (NA) of the QPGM are x 1.98 and 0.4, respec-
tively. Although the phase map is optimized for the central area
(140 pm dizmeter), the total FOV of the system is 336 um in diam-
eter. In addition, the separation between the optical axes for TE and
TM pelarizations is 1.5um, which results in a derivation step of
Ay=225pm (see Supplementary Fig. 3 for details about Ay). Ay is
larger than 1.06 P, the theoretical diffraction limit of the imaging
system, and it imposes a constraint on the resolution along the
y axis. However, we should point out that Ay can easily be adjusted
tor below the diffraction-limited resolution by reducing the optical
axis separation accordingly.

Imaging with the QPGM based on two separate metasurface
layers. We characterized the QPGM. consisting of the fabricated
metasurfaces, with a commercially availsble 1951 USAF phase

MATURE PHOTONICS | seww.nature.comyuaturaphotnlcs

1 target () i Target, }
Technologies). As shown in Fig. 3z, the QPGM captured mme
DIC images of the 314-nm-thick resolution target in a single shot
{see Methods and Supplementary Fig. 6 for details of the optical
set-up). The resulting PGI, shown in Fig. 3b, is calculated from
the DIC images in Fig. 3a uwsing equation (2). As expected in the
ideal cases in Fig. 1de, the unidirectional phase gradient imaging
in the y direction causes a strong contrast only at the top and
bottom edges, and very weak contrast at the left and right edges.
This is also seen in the measurement results shown in Fig. 3ab. To
verify the QPGM capability, we used seven parts of the resolution
target with thicknesses ranging from 54 to 371 nm. Figure 3c shows
the resulting PGls for 105-nm-, 207-nm- and 314-nm-thick resolu-
tion targets (see v Fig. 7 for the four ing PGIs).
The results show a clear increase in the phase gradient as the thick-
ness of the structures increases. For a more rigorous analysis, Fig 3d
shows the target thicknesses estimated from the PGIs, in addition
to the values measured using atomic force microscopy (AFM). The

between these shows the ability of the
system to retrieve quantitative phase data. To estimate the target
thickness, the phase gradient is integrated at the edges of the tar-
gets along the y axis to calculate the phase. The thickness is then
estimated from the phase, the refractive index of the polymer con-
stituting the target and the wavelength. The QPGM can clearly cap-
ture phase gradient information as small as 92.3mradpmi™', which
corresponds to a phase of 207 mrad (see Supplementary Fig. 7a for
details). In addition, the measured spatial and temporal noise levels
are 36.9+0.7 and 1.4 mrad pm™", respectively (see Supplementary
Fig. 8 for details). Furthermore, the lateral resolutions achieved in
the experiment along the x and y axes are 276 pm and 3.48pm,
respectively (see Supplementary Fig. 9 for details). Compared with
the L06pm theoretical diffraction limit, the reduced resolutions
result from the geometric sberration of the device, misalignment in
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Fig. 3 | Imaging experiment with the QPGM based on two separate metasurface layers. a, Three DIC images of 2 314-nm-thick QPI1951-USAF
resolution target captured by the QPGM. Scale bars, 25 um. b, The PGI calculated from the DIC Images In a. Scale bar, 25pm. ¢, The PGls
captured for threa parts of the phase targets with thicknesses of 105 nm, 207 nm and 314 nm (left to right), respectively. Scale bars, 15 pm

d, Thicknesses of seven different phase targets calculated by the QPGM, and those measured by AFM. The plotted thicknesses estimated

with the QPGM are averaged over 100 arbitrarily chosen points on the sample edges. Error bars represent standard deviations of the estimated

values. e, Schematic of a sea urchin cell and its corresponding PGIs. Scale

bars, 40 um._t, Schematic of the miniaturized optical set-up.

The microscope consists of the two metasurfaces shown in Fig. 2d, a CMOS Image sensor and a linear polartzer attached to the sensor.
8. Three DIC images captured by the set-up in 1. The 314-nm-thick resolution target used In a Is Imaged. Scale bars, 50 gm. h, The PGI

calculated from the DIC images In g. Scale bar, 50 am.

the optical set-up and imperfect fabrication. To compare our results
with one of the state-of-the-art QPI techniques, the resol tar-

of the PGl in Fig. 3h are comparable to the results shown in Fig. 3b
(see 1 y Fig. 11c,d for addi | results).

gets were also characterized by Fourier ptychography techniques”
(see Supplementary Fig 10 for details). Finally, to demonstrate the
capability of the QPGM to image biological samples, we imaged
several sea urchin samples. As seen in a few sample PGIs, plotted in
Fig 3¢, the QPGM can capture the edges of the sea urchin as well as
the detailed morphology inside the cells. Thus, the QPGM is able to
measure the phase gradient information of the biolog:czl samples,
whxch is directly related to cellu.lar mass lnnspon

urther of the system, we per-
fm’mcd additional measurements with an off-the-shelf CMOS
image sensor. Figure 3f presents a schematic of the optical system.
The distance from the object plane to the CMOS image sensor is just
5.09mm (see Supplementary Fig. 11ab for details of the compact
optical set-up). Figure 3g shows three raw DIC images captured
by the set-up in Fig. 3f when using the imaging target shown in Fig. 3a.
Using equation (2), the three DIC images in Fig. 3g result in the
PGI plotted in Fig. 3h. The edges and the measured phase gradient

QPGM based on monolithically integrated double-sided meta-
surfaces. To further miniaturize the device, we designed and
fabricated a monolithically integrated double-sided metasurface
QPGM. Figure 4a schematically illustrates the double-sided QPGM.
Although conceptually similar to the system discussed in the previ-
ous section, the double-sided QPGM is more compact, mechanically
robust and does not need further alignment after fabrication. The
two metasurface layers are based on the same platform discussed
in the previous section, but they are fabricated on the two sides of
a 1-mm-thick fused-silica substrate (see Methods, Supplementary
Note 1 and Supplementary Table 2 for details about the design and
fabrication). The optical images of the device are shown in Fig. 4b.
The total volume of the QPGM is 0.62x0.41x 1.00mm’, it has a
magnification of x1.60 and a FOV with diameter of 140pm. To
verify the capability of the double-sided QPGM, we used the same
resolution targets as in Fig. 3c,d. The results, shown in Fig. 4c.d,

NATURE PHOTONICS | www natura com/natursphotonics
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Fig. 2 | Design and fabrication of the metasurfaces. a, Schematics of a uniform array of rectangular nanoposts (top) and a single unit cell (bottom),
showing the parameter definitions. The rectangular amorphous silicon nanoposts are located on a fused-silica substrate, cladded by an 8-pm-thick SU-8
layer for protection. The transmission phase of the two orthogonal polarizations can be independently controlled using the nanoposts. The amorphous
silicon layer is 664 nm thick, and the lattice constant is 380 nm. b, Schematic side views of metasurface layers 1 (left) and 2 (right), showing the gold
apertures used to block unwanted diffraction and the external noise. ¢, Schematic top views of metasurface layers 1 (left) and 2 (right). A magnified
view of the array of nanoposts is shown at the centre. d, Optical images of the fabricated metasurfaces. Nine copies of the fabricated metasurface-based
QPGM system are shown. e, SEM images of a portion of the fabricated metasurfaces. Scale bars, 2 um (left) and Tum (right).
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Fig. 3 | Imaging experiment with the QPGM based on two separate metasurface layers. a, Three DIC images of a 314-nm-thick QP| 1951-USAF
resolution target captured by the QPGM. Scale bars, 25 pm. b, The PGI calculated from the DIC images in a. Scale bar, 25 pm. ¢, The PGls
captured for three parts of the phase targets with thicknesses of 105 nm, 207 nm and 314 nm (left to right), respectively. Scale bars, 15 um.

d, Thicknesses of seven different phase targets calculated by the QPGM, and those measured by AFM. The plotted thicknesses estimated

with the QPGM are averaged over 100 arbitrarily chosen points on the sample edges. Error bars represent standard deviations of the estimated
values. e, Schematic of a sea urchin cell and its corresponding PGIs. Scale bars, 40 pm. f, Schematic of the miniaturized optical set-up.

The microscope consists of the two metasurfaces shown in Fig. 2d, a CMOS image sensor and a linear polarizer attached to the sensor.

g, Three DIC images captured by the set-up in f. The 314-nm-thick resolution target used in a is imaged. Scale bars, 50 pm. h, The PGI

calculated from the DIC images in g. Scale bar, 50 pm.
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verify that the double-sided metasurface QPGM generates PGls
that are comparable to those of the QPGM based on the two sepa-
rate metasurface layers. In particular, the estimated thicknesses of
the phase samples plotted in Fig. 4d are in good agreement with
the values measured by AFM. Phase images of sea urchin samples,
captured by the double-sided metasurface QPGM, are shown in
Supplementary Fig. 12.

( Discussion

One limitation of the proposed system, especially for the double-
sided metasurface device, is its FOV. The small FOV mostly results
from the fact that our system is close to a 4—f configuration that
requires the sum of the focal lengths of the two lenses to be compa-
rable to their separation. To increase the FOV, a possible solution is
the recently reported folded metasurface platform®, which might
be able to achieve a large FOV and a small footprint simultaneously.
In this platform, the propagation space between the two lenses is
folded inside the substrate through multiple reflections, and there-
fore the effective distance between the lenses can be significantly
larger than the substrate thickness. Furthermore, adding another
metasurtace layer can be used to mitigate the geometric aberrations
further and increase the FOV™'.

The QPGM system is sensitive to the equality of optical axis
separation for TE and TM polarizations in the two metasurface
lenses. Nevertheless, this separation can be controlled very pre-
cisely because metasurfaces allow for implementation of almost
arbitrary phase profiles in subwavelength scales. If the separations
between the optical axes are identical for the two metasurfaces, the
structure becomes robust against lateral and axial misalignment
(Supplementary Fig. 13).

NATURE PHOTONICS | www.nature.com/naturephotonics

Outlook and summary

It is worth noting that the multifunctionality via both polariza-
tion and spatial multiplexing schemes, which is the key property
for the design of the miniaturized QPGM, is very hard to achieve
in any other platform, if at all. We envision that these and other
versatile properties of metasurfaces enable various types of quan-
titative phase imaging devices. For example, three different images
at different axial positions can be captured to calculate the phase
information rather than the phase gradient information through
the transport-of-intensity equation'"*. In addition, different focus
scanning schemes can be integrated with the QPGM to achieve a
tomographic quantitative phase imaging device with fast axial scan-
ning**~**, Moreover, we expect that around ten to a hundred ot the
miniaturized microscopes could be integrated on a single CMOS
sensor for highly parallelized microscopy. Finally, a synergistic com-
bination of the metasurfaces and computational optics is an emerg-
ing area for enhancing the potentials of metasurface optical systems.
Considering the computational aspects of quantitative phase imag-
ing, we believe that new kinds of miniaturized quantitative phase
imaging device that will benefit from the enhanced optical control
of the metasurtaces can be proposed.

In conclusion, we utilized two multifunctional metasurface layers
to realize miniaturized quantitative phase gradient microscopes.
The design and working principle were proposed and investigated
both through simulation and experiment. Utilizing vertically inte-
grated multifunctional metasurfaces, we experimentally captured
phase gradient images of several transparent samples and verified
the quantitative phase imaging capability of the systems. This work
clearly demonstrates potentials of dielectric metasurface platforms
in quantitative phase imaging systems to make miniaturized imaging
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devices such as miniaturized microscopes or endoscopes™. With the
current great interest in quantitative phase imaging and miniaturized
microscopes, we envision that the metasurfaces will play a significant
role in the development of these technﬁ]ag:iedr
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Dear Editors of Nano Letters,

Please consider the enclosed manuscript, entitled “High-resolution quantitative phase imaging of
plasmonic metasurfaces with sensitivity down to a single nanoantenna” for publication.

Metasurfaces are the new generation of optical components, which have already proven themselves
capable of performing all sorts of both conventional and extraordinary optical functions. Ultrathin
achromatic lenses, computer-generated holograms, quarter-wave plates, or polarimeters have been
demonstrated, employing a variety of building blocks with subwavelength sizes. The key property of the
great majority of these components is the spatial distribution of light phase they produce. Therefore,
the tools that allow fast and reliable indication of phase response from individual nanoantennas are in
great demand for rapid development and analysis of various metasurfaces.

In this submission, we demonstrate a new tool for instantaneous quantification of amplitude and phase
of plasmonic metasurfaces providing unprecedented resolution and sensitivity, not achievable in state-
of-the-art experiments. The measurement strategy is based on the principles of incoherent digital
holographic microscopy, enhanced by optical elements controlling light through geometric
(Pancharatnam-Berry) phase. In addition to the superior amplitude and phase sensitivity, our approach
is inherently stable (common-path arrangement), and unique in combining high resolution and single-
shot operation with guaranteed subnanometer precision and excellent accuracy. Although we
demonstrated the capabilities of our method only using linear Pancharatnam-Berry metasurfaces, the
measurement principle can be deployed also for analysis of nonlinear metasurfaces or metasurfaces
based on the dynamic phase.

The optical performance and usability of the method was demonstrated by acquiring high-fidelity
gquantitative phase maps of a variety of metasurface structures, including vortex metalenses and vortex
masks, nanoantenna arrays and metasurface gratings. In the first experiment of its kind, we
demonstrated the widefield measurement of both amplitude and phase of light scattered by individual
nanoantennas. The provided combination of high resolution and phase sensitivity with instantaneous
operation is of great importance for study of fundamental effects and dynamics of phase variations in
active metasurfaces, prototyping and characterizing of new building blocks, development of plasmonic
biosensors or investigation of plasmonic-enhanced chirality.

The team working on this manuscript was composed of researchers who are especially experienced in
the fields of phase imaging, singular optics and plasmonic metasurfaces, as demonstrated by our
previous works, and our claims are all supported by the solid and clear evidence in the paper itself or in
the supporting datasets. We believe that the scope (quantitative phase imaging of metasurfaces), major
progress (excellent accuracy, high spatial and phase resolution, single nanoantenna sensitivity for the
first time), high impact (real-time monitoring of metasurfaces) and novelty of our contribution will
make it appropriate for Nano Letters.

On behalf of all co-authors,
fﬁ v

Petr Bouchal

If you find the manuscript worthy of consideration for publication, we would like to suggest the
following experts in the field as possible referees:

Isabelle Staude
University of Jena (Germany)
isabelle.staude@uni-jena.de

Federico Capasso
Harvard university (USA)
capasso@seas.harvard.edu

Thomas Zentgraf
University of Paderborn (Germany)
thomas.zentgraf@upb.de

Rainer Hillenbrand
Nanogune, (Spain)
r.hillenbrand@nanogune.eu

Olivier Martin
EPFL, (Switzerland)
olivier.martin@epfl.ch

Shuang Zhang
University of Birmingham (UK)
s.zhang@bham.ac.uk
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Hypotetické aplikace

2D materialy aneb
grafen a jak to bylo dal

Zderika Hajkova', Martin Ledinsky!, Mat&] Hyvl', Allaksel Vetushka',
Antonin Fejfar', Jaroslava Rahova?, Otakar Frank?

Vryzkilni dstav AV (R, v.v. 1, Cuknovarnicks 10/112, 16200 Praha &

. Ustav fyzsigilni chemie | Heyrovsiého AV (R, v v. 1, DoleSiova 215503, 182 13 Prha &

Odlupovanim vrstevnatych material( (napf. grafitu) Ize pripravit 2D kiystaly s tlouStkou jednoho

nebo nékolika malo atom(. Nejznaméjsim takowym 2D materialem je grafen (monovrstva grafitu),
nicméné v soucasnosti existuji a intenzivné se zkoumaji desitky podobnych struktur. Piispévek podava
zakladni prehled o 2D materidlech, jejich viastnostech, metodach pFipravy a moZmych aplikacich.

Zatalo to grafenem

Extstuje fada vrstevnatych matertdla, které maji sil-
né kovalentni varby mezl atomy vizanymi ve vrsi-
vi, zatimoo jednotlivé vrstvy Jsou k sobé poutiny
pouze slabymi van der Waalsovymi silami. Asi ne)-
zniméjiim piikladem takovéhoto materidlu je grafit
{tuha). Dlouhou dobu panovala nizorovi nejednot-
nost v tom, zda je modné oddélit jednothivé vrstvy
z téchio matertdli a pipravit tak stabilni atomdrni 200
krystaly. Mnoho dsili bylo vénovino pokusim o che-
mické &1 mechanické odlupovini (exfollact), ale tepr-
ve roku 2004 André Gelm a Konstantin Novoselov
[1] popisem vlastmosti grafenu (monovrstvy grafitu)
dokdzall, fe piiprava dvojrozmérnfch materidlt neni
pouhou wtopli

Grafen je tvofen jednow vrstvou whlikovych atomd
uspoiddanych hexagondlng, tedy ve vrcholech pravl-
delnfch Sestadhelnikn (obr. Ic). Piipraven byl nejprve
 kousku grafitu metodou mechanické exfoliace (po-
stupného oddélovani stile tendich a tendich  viofek™)
pomoci béiné lepici pasky. Taio velmi jednoducha
a rychld metoda se stile poufivd ve vizkumu, proto-
e umoinuje pipravit vysoce kvalitnd, byt velikostné
nacné omezeny grafen. Vellkost vlocek takto piipra-
veného grafenu byva toti? typlcky v fadu desitek a sto-
vek mikrometrd, cof je pro primyslové wplatnéni pit
vyrobé obrazovek £1 disple)d opravdu milo. Provyrobu
vétiich ploch grafenu se dnes vyuivd Jimfch metod, ze-
iména depozice z plynné fize (CVD - Chemical Vapour
Depasition), kdy grafen nardstd za vysokych teplot ze
smiésl par methanu a vodiku na povrchu katalytického
kovu (obvykle médi & niklu). Tate metoda slce umog-
fuge piipravit velké plochy grafenu, ale )it pil samaot-
ném nistu venlki fada nedokonakosti v grafenové st
(hranice rizné orientovanych zrn, oblast] s dvojvrst-
vou apod.) Mavic Je tieba grafen x kova plenést na Jiny
substrit (kfemik, 510,, Aly0; apod.) a pravé transfer
zplsobuje venlk daliich defekba grafenu (vanikaji trh-
linky a tzv. vrdsky, povrch byvi kontaminovin poly-
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Obr. 1 Uhllkowe sloiropy s riznou rozmsrovost: (@) fulanan (000, (D) uhilkova nanotrubic-
k2 (104, £c} grafen (20, (d} graht BO). Pevamoz M1,

merem pouiivanym jako podpdmd vrstva pii trans-
feru &1 nedokonale oplachnutym roztokem slouficim
k odstranéni kovu atp.) [2].

Cim jsou 2D materidly zvldstni? Maji jiné
vlastnostl nez 3D materlily stejného
chemického sloent

Rozmérovost je velml daleiitym parametrem, kiery
oviviiuje viastnostl daného matertdlu. Materidly ma-
Jici stejné chemické slofeni mohou mit znaéné odlisné
viastnost] v zévislostl na tom, Jaké jsou jefich rozméry.
Podivime-Ii se napf. na whlikové materialy s hybridi-
zaci sp3 (obr. 1), pak kulovité molekuly (0D} tvofené
desitkam! vhlikovych atomi Jsou zndmy Jako fulere-
ny, zatimco sou-N fulereny v jednom smér yyznam-
né protazené (10, jednd se o uhlikové nanotrubiky.
Ma grafen (2D sif uhlikovych atomd) se lze divat jako
na rozhalenow whlikovou nanotrubiéku nebo pako
na Jednu vrstvu z grafitu (30 materidl) [3]. Viastnostl
Jjednotlvych modifikac] uhliko se od sebe vyznamné
113, & to JIf na prvni pohled. Zatimco grafit je Sed4,
kovové leskli, méklkd a kfehkd pevnd litka, grafen je
prakticky prahledny (kafdé vrstva absorbuje jen 2,3 %
svitla), elasticky a patfi k nejpevnéliim znimym ma-
tertdlam vabec. Kromé toho Je grafen také vyborné
elektricky a tepelné vodivy (e dokonce lepéim vodifemn
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Co Je plazmonlka?

Tato oblast fyziky zkoumna, jak milte byt vybuzeno a detekova-
no swétlo (tj. elektromagnetické pole) omezend na oblast o roz-
mérech viznamne mensich, net je jeho vinovd délka. Tedy
nizpfikiad to znamend, 2e se rabyvd maoznostmi jak Zlepsit rozli-
£enil optickych prvki pod difrakent imit znamy z vinowe optiloy.
Jednim ze zpdsobl jak excitovat takowe swétlo, je vynukitl inter-
akce elektromagnetického pole s volrymi nosiéi ndboje ve vo-
divych tenkych vrstvach nebo ve vodivich nanostrukturach, tj.
v objektech majidch alespof jeden rozmér mensl ned 100 nm.
Plazmonika, kterd spojuje optiku a fyziku pewnych l3tek, tedy
uizce souvisl s rozvojem nanotechnologil, a proto tento moderni
oborzating psat svoji historii teprve zhruba na kond 20, stoletl.
Ucelend pojednani o zakladech plazmoniky a jejich aplikacich
ja napt. v [1], o nejnovéjtich trendach v plazmonice sa lze pak
dodist napk. v [Z].

Elektromagnetickd vina ve vodidi predstavuje elektromag-
netické pole swdzand s kmity nabojove hustoty volnych nositd
nigboje, jejichz kvantum se nazyvd plazmon. A prave od nazvu
této kvazitastice se odwozuje ndzev plazmaonika. Lze tedy Hoi, 2e
wve wodidi tak existuje smiteng pole, jeho? energie ma jak slodku
mechanickou, spojenou s plazmovimi kmity, tak elektromag-
netickou, spojenou s elektromagnetickym polem. Kvantum to-
hoto smitensho pole 52 nazyvé plozmonovy polariton.

Pottebna teorie, kterd byla pozdeji v plazmonice wyud-
vana, byla rozvijena jif od potatku 20. stoletl. Naptiklad v te-
legrafii byl faten problém Siten! elektromagneatickych evane-
scentnich tento pojem bude vysvetlen dale) radiowych vin
Jonathonem Zenneckem [3] a Arnoldem Sommerfeldem [4].
V pribéhu nekolika daltich desetilet! byly zamamendny vy-
znamné pokroky v mikrotachnologiich, pozdéji nanotechnolo-
gilch, a subtilnd plazmonické jevy mohly byt i experimentaing
zkoumany. Excitace plazmoni v kowowych tenkych fislilch byla
poprvé pozorovana pomocl spektroskopie energiové ztra-
ty elektrond (EELS - z angl. Electron-Energy Loss Spectroscopy)
jiz ve 40, letech [5]. O 20 let pozdéji byla provedena podobna
méfenl, tentokrdt byl studovan vliv miry zoxidovanl powrchu
na energiove rtraty elektrond. Ukazalo se, 2e kromé excitace
plazmond uvnitt kovového materidlu vznikd dalél ensrgiova

& Bma

ztrata, a to v disledku oscilact elektronowvého plynu na kovovém
povrchu [l Prévé s timto typem kmith souvisi evanescantnl
elektromagneticka wina na rozhrand kov—dislektrikum popsana
Zenneckem a Sommerfeldem. Kvantu pisluéného smigendho
foton-plazmonového pole, jehos enargie se Sif podél rozhran,
sa ratalo Hkat povrchovy plazmonowy polariton [7]. Amplituda
kmith elekfricks a magneticke intenzity zde klesa se vadilenost]
od rozhrani na obou jeho stranadch (odtud nazev evanescentn,
z lat. evanescere — wymizet, zaniknout), cod znamend, & energie
evanescentnich vin se prenadl pouze v dzké oblasti podél roz-
hrani. Tato oblast je mentl, ne? je vinova délka poutitého swatla,
a tudi# tento typ elektromagnetického pole je pro plazmoniku
predmétem zkoumani.

Usttednim pojmem tohoto pHspévku jsou predeviim eva-
nescentni ving. W daltim se proto zamé&fime na jejich fyzikalnl
podstatu, vznik, Sifeni a deteke. Dale popiteme, jak kze plipravit
wzorky, na kterych je moiné tyto viny pozorovat, a jakou techni-
ku je theba k tomu poudt. Ma ziwér uksdeme interferenc dwou
evanescentnich vin Siticich s proti sobe.

operacni trakvence [Hz)

T T T T
ST LR TV [ A [ A
rozmér zafizani [m)]

Plazmionika pfedstavuje slibnou oblast pro rychiy prenos Informace
v Integrovanych obvodech vyubivapicich elektromagneticks pole
o vysokych frakvencich.
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Zavérem...
* Uspokojivy pocit
 Utfidite s1 sve mySlenky (vymyslite s1 budouci kroky)
* (Konecn¢) zpracujete své vysledky a data
e Ostatni Vam mohou fict svllj ndzor a poradit
* S kazdym publikovanym ¢lankem se vam bude 1€épe psat dalsi

* Princip védy a pokroku:
Z.acit tam, kam dosli ostatni pred vami
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