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Abstract. In this work, the single-photon emission of SiV-centers in HPHT-nanodiamonds
positioned on the surface of silicon plate and gold film was investigated. Fluorescence spectra,
saturation curves and fluorescence decay curves were measured for a number of SiV-emitters. A
reduction in the fluorescence lifetime by ~20%, as well as a spectral shift and a decrease in the
width of the zero-phonon line of SiV fluorescence were observed for most emitters. Analysis of
the saturation curves revealed an increase in the emission rates by an average of 3 times, and
up to 13 times for some particles. The wide variation is primarily associated with the orientation
of the dipole moment of the SiV centers and the size of diamond particles, which are the key
parameters regulating the coupling of the emitter with surface plasmons in the gold film.
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AnHotanuga. B Hacrosuieit pa60Te ncciacaoBajaiach OZ[HO(l)OTOHHaH OMUCCUA KpCMHHﬁ-
BaKaHCHMOHHLIX LICHTPOB B HPHT-H&HO&J’[M&B&X, PAaCIIOJIOKCHHLBIX Ha IMMOBECPXHOCTU KPEMHUA
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M 30JI0TOM IIeHKHU. [ KaxXmgoil M3 4YacTHll 3allMChIBAJIMCh CIEKTPbI JIIOMUHECLIEHLIUH,
HU3MEPSUIMCh KPUBBIC HACHIILIEHUSI M KPUBBIE 3aTyxaHMsl (uyopecuieHIIUuU. s OOMbIIMHCTBA
SMUTTEPOB OBLIO OOHAPYXXKEHO COKpallleHHWe BpeMEHU XW3HU (uyopecueHuu Ha ~20%, a
TakKe 3a(pMKCUPOBAH CIEKTPAJBbHBIM COBUT M YMEHBIICHUE IMUPUHBI 0€C(DOHOHHON JIMHUU
dayopeceHINM KpeMHU-BAKAHCMOHHBIX IIEHTPOB. AHAJIN3 KPUBBIX HACHIIIEHUS TTO3BOJIMI
OOHAPYXUTh YBEJIWYCHHE CKOPOCTH OTHOMOTOHHON SMUCCHM B CpeIHEM B 3 pasa, a s
HeKoTopbiX yactull — g0 13 pa3. Illupokuii pa3dpoc CBsI3aH ¢ OpMEHTAIUEN IUITOJILHOTO
MOMEHTa KPEeMHUII-BaKaHCUOHHBIX LIEHTPOB U pa3MepoM ajIMa3HbIX YaCTUII, SIBJISIOIIMMUCS
KJIIOYEBBIMM MapaMeTpaMM, PeryJIupyolMMKy B3aMMOICIICTBUE AMUTTEPA C MIOBEPXHOCTHBIMU
IJ1Ia3MOHAMU B 30JI0TOM TIICHKE.
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Introduction

In recent decades, optical quantum networks rapidly progress in the direction of information
processing and transmission [1, 2]. An indispensable building brick for realization of such
devices is single photon emitter (SPE) that should meet the requirements of high spectral purity,
unprecedented brightness and directivity of radiation. One of the most promising solid-state
SPE is the silicon-vacancy (SiV) diamond color center, which has an intense and narrow zero-
phonon line (ZPL) at ~738 nm, as well as high spectral and temporal stability [3, 4]. This
center possesses near nanosecond fluorescent lifetime resulting in high emission rates with low
phonon-mediated acts of emission — more than 70% of total emission is concentrated in ZPL. To
improve optical properties and primarily detected count rates the emitters are typically coupled to
different microcavities which are aimed to increase local density of optical states and modify the
directivity of emission. Many approaches are used for these purposes, including dielectric Fabry-
Perot microcavity [5, 6], photonic crystals [7], metasurfaces [8], plasmonic nanoantennas and
microstructures [9, 10]. However, despite numerous studies of complex structures, the behavior
of single photon emitters even in simple diamond-on-metal systems is still not entirely unclear.

In this paper, we comprehensively study the single photon emission of SiV-centers in HPHT-
produced nanodiamonds positioned on the silicon and gold surfaces. By means of confocal
spectroscopy and Hanbury-Brown-Twiss interferometry, the fluorescence spectra, saturation curves
and decay times of SPE were measured for ten different NDs and the results were quantitively
compared for those two surfaces. Such a plain “diamond-on-metal”-structure revealed more than
order enhancement of fluorescent signal.

Materials and Methods

The NDs under study were synthesized by high-pressure high-temperature (HPHT) method
from a mixture of adamantane (C H,,) and detonation nanodiamonds at a pressure ~7.5 GPa,
temperatures 1600—1700 °C and time exposition 20 s. To form SiV-centers in diamond matrix
a small amount of tetrakis(trimethylsilyl)silane (C H, Si,) was added to final mixture with the
ratio ~Si/(Si+C) = 0.0001%. The 0.1 mg of output 6D—powder was diluted in 2 ml of ethanol
and then sonicated in ultrasonic bath during 30 min to form homogeneous suspension of NDs.
Eventually, 2 ul of the resulting suspension was applied to both silicon and gold surfaces. Pre-
characterization in scanning electron microscope (SEM) revealed the size distribution of NDs
between 150 nm and 500 nm.

© Pomiun A.M., I'putmenko A.B., Uabun A.C., barpamos P.X., ®unonenko B.I1., Buryxnosckuii A.I'., Bracos U.U.,
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Optical properties of NDs were studied in a home-built confocal microscope equipped with
two laser sources, continuous at 660 nm and pulsed at 630 nm (t_, ~ 80 ps). To prove the single
photon nature of color centers, an emission Hanbury—Brown—priss (HBT) interferometer with
two avalanche photodiodes (APDs, Excelitas SPCM-AQRH-14-FC) was used. The fluorescence
spectra were recorded with an Ocean Insight QEPro spectrometer, and for saturation measurements
the APDs with a band pass filter (728—749) were employed. Notice that a long-distance objective
Mitutoyo X100, NA = 0.7 was used in all these measurements. The fluorescence decay rates were
analyzed with a Picoquant MicroTime 200 time-correlated single photon counting (TC SPC)
module and Olympus lens (X100, NA = 0.95).

Results and Discussion

First, we chose ten random NDs emitters on each of the two substrates — silicon and gold —
whose emission is satisfied to criteria of the single photon statistics. An identification of such
sources was carried out by measuring the second order autocorrelation function g@(t) for SiV
emission. Fig. 1, a demonstrates an example of g?(t)-functions for NDs on silicon (ND-S) and
gold (ND-G). The dip at zero time-delay (t = 0) is less than 0.5 indicating a subpoissonian sta-
tistics of light and consequently its single photon nature.

Next, the fluorescence spectra were recorded for selected NDs (Fig. 1, b). The narrow
line near 738 nm corresponds to the ZPL of the SiV-fluorescence. For each emitter the spec-
tral position (A ) and full width at half maximum (FWHM) of the ZPL were determined
(Fig. 1, ¢). The set of red dots (ND-Ss) is concentrated primarily in short-wavelength range with
(S ) =738.7 nm and (AA%) = 3.9 nm. However, some points are far away from mean values
(e.g., ~741 nm) which may be explained by the local intrinsic stress in diamond lattice [4]. In
contrast, the ZPLs for ND-Gs (blue dots) are narrower on average by factor of 1.7 and red-shifted
with (kSicemer) =739.1 nm. Although the distribution spread is wider for ND-Gs, we believe some
of them could be effectively coupled with surface plasmon in gold film resulting in ZPL shift and
narrowing.
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Fig. 1. Optical properties of the emitters in NDs placed on silicon substrate (red) and surface of
gold film (blue): a second order autocorrelation function g®(t) for two NDs (a); an instance of
fluorescence spectra for two distinct NDs (b); post-processing of ZPL Xce . and FWHM for ten
points for NDs on silicon and gold (c¢).
All data were obtained at 3 mW (before objective) power of continuous 660 nm laser source

nte

To quantify the comparison between ND-Gs and ND-Ss the saturation measurements were
performed. For clarity, saturation curves for three NDs on each substrate are demonstrated in
(Fig. 2, b). The dependences can be described as I(P) = I”-P/(P + P*), where [” is the peak
count rate in the limit of large P, P is the saturation power. The values /” and P** obtained for
different NDs on the silicon and gold are presented in (Fig. 2, ¢). One can see the superiority
of the emission rate for ND-Gs in high power limit by an enhancement factor (EF) of 3.1 while
the EF for distinct emitters reaches the value of EF = 13. The saturation power on average
decreases from (P ) = 46.1 mW to (P, ) = 23.9 mW reflecting an increased extinction of
excitation power for ND-Gs.
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We also performed time-resolved fluorescence intensity measurements for the NDs
(Fig. 2, a). The fluorescence decays for ND-Ss demonstrate mono-exponential behavior. In
contrast, for ND-Gs deeply sub-ns component was revealed which we believe is not related to
SiV-fluorescence, but rather to a diamond-enhanced background from the gold surface [11]. The
SiV-fluorescence decay times extracted from the decay curves were averaged over ten NDs and
compared between each other. The relaxation time reduces by ~20% on average for emitters on
gold surface.
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Fig. 2. Decay curves measurements for NDs on silicon (red) and gold surfaces (blue) (a). The insets
show the decay times averaged over ten NDs on both silicon and gold. Excitation power dependences
of the ZPL intensity for three random NDs on different substrates (b). The shadow regions illustrate
typical scopes for the rest NDs not presented on the graph. Extracted /* and P for ten NDs on both
silicon and gold surfaces (c). Light blue bars indicate the averaged over ten emitters values

The wide spread of the EF obtained for ND-Gs could be explained by analyzing the major
mechanisms affecting the EF. First, observed changes in fluorescence lifetime do not cover the
gap for bright emitters (e.g., EF > 5), therefore the Purcell enhancement of spontaneous emis-
sion is only minor contributing factor. Second, the P* reduction hints on increased extinction of
excitation power resulting in more effective (by a factor of ~2) photoexcitation of the SiV-centers.
The possible reason for this behavior is the size distribution of the NDs which covers a part of
the range where Mie-resonances take place. Finally, we believe the dipole orientation relative to
the surface normal plays a crucial role in the pronounced enhancement leading to more efficient
extraction of the fluorescence signal and resonant interaction with surface plasmon mode in gold
film which is partially confirmed by alterations of ZPL spectral characteristics.

Conclusion

In summary, the fluorescent properties of the single SiV-centers in HPHT nanodiamonds on
silicon and gold surfaces were studied. Such simple system diamond-on-metal demonstrates an
enhancement of SiV-fluorescence by more than an order of magnitude. Relying on the spectral
and fluorescent decay measurements we relate the major contribution to the enhancement to the
orientation of dipole moment and its coupling to the surface plasmon in gold film. The results
obtained serve as a good starting point for the development gold nanocavities and antennas with
consequent nanodiamonds integration for the state-of-the-art nanophotonic applications.
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