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ABSTRACT The nitrogen vacancy (NV) center is the most widely studied single optical
defect in diamond with great potential for applications in quantum technologies.
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Development of practical single-photon devices requires an understanding of the o

emission under a range of conditions and environments. In this work, we study the
properties of a single NV center in nanodiamonds embedded in an air-like silica aerogel
environment which provides a new domain for probing the emission behavior of NV
centers in nanoscale environments. In this arrangement, the emission rate is governed
primarily by the diamond crystal lattice with negligible contribution from the surround-
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nanodiamonds on a glass coverslip. We observe an increase in the mean lifetime due to the absence of a dielectric interface near the emitting dipoles

and a distribution arising from the irregularities in the nanodiamond geometry. Our approach results in the estimation of the mean quantum efficiency

(~0.7) of the nanodiamond NV emitters.
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quantum efficiency

he long-term development of several

quantum technologies including quan-

tum noise-limited measurement and
computation are conditional on the devel-
opment of bright on-demand sources of
single photons.' ™ The diamond nitrogen
vacancy (NV) center is a strong candidate in
this regard owing to its room-temperature
photostability and high quantum effici-
ency.® 8 However, its broad emission, mod-
erate emission lifetime in bulk diamond of
12 ns, and low intrinsic photon capture
factor pose problems. NV centers are gen-
erally believed to have a relatively high
quantum efficiency® "' so the radiative
decay strongly influences the excited-state
lifetime, and a variety of approaches to
manipulate the local electromagnetic envi-
ronment have been successfully employed
to modify the spontaneous emission of
these centers. Some methods couple the
dipole emission to a strongly localized
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mode of a high-Q resonator such as a
pure diamond ring resonator,'* a micro-
sphere,’®'* a microdisk,’”® or a photonic
crystal cavity.'®~'® Others exploit the large
broad-band electromagnetic field enhance-
ment associated with surface plasmons to
achieve a significant enhancement in the
overall emission rate.'"?*2" Though this
center has been widely studied in the past
decade and significant enhancements in
emission rate and capture factors have been
achieved, the understanding of its sponta-
neous emission under the influence of the
local electromagnetic nanoenvironment is
still far from complete.

An important quantity in this context is
the quantum efficiency

d
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where k,, is the nonradiative decay rate and
kiaq is the radiative decay rate in bulk
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diamond.?*?3 Thus # provides a normalized measure
of the decay by nonradiative channels. (We discuss this
definition in greater detail below in the section Quan-
tum Efficiency). Recently, we found that, for the case of
NV centers in nanodiamonds on a glass substrate, the
observed decay rate is significantly faster than ex-
pected from calculations based on the literature value
of the bulk diamond NV decay rate. These calculations
assumed (as is typical in the literature) a near unity
quantum efficiency for the NV emission, following the
understanding of emission in bulk diamond.?** In
fact, the quantum efficiency of NV centers has been
reported across the range of 0.7—0.993"" and can be
influenced by a number of effects such as intersystem
crossing, phonon—electron coupling, spectral diffu-
sion, surface proximity, and charge state. Even in the
absence of strongly resonant electromagnetic struc-
tures, the influence on the emission rate from the
electromagnetic local density of states (LDOS) is quite
complicated. For example, the embedding of the NV
center inside the nanodiamond and the random or-
ientation of the NV dipole compared to the substrate—
airinterface both play significant roles:** the former tends
to suppress the radiative emission due to a reduction in
the local electric field inside the nanodiamond, while the
latter broadens the observed distribution of rates due to
the different coupling for emission parallel and perpen-
dicular to the interface. These factors and the discrepancy
in observed and predicted decay rates assuming unit
quantum efficiency provoke the study of emission using
strategies that can isolate the influences on both the
mean value and statistical distribution of the decay rate.

In this work, we provide a novel approach for simplify-
ing this problem to obtain a deeper understanding of
the spontaneous emission of diamond NV centers. We
introduce a new host environment to try to isolate the
mechanisms influencing the spontaneous emission
and total decay rates and to quantify the quantum
efficiency. An ideal scenario would be to place the
nanodiamonds containing single NV centers in an
environment of refractive index as close as possible
to unity (n ~ 1). The interface and orientation effects
should then be largely removed. Since nanodiamonds
on the order of 50 nm are difficult to trap using optical
tweezers, obtaining a pure air environment is very
challenging.?® As a much simpler approach, we placed
our diamonds inside silica aerogel materials (refer to
Materials and Methods), in an environment with an
average refractive index (n ~ 1.05).’2° Thus to the
furthest extent possible, we remove the substrate
altogether. By comparing measured and theoretical
rates for two environments—glass coverslip and
aerogel—we obtain a measure of the nonradiative
emission of NV centers in both bulk diamond and
nanodiamond (in this case, high-pressure high-
temperature (HPHT) nanodiamonds). We thus obtain an
estimate of the average quantum efficiency associated
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with the single NV centers. We note that a recent work
on the direct synthesis of novel diamond aerogel
structures studied ensemble emission from 100 and
5 nm diamond grains distributed through the aerogel
lattice, for which a component of the emission spec-
trum was due to the NV center3® Our contrasting
analysis of single center emission is therefore two-fold
relevant. From the materials perspective, we prove the
feasibility of integrating good quality nanodiamonds in
aerogel such that their single center emission proper-
ties are preserved and not adversely affected by addi-
tional background fluorescence from the synthesis
procedure. Further, our work allows the separation of
substrate interface effects and their interaction with
the NV dipole orientation from effects associated with
the intrinsic local environment of the nanodiamond
itself.

RESULTS AND DISCUSSION

In this section, we first summarize the relevant
theory of spontaneous emission specific to the dia-
mond NV center. We then assess the emission rates
both experimentally and theoretically for two distinct
systems (nanodiamonds on coverslip and inside silica
aerogel) and extract values for the quantum efficiency.

Emission Rate Studies. A single center decaying by
spontaneous emission is commonly considered as a
radiating dipole. The spontaneous emission lifetime is
strongly influenced by the spectral density of field-
weighted photon decay channels, that is, the local
density of electromagnetic states available to the
emitted photons and the orientation of the dipole
relative to the electric field in each mode.?' Aside from
the highly engineered resonant structures mentioned
in the introduction, nanodiamond NV centers are
typically characterized by placing them on a glass
coverslip.63%33 Emission from NV centers in this geo-
metry has traditionally been treated using a simple
picture that posits half the photon emission into airand
half into the coverslip substrate. Using the fact that the
emission rate in a homogeneous environment scales
linearly with the refractive index, n, the net emission
rate is then predicted to be

r= 5(i+5) @
2\nqg ng

where I'y, = 1/7} is the lifetime in bulk diamond, and
ng ~ 2.4 and ns ~ 1.45 are the refractive indices of
diamond and the coverslip, respectively. This equation
yields an average lifetime 7 = 1/T &~ 22 ns, which is
indeed in agreement with experiments using nanodia-
monds with size in the range of 50—100 nm.***? The
distribution in lifetimes with a width around 6 ns** is
attributed to the random orientation of the dipole with
respect to the dielectric interface of the coverslip
combined with the polarization dependence of dipole
emission at a surface.®?*34~3¢
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As we have discussed previously,?* however, de-
spite the apparent agreement with experimental life-
times, this picture is incomplete, in terms of both
purely electromagnetic influences as well as the other
non-electromagnetic effects. To start, the emission rate
also depends on the proximity of the dipole (within the
host nanodiamond) to the interface.® In this case of
dipoles radiating near an interface, the rate is governed
by the interference between the directly emitted
waves and those reflected from the surface and there-
fore is sensitive to the dipole polarization and separa-
tion relative to the dielectric interface.3>*¢ Indeed, for
nanodiamonds of size 5—10 nm, where the dipoles
emit close to the interface, an average lifetime as low as
17 ns has been observed.® More importantly, the simple
model of emission in two half-spaces neglects the critical
fact that the NV dipoles are trapped inside a high-index
diamond matrix of subwavelength scale. It is well-known
that for emitters embedded in nanoparticles much
smaller than the emission wavelength, 1, the emission
rate is expected to be highly suppressed compared to the
rate in a bulk crystal of the same material due to the
Lorenz—Lorentz reduction in the local electric field.>>*73#
According to the analytic results of Chew®’ for the
spontaneous emission rate of a dipole inside a sub-
wavelength sphere (k, << 1) emitting in air, the emis-
sion rate is independent of the dipole location and
polarization within the sphere and goes as

I = l—mi 3 2"0062 (3)
T Ve\e+2) T

where ¢ = n? and I is the rate corresponding to a
uniform medium density of states in a macroscopic
piece of the same material. A large suppression in the
emission rate and a corresponding increase in the
lifetime is associated with a mesoscopic local-field or
Lorenz—Lorentz effect, the electric field within the
nanodiamond being strongly reduced by a factor of
3/(e 4+ 2) compared to the external field and approxi-
mately constant across the sphere. This corresponds to
a reduction in the local density of states (LDOS) by an
equivalent factor of (3/(s + 2))%

These issues continue to play a role when the
substrate is added, as discussed in detail in our pre-
vious work.>* There, we considered single NV centers
embedded in nanodiamond crystals with an average
size of 54 nm, with the diamond crystals dispersed on a
coverslip and opal photonic crystal surfaces. We mea-
sured the effect of the substrate surface topology on
the emission rate and calculated the expected emis-
sion rate using both rigorous finite-difference time-
domain (FDTD) simulations and a semianalytic ap-
proach assuming a negligible contribution from the
nonradiative decay.?* While the effect of changing the
substrate was modest due to the nonresonant geo-
metry, with the assumption of unit quantum efficiency,
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a discrepancy of about a factor of 4 emerged between
the measured decay rate and both calculations of the
radiative decay (the two calculations themselves being
in close agreement). FDTD studies on a range of
nanodiamond shapes (cubes, cuboids, pyramids, etc.)
resting on a coverslip indicate that nonspherical nano-
diamonds alter the mean and width of the radiative
lifetime distribution but not nearly enough to account
for the difference in the calculated and measured
rates.>* The discrepancy suggests that the total decay
rate is strongly affected by nonradiative pathways.
These could include transitions to and from the NV~
metastable state and vibronic side-bands,” quenching
due to the presence of some other defects via phonon-
assisted Coulomb coupling,® graphite phases, disloca-
tions, residual stress,*® surface chemistry, or spectral
diffusion due to electron—phonon coupling. Many of
these phenomena are intrinsic to the NV center emis-
sion within the diamond crystals. For example, non-
radiative transitions between the NV~ excited and the
metastable states are known to occur at rates similar to
the radiative decay.” Further, in the nanoscale regime,
the surface chemistry around the diamond crystals
may have some contribution to the emission and
decay rate; that is, a graphite shell surrounding the
diamond crystals is known to quench photon
emission.*’ Moreover, the phonon side-band spectrum
of the NV emission can be significantly modified by
changing the substrate from glass to silica on silicon at
cryogenic temperatures.*? It is therefore imperative to
develop methods for determining the quantum effi-
ciency. In the following sections, we assess emission
rates both theoretically and experimentally for two
distinct systems and extract values for the quantum
efficiency.

Nanodiamond-Doped Silica Aerogel. Silica aerogels are
lightweight, low density, and almost transparent
pieces of glass?”**** (see Materials and Methods
section). The dimensions of the aerogel structure
typically range from 1 to 5 nm for the glass elements
and ~50 nm for the air-filled pores. Given the scale of
these pores, various nanoparticles of comparable scale
have previously been trapped as dopants.** We fabri-
cated nanodiamond-doped aerogels using the “two-
step” process, previously described for doping with
gold nanoparticles?® (refer to Materials and Methods).
Following the aerogel preparation, we performed
transmission electron microscopy (Philips CM10 trans-
mission electron microscope with Olympus SIS mega-
view G2 digital camera unit) on the samples (Figure 1a).
Isolated diamond crystals of varying size and geometry
were found embedded inside the silica aerogel matrix.
We performed confocal fluorescence imaging of the
nanodiamonds embedded in the aerogel and nano-
diamonds from the same source resting on a coverslip.
In the aerogel configuration, the sample was attached
to the surface of a coverslip and the laser was focused
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Figure 1. (a) TEM images showing isolated diamond crystals embedded inside the silica aerogel matrix. (b,c) Confocal images
of different focal planes inside the aerogel sample. Most of the nanodiamond crystals were found at depths greater than
40 um inside the aerogel surface (c). Inset: fluorescence spectrum of a single NV center inside the aerogel.
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Figure 2. (a) Second-order autocorrelation curves g(z’(r) for single NV centers on coverslip and inside aerogel. (b) Time-
resolved normalized fluorescence decay. Inset: saturation of a single NV center inside aerogel; total count rate C (blue
squares), background (black triangles), background-subtracted counts (green dots). The red curve is a fit to the saturation

model C= C,,P/(P + Py,y), where P is the excitation power. The fitted saturation intensity counts C,,; = (3.65 = 0.2) x 10* counts s~

and saturation power P, = 430 £ 20 uW.

from the other surface. Confocal scan images showed
that most of the nanodiamonds are embedded deep
inside the aerogel with almost zero fluorescence col-
lected from planes near the surface (Figure 1b). To
remove the contribution on the emission rate from the
coverslip glass interface touching the aerogel surface,
NV fluorescence was collected from planes ~40—90 um
inside the aerogel (Figure 1c). The collected photon
counts for the case of NV centers inside the aerogel
lattice were 2—3 times less than that measured for the
case of diamonds on a coverslip as a result of scattering
of both the excitation laser power and the emitted NV
photons by the random silica structure comprising the
aerogel volume 2’28

Lifetime Studies. For both coverslip and aerogel sam-
ples, fluorescence measurements were performed on
the nanodiamond NV centers (refer to Materials and
Methods). Crystals hosting single centers were identi-
fied using measurement of the second-order intensity
correlation function g (z), and only those with g*?(0) <
0.5 were studied further (Figure 2a). Based on our
previous characterizations, less than 1% of nanodia-
monds used in these experiments were expected to
contain single NV centers.** In this case, we located
Ncover = 28 single centers on the coverslip and Naero =
20 single centers inside the aerogel sample. The mea-
sured spectrum from these single centers inside the
aerogel corresponds to that of a NV (Figure 1c, inset).
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1

For these single centers, the excited-state NV~ lifetime
T was determined using time-resolved fluorescence
measurements with pulsed 532 nm laser excitation and
collection of the NV emission above 650 nm*®
(Figure 2b). This is important since the actual state of
NV at 532 nm is a superposition of the NV° and NV~
charge states,*® which possess different lifetimes
(20 and 12 ns in bulk diamond, respectively). The zero
phonon line (ZPL) of NV~ is at 638 nm, and typically,
the phonon side-band is detected above 650 nm by
filtering between 660 and 800 nm, while NV° has a ZPL
at 575 nm and is detected typically between 575 and
630 nm.*® In this work, we collect above 650 nm, and
therefore we measure only the NV~ lifetime and
quantum efficiency.

The distributions in measured lifetime for the two
cases of coverslip and aerogel are shown in Figure 3.
The mean lifetime for the diamonds on a coverslip was
7 =229 + 1.6 ns and for the diamonds inside aerogel
was 7 = 31.3 £ 1.4 ns (uncertainties are the standard
deviation of the mean). Figure 3 also shows the width
(standard deviation) of the lifetime distribution along
with the corresponding uncertainties based on var-
iance of the variance. The change in NV center envi-
ronment from the coverslip surface to inside the
aerogel produced a mean lifetime increase of At =
8.4 £ 3 ns, which is an increase of 37 + 16%. We
used the Kolmogorov—Smirnov test*” to quantify the
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Figure 3. Experimental distribution of the NV center lifetime (a) on a coverslip and (b) inside aerogel. Dotted lines denote the
mean value. The quoted values are the mean lifetime 7 and the standard deviation Az.

difference in the two distributions. The null probability
for the two sample distributions to be derived from the
same underlying distribution was below 1%.

While the mean lifetime increases, there is a reduc-
tion in the relative distribution width Az/z from 0.36 +
0.18 to 0.20 £ 0.10. A reduction in the relative width is
expected because the aerogel configuration removes
the spread in the decay rates arising as a result of varying
dipole polarization and separation relative to the di-
electric air/glass interface for the coverslip configuration
(refer to Emission Rate Studies). However, the remaining
width that is present in the aerogel distribution can be
seen as a measure of the spread in lifetimes due to
intrinsic properties of the nanodiamonds: shape, size, and
internal variation such as strain or chemical variability.

Emission Rate Calculations. Although spontaneous
emission is a quantum process, one can calculate the
radiative emission rate relative to a reference system
using classical electromagnetic calculations where the
contribution of the environment is expressed through
the local density of states (LDOS). In this work, we
calculated the radiative decay rates of the nanodia-
mond NV centers on the coverslip or aerogel relative to
the decay rate in bulk diamond using 3D FDTD
simulation®®*® (refer to Materials and Methods). The
specific geometries we studied were a single nanodia-
mond crystal of average measured size of 54 nm (ng =
2416) on a glass coverslip (n = 1.45)** and a single
nanodiamond embedded in the aerogel medium. Pre-
vious work has demonstrated that the aerogel struc-
ture can be regarded as a complex random network of
sheets of silica spheres with pores of ~50 nm.?43
These studies show that embedded particles of 50 nm
tend to occupy the pore sites, therefore, nanodia-
monds of 50 nm can be simulated in the same way.
Specifically, we modeled the nanodiamonds in the
aerogel environment in two ways: first, a nanodiamond
is embedded in a uniform material of average indexn =
1.05%® (a structure which is described analytically by
the theory of Chew®”); second, a nanodiamond inside a
silica shell (n = 1.46) with a width of 5 nm surrounded

INAM ET AL.

by air is taken as an approximate model of the nearby
environment within a pore.®** As nanodiamonds
have rather irregular shapes, and as the shape of the
nanodiamond can influence the distribution width
quite strongly,*® we performed calculations for three
representative nanodiamond forms: a sphere, a trape-
zoid, and a cube. Since our actual diamond crystals are
known to be irregular in shape (as observed using
SEM,>* AFM,** and TEM microscopy techniques), we
expect the observed behavior to lie within the range of
distributions, with the trapezoid likely being the best
representative (we discuss this further in a moment).
For an isolated subwavelength sphere, it is well-known
that the emission rate is very weakly dependent on
both polarization and dipole location within the
sphere, and we indeed calculate a very narrow
distribution®’ (top row in Figure 4). The cube (bottom
row) shows a significantly broader distribution than
the sphere since, for that case, parallel and perpendi-
cularly aligned dipoles lying close to one of the faces
see quite distinct electromagnetic environments. The
sharpness of the cube edges induces sharp changes in
the electric field patterns and therefore a broader
distribution of the emission rate.?* Also, the sharp
corners produce large electric fields around it, giving
rise to an increase in the power radiated (i.e., higher
decay rates) by nearby dipoles. Hence, for the cube, the
mean radiative lifetime is smaller compared to the
sphere case. For the trapezoid (middle row in Figure 4),
there is a reduction in the sharpness of some corners
and the distinction between parallel and perpendicular
orientation is intermediate but closer to the cubic case,
as are the lifetime distribution widths. In our earlier
study,* we examined the emission rate dependence
for a range of nanodiamond shapes on a substrate and
found that, while the sphere and cube gave extremal
values due to the reasons discussed above (and as
noted in ref 50), other convex structures including
octahedra and ellipsoids showed surprisingly little
dependence in either mean rates or distribution
widths. Hence we expect that low symmetry structures
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Figure 4. Normalized radiative lifetime y " distributions using our FDTD calculation method for the cases of NV emission
inside spherical (top row), trapezoidal (middle row), and cubic diamond crystals (bottom row) of size 54 nm for the
configurations of diamond crystals placed on a coverslip (left column), inside a medium of aerogel index (center), and
enclosed in a silica shell of 5 nm (right). Quoted values are the mean normalized radiative lifetimes for the respective cases;
these compare with a calculated value of y ' = 14.5 for a diamond sphere in air.

like the trapezoid should be fairly insensitive to the
exact shape?® and a reasonable model for the irregular
forms of real nanodiamonds. Note that the relative
change in the radiative emission rates (around 25 to
40%) between the coverslip and the aerogel config-
uration is similar for all of the considered geometries of
the diamond crystal.

Figure 4 also shows that, for each diamond shape,
the difference between the two aerogel calculations
(uniform index and silica shell) is about a factor of 3—4
smaller than that between the aerogel and coverslip
configurations, suggesting that the random porous
structure of tiny aerogel silica particles (~1—5 nm)
around the diamond crystal would not greatly alter the
measured lifetimes. Therefore, given the fact that the
real silica glass structure around the diamond crystal is
much more random than a simplified 5 nm silica shell
and that the influence of this randomness on the
emission rate is relatively much smaller compared to

INAM ET AL.

that from the air/glass interface at the coverslip surface,
in the remaining part of this paper, we take the uniform
index model to represent the aerogel configuration. In
considering the uncertainty in the predicted measured
rates, the large number of simulations performed
makes the statistical error in the calculated mean rate
relatively small, for the given diamond configuration in
each set of FDTD calculations. More important in esti-
mating the genuine uncertainty is that the real dia-
monds have more complex forms than the ideal
shapes of the diamonds in our FDTD calculations and
also have a significant spread in size. To estimate the
effect of the shape variation, we note from Figure 4 that
the difference in the mean rates between the trapezoid
form (middle row) and cube form (bottom row) is
around 10%, comparable to the difference between
the silica shell and uniform aerogel models (center and
right columns, respectively). Recent calculations of
emission rates in diamond spheres suggest a similar
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TABLE 1. Measured and Calculated Radiative Properties for Different Environments®

radiative enhancement y;

NV environment (trapezoid calculation) (ns)
bulk diamond 1 11.6
nanodiamond on coverslip 0.21 & 0.03
nanodiamond in aerogel 0.16 £ 0.02

measured lifetime ©

29+ 16
313+ 14

total lifetime mean quantum mean quantum
enhancement 3 efficiency 77 efficiency 7"

1 0.7-10 0.7°

1.97 £ 0.14 0.62 + 0.14 0.66 + 0.07

27 +£0.12 0.75 & 0.08 0.73 & 0.05

“The average index model is considered to correspond to the aerogel configuration. The range of bulk diamond quantum efficiency values is based on refs 8—10, and 14.

uncertainty due to the size variation of 10%.°° Combin-
ing these statistical contributions, we obtain a net uncer-
tainty of ~15% as a reasonable estimate. For comparison
between the observed lifetimes and emission rate
calculations, the measured average lifetimes and cor-
responding radiative enhancement for the different
configurations of coverslip and aerogel are presented
in Table 1. Here, the calculated values correspond to
the trapezoidal geometry for the diamond crystals, and
the average index scheme is taken as representative
for the aerogel configuration [refer to Figure 4 (middle
row, middle column)].

Quantum Efficiency. The quantum efficiency was de-
fined earlier as 5 = Koa/(knr + Kiag) = (1 4+ ynn) 22 For
convenience, we have now introduced the normalized
nonradiative decay rate y,, = kn/krag- This definition of
7 allows us to separately identify the modification of
the radiative decay rates due to the nanodiamond
structure and its external environment and the non-
radiative part associated with many possible quantum
decay processes. The radiative environmental changes
are essentially classical phenomena which are inde-
pendent of the intrinsic quantum properties repre-
sented by y,,. We can now write the total decay rate
k; for nanodiamonds placed in geometry i as

1 w w

‘E =k = krad)’i+knr = krad()/i+ynr) (4)
where 7; is the excited-state lifetime, which serves to
define y; as the radiative enhancement factor asso-
ciated with the local electromagnetic environment. For
emission in the reference bulk material, y; = 1. For a
particular geometry i, we also define the enhancement
factor of the total lifetime 3; = 7/t™ = k™/k;, where 7™ =
1/k= = [Kzg(1 + a1 is the center total lifetime in
bulk diamond.

At this point, we must make an assumption about
the relation between the nonradiative decay in bulk
diamond and the nanodiamonds. If we consider that
the dominant nonradiative pathways in NV centers can
be attributed to the intersystem crossing and/or to
photoionization induced by nearby charges, then a
plausible assumption is that the nonradiative decay
rates in bulk and nanosized diamond are similar. This
assumption is supported by recent results showing
that the dominant spectral diffusion in NV in nanodia-
monds and in bulk diamond can be attributed to
charge traps and photoconversion of NV~ to Nv°>">2

INAM ET AL.

In this case, we obtain a simple expression from eqs 1
and 4 for the common quantum efficiency of

_ 1B

R (5)

This allows us to make some new observations and
identify certain constraints on the quantum efficiency
for the NV center in nanodiamonds, as there is a
considerable discrepancy in the inferred NV center
bulk diamond quantum efficiency, with reported
values ranging from 0.7 to 1.0.37'%' Table 1 summarizes
the expected total lifetime enhancement factor j3; and
radiative enhancement y;. From the two sets of mea-
sured and calculated data, we can use eq 5 to extract
the value of the quantum efficiency that reconciles the
measured decay rates and calculated emission rates,
finding 77 = 0.75 £ 0.08 and 77 = 0.62 + 0.14 for the
aerogel and coverslip, respectively.

Note that as we do not have any knowledge of the
individual nanoenvironment (diamond shape, size,
dipole orientation) for each center, these quantum
efficiency values are estimates of the mean value for
the measured distribution (indicated by the over-
bar on #). The error limits for 77 estimate the statistical
uncertainty in the two mean values and are not a
measure of the distribution of quantum efficiencies
present in the sample. We return to this below in the
section on Quantum Efficiency Distribution.

The error quoted for the mean quantum efficiencies
was estimated by propagation of the statistical errors
in the measured lifetimes and calculated radiative
enhancement factors, followed by application of the
method of expanded uncertainties.>® This attempts to
account for the fact that the quantum efficiency 5 in
eq 5, being a function of two strongly correlated
variables (3, ¥), should not be expected to follow a
normal statistical distribution. The lifetime enhance-
ment 3 is obtained from the measured lifetimes
having a roughly normal statistical distribution. The
radiative enhancement y, a calculated quantity, has
a complex distribution of values dependent on the
different calculation parameters, such as the varia-
tions of diamond shape, environment variation,
dipole location and orientation, and crystal size
variation.

Considering the above scenario, the final distribu-
tion of the quantum efficiency is not known and is
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unlikely to be Gaussian. Therefore, one standard devia-
tion may not encompass the large fraction of the
values expected from the quantum efficiency. We
have therefore used the technique of expanded
uncertainties>® to obtain error limits (refer to Table 1)
that would correspond to three standard deviations if
the distribution had been Gaussian.

However, the assumption of unchanged quantum
efficiency between the bulk and nanodiamond centers
might well be questioned. Other nonradiative effects
such as phonon-modulated Coulomb coupling with
nearby impurities and thermal excitation to higher
energy states,® and additional spectral diffusion from
surface charge traps, might lead to a larger degree of
nonradiative decay in nanodiamonds compared to
bulk diamond. Typical optical coherence measure-
ments of NV in nanodiamonds indicate that the nano-
diamonds are a less ideal system than bulk diamond
and contain more imperfections such as charge traps
and dislocations than the bulk counterpart®? (refer to
Emission Rate Studies). To better quantify the influ-
ences of these possible imperfections and their con-
tributions to the overall quantum efficiency, we now
consider the case where the nonradiative decay rates
are different in bulk and nanodiamonds. We can
account for these effects by allowing the nonradiative
component of the decay to increase in the nanodia-
monds so that the bulk and nanodiamond quantum
efficiencies are related as

nano __ 1

1=y 1B

This equation is derived by introducing distinct non-
radiative rates y2“* and y"2"°, With the additional
degree of freedom, the value of #™"° depends on
the value chosen for #°“. The assumption of constant
bulk NV quantum efficiency in eq 6 puts an additional
constraint in the evaluation of the associated error. This
results in lower error uncertainties (refer to Table 1)
compared to those obtained using the quantum effi-
ciency (eq 5).

If we have two sets of emission measurements of
the same sample of nanodiamonds in different envi-
ronments then 7°"' can be eliminated from eq 6,
providing a direct measurement of the nanodiamond
efficiency as

nnano _ ﬁ1(1 _7/1) _62(1 _Vz)
Bava —Biv

n (6)

@)

Unfortunately, in the present case of experiments with
aerogel and glass coverslips, the contrast in the LDOS
and therefore the radiative enhancement rates y; is
relatively small, and the uncertainty limits that follow
from eq 7 are too large for the obtained value for "*"°
to be very informative. On the other hand, a higher
contrast measurement using nanodiamonds in aerogel
and nanodiamonds in a high index glass®* or on a
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silicon substrate would certainly provide a meaningful
result. Instead, here we obtain a value using eq 6 and
inserting a value for the bulk quantum efficiency. Due to a
lack of direct measurement of the bulk NV center value,
we use the inferred value of 0.7 obtained in ref 9 to
deduce the nanodiamond mean quantum efficiency
(final column of Table 1). Again, these are mean values
with errors that represent the uncertainty in the mean and
not the width of the distribution of quantum efficiencies.
It is evident that within our uncertainty the difference
between nanodiamond and bulk diamond nonradiative
contribution is not detectable. Another approach to
measure the quantum efficiency could be based on the
saturation curves obtained in different conditions.'>>

Quantum Efficiency Distribution. As already discussed,
since we only have a statistical knowledge of the
individual nanoenvironment of any center, and there-
fore of its radiative enhancement rate 7, our measure-
ments and calculations provide estimates for the mean
quantum efficiency and do not directly address the
variation of quantum efficiencies across the sample.
The error bounds in Table 1 should thus not be
expected to encompass the range of possible quantum
efficiencies across the sample. One might be tempted
to estimate a width for the distribution of quantum
efficiency by performing a simple Monte Carlo calcula-
tion of 5 using eq 5 with ; and y; values drawn from
the measured and calculated distributions of 7 and y.
However, 7 and y are strongly correlated variables and
treating them independently gives inappropriate re-
sults. In a very recent arxiv paper, Mohtashami and
Koenderink®® describe an elegant and careful “dy-
namic Drexhage” experiment in which a moving spher-
ical mirror induces a change in the electromagnetic
LDOS and allows an estimate of the quantum efficiency
of individual NV centers. They find a large distribution
in the NV quantum efficiencies related to the diamond
crystal sizes. For single NV centers in 100 nm diamond
crystals, they observed the quantum efficiency to be
widely distributed between 10 and 90%, not incon-
sistent with the mean values we report here. However,
for smaller crystals of size around 25 nm (smaller than
most of our diamonds here), the quantum efficiency
was found to be restricted to just 0—20%. As in the
present work, however, they also cannot determine the
dipole orientations and diamond shapes of their in-
dividual centers, which introduces unavoidable uncer-
tainty in the quantum efficiency values.

CONCLUSIONS

In this paper, we investigated more closely the
effects of the nanoenvironment on the radiative emis-
sion of nanodiamonds embedding NV centers by
incorporating the nanodiamonds in an aerogel com-
posite with a refractive index close to 1. This approach
is used to separate the substrate influences on emis-
sion from other intrinsic phenomena occurring within
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the nanodiamonds. In fact, we determined that an
aerogel environment extends the average total life-
time of the defects and partially reduces the lifetime
distribution. These changes arise due to the absence of
a dielectric air/substrate (coverglass) interface near the
emitting dipoles. Our simulations identified that the
remaining lifetime distribution width could be attrib-
uted to the irregular geometry of the host nanodia-
monds. Geometries with sharp edges (i.e., cube or
trapezoid) will give rise to sharp changes in the dipole
electric field patterns nearby, resulting in a broader
distribution. Therefore, correct radiative lifetime calcu-
lations should be performed considering the crystal
geometry of the nanodiamonds. In addition, by com-
paring the total distribution of lifetimes obtained in
two different environments, the aerogel and the cover-
slip, and using the radiative lifetime calculated by our
FDTD approach, we obtained upper-bounds on the mean
quantum efficiency for nanodiamond NV emitters.

Our estimated value of quantum efficiency for both
coverslip and aerogel configurations is consistent with-
in the error uncertainties with the previously reported
value of 0.7.° This suggests that nonradiative effects are

MATERIALS AND METHODS

Aerogel Properties. Macroscopically, silica aerogels are light-
weight, low density, and almost transparent pieces of
glass.?”?*3° However, most of the properties of aerogel are
imparted from their microstructure: a convoluted network
of interconnected thin glass strands, taking up only a small
fraction (up to 10%) of the macroscopic volume of the sample.
Visually, the subwavelength scale of the network causes
Rayleigh-like scattering, giving aerogel samples a slight opalescent
appearance, blue in scattering, and yellowish in transmission.
The refractive index of aerogels is relatively independent of the
microscopic structure. Since the structure is nanometer in scale,
light samples many structural elements within a single wave-
length and effectively averages the dielectric properties of the
material. For a glass volume of ~5%, the effective refractive
index is typically ~1.03—1.05, although it can be slightly
adjusted by changes in the fabrication procedure. This is
significantly lower than other apparently solid materials, mak-
ing aerogel ideally suited to experiments where a low-index
environment is required. The dimensions of the aerogel struc-
ture typically range from 1 to 5 nm for the glass elements and
~50 nm for the air-filled pores. Given the appropriate scale of
these pores, various nanoparticles have been trapped as
dopants.** Typically, this encapsulation is done during the
wet-chemistry that is the start of the fabrication procedure.
This means that many different materials can be easily incorpo-
rated into the aerogel network with a minimum of extra
processing steps.

Sample Preparation. Aerogels were fabricated using the “two-
step” process:*® 1 mL of methanol containing 4 x 10~ mol/L of
ammonia (as catalyst) was mixed with 2 mL of tetramethoxy-
silane (TMOS) and 0.2 mL of water. After 15 min, 1 mL of the
ammoniated methanol and 0.8 mL of water (the water containing
37.5 ug/mL of acid-cleaned (refer to Supporting Information)
nanodiamonds) were added. This sol was poured into a poly-
methylmethacrylate (PMMA) cuvette, where after several more
minutes it transformed into a wet-gel. The wet-gels were aged
in a methanol bath for 2 weeks to allow the network time to
strengthen, then bathed in 20% (by volume) hexamethyldisila-
zane (HMDS) in methanol to modify the surface of the silica
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important in nanodiamonds and are also responsible
for the broadening of the observed lifetime distribu-
tion. We also observed a lower quantum efficiency of
the nanodiamonds on the coverslip compared to the
aerogel environment, possibly suggesting an enhance-
ment of nonradiative decay due to the substrate. Even
if this result requires further investigations, it seems to
agree with similar findings in other nanoprobes (e.g.,
colloidal quantum dots), where the presence of addi-
tional nonradiative decays has been associated with
substrate charge traps, ultimately linked to blinking of
the nanoemitters.>” In summary, this works clarifies
and investigates to a deeper extent the radiative and
nonradiative decay properties of NV centers in nano-
diamonds by their incorporation in air-like environ-
ment and by suitable FDTD calculation. This enables a
better understanding of the effect of the local nanoen-
vironment, corresponding to the highly dielectric nano-
diamond host, on the emission properties of single NV
centers. This work motivates additional studies using
high-index substrates or surrounding material and adds
relevant information for the deployment of nanodia-
mond NV centers in nanoscopy or as nanosensors.

network and make the resulting aerogel hydrophobic. The
reaction byproducts, along with any excess HMDS, were then
diffusively removed from the gel by immersion in a pure
methanol bath for a further 2 days. The liquid methanol
component was removed from the aged and treated wet-gels
by supercritical drying in an autoclave. First, the methanol in the
pores was diffusively exchanged with liquid carbon dioxide.
Then, by increasing first the pressure and then the temperature,
the liquid carbon dioxide was transformed to a supercritical
fluid (80 bar, 31.1 °C). Finally, the carbon dioxide was slowly
vented from the chamber until the pressure dropped to 1 bar.
Despite the hydrophobic nature of the aerogel, the samples
were removed from the autoclave and placed in a desiccated
environment to prevent unnecessary ingress of moisture.

Lifetime and Photon Correlation Measurements. For both coverslip
and aerogel samples, fluorescence from the NV centers was
excited using a 100 mW continuous wave laser (Coherent
Compass) operating at 532 nm, with ~200 4W power incident
on the sample. The laser was focused through the back surface
of the coverslip and onto the sample using a 100x infinity-
corrected oil immersion objective lens with a numerical aper-
ture of 1.3 (Olympus), and luminescence was collected con-
focally through a pinhole. A spectrometer (Acton) with a cooled
CCD (Princeton Instruments) was used to characterize the
luminescence, and a Hanbury Brown and Twiss (HBT) interfe-
rometer with single-photon-sensitive avalanche photodiodes
(Perkin-Elmer SPCM-AQR-14) was used to measure the photon
statistics. Photon counting and correlation was carried out using
a time-correlated single-photon-counting (TCSPC) module
(PicoHarp 300, PicoQuant GmbH).

Finite-Difference Time-Domain (FDTD) Emission Rate Calculations. We
calculated the radiative decay rates of the nanodiamond NV
centers on the coverslip or aerogel relative to the decay rate in
bulk diamond using 3D finite-difference time-domain (FDTD)
simulation.*®**° For a given dipole position and orientation
within the nanodiamond crystal, the electromagnetic field
was excited by a sinusoidal point current source driven at a
frequency v = ¢/A for A = 680 nm, which is near the middle of the
NV emission spectrum. The power P radiated by the dipole
was calculated by integrating the time averaged Poynting flux
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S = (E(t) x H(t)) over the surface of a cubic box enclosing the
radiating dipole. The calculation was then repeated with the
same dipole orientation in a uniform medium of index ny =
2416 to obtain the emitted power P, corresponding to NV
emission in bulk diamond. The radiative spontaneous emission
rate relative to the rate in bulk diamond was then obtained as
yi= Pi/Py. The calculations were performed with a spatial grid of
Ax =1 nm, in a cubic domain of size 150 nm, which were found
to give convergence to less than 2%. The Poynting flux integra-
tion was performed over a cubic box of 120 nm enclosing the
dipole emitter. For each of the studied configurations, the
distribution in lifetimes was constructed by performing 250
simulations with uniformly distributed random values of dipole
position and orientation within the nanodiamond. To confirm
the accuracy of our calculations, we checked that our simulation
method reproduced the analytic results of Chew®’ for the
spontaneous emission rate of a dipole inside a sphere emitting
in air. The 1 nm numerical grid generated a lifetime distribution
in close agreement with the analytic results with the mean
lifetime accurate to 3% of the exact value y~'. This effect
dominates the calculated radiative lifetimes for the coverslip
and aerogel environments which are shown in Figure 4 in terms
of the normalized radiative lifetime .
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