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Molecular-sized fluorescent nanodiamonds
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Doping of carbon nanoparticles with impurity atoms is central
to their application™2. However, doping has proven elusive for
very small carbon nanoparticles because of their limited avail-
ability and a lack of fundamental understanding of impurity
stability in such nanostructures3. Here, we show that isolated
diamond nanoparticles as small as 1.6 nm, comprising only
~400 carbon atoms, are capable of housing stable photolumi-
nescent colour centres, namely the silicon vacancy (SiV)%5,
Surprisingly, fluorescence from SiVs is stable over time, and
few or only single colour centres are found per nanocrystal.
We also observe size-dependent SiV emission supported by
quantum-chemical simulation of SiV energy levels in small
nanodiamonds. Our work opens the way to investigating the
physics and chemistry of molecular-sized cubic carbon clusters
and promises the application of ultrasmall non-perturbative flu-
orescent nanoparticles as markers in microscopy and sensing.

Nanometre-sized fluorescent emitters are needed as probes for
fluorescence imaging with minimal perturbation in applications
ranging from materials science to probing protein interactions in
living cells®. Dye molecules have a very high brightness per unit
volume or mass, but are usually not photostable at room tempera-
ture. To overcome this limitation, quantum dots were developed”?.
Semiconductor quantum dots can have a core size of a few nano-
metres; however, their total size increases up to ~10 nm when an
outer passivation layer is added. Fluorescing centres in diamond
are very attractive in this respect because of the rigidity of the
diamond lattice and its wide bandgap, which cause a localization
of ‘optical’ electrons within one to two interatomic distances from
the defect. However, doping of nanodiamonds is perceived to
have a size limit, depending on the defect centre. As an example, cal-
culations have predicted nitrogen to be thermodynamically unstable
in nanodiamonds with less than 2 nm in sizes®. In contrast, silicon-
vacancy (SiV) defects in hydrogen-passivated truncated octahedral
nanodiamonds have been predicted theoretically to be stable in par-
ticles of ~2 nm in diameter®. In accordance with this work our
simulation indicates that the SiV centres are thermodynamically
stable even in nanodiamonds with sizes ranging from 1.1 nm to
1.8 nm. At these sizes, ab initio calculations (see below) do show
a quantum confinement effect in nanodiamonds!'®!!, leading to an
increase in the optical gap and changing the fluorescence photon
energy of defects. Because the smallest man-made fluorescent
isolated nanodiamonds to date have sizes limited to ~5nm

(refs 12,13), observation of this phenomenon has remained
elusive. However, it is known that some types of meteorite
contain nanodiamonds, presumably of presolar origin'%. Their
sizes range from 1 nm to 10 nm (refs 14,15) and, recently, SiV flu-
orescence has been found in this material'®. In the present work
we use such nanodiamonds with sizes less than 2 nm for investi-
gation of the fluorescence properties of the SiV centres.

Initially our experimental work was motivated by calculations
that suggest the stability of the SiV defect centre in nanodiamonds
smaller than 2 nm. Owing to the small size of our nanoparticles, we
modelled them using quantum-mechanical calculations in the
largest quantum confinement limit; that is, the surface was fully ter-
minated with hydrogen atoms. We calculated formation energies for
the SiV defect in 1.1-1.8 nm nanoparticles by first-principles
density functional theory (DFT). A SiV defect was modelled with
a silicon atom located between two vacant sites of diamond
lattice!” (Fig. 1). For small nanodiamonds, the formation energy,

Figure 1| Structure of SiV centre in diamond. Schematic representation of a
small nanodiamond with an embedded SiV.
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Figure 2 | Photoluminescence analysis of the meteoric nanodiamonds. a, Background-subtracted SiV photoluminescence spectra measured with 488 nm
laser excitation at room temperature for meteoritic nanodiamond powder, CVD diamond single crystal and Si*-implanted type Ila (Imp. Ila) diamond. The
position of the SiV peak maximum is 736.8 nm for the meteoric nanodiamond powder, and 738.6 nm for CVD and natural diamonds. b, Photoluminescence
spectra of two exemplary nanodiamonds dispersed on a silica slide. Nanodiamond 1 is marked in the confocal scan image (d) by a white circle and its photon
statistics are also analysed in Fig. 5. ¢, Peak positions of all analysed spectra. The average of all peak maxima is 735.7 nm. d, Confocal fluorescence scan
image of the dispersed nanodiamond sample using a red laser and 9 mW excitation power.

characterizing the stability of the defect structure, may critically
depend on the placement of defects. However, for the SiV, our find-
ings are that the formation energies are identical, within 0.1 eV, for
every nanodiamond size when the defects are placed in the centre of
the particle (see Supplementary Fig. 3). This suggests that there is no
‘self-purification’'® effect for SiV defects; that is, they remain stable
even in very small nanodiamonds. Also, when the defect is placed
near the surface (with only a single carbon atom separating the
core of the defect from the surface), the formation energy is
~0.2 eV smaller for a negatively charged SiV than their correspond-
ing value in the centre of the grain. With such a small energy differ-
ence there is no significant driving force acting to cause the defect to
diffuse out to the surface, thereby resulting in stable SiVs even in
very small nanodiamonds.

Excitation-state energies were determined using time-dependent
density functional theory (TD-DFT), taking into account nuclear
motion due to excitation. Because of quantum confinement (see
also refs 19 and 20), a fully occupied and a partially occupied
e state (see below) appear in the gap of our nanodiamonds. These
e states are strongly localized on the carbon dangling bonds of the

SiV  defect. The lowest-energy excitation occurs predominantly
between these fully occupied and partially occupied e defect states.
The energy and the forces in the excited state were determined
using TD-DFT. The calculated zero-phonon line (ZPL) energies of
the negatively charged SiV defects are between 1.85 eV and 1.75 eV
in 1.1 nm to 1.8 nm nanodiamonds. We observe a quantum confine-
ment effect on the bandgap of nanodiamonds similar to that
previously observed experimentally, whereby the valence band
maximum of the nanodiamonds is lowered (with decreasing particle
size) with respect to the vacuum level. This considerably downshifts
the position of the fully occupied e defect level via exchange and
correlation interactions between this e state and the host diamond
states (Supplementary Fig. 5). As a consequence, there is a trend of
increased energies for the lowest electronic transition of the SiV
with decreasing particle size. Indeed, in our experimental data
(discussed below) we observe such a trend in 1.6 nm nanodiamonds.

To test our theoretical predictions, meteoritic nanodiamonds
were extracted from the Efremovka CV3 chondrite?!. Defect lumi-
nescence was characterized by a narrow ZPL near 738 nm
(1.68 €V) in the photoluminescence spectrum!®?2. Figure 2a
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Figure 3 | HRTEM analysis of meteoritic nanodiamonds. a, The electron diffraction ring pattern is evidence for the diamond crystal structure. Inset: intensity
plot profile and background subtracted peak intensity of the 111 ring. b, AC-HRTEM image of free-standing nanodiamond grain (size, 2 nm). ¢, AC-HRTEM

image of nanodiamond grain (size, 1 nm) (encircled).

shows the SiV fluorescence emission spectra measured for two bulk
diamond samples (silicon-doped chemical vapour-deposited
(CVD) diamond single crystal and a natural type Ila diamond
implanted with silicon ions) in comparison with a representative
SiV spectrum of nanodiamond powder containing a large number
of fluorescent particles. As can be seen in Fig. 2a, there is a blueshift
0f 0.004 eV of the SiV peak from meteoritic nanodiamonds ensem-
bles relative to that of SiV in bulk diamonds. For further analysis,
nanodiamonds from colloidal solution were dispersed on a silica
slide and analysed by confocal microscopy. Fluorescence of most
spots was stable for at least 5 min, which is sufficient to acquire
high-quality photoluminescence spectra. Some spots do show
long-time-stable (>24 h) photoluminescence from single nanodia-
monds (see below). The photoluminescence spectra of two nanodia-
monds are shown in Fig. 2b. Nanodiamonds typically show one or
two resolved emission peaks, with significant shifts between the
spectra from different nanoparticles. Variations in the SiV emission
band position (Fig. 2b,c) can be explained by the existence of strong
lattice stress in diamond nanoparticles, similar to that in CVD
nanodiamonds®® where at low temperature this is accompanied by
a redshift of emission?!, or probably isotopic enrichment of
silicon (AE = 1 meV; ref. 16) in some particles due to their extrater-
restrial source. This finding also explains the widely broadened
emission peak of the nanodiamond powder (Fig. 2a). The main
peak positions of all analysed fluorescent nanodiamonds are
shown in Fig. 2c. The average position of all peaks (735.7 nm) is
shifted to higher energies by 0.007 eV, which is close to the shift
of 0.004 eV from nanodiamond powder.

To obtain more information about the spatial dimensions of the
diamond nanoparticles, they were analysed by aberration-corrected
high-resolution transmission electron microscopy (AC-HRTEM).
Selective area electron diffraction (SAED) analysis revealed that
the investigated fraction of diamond grains in the analysed
sample have a characteristic size below 2 nm. This characteristic
size was determined from the half-width of the 111 diffraction
peak of the SAED patterns with a value of 0.75nm™'. This
corresponds to a crystallite size of 1.3 nm, as shown in Fig. 3a.
The smallest free-standing diamond grain found in the
sample was 2 nm in size (Fig. 3b). Nanodiamond crystallites with
size down to 1 nm were observed in small agglomerates (Fig. 3c).
To further explore nanodiamond size without the need for immo-
bilization on a support structure and hence aggregation, nanodia-
mond solutions were investigated using fluorescence correlation
spectroscopy (FCS)?. FCS provides a highly sensitive quantitative
statistical analysis of fluorescence fluctuations, which can be
used to determine the hydrodynamic radius of fluorescent
diamond nanoparticles containing SiV centres?. The size of the
particles was derived from the characteristic diffusion time of the

particles through the confocal volume. Figure 4 presents a compari-
son of two autocorrelation functions determined for nanodiamonds
and Rhodamine 6G dye molecules under identical experimental
conditions. From the autocorrelation function the mean fluorescent
nanodiamond particle size was estimated to be 1.6 +0.2 nm.

To evaluate the photon statistics of the SiV fluorescence, nano-
diamonds immobilized on a fused-silica slide were investigated.
An autocorrelation function g was measured for one of the
fluorescent nanodiamond spots (Fig. 5a) (see also the spectrum of
nanodiamond 1 in Fig. 2b). Fitting the background-corrected auto-
correlation function and assuming emission of multiple identical
emitters*?” revealed three emitters within the fluorescent spot.
The fitting routine also took into account the set-up-related jitter
by deconvoluting the measured autocorrelation function with a
Gaussian response function. To further characterize the emitters,
its saturation intensity was measured to be 38 kc.p.s. (kilocounts
per second; Fig. 5b) resulting in 12.7 kc.p.s. per emitter. These
rates are comparable to single SiV centres produced by ion implan-
tation in bulk diamond*, when taking into account the different
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Figure 4 | FCS measurement of luminescent meteoritic nanodiamonds and
a dye molecule (Rhodamine 6G (Rh 6G)). The fit (solid curve) of the
measured autocorrelation function (red symbols) yields the characteristic
diffusion time, resulting in an effective size of fluorescent particles of

1.6+ 0.2 nm when using 0.6 nm as a reference for the hydrodynamic radius
for Rhodamine 6G in water (calculated from refs 32 and 33) .
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Figure 5 | Detailed analysis of a fluorescent spot presumably containing only few emitters. a, Autocorrelation function showing the background-corrected
raw data (black) fitted with a model including the instrument response function (blue) and the found g® function (red) using the model from refs 4 and 27.
The number of emitters within the analysed spot was found to be three. b, Saturation curve using 660 nm excitation. The fit (red) gives a saturation intensity
of 38 kc.p.s. and a saturation power of 23 mW. Bottom inset: confocal image obtained using a fluorescent bandpass filter around SiV fluorescence at 9 mW.
Top inset: the rate model showing the ground (1), excited (2) and metastable (3) states, and transitions between them used for the g fit function. ¢, Time
traces at 500 wW and 10 ms binning showing blinking of the analysed spot. The red line indicates the mean intensity over 100 s. The blue line shows the
background level of the sample. In the upper graph the time traces are zoomed in for better visibility.

photon extraction efficiencies caused by the different sample geome-
tries. Figure 5c presents fluorescence time traces with 10 ms
binning, in time windows of 5s and 100 s, respectively. The SiVs
show blinking® but stably emit fluorescence over tens of minutes.
Although the origin of this blinking is not clear as yet, it appears
that it is related to the nanodiamond size rather than the SiV itself>'2

In conclusion we have demonstrated fluorescence emission from
SiV defects in nanodiamonds with sizes below 2 nm. For the nano-
diamonds, an average shift of 0.004 eV to higher emission energies,
corresponding to an emission wavelength change of 1.8 nm, was
found. Calculations indicate that this shift is due to a quantum con-
finement effect mediated by the valence band electrons of the nano-
diamond. Our calculations also show that, similar to the ground
states of most other defects in diamond, the SiV excited-state wave-
function is almost exclusively localized on the defect site. This,
together with the fact that even the excited-state energy is ~2 eV
below the conduction band of the nanocrystal, results in a high stab-
ility of the photoelectron on the defect site, and also leads to nano-
particles showing bulk and molecular properties with strongly
modified bandgaps and surface-related absorption bands. Despite
the apparent blinking of nanodiamonds, their emission is rather
photostable and allows continuous long-time observation over
tens of hours. These small nanodiamonds, with dimensions com-
parable to dye molecules, are therefore promising as, for example,
fluorescent markers in cell biology where having sizes smaller
than typical proteins is an important prerequisite. In addition, the
SiV in diamond exhibits narrow-band near-infrared emission,
another important criterion for life-science applications in terms
of observable sample penetration depth and reduced autofluores-
cence?®. Although the present work has used nanodiamonds from
meteorites, current production technologies for nanodiamonds
have achieved sizes of 2-5 nm (ref. 13). Our results provide substan-
tial motivation to pursue further work on size reduction down to
molecular sizes.

Methods

The nanodiamond samples were extracted from the Efremovka CV3 chondrite
using well-established processes involving multistage chemical treatment of the
meteorite pieces by HF, HF + HCI, KOH, H,0,, K,Cr,0, and HCIO, at various
temperatures and isolation of the colloidal nanodiamond with high pH solution®'.

All samples had a translucent pale yellow colour, typical for the meteoritic colloidal
diamond. Infrared absorption investigations!* indicated that the main functional
groups on the surface of the extracted meteoritic nanodiamond were oxygen-
related groups: carboxyl, carbonyl and hydroxyl.

AC-HRTEM and electron diffraction experiments were performed on
nanodiamond samples dispersed on a carbon grid using a FEI-TITAN 80-300
operated at 80 kV (to avoid knock-on damage) equipped with an image-side
aberration corrector with a resolution of 0.15 nm and a JEOL 4000EX microscope
operated at 400 kV and with 0.17 nm point resolution.

Photoluminescence spectra for the nanodiamond powder were recorded at room
temperature using a LABRAM HR spectrometer with an Ar™ laser for excitation.
Laser radiation (power, 0.1 mW; wavelength, 488 nm) was focused on a spot
(diameter, 2 wm) on the surface of the nanodiamond powder.

Fluorescence correlation spectroscopy was performed using a home-built
confocal set-up with a high-numerical-aperture water objective (Olympus,
UPlanApo x60, NA 1.2). Samples dissolved in polyvinyl alcohol solution were
excited using 0.1 mW of 532 nm laser radiation and their fluorescence was detected
using an actively quenched avalanche photodiode. Fluorescence autocorrelation was
recorded with a hardware correlator (ALV-5000).

To analyse the evaporated nanodiamond clusters on the fused-silica slide, an
oil objective (Olympus, UPLSAPO 60XO, NA 1.35) was used. The SiV luminescence
was filtered out by a bandpass filter (transmission 730-750 nm). For excitation,
red laser diodes (emission peak wavelength, 660 nm and 690 nm; Thorlabs
HL6548FG and HL6738MG) were used. The photoluminescence spectra were
recorded using a broad bandpass filter (transmission 723-817 nm) and Czerny-
Turner like spectrometer (Acton, SpectraPro300i, grating: 300 g mm ') combined
with a back-illuminated liquid-nitrogen-cooled charge-coupled device camera
(Princeton Instruments, LN/CCD-1340400 EHRB/I).

To determine the formation energy of the defects, we applied DFT calculations
within a generalized gradient approximation Perdew-Burke-Ernzerhof (PBE). In
bulk studies we used a 512-atom supercell and I'-point for Brillouin-zone sampling
in order to model the neutral and negatively charged SiV defect in diamond. In
particular, we utilized the VASP code to determine the geometry of the defect, using
the projector augmented wave method to eliminate the core electrons, while a plane-
wave basis set was used to expand the valence wavefunctions. We applied the
standard VASP projectors for the carbon, hydrogen and silicon atoms with a plane-
wave cutoff of 420 eV. Geometry optimization was halted when the magnitude of the
forces on the atoms was lower than 0.01 eV A™".

The nanodiamonds were also studied with VASP code within the PBE
functional, with the periodic images separated by vacuum of at least 1 nm, ensuring
that the critical defect states (and any other occupied states) did not interact.
Nanodiamonds were fabricated to form spherical shapes, which are in line with
TEM experiments (Fig. 3b). The nanodiamonds had carbon atoms at the surface
with two or fewer dangling bonds. The dangling bonds of the nanodiamonds were
terminated by hydrogen atoms; this could correspond to the ‘largest’ quantum
confinement limit because the C-H covalent bonds are stronger than any other
(carbon, nitrogen or oxygen related) covalent bonds that may exist on their surface.
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This idealistic model of nanodiamonds makes it possible to investigate the effect
of quantum confinement, at its maximum limit, on the defect states when the
defect is placed in nanodiamonds of different sizes. We also considered 2 x 1-like
reconstructed nanodiamond surfaces on (100) facets. We found that the
reconstruction has no effect on the electronic structure of SiV defects.

More details and the corresponding references are provided in the
Supplementary Information.

We found in bulk studies that the negatively charged defect is responsible for the
1.68 eV signal®. The calculated ZPL of the negatively charged defect is 1.72 eV,
which agrees very well with the measured 1.68 eV in terms of the expected accuracy
of ab initio methods*. We thus compared the calculated and measured
photoluminescence lines for the negatively charged SiV defect.

To calculate the excitation energies we applied TD-DFT with the PBEO hybrid
density functional in the kernel by TURBOMOLE code. We utilized this
methodology for tiny nanodiamonds where the experimental absorption spectra
could be well reproduced as well as the vertical absorption energy of a nitrogen-
vacancy centre®’. The main interest here is the ZPL where the nuclei relaxes in the
excited state, which lowers the ZPL energy with respect to the lowest vertical
absorption energy. The energy and the forces in the excited state are determined at
the TD-DFT level, as the complexity of the excited-state wavefunction requires
more complex methods than usually used for constrained DFT approaches.

We therefore calculated forces in the excited state within TD-DFT using PBEO in the
kernel, and obtained the minimum energy within the excited-state potential
energy surface. (For further details see Supplementary Information.) The calculated
Stokes shift of 0.12 eV in the SiV defect is in accordance with the experimental
data extracted from absorption spectra of the 1.68 eV photoluminescence centre
found in large nanodiamonds and bulk diamond?!.
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