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ABSTRACT: Spontaneous light emission is known to be affected
by the local density of states and enhanced when coupled to a
resonant cavity. Here, we report on an experimental study of silicon-
vacancy (SiV) color center fluorescence and spontaneous Raman
scattering from subwavelength diamond particles supporting low-
order Mie resonances in the visible range. For the first time to our
knowledge, we have measured the size dependences of the SiV
fluorescence emission rate and the Raman scattering intensity from
individual diamond particles in the range from 200 to 450 nm. The
obtained dependences reveal a sequence of peaks, which we
explicitly associate with specific multipole resonances. The results
are in agreement with our theoretical analysis and highlight the
potential of intrinsic optical resonances for developing nano-
diamond-based lasers and single-photon sources.
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B INTRODUCTION

The ability to control spontaneous light emission is crucial for
the development of quantum optics, advanced fluorescence,
and Raman spectroscopy techniques.1_3 Spontaneous Raman
scattering and fluorescence efficiencies are known to be
determined by the local density of photonic states and
therefore depend on the environment. When coupled to a
resonant cavity, spontaneous emission can be signiﬁcantly
enhanced. This phenomenon is often referred to as the Purcell
effect and has been extensively used in a variety of applications
ranging from generation of indistinguishable single photons* to
ultrasensitive molecular imaging.®

Color centers in diamond are increasingly attractive
fluorescent sources that have found numerous applications in
biophotonics,®™® quantum optics,” "> and sensing.'*”"®
Current fabrication techniques are capable of producing
micro- and nanosized diamond particles with embedded
color centers'®™"® as well as diamond films and wafers that
can be tailored to create monolithic photonic structures with
integrated sources.'” For a number of applications such as
biomarkers,”” sensors,”’ and fiber-coupled single photon
sources,”” the use of separate crystals is either necessary or
more convenient. Purcell enhancement of color-center
emission has been repeatedly demonstrated for large-scale
diamond resonant structures” >° and individual nano-
diamonds coupled to external resonators.”*"*® Meanwhile,
single diamond particles with a size of hundreds of nanometers
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exhibit low-order morphological resonances on their own,””

the effect of which on the color center emission has only
recently begun to be studied.

Morphology-dependent optical resonances are commonly
referred to as Mie resonances due to their manifestation in the
scattering spectra.’’ >* In high-permittivity particles, these
resonances provide strong localization of electric and magnetic
fields, which results in significant enhancement of nonlinear
effects” ™" and Raman response.””~** Coupling fluorescence
to Mie-resonant structures allows one to modify the emission
spectraA'S’46 and to increase the spontaneous emission rate.*’
This has been experimentally demonstrated for quantum dots
in Mie-resonant silicon structures*® and fluorescent perovskite
particles.*’

A number of theoretical studies proposed to exploit Mie
resonances in diamonds with embedded color centers for
improvement of their radiative emission rate and collection
efficiency.’* "> Mie resonances in diamond particles have been
a speculated cause of the experimentally observed variance in
the measured excited state lifetime of chromium->’ and

Received: July S, 2021
Published: September 7, 2021

https://doi.org/10.1021/acs.nanolett.1c02616
Nano Lett. 2021, 21, 10127-10132


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitry+V.+Obydennov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniil+A.+Shilkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ekaterina+I.+Elyas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vitaly+V.+Yaroshenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oleg+S.+Kudryavtsev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitry+A.+Zuev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitry+A.+Zuev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+V.+Lyubin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgeny+A.+Ekimov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+I.+Vlasov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrey+A.+Fedyanin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.1c02616&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02616?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02616?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02616?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02616?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c02616?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/21/23?ref=pdf
https://pubs.acs.org/toc/nalefd/21/23?ref=pdf
https://pubs.acs.org/toc/nalefd/21/23?ref=pdf
https://pubs.acs.org/toc/nalefd/21/23?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.1c02616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

nitrogen-vacancy centers.”’ The modification of a single
diamond particle has been shown to change the excited state
lifetime of an embedded nitrogen-vacancy color center.”*
High-order Mie resonances of microsized diamonds have been
experimentally demonstrated to modify the fluorescence
emission spectrum.”® However, the dependence of the color
center emission rate on the hosting particle size has not been
directly measured in the range of excitation of Mie resonances.

In this letter, we report on an experimental study of
spontaneous light emission from Mie-resonant diamond
particles containing multiple silicon-vacancy (SiV) color
centers. For the first time to our knowledge, we examine the
dependences of fluorescence emission rate and Raman
scattering efficiency of submicron diamonds on the particle
size and explicitly associate the observed enhancement peaks
with specific low-order Mie resonances. We use a combination
of numerical and analytical calculations to model the studied
effects and discuss the importance of the obtained results for
further research.

B RESULTS AND DISCUSSION

An artistic schematic illustrating our experiments is shown in
Figure 1. Single diamond particles are pumped using laser light
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Figure 1. Schematic illustrating the concept of the study. The left
inset shows a typical spectrum of the diamond emission. The inset in
the right bottom corner is a scanning electron micrograph of a typical
diamond particle under study.

at 532 nm. We measure the fluorescence emission rate and the
Stokes Raman line intensity; the latter is then normalized by
the particle volume. Depending on the diamond size and
shape, Mie resonances can be excited at the frequency of the
pump radiation, the color center luminescence, and the Raman
emission line, resulting in different values being measured for
different particles.

In this study, we used diamond particles containing multiple
SiV centers; the latter are known for their bright luminescence
with a narrow zero-phonon line and a weak phonon
sideband.*® The diamonds were synthesized by a high pressure
high temperature (HPHT) technique from a mixture of
Adamantane C;H;; and Tetraphenylsilane C,,H,,Si, and
deposited on a glass substrate; see Supporting Information,
Section I, for details of the fabrication process. As seen in the
inset of Figure 1, the fabricated particles have a nonspherical
shape; however, their fundamental optical resonances are well
reproduced in the spherical shape approximation. The large
number of color centers embedded in the particles and their

orientation in different directions provide the overall
fluorescence rate being determined primarily by the particle
morphology instead of the position of individual emitters.
We started the experiments by characterizing the sample
diamonds using scattering spectroscopy of individual ;)articles;
it was performed with a setup described elsewhere.”” Typical
scattering spectra obtained are shown in Figure 2a; the
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Figure 2. (a) Experimental scattering spectra (curves) of three
diamond particles with the effective sizes of 275 + S nm (#1), 350 +
15 nm (#2), and 375 + 20 nm (#3). The luminescence spectrum of
SiV-centers is shown by the shaded areas. (b) Experimental decay rate
for individual diamonds as a function of the effective diameter (dots).
Colored dots denoted by numbers represent the particles whose
scattering spectra are shown in (a). The gray dashed curve is a guide
for the eyes. (c) Numerically calculated averaged Purcell factor at 738
nm for a diamond sphere on a glass substrate as a function of the
sphere diameter. The inset shows the calculation geometry. Notations
‘md’ and ‘mq’ indicate the positions of the magnetic dipole and
magnetic quadrupole resonances.

fluorescence spectrum is additionally indicated by shaded
areas. One can see that depending on the chosen particle the
fluorescence spectrally overlaps with various scattering
resonances. To model the scattering, we performed finite-
difference time-domain (FDTD) numerical simulations using
the spherical-shape approximation taking into account the
substrate presence and the experimental collection conditions;
see Supporting Information, Section II for details of
calculations. We then fitted the experimental spectra with the
numerical ones using the sphere diameter and the overall
scattering intensity as adjustable parameters. This allowed us to
assign an effective size to each particle. Some of the particles
have been visualized using scanning electron microscopy, and
the ones with smaller effective sizes have been found to have
smaller geometric dimensions; see Supporting Information,
Section III, for details of the particle size analysis. We
independently performed the scattering measurements for two
orthogonal polarizations of the incident light and obtained two
values of the effective size for each particle. In order to exclude
strongly asymmetric diamonds, in further experiments we
studied only particles with the obtained values differing by no
more than 20 nm. Additionally, to identify the observed
resonances, we performed analytical calculations using Mie
theory for spherical particles in vacuum. According to our
results, the observed scattering peaks correspond to the
excitation of the magnetic dipole, quadrupole, and octupole
modes. Electric-type Mie modes are excited as well; however,
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the quality factor of the corresponding resonances is lower, and
they do not reveal themselves as scattering peaks.”

In the next step, we directly measured the excited state
lifetime using the time-correlated single photon counting
(TCSPC) technique; see Supporting Information, Section IV,
for details of the lifetime measurements. The experimental
dependence of the fluorescence decay rate on the effective
particle size is shown in Figure 2b. The maximum decay rate is
observed for particles whose scattering peaks are close to the
fluorescence one; the moderate discrepancy can be attributed
to the maximum Purcell enhancement being typically shifted
relative to the scattering maxima.”” We performed a set of
FDTD simulations to model the fluorescence rate variations
and calculated the Purcell factor for an electric dipole emitting
at 738 nm, embedded in a spherical particle on a glass
substrate at the varied position and orientation of the dipole
and the particle size; see Supporting Information, Section II,
for details of the calculation procedure. The found Purcell
factor values were then averaged as follows:

zf=x,y,z ///;, Ij(r)f‘i)j(l') d3r
Y/ RIOLE: (1)

where r is the dipole position, V is the particle volume, I(r) is
the optical power directed to the collection optics, and Fp(r) is
the calculated Purcell factor value; the subscript j = %, y, z
denotes the dipole orientation along one of three axes. The
weighting factor Ii(r) was introduced to take into account the
directivity of the emitters. Figure 2c demonstrates the resulted
averaged Purcell factor at the fluorescence frequency as a
function of the particle size. Both the experimental decay rate
and numerical Purcell factor dependences have two
pronounced maxima, which we associate with the excitation
of the magnetic dipole and quadrupole Mie modes. In the
experiment, we found that the total decay rate varies within
5%, while the calculated Purcell factor in the corresponding
range changes at least 2-fold. This can be explained by the
relatively low quantum yield of SiV centers.’® Indeed, in the
assumption that the quantum efficiency is 10%, the measured
variance corresponds to an approximately 2-fold enhancement
of the spontaneous emission rate. We expect that more
significant variations in the total decay rate can be observed in
the case of color centers with a higher quantum efficiency.
Further, we measured the intensity of the Raman Stokes line
under continuous-wave excitation; see Supporting Information,

(B)

Section V, for details of the Raman scattering measurements.
The experimental dependence of the normalized Raman
intensity on the particle size is shown in Figure 3a by dots.
To understand this dependence theoretically, we introduced a
model similar to that used in ref 57 and based on the following
considerations. First, for each point of the crystal, the Raman
scattering intensity is proportional to the Raman polarization,
which is in turn proportional to the enhancement of the
excitation light. Second, it is proportional to the local density
of states (i.e., Purcell factor) at the Stokes frequency. We used
FDTD simulations to model these processes under the
experimental conditions of excitation and collection; see
Supporting Information, Section II, for details of the
calculations. The overall normalized Raman intensity was
then found as follows:
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Figure 3. Raman response of individual diamond particles. (a)
Experimental (dots) and theoretical (curve) Raman intensity
normalized by the particle volume as a function of the particle size.
(b) Calculated pump intensity enhancement under Gaussian beam
excitation at 532 nm. (c) Calculated optical power emitted by an
electric dipole at 573 nm and directed to the collection optics,
averaged over the particle volume and polarization of the emitter.
Notations ‘md’, ‘mq’, and ‘mo’ indicate the positions of the magnetic
dipole, quadrupole, and octupole resonances, respectively.

(IRaman? oc& Z /[/VIE(r)IZIAEXCIj(r)Iimd%

j=%,9,2 (2)

where E(r) is the excitation electric field inside the particle at a
wavelength of e = 532 nm and I(r) is the optical power

emitted by a dipole source at the Stokes wavelength
Aem = 573 nm and directed to the collection optics. The
calculated dependence is shown in Figure 3a by the curve. It
has a complex behavior explained by contributions from the
two determining factors. To illustrate them independently, we

1
plot the averaged pump field enhancement - fffv IE(x)PPI ﬁmd3r
in Figure 3b and the averaged collected emission power
%zj /ffv Ij(r)liemd3r in Figure 3c. An order-of-magnitude

enhancement of the normalized Raman intensity is observed
at the excitation of the magnetic dipole resonance at the pump
wavelength. Note that our theoretical model does not account
for the Raman polarizability being dependent on the crystal
lattice orientation. This fact along with the nonsphericity of the
particles limits the applicability of the model; however, both
the variance percentage and overall behavior are in reasonable
agreement with the theoretical results.

The results obtained demonstrate the importance of taking
into account the excitation of Mie resonances when studying
the emission from isolated diamond particles. By choosing
particles of optimal size, one can significantly increase the
color-center emission rate or the Raman scattering efficiency.
Further improvement can be achieved by using diamonds of
more regular shape. We expect that, eventually, Mie-resonant
diamond particles can be used as Raman nanolasers®® or
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single-photon sources™ with the emission rate and direction-
ality determined by the particle morphology.

B CONCLUSIONS

In summary, we have experimentally studied the effect of Mie
resonances on the spontaneous light emission from sub-
wavelength diamond particles. The observed decrease in the
measured color-center luminescence lifetime at the excitation
of the magnetic dipole and quadrupole modes corresponds to
an approximately 2-fold increase of the spontaneous emission
rate. An order-of-magnitude enhancement of the Stokes
Raman scattering intensity is observed at the excitation of
the magnetic dipole resonance. The results are in agreement
with our theoretical analysis and highlight the potential of
intrinsic optical resonances for developing nanodiamond-based
lasers and single-photon sources.
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