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(57) Abstract: A titanium nitride-based metamaterial,
and method for producing the same, is disclosed, con-
sisting of ultrathin, smooth, and alternating layers of a
plasmonic titanium nitride (TiN) material and a dielec-
tric material, grown on a substrate to form a superlat-
tice. The dielectric material is made of A1 Sc.N, where
'x' ranges in value from.2 to.4. The layers of alternating
material have sharp interfaces, and each layer can range
from 1-20 nanometers in thickness. Metamaterials
based on titanium TiN, a novel plasmonic building
block, have many applications including, but not 'lim-
ited to emission enhancers, computer security, etc. The
use of nitrogen vacancy centers in diamond, and light
emitting diode (LED) efficiency enhancement is of par-
ticular interest.
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CROSS-REFERENCE TO RELATED APPLICATIONS
{00011 This patent application claims priority to, and incorporates fully by reference, US.

Provisional Patent Application No. 61/71 1,548, filed October 9, 2012,
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

{0002] This mvention was made with government support wider DMR-1120923 gwarded by the
National Science Poundation; NOOO14-10-1-0942 awarded by Navy Office of Naval Research;
and WOLINF-11-1-0359 awarded by the U.S. Army Research Office. The governmment has
certain rights in the invention.

FIELD OF THE INVENTION

{6003] This mvention relates to metamaterials operating in optical and near-infrared spectral
ranges. The claimed material and method 15 used in compact optical svstems and other micro-
scale technologies.

BACKGROUND OF THE INVENTION

{0004] The realization of optical hyperbolic metamaterial (HMM} devices 1s hindered by the fact
that metals {used as HMM subwavelength building blocks) with thewr large negative permittivity
and high losses in the optical frequency range are detrimental to HMM performance, leading, for
example, to a very poor transmission through the HMMs. Moreover, in order to achieve
significant enhancement of PDOS (photonic density of states), the individual HMM lavers need
to be as thin as posstble (PDOS 1 a HMM s inversely related to the cube on the layer

thickness). Noble metal films (Le. gold or silver) corrently used to create HMM structures cannot
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be patterned into ultra-thin lavers without compromising their guality, which leads to additional
fosses. Thus, realization of metal-based HMMs with deep subwavelength layers and good optical
performance 1s extremely challenging. Moreover, neither gold nor silbver offers thermal stabihity
and silicon CMOS compatibility, which s required for many technology-diiven applications.
The present invention offers an alternative material as a building block for HMMs and new

metamaterial-based technological applications.
SUMMARY OF THE INVENTION

{0005} The claimed material and method for producing the same comprise ultrathin and smooth
tayers of alternating materials, which make up a superlattice structure that is grown on a
substrate made of MgO. The substrate should preferably remain at 730°C during deposition. The
materials grown on the substrate are comprised of titanium mifride, a plasmonic material, and Al
=S¢ N, & dielectric matenial. Bach individual material layer can range from 1 1o 20 nanometers in
thickness, and “x” in Al SeN can range from 2 to 4. Due to an enhanced hyperbolic
dispersion, the material can achieve a photonic density of states up to 10” times the current state
of the art. A broad band emitter comprising a nitrogen vacancy center i dismond can be coupled
with the aliermating uvltrathin layers, a spacer layer, and another plasmonic or dielectric roatersal,
to create an emission enhancer based on a single photon generator. A hight emiiting diode can
also be coupled with at least one plasmonic or dielectric material for cutcoupling light to provide

an increase in LED efficiency.
BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Fig 1. Dielectric functions of ttaniwm niinde {ilms deposited at 300°C on glass and ¢

sapphire substrates.
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j0007] Fig 2. X-ay diffraction spectra showing the diffraction imtensity from a TiN thin film
grown on c~sapphire. The peaks in the intensity correspond to the crystal plancs annotated. The
mset shows the intensity plot for an asymumetric-pli scan with 26 set to the 200 reflection of TiN
and off-plane tilt angle (3} set to 34.7 degrees corresponding to infer-planar angle between (111}
and {200) planes.

[0008] Fig 3. Figwes-of-merit for HMMs formed by alternating, sub-wavelength lavers of
different metal/dielectnic combinations {TiN/AIN, stbver/alununa, and goldialumina).

{0009} Fig. 4. Dielectric function of TiN in comparison with conventional plasmonic materials;
gold (Au) and sitver {Ag).

{0010} Fig 5 (a) Cross-section SEM image showing the supetlattice of TiIN and ALSc N, (b)
Figare~of-merit calenlated for superlattices of TIN/AlpSeu N, TIN/ ALy ¢sScaseN, and
TiN/AdosScyaN. The hyperbolic dispersion exists for wavelengths longer than the wavelength
corresponding to the dashed vertical line in the plot.

{0011} Fig o, Expertment 1o probe the photonic density of states of a HMM: (a) The schematic
showing the sample geometry and the expenment configuration; {b) Measured spontaneous
enussion intensity vs. time profiles from dyve molecules sitting on top of a TiN/AALSc)N
superfattice with individual layers 10 nm thick, bare MgO and bare glass substrates;

{c) Lifetimes of dye molecules on TINAALSN HMMs or 10 nm TiN film (controb as a
function of the distance of separation from the top metal surface of the sample. The HMMs are
composed of 24 layers each being 10 am thick. The dye laver is separated from HMM/eontrol
sample surface by (ALScIN spacer layer. The calculated emitter Tifetimes (sohid hine) for
different spacer laver thickness are fit to the measured valuoes {squares); (d) Power emission and

radiation as a fonction of spacer layer thickoess.
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j0012] Fig 7. An example realization of a single photon source emploving TiN-based HMMs.
{00131 Fig 8. Calenlated emission rate enhancement factor at A=720 nm as a function of the
superlattice periodicity. Al calcunlations are made assuming that the emitters are separated from
the HMM surface by a 5 nm thick spacer made from the dielectric that constitutes the
superlattice. The enhancement factor is averaged to account for the spread of the emitters as in
the layer of dve, over a distance of 11 nm. The onentation of the dipoles is asswmed to be equally
probabie w all divections.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0014] The present invention discloses ttanium nitride based metamaterial as an alternative
plasmonic material in the visible and near-infrared speciral regions. This disclosure demonstrates
the excitation of surface-plasmon polaritons (SPPs) on titanium nitride thin films. Titanmum
niiride provides performance that is comparable to that of gold for plasmonic applications, and it
significantly outperforms gold and silver for transformation-optics and some metamaterial
applications in the visible and near-infrared optical regions.

[0015] Transition metal mitrides (such as TiN) are ceramic materials whose storchiometry can be
varted by fming the growth condition. In other words, the composition and hence the optical
properties depend significantly on the preparation method and conditions. Some of these pitvides
possess metallic properties at visible wavelengths because of large free carrier concentrations (=
105 Y, High interband losses make many of these compounds unattractive for plasmonic
applications. THamum nitride, however, exhibits smaller interband losses in the red part of the
visible spectram and a small negative real permittivity. [t is therefore a material of significant

value for plasmonic applications i the visible and near-IR speciral ranges.
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j6016] To manufacture the metamaterial, thin films of titantum nitride are deposited on glass or
c-sapphire substrates by DC reactive magnetron sputiering (PVD Products Inc.) from a 99.995%
titanmum farget i an argon-nirogen environment. The base pressure within the chamber before
depasition is 2x107 Torr. The films are deposited at a deposition pressure of 5 mTorr with
varying flow ratios of argon and nitrogen {Ar {scom¥N; (scemy of 4:6, 2:8 and 0:10). The
sputtering power is held constant for all deposttions at 200 W {DXC) and the target-substrate
distance 13 & cm. The deposition rate is approximately 25 “4/min aud about 30 nro thick films ave
deposited. The substrate temperature during deposition is held at 300°C or 500°C. The resulting
films are characterized by a variable angle spectroscopic ellipsometer {V-VASE, J A, Woollam
Co.} 1 the near-IR, visible, and near-UV wavelength ranges. A Drude-Lorentz {with three
Lorentz oscillatorsy model provides a good 11t to the ellipsometnic measurements. The Drude part
of the model captures the part of the optical vesponse arising from free carriers, while the Lorentz
oscillators account for the interband losses. The substrate temperature also affects the optical
properties of these films. After TiN films depositions at substrate temperatures of 300°C and
5007 C with the Ar:N2 flow ratio fixed at 4:6, the film deposited at the higher temperature shows
lower loss.

{0017} The optical properties of TIN thin films also depend strongly on the substrate on which
they are grown. Substrates such as sapphire and MgO provide Iattice matching and promote
epitaxial growth, leading to orystaliine films and thereby reducing optical losses. Substrates such
as glass do not provide lattice matching, and polycrystalline films are obtained, which can have
higher losses due to additional carrier scattering. The optical properties of a TiN film grown on
c-sapphire and glass are shown tn Fig.1, The film grown on glass shows lower carrier

concentration and higher losses than the film grown on e-sapphire. In order to venify if o-
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sapphire allows epitaxial growth of TiN films, X-ray diffraction (Phillips X Pert Pro}
measnrements were performed. The diffraction intensity plot for TiN thin films on c-sapphire
substrate s shown m Fig 2. The 28 —o plot shows two peaks corresponding {o the 111 reflection
from TiN and the 0006 reflection from sapphire substrate. TIN film on o-sapphire grows with

111 directions. Further, the epitaxial growth of TIN on c-sapphire is confirmed by performing an
asymmetric-pht scan. In this measprement, the yeray detector (20 ) and the incidence angle at the
sample (o) are fixed at values corresponding to the 200 reflection. The off-plane tilt of the
sample () is set to 54.7 degrees corresponding to the mterplanar angle between (200 and (311 1)
planes. Epitaxial growth would be evidenced by peaks corresponding to three 200 reflections
when the sample 1s rotated by 360 degrees. The mset in Fig. 2 shows the result of an asymmetric-
phi scan on a TiN film deposited on a c-sapphive substrate. The six sharp peaks observed in this
measurement confirm mutivariant epitaxial growth of TiN on c-sapphire.

{0018] Epitaxial growth of TiN thin films on ¢-sapphire produces films that have low roughness
and are uniformly textured, which is confirmed by atomic force microscope (AFM) and scaaniog
electron nucrograph (SEM) images of a TIN film on a c-sapphire substrate. The root-mean-
square {rms) roughness of the film is measured to be about 0.4 nm. Although the film 13
smoother than g polyorystalline film, the boundaries between domains of epitaxial variants of
cubic TiN introduce a degree of roughness. TiN is a plasmonic buoilding block for different
applications such as SPP wavegwdes, superlattices, localized surface plasmon resonance (LSPR)
devices, hyperbolic MMs, and general transformation optics devices.

{0019] Examples of Possible Applications

[0020] Plasmoenic applications, Silver currently offers the best SPP {(surface plasmon polariion}

charactesistics. However, problems in fabricating thin films of silver and its chemical reactivity
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m air preclude it from being useful for some applications. Gold is better due its chemical
stability, but it poses other problems ansing from nanofabrication such as poor adhesion to
substrates and the formation of percolating or semi-continuons films when the thickness 1s
arcound 10 nm or lower. Such problenms artsing from the growth and morphelogy of gold films
result in additional optical losses, which can be described by a phenomenological quantity called
the loss factor. The comparison of TiN and gold shows that TIN gives a slightly better
confinement than gold, but the propagation length for TiN is smaller than that for gold. The
characteristics of TiN resemble that of gold with & loss factor of 3.5, As a comparison point, a
loss factor of 3.5 or higher is commonly observed in nanopatterned gold structures. Thus, TiIN
gualifies as a visble substitute for sibver and gold in the manufactore of metamaterials, and in
fact 1s supertor to gold and silver, due to characteristics such as CMOS compatibility, greater
mechanical toughness and chemical stability, lower optical loss, greater thermal stability
{melting point > 2700 °C), ultra-thin, smooth, and crystalline epitaxial growth on various
substrates (including sapphire, Mg, and silicon), tunable optical properties, biocompatihility,
and higher PDOS enhancement.

{00211 Instead of the simple case of SPPs propagating along & single interface, more complicated
designs such gs a metal-insulator-metal (MIM ) wavesuide geometry with TiN are also
considered. The MIM configuration allows confinement of a significant portion of the
electromagoetic field within the insulator and, hence, the propagation length of SPPs in this
configuration is a fair index for comparing the performance of different plasmonic material
systems.  The experiments show that propagation length 1s smaller for the case of TiN compared
to gold with a unity loss factor. However, the propagation length of a TIN wavegaide 18

comparable to that of gold with a loss factor of 3.5.
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{00221 In addition to propagating modes, localized surface plasmon resonance (LSPR) modes
are useful in many sensing applications where localized field enhancement 1s of great
inportance. Metal nanoparticles can support LSPR modes and enable local-field enhancement.
The field enhascements at the surface of TiN and gold nanospheres is caloulated using the
guasistatic dipole approximation. The resonance wavelength {(which corresponds 1o the peak
field enhancement) for TiN nanospheres is red-shufted compared to gold owing to TiNs smaller
absolute real permiitivity value. The mwagnitnde of Held enbancement i TiN nanospheres is
shightly smaller than that of gold, but the overall performance of each material is comparable,
making TiIN a realistic alternative plasmonic material for LSPR applications.

10023} Fhyperbolic metamaterials cond trarsformation optics. Metamaterials with hyperbolic
dispersion {1.e. HMMs) have umque properties sach as the propagation of extremely high-4
waves and a broadband singularity in the photonie-density-of-states {PDOS). In the visible
spectrum however, neither gold nor silver can produce high-performance HMMs. To compare
the performance, Figure 3 shows the figures-of-merit of HMMs formed by alternating lavers of
sitverfalming, gold/ahuaina, and TIN/AIN. The calculations of figure-of-merit are based on
standard effective medium approximation of the metal/dielectric stack for a metal filling fraction
of 30%. Cleatly, the TiN svsteny outperforms the metal based systems in the red part of the
vistble spectrum. For wavelengths shorter than 500 nm, TIN 1s not plasmonic; therefore, the
figure-of-ment values are shown only for wavelengths longer than 300 nm. TiN notonly
outperforms i its performance, but also provides an additional advantage in the fabrication of
ulira~-thin lavers. Ultra-thin lavers arve necessary for producing truly binary HMM structure and

TiN, unlike metals can be grown as an ultra-thun epitaxaal faver.
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[0024] In general, tansformation optics {TO) devices often require plasmonic components with
real permittivity values that are on the order of wmity. While none of the conventional metals
satisfy this condition, titantem nitride does meet thig criterion and 18 therefore a suitable material
that could enable transformation optics in the visible range. As a comparison, the dielectric
functions of TiN and bulk conventional metals are plotted in Fig. 4. The figure clearly shows the
disadvamage of conventional metals 10 lerms of the real part of permittivity. However, the
imaginary part of permittivity, which signifies the losses in the matenal, is the lowest in the case
of stlver. TIN is better than gold only for longer wavelengths. In practical applications, itis
rather difficult to obtain low, bulk-like losses in designs using silver because of problems such as
surface ronghness, grain-boundary scattering, and corrosion. Also, forming ultra-thin Iayers of
sitver or gold is difficolt. On the contrary, TiN does not possess sach difficalties and forms a
better materials choice than conventional metals for TO applications.

10025) TiNY 480N HMM Superlattices.

j0026] The fabrication of a good quality HMM requires alirathin and smooth alternating layers
of metal and dielectric with sharp interfaces. This 1s possible if the metalédielectric saperiatiice is
epitaxially grown, and TiN grows as an epitaxial film on MgO (100). A TiN/ AlunScpaN and
TING AlgsSeesN superlattice are grown epitaxially on (001) MgO substrates by reactive de-
sputtering. High resolution XRD analysis along wath the reciprocal space x-ray map suggests
pesudomorphic 002 columpar superiattice grain growth on the MgO substrates with the grains
separated by small angle grain boundaries. Epitasial growth ensures sub-nanometer interface
roughness and enables sub 10 nm smooth layers. Desirable optical properties of the dielectric
component— Al 5N —and the metallic component—TiN—are achieved by the optimization

of the deposition process. AIN, when alloyed with 28% of SeN, i3 stabilized in the cubic rock
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salt phase and matches the lattice constant of TiIN. Optimization of the growth of Al SeN thin
films sandwiched between TiN layers reveals that A7, 3¢ NV can be stabilized in the cubic phase
and grows lattice matches on TN, Thas, HMMs are prepared which comiprise TiN as the
plasmonic material and 47,50V as the dielectric material. A Transmission Electron Microscopy
{TEM) image of the interface of TiN and AlsSceaN lavers is shown in Fig. 5{a). According to the
etectron diffraction patterns recorded from the TiN and Alp»8¢cs N lavers, sharp interfaces and
perfect lattice matching are evident,

{0827} In order to probe the PDOS of the TiN/Ala22ScoasN HMM, the following experiment was
conducted: A 300 pm thick HMM comprising 3 nm each of TiN and Alo 75¢h 2N layers {TiN 15
the top layer) is grown. On the top of this sample is grown a 5 nm thin spacer of Alg 28N, A
100 uM sohution of LDB80O dye in SLL8 (115 in thinper) 1s spin coated onto the HMM. The
lifetime of the dye 18 measured using fluorescence lifetime imaging system {MicroTune 200
Preoguant). The pump wavelength s 635 nm (88 ps pulses) and the detection wavelength range
spans from 050 nm to 720 nnt. The average lifetime of dyve on HMM was recorded 1o be 026 ns
and that on bare MgO was 2.1 ns. A control sample was prepared comprising 5 nm thick
Ala7:Sco2N on top of 5 nm thick TiN film {on MgO substrate}. The average hfetune of dye
recorded on the control sample was 0.7 ns. OQverall, there was nearty a 9x reduction in lifetime of
dye molecnles on TIN/AL 7:8¢o2eN HMM compared to the bare substrate, and nearly ¢ 3x
reduction n lifetime compared to the control sample.

j0028] The optical properties extracted from ellipsometry measurements suggest that such a

superlattice shows a strong wmaxial anisotropy with positive and negative real permittivity

values in the two directions . This gives rise to a hyperbolic dispersion in this metamaterial,

leading to many potential apphicatons meluding but not limited to sub-wavelength resolution

10
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nnaging, strikingly efficient sub-wavelength hight concentration and extraction {e.g. hght sources
with dramatically mcreased photon extraction, non-resonant single photon sources), engineering
absorption and emussion ffom guantum emitters (.o, breakthrough gquantam technologies
mchuding the combination of these HMMs with wide-spectrum, room-temperature guantim
emitters such as quantum dots and Nitrogen-Vacancy (NV) color centers in nanodiamonds and
similar systems), ultta-compact resonators, and the use of nano~-antennas, nano-apertures and
metasurfaces 1o oupt-couple high-4 modes in the HMM to free space. Additionally, these HMMs
can transform an 1sotropic spontaneous emission profile mto a directional one, leading to new
types of light sources {e.g. LEDs, PLEDs). The figure-of-merit computed from the measured
optical properties {see Fige 5 (b)) shows that this metamaterial has a figure-of-merit more than
two orders higher than that of metal-based counterparts.

{0029 Furthenmore, 8 single-photon source, which relies on the pulsed excitation of a single
nitrogen-vacancy color centre in a dismond nanocrystal, 1s & core element of a quantum key
distribution {QKD} system for secure data transmission. An important and anigue property of
quantum distribution i the ability of the two communicating users to detect the presence of any
third party trving to gam knowledge of the key. The BB84 protocel is proven to be secure,
relying on the quantum property that information gain is only possible at the expense of
disturbing the signal. The process of measuring # quantum system in general disturbs the system.
A third party tryving to eavesdrop on the key must 11 sore way measure i, thus mtroduciong
detectable anomalies. By using quantun superposition or quantum entanglement and
transmitting information in quantum states, a comnmnication system can be implemented which
detects eavesdropping. In the case of eavesdroppng, the conmmunication is aborted and cyber

securty is provided.

11
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j0030] An example realization of a single-photon scurce is depicted in Fig. 77 An optical pump
pulse 1 excites a single NV color center in a nanodiamond erystal 2 placed on an HMM substrate
3. The rate of spontancous emussion 4 radiated by the nanodiamond 2 18 eshanced by the HMM
layer 3. A nanvantena is used to outcouple spontaneously emitted photons § from the surface and
volume waves of the HMM laver and then redirect them as focused propagating waves & mto an
optical waveguide 7 to be used v a specific application.
{0031 Methods
[0032] TINAALScHN superlattices are deposited on (001} oriented MgO substrates using reactive
de magnetron sputtering in a load-locked wrbomolecniar pumped high vacuum deposition
system with a base pressure of {2-3) x 10-8 torr (PVD Products, Inc)). The growth chamber hag
the capability to accommuodate foor targets and 1s equipped with three de power supphies. Prior to
the deposition, the substrates are cleaned in acetone, methanol, and dried 1n nitrogen gas. The Th
{99.99% purity,) Al {99.99% purity), and Sc (99.99%) targets have dimensions of 2 in. diameter
and 0.25 in. thickness. All depositions are performed with an Ar/N2 mixture with the How rates
of Ar and N2 being 4 and 6 scem, and a deposition gas pressure of 10 mTorr. The targets are
sputterad m constant power mode. While the Tl target 13 fixed at 200 W, the Al and Sc target
powers are varied to achieve the desired stoichiometry of (ALSOIN alloy lavers, e.g, AlpsScasN.
The substrates are maintained st 750°C doring deposition, as determined using an mfrared
pyrometer operated in the wavelength range of 0.8-1.1 pm, fogether with a thermocouple.
{0033} The crystal orientation, texture and epitaxial relationship of the superlattices are
determined by high-resolution X-ray diffraction (HRXRD) and high-resolution transmission
electron microscopy {(HRTEM) using Ca K al radiation in a Panalytical X-ray diffractrometer

and FEI 80-300 KeV transmission electron microscopy. The period thicknesses of the

12
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superlattices are determined from the separation of the satellite peaks in the 2 diffraction
pattern of the saperlattice as well as X-ray reflectivity measurements. Cross-sectional TEM
samples structures were prepared on a FEI Nova 200 NanceLab DualBeam SEMFIB using
standard hift-out technigue equipped with a Klocke nanomanipulator.

{0034} The dye layer on top of MgQO, glass, superlatiice samples and control samples is prepared
using the following method: 100 uM concentration of LD-800 dye dispersed in 1.7 diluted SUS-
200 polymer is sonicated for 5 min before spin coating it on top of all samples to achieve about
11 mm thick dye layer. The thickness of the dye layer is measured by spectroscopic ellipsometer
(LA Woollam Co.).

{0035] Fluorescence Lifetime Imaging Microscopy (FLIM) measurement is performed based on
a custonized confocal nycroscopy (Microtime 200, PicoQuant GmbH, Berlin, Germany) with
time~correlated single photon counting {TCSPC) time-tagged thoe-resolved (TTTR Y mode (Time
Harp 200, PicoCuant GrobH, Berlin, Germany). Picosecond pulsed 633 my laser line 1s utilized
as an excitation source for LIX-800 via S0x7/0.75 NA objective {Olympus Inc.}. The flucrescence
signal 1s collected using the same objective backwardly and filtered from the excitation light by a
dichroic mirror {z467/638rpe, Chroma). Overall floorescence signal is further spectrally filtered
by a 30 @ pinhole to exclude the backgroand noise and out~of-focus fluorescence, and finally
recorded by a single photon avalanche photodiodes (SPAD) (SPCM-AQR-14, PerkinElmer Inc.)
after passing the 685-70 (Chroma) band pass filier {(683-70 means that the filter is centered at
685 nm with a bandwidth 70 nm). The average lifetimes of the dyes molecules are calenlated by
fitting multiple exponential equations to the spontanecus decay curves measured,

j0036] For further verification, an emitter (LD-800 dyve molecule)} is placed close to the surface

of the HMM (separated by a spacer laver made of (AL ScIN) and its lifetimne 1s measored (see

13
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Fig. 6{a)). For the hifetime measurements, i addition to superlattice samples, control samples
were also prepared which had a thin layer of metal (same thicknesss as in the soperlattice) and a
layer of spacer {same thickness as in saperlattice sample} on top.

{0037} Figure 6(b) shows the lifetime measurements on TINAALSON HMM with 10w avess.
The HMMs consisted of 12 pairs of lavers plus an additional spacer laver on top. The spacer
layer was made of the same diclectric, (ALSSN that constitpied the HMM. Three such HMMg
with three different spacer layer thicknesses were fabricated. An approximately 11 nm thick
laver containing dispersed dye molecuies was spm-coated on top of the HMMs. The results of
the lifetime measurements are shown in Fig. 6(¢). The HMM with the thmnest spacer layer of 5
nm shows the smallest lifetime, while the HMMs with thicker spacer lavers show much larger
litetimes. This is because the emiiter closer to HMM couples high-k modes better into the HMM.
Hence, more radiation channels are available for the emitter to radiate into the HMM, which
reduces the lifetime, This trend 13 predicted where the cubie dependence of the emitter hifetime
with the distance of emitter to the HMM surface. A nearly lossless HMM and an ideal emitter
{quantam yield of 100%) would show such a dependence. However, in practice, HMMs have
significant losses and the emitter 1s non-ideal. LDOS calculations are emploved in order to
predict the lifetime of the dve molecules sitting on 1op of HMM with different spacer thicknesses
{see supporting information). If the radiation from the dipole u{rQ) is scattered by the HMM, and
if the scattered field strength 15 Es(r), then the power (P) radiated by the dipole may be calculated
from Equation (1) below. If the dipole emitter has less than 100% intrinsic quantum vield (Q),
the spontaneous emission rate (I of the emitter may be calculated using Equation (2) below. By

and I are power and emission rates, respectively, of the emitter i g vacuum,
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{0038} _— s e .y

o)
-

{0039] —_ — (;

[0040] The calculations made wmatch well with experimental observations, confirming the
enhancement of PDOS provided by TINAALSeIN HMMs. In order to assess the role of plasmons
in enhancing the PDOS, control samples are prepared consisting of 10 nm TiN film on MgO
substrate with a top laver of {ALScIN spacer, The spacer layer is 5, 10, and 30 nm thick in the
three different samples, The dve layer is spin coated on top of these control samples by exactly
the same fechmque as emploved on HMMs. The results of Lifetume measurements on these
contrel samples are also shown in Fig 8{c). The control samples provide enhancement m
entission rate by nearly two times (in comparison to emission rate on bare glass). The surface
plasmons supported at the top and bottom mterfaces of TiIN film enhance the emission rate.
However, the emission rate enhancements observed in the control samples are smaller than those
provided by HMMs by about 2 times. This further serves as evidence for the enbanced PDROS in
HMMs.

{0041} The high-k channels into which the emitter emits are conhined only to HMM because no
other swrrounding mediwm supporis them, Hence, these photons do not reach the detector
causing an apparent reduction in the guantum vield. The quantun vield of the dve raduces
drastically and the radiative decay rate {here radiative means radiation that reaches detector) is
much smaller than on glass. The reason for this can be understood better with the help of Figwre
&(d). When the spacer thickness is small, the emutters emit most of thewr power inte high-k modes
in HMM. The power emitted tito low-k modes that reach the detector is & tiny fraction for spacer

i

layer less than 30 nm thick. This 1s the reason for small apparent quantim vield of the dye on
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HMMs with a thin spacer. As spacer layer s thinned, the power radiated to the upper-half space
{to detector) increases slightly {see Fig. 6(d)). Hence, the radiative decay rate also increases
slightly as the spacer layer s thinned. The apparent quantiwn yield bemg extremely small is a
clear indivation that the emiiters are effectively probing the high PDOS of HMMs,

{0042} The PDOS of superlattice HMMs is also dependent on the thickness of the constituent
layers. The largest k-vector of the photon that can propagate in the HMM depends yoversely on
the tayer thickness. The thinner the layers, the larger the maximum k-vector of the propagating
photon field. This increases the PDOS of the HMM because there are more high-k modes
available for the emitter to radiate into. The limit to PDOS enhancement in HMMs is in general,
imposed by the individual layer thickness. However, when the layers are made extremely thin,
the PDOS enhancement might get linuted by losses rather than the indnadual layer thickness.
Figure & shows the calculated normalized net power {into all possibie k-modes) emitted by
emitters sitting on top of HMMs composed of metal/dielectric layers of different thickness. For
ideal emitters, this quantity 1 tdentical 1o the net enhancement in spontaneous decay rate. The
curve for TINAALSCN HMMs shows that reducing the individual layer thickoess jncreases the
ennssion rate until it is about 7 nm. For lavers thinner than 7 nm, losses start limiting the
enhancement factor even before other effects such as non-locality begin to mit the enhancement
in PDOS. This observation matches well with the measured hifetimes of dye molecules sitting on
TINAALSeIN HMMs with 3 nm and 10 nm individeal layers. The dye Iifetime measured on a
TINAALSe)N superlattice composed of 5 nim layers i3 0.3985 ns, while that on a superlattice
with 10 i lavers 15 0.390 ns.

j0043] Figure 8 also demonstrates which plasmonie matenial would provide larger PDOS to the

HMM. The answer is not the obvious one, 1.e., the lowest loss material. This 15 because the
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penetration depth of light depends both on real and imaginary parts of permittivity of the metal.
A large negative permittivity would limit the penetration of Hght into the strocture more
severely, even more severaly for higher-k waves. This i3 the reason for HMMs composed of
noble metals performing poorly. The benefit of low loss of noble metals can be observed only
when the lavers have been made 5o thin that enough light can penetrate into these HMMs. This
maeans that the corves in Figore 8 corresponding o noble metals wonld show a maxinam w
enhancement only for much thinner lavers. Unfortunately this requires noble metal layers to be
as thin as a couple of nanometers, which is a big fabrication challenge. Moreover, losses shoot
high when noble metal lavers are as thin as a few nanometers. Also, non-local effects start to
dominate and limit the PDOS enhancement for extremely thin layers. Thas, TN torns outito be a
better plasmome material to get higher PDOS 1 HMMs.

{0044} In conclusion, the use of titanium nitride in hyperbolic metamaterials instead of noble
metals marks g new era for this important class of optical metamaterials paving the way 1o
realization of practical HMM devices that are low loss, CMOS- and bio-compatible, thermally
stable and have controllable properties. Titanivm mitride as the plasmeonic material enables the
Jong-awaited leap from previously demonstrated lossy HMMs based on thick, polyerystalline
layers of metals and dielectrics to high-performance, truly binary superlattice HMMs consisting
of ultra~thin, smooth, epitaxial layers that will ultmately unlock the full range of unosual
properties of hyperbolic metamatenals.

0045} Tianiwm nitride can serve as an alternative plasmonic material for plasmonic and
metamaterial applications in the visible and near-IR optical frequencies. Titanium nitride, being a
non-stowchiometric compound, exhibits process-dependent properties, Thin TiN films deposited

on c-sapphire substrates show multivariant epitaxial growth and form smooth films. A
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comparative study of TiN and conventional plasmonic materials suggested that TiN offers
comparable performance for plasmonic applications and significantly betier performance for
transformation optics and metamaterial devices such as hvperbolic metamaterial devices.
Titaniwm nitride is shown to support SPPs in the near-IR optical range by using disglectric
gratings to excite SPPs on TiN/dielectric interfaces. An inherent advantage of TiN is that it is
compatible with standard silicon manufactaring processes, unlike gold and silver. This allows
easy mtegration of silicon electronics with plasmonics. Titaniom mitride also overcomes many
other nancfabrication problems associated with gold and silver, making 1t a technologically
nnportant alternative plasmonic material.

{0046} The description of a preferred embodiment of the invention has been presented for
purposes of dlusiration and description. It 1s not infended to be exhanstive or to lmit the
mmvention to the precise forns disclosed. Obvicusly, many modifications and variations will be
apparent to practitioners skilled m this art, It 1s mteaded that the scope of the mvention be

defined by the following clatms and their equivalents.
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What is claimed is:

1. A metamaterial, comprising:

ultrathin and smooth alternating layers of TiN operating as a plasmonic material and Al SeN
operating as a dielectric materal, the lavers having sharp imerfaces and forming a superlattice.

2. The metamaterial of claim 1, wherein the superlattice is psendomorphic, epitaxial and grown
on {001) MgO substrates , preferably at 750°C, having 002 crystal onentations.

3. The metamaterial of claim 1, farther comprising a substrate of {001) MgO having a rocksalt
crystal structure with a fattice constant of 4.21  that matches the {attice constants of Al SeN

and TiN closely.

Fu

. The metamaterial of claim I, wherein each layer is from 1 to 20 nm thick.

L4

. The metamaterial of claim 1, wheretn each layer is 5 nm thick.

6. The metamaterial of claim 1, wherein x 1s from 0.2 t0 0.4,

=3

The metamaterial of claam 1, wherein the dielectric material is AlgaScuaN.

el

. The metamaterial of claim 1, wherein the dielectric material 18 Ay »Sca2aNL

i

9. The metamaierial of claim 1, wherein a photonic density of states is up to 10%times enhanced
compared 1o a photonic density in a free space in 3 broad wavelenath range from 400 nm to 4000
nm due to a hyperbolic dispersion of a refractive index of the TiN/ Al Sc,N metamaterial.

10, The metamaterial of claim 1, further compuising a solid, organic or polvmer Hight emitting
diode (LED) placed on top of the metamatenial, further comprising at least one array of
plasmonic or dielectric antennas, gratings, apartures or metasurfaces for efficient light
outconpling providing LED efficiency increase in the range of §-1000%.

11, An enussion ephancer, COMprising:

a broad band emitter, placed on top of

a metamaterial slab, consisting of alternating fayers of TiN operating as a plasmonic matersal and
Ali«Sc:N operating as a diclectric material, with a spacer made of ALSc; N of 5-20 nm
thickness, combined with at least one efficient outcoupling device, thas providing a single
photon generator {single photon per pump laser puise}.

12, The enhancer of claim 11, wherein the ontcoupling device being plasmonic or dielectric
antenna, grating, aperture or metasurface.

13. The enhancer of claim 12, wherein the outcoupling device is a bow-tie or a spiral antenna.
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14, The enhancer of claim 11, wherein the broad band emitter 15 nitrogen vacancy center in
diamond.
15. The enbancer of elaim 14, being implemented as a part of a quantum key distribution system

to provide the secure data transmission.
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