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Abstract The broadband enhancement of single—photon
emission from nitrogen-vacancy centers in nanodiamonds
coupled to a planar multilayer metamaterial with hyperbolic
dispersion is studied experimentally. The metamaterial is fab-
ricated as an epitaxial metal/dielectric superlattice consist-
ing of CMOS-compatible ceramics: titanium nitride (TiN) and
aluminum scandium nitride (AlxScy«N). It is demonstrated
that employing the metamaterial results in significant en-
hancement of collected single—photon emission and reduction
of the excited-state lifetime. Our results could have an im-
pact on future CMOS-compatible integrated quantum sources.
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1. Introduction

Generation and detection of single photons play an im-
portant role in both fundamental and applied aspects of
quantum photonics. The concept of photon lies at the foun-
dation of quantum theory of light, and it is a workhorse
of quantum information processing [1], including quan-
tum computation [2], quantum cryptography [3], quantum
communication [4] and teleportation [5]. Over the past ten
years, numerous types of microscopic, truly deterministic
single-photon sources have been demonstrated [6], includ-
ing trapped atoms [7] and ions [8], single molecules [9],
color centers [10], atomic ensembles [11], quantum dots
[12], and mesoscopic quantum wells [13].

A nitrogen-vacancy (NV) color center in diamond,
formed by a substitutional nitrogen atom and a vacancy at
an adjacent lattice site, is of particular interest for photonic
quantum technologies [14]. As a single-photon source, it is
resistant against photobleaching and operates in the single-
photon regime at room temperature [15]. Additionally, its
intrinsic quantum yield is close to unity [14], it can be well

localized, and its optical transition can be tuned via external
electric [16] and/or magnetic fields [17].

Diamond NV centers have also gained significant
attention as a promising solid-state spin system. Its
electron spin state has a coherence time in the range of
milliseconds at room temperature [18] and can be read out
optically [19]. This unique spin-photon interface enables
the construction of fault-tolerant quantum-memory units
[20] and high-fidelity single—shot projective measurement
of single nuclear spins [21]. Moreover, NV centers as
solid-state structures hold enormous potential in sharing
quantum entanglement among a large number of qubits
[22] and implementing scalable quantum-information
systems [23]. Nitrogen-vacancy centers could also be used
as sensors of electric [24] and magnetic [25] fields, tem-
perature [26] and/or rotation [27] with high resolution and
sensitivity.

The applications of an NV center as a single-photon
generator and spin-photon interface could substantially
benefit from an enhanced emission rate and collection
efficiency. The improvement of collection efficiency was
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demonstrated by using solid immersion lenses [28, 29],
diamond nanoposts [30], and various grating structures
[31]. An emission rate enhancement can be achieved
by engineering the electromagnetic environment of the
emitter utilizing the Purcell effect [32]. So far, this has
been accomplished by using resonant photonic structures,
such as microspherical resonators [33], photonic crystal
microcavities [34, 35], and photonic crystal nanobeams
[36], which are all bandwidth limited.

Coupling NV centers to hyperbolic metamaterials
(HMM) [37-40] allows for alteration of the spontaneous
decay rate of single-photon emitters over a broad spectral
range. This is possible because of a drastic increase in the
local density of states (LDOS) provided by HMM. This cre-
ates numerous extra decay channels for the coupled emitter
[41-46]. The excitation is transferred into high-k meta-
material modes which result from hybridization of surface
plasmon polaritons at the interfaces of the layers constitut-
ing the HMM. For the perfect planar HMM structure, the
excitation in these modes is eventually lost to absorption.
However, since it is possible to outcouple these metama-
terial modes into free space, they could significantly con-
tribute to the emission signal [44,47]

Previously, we have shown that the emission from
multiple NV centers in nanodiamonds could be enhanced
over a broad wavelength range by using multilayer hyper-
bolic metamaterials, fabricated as a stack of alternating
layers of gold and alumina [48]. In this work, we report the
next step towards the construction of an efficient on-chip
CMOS-compatible single-photon source by replacing
gold with semiconductor-compatible plasmonic ceramics
[49, 50] as an HMM material building block. Here, we
investigate single-NV—center nanodiamonds, which are
coupled to an epitaxially grown metamaterial superlattice
composed of titanium nitride (TiN) as a plasmonic material
and aluminum scandium nitride (Al;,Sc.4N) as a dielectric
[50].

TiN is a new plasmonic material known for its CMOS
compatibility, mechanical strength, and thermal stability at
high temperatures (melting point >2700°C) [51,52]. This
material can be uniformly deposited on a variety of different
substrates, such as magnesium oxide, silicon, aluminum
scandium nitride, and c-sapphire, in the form of ultra—thin
(<5 nm) epitaxial films. This is of fundamental importance
for achieving a significant increase in LDOS, since the
LDOS for a multilayer HMM is inversely related to the
cube of the metamaterial period [53,54].

2. Experiment

An aqueous suspension of nanodiamonds with nominal size
of 50 nm, 0.5% w/v was obtained from Microdiamant AG
(MSY 0.05, GAF). According to previous studies, nan-
odiamonds with the size of 50-70 nm showed the highest
probability to host a single NV center [55]. Undersized nan-
odiamonds and impurities were eliminated by centrifuging
at 5000 rpm for 5 minutes followed by supernatant (80%

volume fraction) replacement with distilled water. After
that, the suspension was shaken until it became homo-
geneous. The described procedure was repeated 5 times.
Subsequently, a 20 ul drop of the processed suspension
was spin-coated onto a superlattice sample at 2000 rpm for
2 minutes. This procedure resulted in nanodiamonds with
average size close to 50 nm as shown by the SEM scan in
Fig. 1(a). Finally, the sample was covered with a 60-nm-
thick layer of polyvinyl alcohol (PVA, 1.5% w/v) to immo-
bilize and separate nanodiamonds from the immersion oil.
The immersion oil was required for efficient collection of
emitted light by an objective lens with the high numerical
aperture.

For reference purposes nanodiamonds were deposited
by the same method onto standard 150-um-thick glass
coverslips (VWR VistaVision™ Cover Glasses, No. 1).
Since the refractive indices of these glass substrates (1.53),
immersion oil (1.52) and PVA layer (1.50) [56] are close,
the nanodiamonds in the reference samples were effectively
immersed into an infinite homogeneous medium with a
refractive index of 1.5. Detailed studies of spontaneous
emission enhancement for emitters placed on TiN/(Al,Sc)N
superlattice HMMs as compared to TiN films as reference
samples are discussed in [50].

A TiN/Aly7Sco3N superlattice was epitaxially grown
on a 0.5-mm-thick, [001]-oriented magnesium oxide
(MgO) substrate using reactive DC magnetron sputtering
(PVD Products) with a base pressure of 10~ torr at 750°C.
The metamaterial was fabricated as an epitaxial stack of
10 pairs of layers each consisting of an 8.5-nm-thick film
of TiN and a 6.3-nm-thick film of Aly7Sco3;N similar to
the approach described in [50]. Fig. 1(b) demonstrates the
cross-sectional TEM image of the superlattice. The sample
consisted of the described superlattice with nanodiamonds
placed on top as shown in Fig. 1(c). Since the superlattice
layer thicknesses are much smaller than the operational
wavelength (600-800 nm), the HMM can be approximated
as a uniaxial anisotropic effective medium with dielectric
functions & I and e, [57]. The optical constants of the HMM
were measured using spectroscopic ellipsometry (J. A.
Woollam Co.; W=VASE) [58]. The details of the fitting are
given in the Supporting Information S1. The TiN/(Al,Sc)N
metamaterial exhibited hyperbolic dispersion with &, =
16.4 4+i21.1, gy = —2.3 +i2.1 at 685 nm, which is in the
wavelength range of the NV center emission (600-800 nm,
Fig. 2, highlighted area). Thus, for the electric field, which is
parallel to the interface, the metamaterial at this wavelength
behaved as a metal. As an additional benefit, at the excita-
tion wavelength of 532 nm (Fig. 2, vertical dashed green
line) the TiN/(AlSc)N metamaterial behaved as a lossy di-
electric with g = 1.27 4-i1.6. In the given configuration,
the excitation field is predominantly parallel to the inter-
face. Therefore, the non-metallic nature of the metamate-
rial at this wavelength prevents attenuation of the tangential
component of electric field at the surface. This facilitates
efficient delivery of the excitation field to the NV center.
The transmittance, reflectance and absorbance spectra of
the HMM are shown in the Supporting Information S2.
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Figure 1 (a) SEM scan of nanodiamonds on top of the HMIM sample. Average nanodiamond size is 50 nm. (b) Cross-sectional TEM
image of TiN-Alp7ScosN superlattice. Thicknesses of TiN and Aly7Sco 3N layers are 8.5 nm and 6.3 nm, respectively. (c) Sample

structure. (d) Schematic of the confocal fluorescence microscope.
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The enhancement of the spontaneous emission rate
and the reduction of the excited state lifetime were
investigated using a home-made confocal microscope
(Fig. 1(d)). The lifetime measurement procedure was based
on time-correlated single photon counting (TCSPC) [59].
The excitation of an NV center for lifetime measurements
was performed by a 532-nm pulsed laser (PicoQuant;
LDH-P-FA-530XL). Beam scanning across the sample was
realized using galvano mirrors (Cambridge Technology;
6215H). The fluorescent radiation from NV centers was
collected with a wide aperture (NA = 1.49) oil immersion

600 700 800 900
wavelength [nm]

>0, Re[e "] <0). Atthe excitation wave-
length (532 nm, green line) the meta-
material behaves as a lossy dielectric.

lens (Nikon; CFI Apo TIRF 100X Oil) and separated from
the excitation radiation by the dichroic mirror (Semrock;
LPD01-633RU-25), notch filter (Semrock; NF03-532E-
25) and longpass filter (Semrock; LP02-633RU-25). A
single-photon avalanche photodiode, SPAD (PerkinElmer;
SPCM-AQRH-14-FC) was used as a detector of the NV
center single-photon emission. A typical photolumines-
cence scan of the nanodiamonds with NV centers on top of
the glass coverslip is shown in the inset of Fig. 1(d). This
setup was converted to a Hanbury Brown—Twiss interferom-
eter [60] to measure the second-order correlation function
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Figure 3 Theoretical estimations of Purcell factor (a) and collected emission power (b) for a dipole located in immersion oil/PVA (gsyp
= 2.295) 25 nm above the HMM surface. Blue, red, and black curves correspond to the dipole orientations perpendicular (1), parallel
(Il) to the HMM interface and averaged (ave), respectively. Highlighted area indicates the emission spectral range of NV center at room
temperature. Collection angle is 79.6°, which corresponds to NA 1.49. Layout of the calculated structure is shown in the inset.

g?(t) by the addition of 50/50 beamsplitter and a second
avalanche photodiode connected to a passive signal 80-ns-
delay line. In this configuration, the 532 nm continuous-
wave laser (Coherent; Compass 315M-100) was used as
an excitation source. This measurement was performed
to identify nanodiamonds with single NV centers. The
value of g®(t) was obtained by measuring the background
corrected coincidence count rate, normalized by the total
counts on each detector, time-bin width and data collection
time [61]. The measured dip was fitted with the exponential
function of the form exp (—[I" + R]|¢]), where I" and R
are the total decay rate and pump rate, respectively. The
signal from the SPAD was processed either by computer
counting board (National Instruments; BNC-2121) or by
electronic correlation module (PicoHarp 300, PicoQuant).

3. Theory

A straightforward way to estimate both the enhancement
of the spontaneous emission rate (represented by Purcell
factor Fp) and normalized collected emission power f,,q is
to utilize a full quantum mechanical treatment. Since in our
case the quantum emitter could be considered as weakly
coupled to the metamaterial environment, the results are
expected to be in a good agreement with the treatment
based on the principles of classical electrodynamics [62].
In particular, to model our sample we consider the problem
of dipole radiation near a planar layered medium, which is
described in more detail in [63-65].

The inset in Fig. 3(a) depicts the modelled configu-
ration, which consists of an oscillating dipole elevated at
height 7 above the HMM uppermost layer (Aly7Sco3N),
the upper half-space (superstrate) of refractive index 1.515
(&sup = 2.295 simulating PVA/immersion oil), planar multi-
layer TiN/(Al,Sc)N superlattice (&,,/€4) and the lower half-
space (substrate) made of MgO (ggp). For this simulation
we considered the fabricated HMM consisting of 10 pairs
of 8.5-nm-thick TiN and 6.3-nm-thick Aly7Scy3N on MgO

substrate. The layer thicknesses were chosen to provide op-
timal performance, which is previously discussed in [50].
The formulas used to calculate the Purcell factor Fp and
normalized collected emission power f,,, for the dipole ori-
entations: in-plane (||), perpendicular (1), and averaged
(ave), statistical average over all possible orientations, are
given in the Supporting Information S3.

The collection angle (0,,x = 79.6°) is defined by the
numerical aperture of the objective lens (NA = 1.49). The
generalized Fresnel’s reflection coefficients 7P and 7#*for the
superlattice were calculated utilizing the recursive imbed-
ding method (see Supporting Information S4), which is
more precise and efficient than the direct transfer matrix
approach [66]. Normalization factors included into Fp and
fraa are the total radiation power and the power emitted
into the collection angle, respectively. Both powers corre-
sponded to the case of the emitter immersed into a homoge-
neous medium with dielectric permittivity &g, which is a
reasonable approximation for the normalization procedure
employed in the experiment.

The results of the calculations are demonstrated in
Fig. 3. Assuming that the NV center is located at the
crystal center, the expected Purcell factor (or change in
lifetime) for the nanodiamonds with a mean diameter of
50 nm should be on average around 4.5 (we note that plac-
ing NV centers closer to the HMM surface can significantly
increase the Purcell factor making it on the order of 10% —
see Fig. S4(a)). The detected count rates corresponding to
the normalized collected emission power for the same type
of nanodiamonds are anticipated to increase on average
about 1.2 times.

4. Results

In order to select nanodiamonds with single NV centers,
we first measured the second-order correlation function
g (t) of the detected fluorescence spots. Only NV centers
with g?(0) significantly less than 0.5 were considered for
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Figure 4 Second-order correlation function g (t) of a represen-
tative nanodiamond with single NV center on top of glass coverslip
(blue) and HMM (red).

further experiments. The typical photon antibunching effect
is shown for a single NV center on the glass coverslip and
on the HMM in Fig. 4.

We retrieved the total lifetimes of the NV centers from
the exponential fitting of the fluorescence decays such as
the ones shown in Fig. 5(a). The average values measured
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are 17.1 ns and 4.3 ns on glass and HMM, respectively
(see Fig. 5(b)). Hence, the NV centers on HMM exhibit
an average decrease in lifetime by a factor of 4, which is
consistent with the above calculations. The lowest recorded
lifetime for a single NV center on top of HMM is 1.5 ns,
which corresponds to a Purcell factor of 11.4. The spreads
in the lifetime statistics are likely due to the variation in
nanodiamond size, NV center dipole orientation and its
distance from the HMM surface (Supporting Information
S5).

Finally, we measured the dependence of the single-
photon emission rate from the NV centers versus the
excitation power. In Fig. 6(a), we show these dependences
for the brightest NV centers on both the HMM and the glass
coverslip. Both dependences have been corrected for the
background emission. The total count rate was measured
at the NV center site and the background count rate was
measured at a nanodiamond-free location. Saturation of the
emission count rate was observed around 1 mW of the pump
power. The experimentally measured saturation curves
were fitted using the expression I(P) = I, /(1 + Py / P)
[67] and yielded the saturated single—photon count rates for
each individual NV center. The statistics of these saturated
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Figure 5 (a) Representative normalized fluorescence decays and (b) histograms of lifetimes for the NV centers located on glass
coverslip (blue) and HMM (red). The average and largest decreases in lifetime are 4 and 11.4, respectively.
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Figure 6 Collected single-photon count rates (corrected for background emission) from NV centers in 50 nm nanodiamonds.
(a) Typical saturation curves and (b) histograms of count rates for nanodiamonds on glass coverslip (blue) and HMM (red). The
average enhancements for the first and second statistical maxima are 1.8 and 4.7, respectively.

© 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.lpr-journal.org



Laser Photonics Rev. 9, No. 1 (2015)

125

single—photon count rates are shown in Fig. 6(b) for NV
centers both on glass and the HMM. It is seen that the
measured histogram tends to show multiple maxima. For
the one around 200 kcounts/s, the average enhancement
against the coverslip was 1.8=£1.1. This is consistent with
predicted value of 1.2, within the error margin. The error
is large due to the value being the ratio of two measured
parameters both having significant uncertainties. The next
maximum in the histogram corresponds to an average
count rate enhancement of 4.7 £ 2.2. This is clearly
beyond the theory prediction despite having a similarly
large margin of error. Finally there is one diamond showing
even higher count rate enhancement. The obtained statis-
tics suggests the existence of an additional mechanism
responsible for extra count rate enhancement. To get at
least a qualitative understanding of this phenomenon we
have employed an additional computational effort. For
this, we assumed that excessive emission rates from certain
nanodiamonds potentially could arise from the influence
of either neighboring superlattice defects or adjacent
“dark” nanodiamonds lacking NV centers. The proposed
mechanism is as follows: HMMs can support surface
plasmon-polaritons (SPPs) and bulk electromagnetic
modes, both having high propagation constant (high-k
modes) [68]. It is known that an excited emitter located
in the vicinity of HMM surface has a high probability of
transferring energy into such high-k modes [53]. Once
excited, these modes propagate through the HMM never
leaving its bulk where they are eventually absorbed and
do not provide any contribution to the collected photon
flux. However, the presence of the surface defects or
scattering objects may result in outcoupling of these
modes into the far field and therefore provide additional
contribution to the emitted signal. We would like to note
that thorough study on the role of the SPP and HMM high-k
propagating modes in enhancing LDOS was reported in
[42,50].

To verify this assumption both substrate defects and
“dark” nanodiamonds were modelled as 50-nm-diameter
spheres with varied separation from emitting dipole. Cal-
culations were performed using finite-element analysis
(COMSOL Multiphysics) with detailed results given in the
Supporting Information S6. In essence, the calculation in-
deed demonstrated that the presence of the dark nanodia-
mond and TiN particle results in further enhancements of
emission rate by factors of 1.3 and 2.0, respectively com-
pared to a perfect HMM surface. This result does support
the experimental observations though it clearly requires fur-
ther rigorous investigation. In particular, instead of relying
on random irregularities of the HMM surface, one can try
to place emitting nanodiamonds next to engineered nanos-
tructures with optimized outcoupling efficiency. It is also
worth noting that our calculation clearly shows that the por-
tion of NV center emission coupled into the metamaterial
could be quite efficiently recovered prior to dissipation in
the HMM. This emission could be directed into the far-
field by using even very basic structures, such as gratings,
nanodisks, nanoholes, etc.

5. Conclusion and Outlook

We have experimentally demonstrated an improvement in
the emission properties of single NV center nanodiamonds
placed on top of an epitaxial, TiN/(ALSc)N HMM com-
pared to a glass substrate. The observed lifetime decreased
from 17 ns to 4.3 ns on average. This ratio corresponds
to a Purcell factor of 4, which is in good agreement with
theoretical prediction giving Purcell factor of 4.5. We have
also found that the collected emission power for NV centers
near the HMM was increased by a factor of 1.8 on average,
although an quite remarkable enhancement of 4.7 was de-
tected in one particular case. These results indicate that the
brightness of the nanodiamond-based single-photon emitter
could be substantially enhanced by placing such an emitter
on the surface of a TiN/(ALSc)N hyperbolic metamaterial.
Importantly, such placement is not location—specific and
does not require nanodiamond manipulation. Bright single-
photon emitters could be located within a reasonable time
frame with a conventional microscope, and used for build-
ing highly efficient room temperature CMOS-compatible
single-photon sources. The emission rate could be further
enhanced by the presence of an adjacent HMM defect. This
latter fact suggests the possibility of using a pre-fabricated
nanostructure at the HMM surface optimized for outcou-
pling of high-k HMM modes that would otherwise propa-
gate and eventually get absorbed inside the HMM.

Supporting Information

Additional supporting information may be found in the online ver-
sion of this article at the publisher's website.
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S1. Retrieval of dielectric functions

The multilayer metamaterial was characterized by a variable angle spectroscopic ellipsometer
(J. A. Woollam Co.; W-VASE). The dielectric functions of the constituent materials (TiN and
Alo7Sco3N) as well as substrate (MgO) were retrieved from values W and A measured in the
wavelength range 300 — 2000 nm at angles of incidence 50° and 70°. The Drude-Lorentz model
used for fitting is the following:

e(ho)=¢g +ig, =¢,, +Z A; S(1)
< Ef —(ho)” -iBhw

where 7 is the reduced Plank’s constant, Ak is the amplitude, Ex is the center energy and Bk is

the broadening of each oscillator [1].

Table S1. Experiment-fitted parameters of the Drude-Lorentz model for (Al,Sc)N and TiN films.

TiN (AlLSC)N
Ex 4 4
A: (eV)? | 52.536 0
B (eV) |0.29197 0
A;(eV)? | 130.93| 11.162
B2 (eV) 4.9807 | 0.63261
E2(eV) 59784 | 3.6857
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Fig. S1. The dielectric functions of TiN and (Al,Sc)N: real and imaginary parts are shown with

blue and green lines, respectively.

S2. Transmittance, reflectance, and absorbance of the HMM sample

100 —

TR, A (%)

0 L 1
400 500 600 700 800
wavelength (nm)

Fig. S2. Transmittance (T), reflectance (R), and absorbance (A) of the TIN HMMs calculated
using direct T-matrix method (solid line) [2] and measured by spectrophotometry (dotted line);

angle of incidence for T—-0°, forR—-8° A=1-T—-R.



S3. Semi-analytical calculations of Purcell effect and normalized collected

emission power

A single emitter is modeled as an oscillating electric dipole with dipole moment p and angular

frequency w. The dipole rate of energy dissipation in an inhomogeneous environment is given

by [3]

P=2Im[p"- () +E,(ry) | 5(2)

where Eo(ro) and Es(ro) are the primary dipole field and the scattered field at the dipole position
ro, respectively. The electric fields were calculated using the dyadic Green’s function
formalism [3]. Utilizing angular spectrum representation of the Green’s functions allowed us to

analyze the contribution of each spatial frequency mode (k-mode).

For a single dipole emitter with in-plane (||) or perpendicular (L) orientation placed at a

distance h above a multilayer planar structure, the corresponding Purcell factors Fp can be

calculated using the following formulas [3]

3 1 poo s ks, (s)h
Fo=1+-——[ Re PP(s)e” " Uds s@3
P 2 /2 fo S up(S) ©) @)

sup )
2

0 s s ,

FF‘,‘ =1+ 3 1 f Re > F(s) — —l’sup( )f P(s) g% (S0 S, S(4)
4 ‘91/2 0 SL %up(s) &
sup ™ sup

The value of Fp for the statistically averaged (ave) dipole orientation is given by

ave 2 | -
F? :gFP+§FP. S(5)



Normalized collected emission powers frag for the same dipole orientations are shown below

6 2

11111

dé, S(6)
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2 . .
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2 1,
frz\ée = g fr|(|31d + g frad : S(8)
- 92 1/2 .
In equations S(3) - S(8), s = k”/k0 SO =K W) k= g, =80 k= a)/c, 0 is

a polar angle measured from the L direction, the collection angle émax = 79.6°. The integrals are
numerically evaluated by using an adaptive Gauss—Kronrod quadrature method [4]. In the

formulas, we assume that the intrinsic quantum yield of NV centers is close to unity.



S4. Calculation of generalized reflection and transmission coefficients of a

planar multilayer slab
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Fig. S3. Schematic of an arbitrary planar lamellar slab consisting of | layers.

We use a recursive invariant imbedding [5] to compute generalized reflection coefficients #®)
that incorporate the reflection from the m-th interface (interface between m-th and m+1-th layer)
and all the subsequent reflections from the interfaces positioned below. The schematic of the
structure is shown in Fig. S3. Each layer is characterized by relative permittivity em and

thickness 6m. Above and below the multilayer slab, there are half-spaces of superstrate (esup) and

substrate (esub), respectively. The iterative formula to calculate ¥P*)(s) is the following

FPs)(s m“ . mesup, 1l , S(9
9 1/2 , , :
where s, = kUn/k0 = &, —S , where r{P*) are the conventional single-interface

Fresnel coefficients



EmSL m—l(s) — Em-_15L m(s) . S (S) —S; m(s)
rb(s) = : ’ : :

rb (S) _ 1,m-—1
ngL,m—l(S) + gm—lsL.,m(S)

I S(10)
Sy m1(8) + 5, m(s)

The iteration starts from the substrate ( F,(ff)(s) = 0), then we come up with the seeding iteration

( F,(p’s)(s) = r,(p’s)(s)) and continue with the next step:

s S i2kys, |_1(8)8,_4
(09 — N (S) + 1P (e s
1 _|_ rl(i)is)(S)rl(p's)(S)eIQkOSL,I—l(S)ﬁl—I

It should be noted that S(11) can be turned into the familiar Drude formula for the reflection

coefficient for a single layer of thickness 6 [6]:

7 . S(12)

In the formulas S(6) and S(7), r* and r° are expressed as functions of a polar angle & instead of

normalized in-plane wavevector s. The relation between s and & for the modes propagating in the

superstrate medium is s(8) = £/%sin(6).

sup



S5. Dependence of emission characteristics on dipole moment orientation and

the distance between an emitter and HMM surface
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Fig. S4. Dependence of the Purcell factor Fp and the collected emission power frag On a dipole
position h above the HMM surface. Values of Fp and frag are obtained by averaging the

characteristics (shown in Fig. 3 in the main text) over the wavelength range 600-800 nm.
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Fig. S5. Dependence of the Purcell factor and the collected emission power on orientation of the
emitter’s dipole moment. Ogqip is a polar angle of the dipole orientation measured from the L

direction.



S6. Influence of neighboring nanodiamonds and structural surface defects of

HMM on collected emission power

We have studied the influence of surface superlattice defects and nanodiamonds (NDs) lacking
NV centers on collected emission power. Examples of the defects and agglomerated NDs are
shown in Fig. 6(a). To qualitatively estimate the influence of these scattering objects, we have
performed finite-element method (FEM) analysis using a commercial numerical simulation tool
(COMSOL Multiphysics). The schematic of the simulated structure is shown in Fig. 6(b). The
HMM is considered as effective anisotropic medium, where scatterers are modelled as either
diamond or TiN spheres of 50 nm in diameter. The emitter is emulated by an electric point dipole
embedded into 50-nm-diameter diamond sphere. The superstrate and substrate are respectively
the immersion oil and MgO. The distance between the emitter and the scatter was taken to be

10 nm, 69 nm, and 343 nm. The emission wavelength was fixed to 685 nm.

(a) (b)

ND with NV center ND/TiN

S s

[
h

r

77
"

54800 20.0kV x220k SE(U)

Fig. S6. (a) SEM scan showing a superlattice defect (inside red frame) and agglomerated NDs

(inside blue frame). (b) Schematic of the simulated structure.



Results of the FEM simulations are summarized in Table S2. All values of the collected emission
powers are normalized by the corresponding powers emitted by the dipole source located on top
of the glass coverslip. The noticeable influence is observed at small separation distances (less
than 50 nm). For a statistically averaged dipole orientation, an adjacent (at a distance ~10 nm)
ND or structural surface defect can increase the collected emission power by 30% or 200%,
respectively. For an in-plane oriented emitter, the increase in emitted power from a nearby
surface defect could be up to 220%, giving an overall emission enhancement factor of 4. The
comparison of the results obtained by using a semi-analytical approach and FEM analysis is

shown in Fig. .

Table S2. Influence of NDs lacking NV centers and structural surface defects (TiN particles) on

normalized collected emission power.

on HMM with ND on HMM with TiN particle

onHMM | 10nm | 69nm | 343nm | 10nm | 69 nm | 343 nm

in-plane (1] ) 1.8 2.3 1.8 1.8 3.9 1.9 1.8
perpendicular (1) 0.6 0.6 0.6 0.6 0.2 0.4 0.6
averaged (ave) 1.5 1.9 1.5 1.5 3.0 1.5 1.5
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Fig. S7. Agreement between semi-analytical (solid line) and FEM calculations (circles). The
calculations are performed for the HMM without any scatterers. Blue and red curves correspond

to the dipole orientations perpendicular (L) and parallel (||) to the HMM interface, respectively.
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