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Abstract: We report the readlization of a new class of artificia media termed Photonic
Hyper crystals that combine the large photonic density of states in hyperbolic metamaterials with
the light scattering efficiency of photonic crystals. This new class of artificial photonic mediais
used to demonstrate enhancement in spontaneous emission rate by 20x and out coupling
enhancement by 100x from quantum dots embedded inside the medium. Furthermore, we aso
show enhancement in spontaneous emission from two-dimensiona semiconductors placed in the
near field of the hypercrystal. This new class of artificial media overcomes the major issue of out-
coupling from hyperbolic media and thus presents a viable approach towards using the large
density of photonic states in hyperbolic mediafor practical applications such as ultrafast LEDs.

Introduction: Metamaterials designed to have hyperbolic dispersion have been used extensively
to control spontaneous emission over wide spectral bandwidth in a variety of quantum emitters
ranging from quantum dots (QDs) to nitrogen vacancy centers in diamond and even to control
thermal emission ¥°. These metamaterials are characterized by the hyperbolic shape of their iso-
frequency surface due to the emergence of a number of large wave-vector (high-k) states 6. They
can be thought of as extremely anisotropic materials where the dielectric constants along the
principal axis have opposite sign. This kind of extreme anisotropy can be designed for a chosen
frequency range by selecting materials with negative and positive dielectric permittivity and
layering them to form a superstrate where each unit cell is of deep subwavelength thickness .
The existence of multiple plasmonic bands provides multiple decay channels for a dipole emitter
placed inside or in the near-field of aHMM, thereby enhancing the local photonic density of states
(LPDOS) and increasing the rate of spontaneous emission (Fig. 1). Due to the non-resonant nature
of the LPDOS enhancement, HMMs are an ideal platform for applications that require broadband
control of light-matter interaction such as light emitting diodes, nonlinear optical switches and
solar cells.
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Fig. 1. Wavelength-resolved density of states for dipole on top 7P HMM (&) and dipole embedded in the 5 layer
of 7P HMM (b). (c) Wavelength-resolved Purcell factor (radiative decay rate enhancement) for the two cases.
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Despite the aforementioned highly attractive feature, the use of HMMs in realizing practical
devices has not been easy dueto thefact that nearly all the radiation is coupled to the high-k modes
that lie below the light line and hence cannot propagate to the far-field and is eventually dissipated
through ohmic loss. It is seen that the HMM structures are omni-directionally highly reflective,
indicating that no coupling to high-k modes can be achieved from free-space, or reciprocally, high-
k modes cannot propagate into free-space without a scattering mechanism. Indeed, for dipole
emitters embedded inside the structure typically less than ahundredth of the total power can escape
to the far-field®. Thisisamajor roadblock for developing practical light emitters based on HMMs
To alleviate this issue, different groups have used approaches such as high-contrast gratings and
nano-patterning to achieve modest enhancements in light extraction/coupling efficiency from
HMMs embedded with light emitters (active HMMs) &1L Through a previous ARO grant, we
developed the Bulls-Eye grating structure that partially overcame the out-coupling issue®.

Project Description: An alternate and highly promising approach to out-couple light from such
active HMMsisthe use of the recently proposed concept of “photonic-hypercrystals” (PHC) where
the large density of states offered by HMMs is combined with the efficient Bragg scattering of
high-k modes in photonic crystals 2. Schematic of the two-dimensional hypercrystal is shown in
Fig. 2a and consists

of a 2D triangular (@ | (b) " p—
lattice of holes with r = 2 B = 2 7
periodicity designed _ £4 -

for the wavelength | AN a0 g - o
range of interest. g op— ~
The result of | & J— e
introducing such a —
lattice periodicity is T Tt o T

that the high-k | _ , . . ,
modes fold and lies Fig. 2. (a) Schematic of the photonic hypercrystal and (b) simulation results showing

above the light line the folding of the high-k modes above the light line (dashed).
asshownin Fig. 2b.

In addition to the enhancement in out-coupling, the PHC
still preserves the increase in the PDOS and hence the
Purcell enhancement of spontaneous emission. Thiswas
verified through finite difference time domain
simulations of Purcell enhancement. Asshown in Fig. 3,
the Purcell enhancement expected between the HMM
and the PHC is comparable. Thus unlike in the
microcavity/ photonic crystal cavity where the Purcell
enhancement drops significantly when the out-coupling
isincreased, here we do not see this change because the | Fig. 3. Purcell enhancement as a function
out-coupling using the 2D lattice is only a small | ©Of wavelength for the HMM versus the

. . PHC. Clearly the PHC does not distort the
perturbation on the density of states. Purcell enhancement when compared to

Following the design of the PHC structure, we fabricated the HMM.
a seven period structure consisting of alternating layers

of silver (Ag) and Alumia (Al203) with average thickness of 15 nm and a 2nm thick germanium
(Ge) layer acting as the wetting layer for the silver layer deposition. The layers were deposited
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using electron beam evaporation. Schematic of the layered structure along with the simulated
effective dielectric constant of the 7 period structure is shown in Fig. 4. The emission spectrum of
the CdSe/ZnS colloidal core/shell quantum dots used in the experiments is also shown. The
structure is designed so that the emission lies in the hyperbolic dispersion regime. The quantum
dot layers are embedded inside the structure as shown in the schematic drawing. Also shown in
Fig. 4 is a scanning electron microscope image of the fabricated PHC structure. Here following
the fabrication of the multilayered structure, the 2D triangular lattice is defined on the structure
using focused ion beam (FIB) etching. The holes are milled through the top two periods stopping
prior to the quantum dot layer.

Fig. 4. Schematic of the structure along with the effective dielectric constants. Also shown is the scanning
electron microscope (SEM) image of the fabricated PHC structure.

Photoluminescence (PL) measurements from the active PHCs were carried out using a home built
confocal microscope that allows usto perform fluorescence-lifetime imaging microscopy (FLIM).
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Fig. 5. (a) Confocal image of the steady state PL emission from the QD embedded PHC with clear
enhancement seen for r = 80 nm and a= 280 nm with ~ 100x enhancement in light output. (b) Time resolved
PL mapping of the array of PHCs showing the variation in spontaneous emission lifetime with the optimized
structure showing the shortest lifetime. The blue dark regions are caused by QD clustering.




The technique allows simultaneous mapping of intensity and lifetime for every pixel of the
fluorescence image thus providing spatial, temporal and steady state emission properties of the
active PHC structure. Shown in Fig. 5ais the confoca PL intensity image of the array of PHCs.
We see aclear dependence of the emission intensity on radii (r) and lattice constant (a) of the holes
with the maximum emission intensity observed for the PHC structure with period, a = 280 nm and
radius, r = 80 nm. Fig. 3b shows the time resolved emission of the QDs from the PHC structure
obtained using the FLIM technique clearly showing lowest lifetime (with the exception of
clustered region) for the array with same set of radii and lattice spacing. Factor of 100 enhancement
in peak emission intensity is observed due to the out-coupling of the high-k states by the PHC
structure. This is by far the largest out-coupling enhancement that has been observed from an
active HMM with embedded emitters and clearly paves way for realizing practical light emitters
having alleviated the issue of low out-coupling that plagues HMM structures.

Modification of spontaneous emission from 2D atomic crystals

Recently, 2D semiconductors of transition metal dichacogenides (TMDs) have become highly
attractive as a new class of optoelectronic material with unprecedented strength in its interaction
with light. These TMDs in their monolayer limit become direct band gap and the light emission
increases by a factor of three. However a very low quantum yield of ~ 102 -103 at 300K is a
major hindrance in developing practical light emitting devices using these materials. Various
approaches using photonic cavities'*6, plasmonic structurest’*® as well as chemical methods*®
have been pursued to enhance the light emission from TMDs. Both photonic and plasmonic
approaches rely on frequency resonances and hence are often bandwidth limited while the
chemical approach is till in its infancy. Here we demonstrated broadband enhancement of
spontaneous emission from two archetypical TMDs, Molybdenum-disulfide (MoS;) and
Tungsten-disulfide (WS;) monolayers using PHCs that have hyperbolic dispersion.

Schematic of the PHC with the TMD monolayer flake on top (near field) is shown in Fig. 6 along
with the simulated emission from in-plane dipole (akin to what is present in 2D TMDs). Also
shown in Fig. 6 is an optical microscope image of a large monolayer flake of WS2 grown via
chemical vapor deposition inthegroup of Yi-Hsien Leeat National Tsing-HuaUniversity, Taiwan.
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Fig. 6. (a) Schematic of the 2D TMD on the PHC, (b) Simulation of the dipole emission pattern from TMDs
placed in the near field of the PHC. (c) Optical microscope image of the 2D TMD flake.




Following the deposition of the 2D monolayer onto the PHC, we carried out steady state and time
resolved PL measurements. Confocal scanning microscopy was used to image the emission
intensity from the various locations on the 2D flake placed in the near field of the PHC. A clear
bright spot corresponding to the PHC with optimized lattice parametersis shown in Fig. 7aalong
with the PL emission spectrum from the same monolayer sampl e placed on top of aHMM structure
and on a SiO2/Si substrate. The FLIM technique was once again used to study the time resolved
luminescence properties. Fig. 7 ¢ showsthelifetimetrace where, trace 1 correspondsto thelifetime
of as grown WS2 (~ 56 ps) and the trace 2 corresponds to that on the PHC structure (~7ps) which
is limited by the instrument response function. Once again we see simultaneous enhancement in
emission intensity and the decrease in lifetime over the entire emission spectrum indicating the
broadband Purcell enhancement of spontaneous emission from 2D materials using PHC. The PL
intensity was increased by afactor of 50X compared to that on SIO./Si substrate whilethe lifetime
decreased by afactor of ~ 7. This approach presents aunique way to further the 2D optoel ectronics
field through the use of hyperbolic media
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Fig. 7. (a) Confocal scanning image of the emission from the WS2 flake showing bright emission spots
corresponding to underlying PHC. (b) Steady state PL spectrum from control versus from PHC region showing
the 50X enhancement. (c) Lifetime of emission from as grown (trace 1) versus that on PHC (trace 2).

Preferential Emission into Epsilon-Near-Zero (ENZ) medium:

In a closely related work, we demonstrated the effect of an ENZ substrate on the spontaneous
emission properties of asemiconductor (ZnO) placed initsnear field. ZnO grown viaatomic layer
deposition with emission maximum ~ 380 nm was used in these experiments. Alternating layers
of Ag and Al203 were deposited as discussed previously to obtain the ENZ medium. The effective
dielectric constants of the Ag/AlI2O3 composite is shown in Fig. 8a, where the different dispersion
regimes such as type | hyperbolic (hyperbola of two surfaces), ENZ, and type Il hyperbolic
(hyperbola of one surface) are shown. The ENZ regime coincided with the emission of ZnO.
Steady state PL experiments were carried out in the reflection geometry (pump and emission from
the ZnO side). Shown in Fig. 8b is the PL emission observed from the three samples shown
schematically in the inset. Clearly the emission in the forward direction is suppressed in the case
of the ENZ metamaterial showing that the emission prefersto go into the ENZ medium rather that
into air. Thisis dueto the slow modes and large PDOS in the ENZ regime.
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Fig. 8. (a) Effective medium dielectric constants of the Ag/Al.Os composite showing the different dispersion
regimes. The pink region indicates the ENZ regime. (b) Steady state PL spectrum obtained from three different
samples shown schematically in the inset.

Summary: During the 18 month period, we successfully demonstrated the devel opment of a new
class of artificial medium: photonic hypercrystals that combine the large PDOS enhancement in
hyperbolic metamaterial s with the enhanced light scattering efficiency of photonic crystalsthrough
Bragg scattering. Using the PHC, we were able to demonstrate 100X enhancement in light out-
coupling and 20X enhancement in emission rate using colloidal quantum dots as the active
medium. We aso demonstrated broadband enhancement in spontaneous emission from 2D
monolayer of TMDs (WS,) placed in the near field of a PHC where we observed 50X enhancement
in emission intensity and 7X enhancement in spontaneous emission rate.

We aso demonstrated preferential emission of spontaneous emission into ENZ metamaterial due
to the presence of large PDOS as well as the sow light modesin the ENZ regime.

Future Plans. We are currently extending the above approaches for enhancing spontaneous
emission using PHCs for realizing electrically pumped LED devices. Another direction being
pursued is to realize PHC based nanocavities of sub-diffraction dimensions with reasonable Q
factors compared to typical metamaterial or plasmonic cavities.
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