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high-pressure, high-temperature [19] and bead-assisted sonic disintegration (BASD) [20] processes. Although
several studies [21, 22] have indicated nearly Fourier-limited linewidths of SiV centers in nanodiamonds, in
general the spectral properties of SiV centers are strongly dependent on strain in the diamond lattice [23–25].

In this study we investigate the properties of SiV centers in nanodiamonds of sizes of 50–100 nm produced in
a wet-milling process in a vibrational mill. Starting material was a CVD grown diamond � lm with in situ
incorporated SiV defects. The advantage of wet-milled nanodiamonds with in situ incorporated SiV centers lies
in its high production rate of nanodiamonds, yielding a perfect candidate for preselection of spectral properties
and consecutive implementation in target applications. To verify that all observed emitters are silicon-related we
additionally investigate nanodiamonds where silicon is implanted into initially silicon-free CVD diamond
material.

The � uorescence spectra of the SiV centers show that both the center wavelength of the zero-phonon-line
(ZPL) as well as the linewidth of the ZPL vary strongly among different diamonds. Our measurements show a
strong correlation between the center wavelength of the ZPL and the corresponding linewidths, resulting in a
previously unreported bimodal distribution. We � nd single photon emission from these SiV centers over the
whole range of ZPL positions and linewidths, although with a large variation in photon emission rate and
� uorescence stability.

2. Methods

2.1. Nanodiamond production
In the following, we describe the processes used to produce nanodiamond samples of interest. We deploy two
different methods of incorporating SiV centers into wet-milled nanodiamonds: incorporation during (in situ),
and implanting after the diamond growth process. The obtained samples are pre� xed in situ and implanted
respectively, see table 1 for an overview of the available samples.

The starting material for the wet-milled nanodiamonds was a nanocrystalline diamond � lm [26], directly
grown on a silicon wafer using CVD. A microwave hydrogen plasma containing 1% methane was used to grow
on puri� ed 5 nm nanodiamond seeds (produced by PlasmaChem). To induce in situ SiV center creation,
sacri� cial silicon pieces are situated in the growth chamber. During diamond growth the silicon pieces are
etched by the plasma and individual silicon atoms are incorporated into the diamond lattice. We veri� ed
successful creation of SiV centers in the diamond � lms by optical spectroscopy revealing a homogeneous
distribution over the sample (corresponding to an areal density ? 108 cm�2). Using a wet-milling process, the
diamond � lm after removal of the substrate is milled with steel beads in a vibrational mill. The resulting particle
suspension is fractionated using centrifugation, yielding 3 sets of diamond particles of sizes of about 50; 70;
100 nm in average diameter (� gure 1(a)), as determined with dynamic light scattering. Transmission electron
microscopy (TEM) graphs of the milled diamond particles show that the nanodiamonds are polycrystalline and
exhibit typical single-crystal sizes of a few tens of nanometers. In � gures 1(b) and (c) TEM images of a typical
nanodiamond are shown. Within the nanodiamond, several sharp lines are visible. These lines are edges of
crystal boundaries and grain boundaries, introducing strain in the diamond lattice. We remark at this point that
some studies suggest the possibility that SiV centers are created with a higher probability at grain boundaries and
morphological defects than within the core of the crystal [27, 28]. The high amount of debris from milling beads
is removed for the most part by extensive acid treatment and the absence of debris shown by spectroscopic
characterization. We also explored milling nanodiamonds with silicon nitride beads, and found that the choice
of bead material did not cause any noticeable spectroscopic difference. The aqueous solution containing the
nanodiamonds is drop-cast onto an iridium � lm on a silicon substrate. The 130 nm iridium � lm is grown onto a
buffer layer of yttria-stabilized zirconia, which in turn is grown onto a silicon wafer. The iridium surface has the

Table 1. Overview of the investigated nanodiamond samples. The columns indicate sample names, the mean diameter of the nanodiamonds,
the SiV center incorporation method, and the post-processing treatment(s) of the samples.

Sample name Diameter Siv incorporation Post-processing

insitu50 50 nm In situ Series of individual samples with combinations of annealing and oxidation

insitu70 70 nm In situ Series of individual samples with combinations of annealing and oxidation

insitu70n 70 nm In situ No post-processing subset of insitu70

insitu70o 70 nm In situ oxidized in air at 450 °C subset of insitu70

insitu100 100 nm In situ Series of individual samples with combinations of annealing and oxidation

insitu100ao 100 nm In situ Annealed in vacuum at 900 °C, consecutively oxidized in air at 450 °C subset of

insitu100

implanted250ao 250 nm Implanted Annealed in vacuum at 900 °C, consecutively oxidized in air at 450 °C
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advantage that it acts as a broad-band optical antenna, uniformly enhancing the collection ef� ciency of
� uorescence light over the entire SiV center emission range [29]. Prior to drop-casting, the substrate was cleaned
using Piranha solution (50% sulfuric acid H2SO4, 50% hydrogen peroxide H2O2). This enhances surface
hydrophilicity, leading to a homogeneous distribution of the diamond particles on the substrate. Post-
processing treatment is comprised of annealing in vacuum at 900 °C, consecutive oxidation in air at a
temperature of 450 °C or a combination thereof. The duration for either treatment method was 3–6 h.

As mentioned before, we also investigated nanodiamonds with SiV centers implanted after completed
diamond growth. As starting material we used a polycrystalline diamond � lm (Element Six, electronic grade) for
which we veri� ed that it did not contain SiV centers initially. In bulk material, the implantation causes the SiV
centers to form in a speci� c depth dependent on the implantation energy, leaving most of the diamond vacant of
SiV centers. As a consequence, a signi� cant portion of nanodiamonds milled from such a bulk material would
not host any SiV centers. To obtain diamond particles with a homogeneous distribution of SiV centers, the
following steps were taken: � rst, the diamond � lm was milled to diamond particles of sizes on the order of a few
micrometers. In a second step, these microdiamonds were densely spin-coated onto iridium substrates and
implanted with silicon (implantation energy 900 keV; implantation depth 500 ± 50 nm; � uence 1011 cm�2;
yield > 1%, resulting in an SiV areal density of > 109 cm�2). To eliminate damage from the implantation process,
the diamonds were annealed in vacuum at 900 °C and subsequently oxidized in air at 450 °C for 3 h each. At this
stage, we veri� ed successful creation of SiV centers via optical spectroscopy. Finally, the micrometer sized
diamond particles were milled to a size of 250 nm.

2.2. Experimental setup
We obtained photoluminescence (PL) spectra and photon statistics of the samples using a home-built confocal
microscope. For excitation we use a continuous wave diode laser (Schäfter-Kirchhoff, 58FCM) at 660 nm. The
excitation laser is focused onto the sample via a microscope objective with a numerical aperture of 0.8 (Olympus,
LMPlanFLN 100x), which also collects the � uorescence light emitted from the sample. Both the laser light
re� ected by the sample and the � uorescence light pass through a glass plate used to couple the excitation laser
into the microscope objective. The residual laser light is then � ltered out by two 710 nm longpass � lters. The
emission light is coupled into a single mode � ber which serves as pinhole in the confocal setup. The emission is
either guided to a grating spectrometer or to two single photon detectors (PicoQuant, tau-SPAD-100) used in a
HBT con� guration to measure photon statistics. In front of the avalanche photo diodes bandpass � lters select
the spectral window in which the investigated color centers emit photons. These � lters are chosen according to
each individual emitter: due to strong shifts in the ZPL wavelength, we use different bandpass � lters in front of
the APDs to suppress background � uorescence from the diamond material and effectively select the
luminescence of the ZPL. All experiments were performed at room temperature.

3. Results

In the following, we present our � ndings regarding diamond crystal characteristics and spectroscopic
measurement of SiV centers. Unless explicitly stated, we rely on measurements of milled nanodiamonds
containing in situ incorporated SiV centers, i.e. samples insitu50, insitu70, and insitu100 as listed in table 1.

Figure 1. Morphology of the milled nanodiamonds (sample insitu100). (a) SEM graph showing the distribution of the nanodiamond
crystals on the substrate. (b), (c) TEM graphs of individual diamond nanoparticles, showing the presence of grain boundaries and
twinning as well as the typical lattice structure of diamond.
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3.1. Diamond crystal quality
We aim to perform spectroscopic measurements of single SiV centers in wet-milled nanodiamonds. To this end,
we focus on producing pristine wet-milled diamond nanoparticles containing a single SiV center each. Raman
measurements of the nanodiamonds allow us to identify issues with surface contamination, defects of the
diamond lattice, and strain in the diamond lattice [30–32]. Surface contamination like graphite and amorphous
sp2 hybridized carbon manifest themselves as additional peaks in the Raman spectrum. Strain in the diamond
lattice broadens the � rst order Raman peak and causes it to shift to higher or smaller wavenumbers. Similarly,
high concentrations of lattice defects cause additional peaks, a broadening of the � rst order Raman peak and a
shift towards smaller wavenumbers. The size of single nanodiamonds is on the order of tens of nanometers, thus
low signal intensities can become an issue. To overcome this problem we pursue two different approaches to
perform Raman measurements:

(a) Nanodiamond clusters: collective measurements are carried out at several areas on the sample insitu70.
Since this sample is densely covered with nanodiamonds, collective measurements of clusters of
nanodiamonds (� gure 2(a)) achieves higher signal intensities.

(b) Large nanodiamonds: raman measurements are carried out on the implanted sample implanted250ao. For
this sample, diamond particles are large enough to yield suf� cient intensities on single nanodiamonds.

For all Raman measurements a 532 nm continuous wave diode laser was used for excitation.

3.1.1. Surface contamination
We test the impact of oxidation treatment as described in section 2 on surface contamination. Figure 2(a) shows
a measured Raman spectrum of a sample without oxidation treatment (insitu70n). To verify reproducibility, the
measurement is performed on three different spots of the sample. The narrow peak in � gure 2(a) corresponds to
the � rst order diamond Raman peak and will be further analyzed in below. The spectrum also shows a broad
peak with a Raman shift of about (1582�± �5 cm�1. This shift corresponds to the G-band due to amorphous sp2

hybridized carbon atoms and graphite. The exact G-band position and linewidth is sensitive to parameters such
as the clustering of the sp2 phase, bond-length and bond-angle disorder, presence of sp2 rings or chains, and the
sp2/sp3 ratio [33]. The nanodiamond Raman spectra are considerably modi� ed after oxidation in air at 450 °C.
To verify this, we perform Raman measurements on three different spots of a sample produced in the same
process as the above mentioned, which is additionally oxidized (insitu70o). While the G-band peak is present in
every measurement performed on a non-oxidized sample, it is not present in any of the oxidized samples
(� gure 2(b)), indicating successful removal of a majority of sp2 hybridized carbon and surface graphite.

3.1.2. Defects
Several effects impact the � rst order diamond Raman line: (i) defects in the diamond lattice, (ii) hydrostatic
pressure, (iii) uniaxial or more complicated stress con� gurations. In the measurement on nanodiamond clusters
the width of the diamond Raman peak of sample insitu70 varies between 15 and 30 cm�1 without oxidation

Figure 2. Raman measurements, black: data, red: � t. (a) Raman measurement before oxidation, sample insitu70. The diamond Raman
peak is situated at 1338 cm�1. The broad feature around 1580 cm�1 corresponds to the graphite G-band. (b) Raman measurement
after oxidation, sample insitu70o. The G-band has vanished, indicating removal of the majority of graphite and amorphous sp2

hybridized carbon.
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treatment, but is only 9–11 cm�1 after the oxidation process. A possible reason for this change of the width is
improved crystal quality [20, 31]. In the measurement on large nanodiamonds we measured a Raman line at
(1308�± �5) cm�1 (denoted line R1) which exhibits a broad linewidth of (25�± �5) cm�1. One plausible
explanation for both the position and the linewidth of the Raman line are defects in the diamond lattice [31],
originating from the implantation process.

3.1.3. Strain
We investigated how strain in the diamond lattice, as induced during CVD growth of the nanocrystalline starting
material, manifests itself in both measurements on nanodiamond clusters and on large nanodiamonds. In the
Raman measurement on nanodiamond clusters, the position of the diamond Raman peak is the same for
oxidized (insitu70o) and non-oxidized (insitu70n) samples, indicating that oxidation does not affect strain in the
diamond. However, the Raman shift of both non-oxidized and oxidized samples amounts to (1338�± �5) cm�1,
as compared to the literature value of 1 332.5 cm�1 of pristine diamond [30] (given uncertainties are governed
by spectrometer resolution). This shift indicates the presence of strain in the diamond particles.

Performing the Raman measurement on large nanodiamonds we � nd diamond Raman lines between
(1308�± �5) cm�1 (line R1) and (1348�± �5 cm�1 (line R2), indicating a broad distribution of strain among the
individual diamond particles (uncertainties governed by spectrometer resolution). Only line R1 could be
explained with a high defect concentration in the diamond lattice due to its shift to smaller wavelengths.
However, a more consistent model which explains all occurring shifts is the presence of strain/stress in the
diamond nanoparticles. The Raman shift �O�%� in the presence of compressive and tensile stress is given by
[34, 35]: p 0.34�O�% ��� , where the Raman shift �O�%� is given in cm�1 and the stress p in GPa. The calculation
yields a pressure range from (�8.33�± �1.7�GPa tensile stress to 5.27�± �1.7 GPa compressive stress. Whereas
under hydrostatic pressure the triply degenerate � rst order Raman peak remains degenerate, under uniaxial and
more complex stress con� gurations (biaxial stress, shear stress etc) mode splitting occurs [31]. As mentioned
above, we observe broad linewidths up to (25�± �5) cm�1. The broad Raman linewidths may be attributed to
uniaxial strain where mode splitting manifests itself in a broadening of the peak due to limited spectrometer
resolution.

3.2. PL spectra
To identify nanodiamonds containing SiV centers, we performed confocal scans of the samples. To reduce bias
in the measurements, not only the brightest spots of the confocal scans are investigated, but also those which
barely exceed background � uorescence. SiV centers are further investigated by measuring PL spectra, single
photon statistics and photostability. The typical luminescence spectrum of an SiV center is composed of a
prominent ZPL and weak sidebands. Investigations of both are reported independently in the following
paragraphs.

3.2.1. Zero-phonon-line

3.2.1.1. ZPL distribution
The center wavelength and the linewidth of the ZPL of SiV luminescence spectra for samples insitu50, insitu70,
and insitu100 are determined by � tting a Lorentzian � t to the ZPL. Both spectra from single and multiple SiV
centers are taken into account. In � gure 3 the linewidth for each measured ZPL is plotted against its center
wavelength. What immediately strikes the eye is a pattern that to our knowledge has not been reported to date:
The observed ZPLs partition into two groups, here denoted as horizontal cluster (group H) and a vertical cluster
(group V). The two distributions are separated by a gap, i.e. a region with a pronounced lack of data points.
Single emitters are found both in group H and group V, marked as red triangles in � gure 3. Further details on
single emitters are given in section 3.3.

The two groups are de� ned by their characteristic center wavelengths and linewidths: in group H very
prominent ZPL peaks are found showing linewidths in the range of 1–5 nm and center wavelengths in the range
of 715–835 nm. Figure 4(a) shows a representative spectrum of a single emitter in group H (denoted emitter H1),
exhibiting a ZPL linewidth of 1.4 nm and a center wavelength of 726.5 nm. In contrast, in group V the spectra
exhibit broader ZPL linewidths of approximately 5 nm up to 18 nm. Their ZPL center wavelengths, however, are
distributed within a narrow range of 730–741 nm. Figure 4(b) shows a spectrum of a single emitter of group V
(denoted emitter V1) with a ZPL linewidth of 6.4 nm and a center wavelength of 740.8 nm. For comparison, the
room temperature ZPL of SiV centers in unstrained bulk diamond (see e.g. [2]) exhibits a linewidth of 4nm to
5 nm and a center wavelength of 737.2 nm marked with a black cross in � gure 3 [6, 36].
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3.2.1.2. Debye–Waller factor
To determine how much the ZPLs contribute to the total observed emission of emitter H1 and emitter V1, we
determine the Debye–Waller factor de� ned as I IDW ZPL TOT�� where IZPL and ITOT are intensities in ZPL and
total spectrum, respectively. To this end, background-corrected (horizontal baseline) PL spectra were used. The
Debye–Waller factor for emitter H1 amounts to 0.81�± �0.01 (given uncertainty due to � t). This Debye–Waller
factor corresponds to a Huang-Rhys factor S ln DW� � � � ( ) [37] of 0.21�± �0.01, which is in good agreement with
the values reported in [18]. The error is mainly due to background corrections. When zooming in onto the
spectrum of emitter V1 we do not � nd distinct sidebands peaks, i.e. almost all emission for this emitter is
contained within the ZPL. Considering resolution limits of the spectrometer, dark counts and � uorescence
background, we evaluate the Debye–Waller factor to be larger than 0.97 which is the largest Debye–Waller factor
among all investigated SiV centers. The two emitters H1 and V1 discussed here are typical representatives of
their group (H and V, respectively), showing typical emission spectra as presented above. The corresponding
Debye–Waller factors, however, are not necessarily representative for the two groups. Rather, from
investigations of many emitters we � nd no systematic difference of the Debye–Waller factor between groups H

Figure 3. (a) Distribution of the ZPL linewidth versus the center wavelength of the investigated SiV centers in milled nanodiamonds
containing in situ incorporated SiV centers for samples insitu50, insitu70, insitu100. The data separates into a horizontal (group H)
and a vertical (group V) cluster. The bold black cross marks the position of an ideal SiV center in unstrained bulk diamond [6]. The red
triangles indicate emitters with an antibunching dip, g 02 ( )( ) < 0.5. Upwards pointing triangles represent blinking emitters
(� uorescence intermittency), while triangles pointing down represent non-blinking emitters (see section 3.4). (b) A zoom into group
V. While many data points exhibit higher center wavelengths (i.e. a redshift) than the ideal SiV center in bulk, only few exhibit shorter
center wavelengths (i.e. a blueshift). (c) Zooming further into group V, a clear trend of broader ZPL linewidths for larger ZPL center
shifts is visible. The line is a linear regression to all datapoints between 737 and 741 nm which exhibit a linewidth larger than 4 nm. For
the linear regression the least trimmed sum of squares method was used. The shaded area indicates the 95% con� dence interval of the
regression determined by bootstrapping.

Figure 4. Representative photoluminescence spectra of sample insitu100ao measured at room temperature. (a) Spectrum of emitter in
group H of � gure 3, denoted emitter H1. (b) Spectrum of emitter in group V of � gure 3, denoted emitter V1. The red lines are
Lorentzian � ts to the peaks.
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