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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.17035/d.2024. The surface of nanodiamonds is prone to be decorated with a graphitic layer due to the thermodynamic

0325515217 instability of diamond versus graphite. Notably, this surface layer affects the zeta-potential of nanodiamonds
Keywords: controlling their colloidal stability, modulates the charging of embedded nitrogen vacancy centres used for
Nanodiamonds sensing and quantum technology, and introduces an optical absorption which leads to heating and destruction
Graphite of nanodiamonds under intense laser irradiation. Physical and chemical treatments to reduce the graphitic
Surface carbon are available, but a sensitive method to measure this graphitic layer on single nanodiamonds is
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lacking. Here, we demonstrate a non-destructive method to quantitatively determine the graphitic carbon
correlatively with the nanodiamond size, on individual nanodiamonds. The method allows determining the
fraction of graphitic sp? to diamond sp? bonded atoms, and estimating the sp? surface layer thickness. We
investigated milled nanodiamonds, both untreated and chemically treated to remove sp>. We found that
untreated nanodiamonds were covered by the equivalent of a single sp’ monolayer, which was reduced
to 10% of a monolayer for treated nanodiamonds. In both cases, significant variations between individual
nanodiamonds were observed. The minimum number of sp> bonded atoms detectable under the measurement
conditions reported here was found to be 2 x 10*.

1. Introduction

Nanodiamonds (NDs) are of significant present interest owing to
their mechanical, chemical, electrical and optical properties, making
them useful in a broad range of fields including abrasive machining,
electrochemistry, quantum technology and medicine [1]. Particularly
for medical applications, the low cytotoxicity of sp*> carbon and the
facile functionalisation of the ND surface make them candidates for
drug delivery, while implanted nitrogen vacancy centres (NV) can be
used as bio-trackers and sensors [2,3]. Similarly, due to the quantum
properties of these implanted NV centres, it has been shown that NDs
containing them can be utilised for quantum metrology applications
such as magnetometry [4].

The surface of NDs is often covered with a graphitic layer, typically
formed during synthesis due to the thermodynamic instability of dia-
mond versus graphite. NDs can be produced synthetically in a variety
of ways such as by chemical vapour deposition (CVD), by detonation,
or by high pressure high temperature (HPHT) synthesis. Most similar to
the conditions of natural diamond formation, HPHT synthesis is carried
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out at temperatures of between 2000 °C and 4000 °C with pressures
of around 15 GPa, and graphite is typically used as the precursor
material [5]. The temperature and pressure conditions required for
HPHT can be lowered to around 1300 °C and 5 GPa with the use
of catalysts such as nickel, iron, or cobalt, though the introduction
of these materials can lead to metallic impurities in the diamonds
produced [6,7]. CVD growth of diamond is achieved by the use of
gases containing hydrogen, carbon, and oxygen from which a plasma
is generated either by the use of a hot filament at 1700 °C or by
microwaves maintaining the plasma by impact ionisation [8,9]. CVD
uses pressures below 10 kPa, where graphite is the stable phase, and
diamond growth is selected by etching graphitic carbon with hydrogen
in a narrow growth parameter window [10]. Synthesis of NDs by
detonation results in high levels of surface graphite. This is because
after the detonation of explosives in a sealed container generating
high temperatures and pressures allowing for diamond formation [11],
graphitic carbon is the stable phase during the cool-down and is formed
on the NDs [12]. Surface treatment methods to remove such graphitic
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shells, as well as other defects caused by various synthesis methods,
have been developed. Wet chemistry methods include using acid baths
as well as strong liquid oxidants, which can be hazardous and costly
due to the corrosive nature of the chemicals used. There are also
dry chemistry procedures, including catalyst assisted oxidation and
ozone enriched air oxidation [13]. However, also these require the
use of harmful chemicals and can cause contamination of the NDs.
Alternatively, air annealing of NDs has been shown to remove the sp?
carbon present due to different oxidation rates of sp?> and sp> bonded
atoms [14,15].

Notably, the sp? surface layer does not only change the surface
chemistry but also introduces an optical absorption which leads to
heating and destruction of NDs under intense laser irradiation [16].
Moreover, the presence of surface sp? suppresses the fluorescence of NV
containing NDs [17] due to the conversion of charged NV~ to neutral
NV? centres [18]. Surface sp> has also been shown to affect the zeta
potential of NDs due to protonation of sp?, causing a net positive charge
and increasing the basicity of the surrounding water [19]. Furthermore,
sp? can lead to the generation of reactive oxygen species, increasing the
cytotoxicity of the NDs [20].

In order to fully harness the application benefits of NDs, it is
therefore important to quantify their sp? surface contamination with
high accuracy and sensitivity, ideally on individual NDs to avoid en-
semble averaging effects. Reported methods to measure sp? in diamond
are Raman spectroscopy [21,22] or X-ray photoelectron spectroscopy
(XPS) [23,24]. Both are limited to diamond films or ND ensemble
studies. Moreover, XPS is sensitive only down to a few nanometers
below the sample surface. High-resolution transmission electron mi-
croscopy (HRTEM) can be used to distinguish diamond and graphitic
lattices, and has been used to study the transformation of NDs to carbon
onions [25,26]. However, it is costly and not able to identify surface
coverages below a monolayer. Tip-enhanced Raman microscopy [27]
was also used to study this transformation resolving clusters of small
NDs, but not reporting sp?> quantification.

Here, we present a simple, non-destructive optical method to quan-
titatively determine the amount of graphitic carbon correlatively with
the size of individual NDs. The method allows us to determine the
sp?/sp’ fraction and to estimate the sp? surface layer thickness, with
single particle sensitivity.

2. Methods
2.1. Samples

NDs were purchased with nominal size ranges of 0-50 nm,
0-150 nm, and 0-250 nm (MSY 0-0.05 pm, 0-0.15 pm, and 0-0.25 pm,
Microdiamant, Switzerland). They are monocrystalline diamond pow-
ders produced by high-pressure high-temperature (HPHT) synthesis.
The size distribution and shape of the MSY 0-0.05 has been investigated
with TEM in [28], and a range of MSY sizes were used to investigate
spin coherence times as function of particle size [29]. More details
on the size and shape characterisation of these NDs is given in the
supplement Sec. S1. As well as investigating the NDs as purchased,
samples were treated to reduce the surface sp?. This treatment consisted
in immersing NDs in concentrated sulphuric acid for 2 h, followed by
air annealing at 600 °C for 5 h.

All coverslips and microscope slides were cleaned before use. This
was achieved by immersing them in toluene and sonicating for 20 min,
followed by immersion in acetone and sonication for another 20 min,
and then immersion in deionised water and boiling for 3 min. Finally,
slides and coverslips were immersed in 30% hydrogen peroxide and
sonicated for 20 min, then stored in a fridge in hydrogen peroxide until
needed.

For optical microscopy, NDs were dispersed in water to concentra-
tions of 107 particles/ml for the 0-250 nm, samples, and 10° parti-
cles/ml for the 0-50 nm and 0-150 nm samples. The dispersions were
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Fig. 1. Sketches of the sample geometries for nanodiamonds (left) and graphene flakes
(right) encapsulated between coverslip and slide immersed in silicone oil.

then sonicated to break apart aggregates, before being deposited onto
(24 x 24) mm? #1.5 coverslips (Menzel Gliser) by drop casting 10 pl of
the dispersion and drying while covered to avoid contamination using
a hot plate at 60 °C. The NDs were then immersed in silicone oil (Sigma
Aldrich, AP 150 Wacker) of refractive index n = 1.51 by pipetting 20 pl
of oil onto the coverslip surface. A microscope slide was added and
squeezed, with the excess oil wiped away using a clean room wipe,
and the borders were sealed using clear nail varnish.

In order to calibrate photothermal (PT) microscopy, pristine
graphene flakes (PGFs) with nominal sizes of 500 nm dispersed in
ethanol were purchased from Graphene Supermarket. The stock dis-
persion with a nominal concentration of 1.2 x 10'® PGFs/ml was
diluted in ethanol to a concentration of 10'2 PGFs/ml and 10 pl of the
dispersion was drop cast onto a coverslip. The remainder of the sample
preparation was the same as for the NDs. A sketch of the geometry of
both ND and PGF samples is shown in Fig. 1 for illustration.

2.2. Optical setups

Quantitative differential interference contrast (qQDIC) was used to
measure the sizes of the NDs, photothermal (PT) microscopy was
used to obtain the sp? content of the NDs and PGFs, and extinction
microscopy was used to measure the sizes of the PGFs.

2.2.1. gDIC

Details of the gDIC setup and data analysis are provided in [30]. The
setup is based on a Nikon Ti-U inverted microscope stand. A 100 W
tungsten lamp (V2-A LL 100 W, Nikon) was used for illumination
with a green interference filter (GIF, Nikon) and a coloured glass
filter (BG40, Schott), to select an illumination with a peak wavelength
4 of 550 nm and 53 nm full width at half maximum (FWHM). A
de-Sénarmont compensator, consisting of a linear polariser followed
by a quarter-wave plate (T-P2 DIC Polariser HT MEN51941, Nikon),
was used to control the phase offset between the two linear light
polarisation components which are split by a Nomarski prism (Nikon
N2 DIC module MEH52500) in direction, and focussed onto the sample
using an oil-immersion condenser (HNAO MEL41410, Nikon) of 1.34
numerical aperture (NA), yielding a shear distance of 238 nm. A
1.45 NA 100x oil-immersion objective (Nikon MRD01905) was used for
imaging. A second Nomarski prism (Nikon N2 DIC slider MBH76190)
recombined the beams, followed by a linear polariser (Nikon Ti-A-E
DIC analyser block MEN 51980). A 1x tube lens formed an image on
a CCD camera (Hamamatsu Orca 285) with 18,000 electrons full well
capacity, 7 electrons read noise, 4.6 electrons per count, 12 bit digitiser,
1344 x 1024 pixels and pixel size 6.45 pm. For each dataset a total of
N, = 256 averages were obtained with an exposure time of 120 ms.
Polariser angles of § = 15 degrees were used, yielding a phase offset of
y = 30 degrees with images obtained at positive and negative angles for
gDIC. The corresponding quantitative analysis is described in detail in
Hamilton et al. [30]. Briefly, the qDIC contrast provides the differential
phase images 6(r), from which the integrated phase images ¢(r) are
retrieved, using Wiener-filtering with a signal to noise parameter x. The
measured phase area A is then obtained by the spatial integral of ¢(r)
over a circular region centred at a selected particle position with radius
of r;, and using as background phase the average over the ring region
from r; to 2r;.
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For the setup used, the choice of ¥ = 200 and r; = 4 pixels provides a
balance between systematic error and signal to noise ratio (SNR) [30].
A correction factor p = 1.25 was then applied to A; to take into
account the systematic error of the integration procedure, and provide
the integrated phase area, A, = pA!} which has been shown to give
accurate sizes for dielectric nanoparticles [30]. The volume V of a
dielectric particle of refractive index n, surrounded by a medium of
refractive index n,, can then be determined as

AA,

= 27(ny = ny)

(€Y

Assuming a cubic geometry of the NDs, the cube edge length is given
by S = W .

2.2.2. Extinction microscopy

Details of the extinction setup and data analysis are provided in
Payne et al. [31,32]. Briefly, extinction images were obtained using
a second Nikon Ti-U microscope stand. Again a 100 W halogen lamp
(Nikon V2-A LL 100 W) was used for illumination, but here a bandpass
filter (thorlabs FB550-40) and a neutral colour balance filter (Nikon
NCB) were used to provide an illumination wavelength range of (550 +
20) nm. In addition to unpolarised illumination, radially polarised
illumination was created by a home-built radial polariser [33] in the
collimated beam path to the oil-immersion condenser (Nikon HNAO
MEL41410) of 1.34 NA, to increase the out of plane polarisation com-
ponent at the sample. A 1.45 NA 100x oil-immersion objective (Nikon
MRDO01905) and a 1x tube lens was used for imaging the transmitted
light onto a scientific-CMOS camera (PCO Edge 5.5 RS) with a 16 bit
digitiser, 2560 x 2160 pixels, pixel size d,, = 6.5 pm, full well capacity
N¢,,= 30,000 electrons, 2 electrons read noise, and 0.54 electrons per
count. For the measurements obtained using the radial polariser, the
condenser NA range below 1.0 was blocked to achieve higher out-of
plane polarisation components. For referencing, the sample was shifted
between two positions 1.4 pm apart in the x-direction every 128 aver-
ages. This allowed a shifted referencing method to be used for analysis
of o, as described in Payne et al. [31,32]. A total of N,= 12800
averages per image were obtained, which yielded a measurement shot
noise of 6.,,=3 nm? for the extinction cross-section o, of individual
particles, as calculated using the expression [31]

3Ad
Boxt = 5y | @)
2MNA'\/ N, Ny,

where M and NA are the magnification and numerical aperture of the
objective, respectively.

2.2.3. Photothermal microscopy

In PT imaging [34], a probe beam is modulated by the localised
heating of the sample under investigation, induced by the absorption
of an heating beam. The modulation of the probe beam is then mea-
sured, as reviewed in Adhikari et al. [35]. In our experiments, the
PT measurements were acquired using a stimulated Raman scattering
microscopy setup described in Langbein et al. [36]. A Ti:sapphire laser
source (Spectra Physics MaiTai HP) providing optical pulses of 150 fs
duration at 80 MHz repetition rate centred at 820 nm wavelength
was used as pump for stimulated Raman loss (SRL), at the same time
acting as probe for PT microscopy. The frequency doubled Ti:sapphire
output pumped an optical parametric oscillator (Radiantis Inspire HF
100), providing an idler beam with pulses of similar duration and
tuneable centre wavelength across 950-1200 nm, which was used as
Stokes beam in SRL and acts as heating beam in PT. The Stokes beam
was passed through an acousto-optic modulator (AOM) to square-wave
amplitude modulate the beam at v,, = 2.5 MHz with a duty cycle of
50%. The beam then traversed a motorised optical delay line before
combining with the pump beam at a dichroic beam splitter. Glass blocks
in the beam path were used to control the linear chirp of the pulses for
spectral focussing [36]. The beam was scanned by x-y galvo mirrors
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Fig. 2. Sketch showing the effect of photothermal lensing, caused by the absorption of
the idler beam from a particle in silicone oil. The dashed/solid lines indicate the beam
with/without the defocussing PT lens expected for silicone oil assuming a thermooptic
coefficient dn/dT around -3 x 107*/K [37]. The coverslip glass has a much lower
coefficient of the order of 107°/K [38] which can be neglected. A modulated detection
results from the variable clipping at the condenser lens, in the collection beam path.

relayed into the objective back focal plane. The same microscope
stand, objective and condensor as in the extinction microscopy were
used. The condensor collected the transmitted beam, as seen in Fig. 2.
The Stokes beam was then separated from the pump using a dichroic
(Thorlabs DMLP900R) and a shortpass filter (Semrock FF01-945/SP).
The pump beam was detected by a photodiode (Hamamatsu S6967)
with 86% quantum efficiency at 820 nm, using a home built 2.5 MHz
resonant circuit with a DC impedance of Z;. = 3.6Q, and a resonant
impedance of Z; = 10 kQ. The resulting voltage was amplified by 10
and analysed using a dual channel lock-in amplifier (Zurich Instruments
HF2LI) synchronised to the AOM amplitude modulation, to retrieve the
transmitted pump beam intensity modulation.

Vibrationally-resonant SRL in the silicone oil mounting medium
was used to align the beams, in terms of their spatial, directional and
temporal pulse overlap, and to determine the modulation phase of a
signal corresponding to an instantaneous loss mechanism. The Stokes
was set to 1080 nm central wavelength, and spectral focussing was
adjusted via glass blocks to provide a pulse duration of 1.12 ps and a
spectral resolution of 34 cm™!. Silicone oil has a vibrational resonance
at 2904 cm~! which was used to calibrate the pump-Stokes delay. A
spectrum is shown in Fig. 3. We note that the Raman resonances of
diamond at 1332 cm~! and of ordered graphite at 1575 cm~! are outside
the accessible wavenumber range. The second-order Raman peaks of
graphite around 3250 cm~! and 2700 cm~'are accessible but are not
resonant for the chosen Stokes wavelength. The phase of the silicone
oil SRL signal at 2904 cm~! was set to zero using the lock-in offset
phase, indicating no phase shift between modulation and signal. To
suppress vibrationally-resonant SRL and perform PT measurements, the
delay between the Stokes and pump beams was increased to 2.7 ps,
hence beyond pulse overlap, with the Stokes beam arriving first. The
absorption of the Stokes by the sp? in the sample causes heating of
the surrounding medium, thus changing its refractive index, which
then results in a modulation of the pump beam. Notably, the PT time
constants are much larger than the pulse repetition period, so that the
PT lens is accumulated over the 16 pulses in each on/off segment of
the 2.5 MHz AOM modulation at the 80 MHz repetition rate. The dual
channel lock-in provides the in-phase and in-quadrature components,
denoted here as the real, R, and imaginary, S, components of the
signal, respectively, providing the complex PT signal S; = |S};| exp(i¢),
with the phase ¢.

For quantitative PT image analysis, we determine, for each bright
spot in the PT image, the spatial integral of .S; over the spot area, in
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Fig. 3. SRL spectrum of silicone oil, showing the vibrational resonances in the CH
stretch region and the peak at 2904 cm™!.

b)

Fig. 4. Photothermal image of the untreated NDs with nominal sizes up to 250 nm.
(a) Gray scale from m = 0 mV (black) to M = 0.3 mV (white). (b) Mask applied for
the analysis of the areal integrals A; at each spot.

order to provide high signal to noise and reduce systematics. This was
done manually for each spot, choosing a region, as can been seen in
Fig. 4, over which S;; was integrated to yield Aj;.

The DC signal S, from the photodiode was also acquired and is
used to determine the relative modulation M, at the centre of the point
spread function (PSF) as M, = A;; Zy. /(A Sy Zy). The effective PSF area
A, = (026 um)? used for this scaling was determined from the ratio
between A;; and the value of S; at the peak for typical measurements,
and could vary between (0.1 pm)? to (0.5 um)? for different peaks.

The phase ¢ of the signal was used to extract an effective expo-
nential PT signal decay time, as it is known from frequency domain
lifetime imaging [39,40], yielding an effective PT lifetime of r =
tan(¢)/(7v,,). We note that the actual dynamics of the PT signal is
non-exponential [34,41].

3. Experimental results on single nanodiamonds
3.1. Optimising the condenser NA

PT detection relies on converting the thermal lens around the heat
source into a modulation of the detected signal. Here we detect the
transmitted pump beam power, which is collected by the condenser.
Since the PT lens is changing the divergence of the transmitted beam,
one can choose the detected NA to maximise the signal to noise. For
very low NA, most of the power is blocked, reducing the signal to noise
due to the increasing relative intensity shot noise. For very high NA
instead, essentially all transmitted light is detected, and the change
of divergence by the PT lens has little effect. Thus we expect that
the optimum NA is around the point where half of the transmitted
beam is collected, as also suggested by previous reports [41,42]. To
find the optimum NA experimentally, measurements were carried out
on individual NDs, imaging the same region at various values for the
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Fig. 5. Influence of the condenser NA on PT imaging contrast for a representative ND.
The peak relative modulation |M,| (squares), the signal to noise ratio (circles), the peak
PT signal (triangles), the detected current (stars), and the FWHM of the PSF (bars) are
shown, referring to the respective scales given. PT images (linear grey scale from m
=0 to M = 2.6 mV; size (1.51 x 1.13) um?) of the ND are given for each NA values
measured. The width of the PSF is fitted with a Gaussian profile at the given NA, both
vertically and horizontally, as indicated by the direction of the bar symbols. Pump and
Stokes powers are 5.4 mW and 2.5 mW, respectively, measured at the microscope beam
entrance; measurements are acquired using 0.2 pm pixel size and 2 ms dwell time.

condenser NA between 0.45 NA and 1.34 NA. Fig. 5 shows the result-
ing NA dependence of the detected current S;./Z,., and for a single
representative ND the peak modulation |S;|, the relative modulation
|M,|, and the signal to noise ratio (SNR) calculated as |S};|/o;; using
the standard deviation o}; of .S}; in background regions.

Reducing the NA from the maximum of 1.34 NA increases |S;|
by up to a factor of 7, with a broad maximum around 0.7 NA. The
|.S;| maximum occurs when about half of the transmitted probe power
is detected (as shown by S;./Z,.). Accordingly, the SNR curve is
shifted to slightly smaller NA, due to the decreasing shot noise in the
detected current. Similarly | M, | has a maximum at a slightly lower NA
around 0.6, due to the decreasing detected current. Fully opening the
condenser to 1.34 NA decreases the SNR by an order of magnitude from
its maximum, showing that high NA collection is advantageous for SRS
microscopy where PT signals are unwanted background. The PSF size
is nearly independent of NA, showing only a small increase of around
10% when decreasing the condenser NA. This weak dependence on
collection NA is expected, as the PT signal is governed by the focussed
excitation beams which are unaffected. A more detailed discussion of
the underlying theory is given in Selmke [41]. The smaller size along
the vertical compared to the horizontal direction originates from the
linear polarisation of pump and Stokes beams in the horizontal direc-
tion, and the high NA of the focussing objective. A similar behaviour
was observed for all particles in the region analysed. In the following
sections, 0.6 NA was used for PT measurements.

3.2. Correlative qDIC and PT measurements

In order to quantify the graphitic layer thickness of a single ND, one
needs to know both the ND size and the number of sp?> bonded atoms.
Assuming a dominant diamond (sp?) fraction of the ND volume, we can
use qDIC with a particle refractive index of bulk diamond to determine
the ND size, as given in Eq. (1). Conversely, the PT signal reports the
amount of sp? of the ND. Indeed, sp®> diamond is transparent for the
Stokes wavelength around 1100 nm and thus does not contribute to
PT heating, while sp? is absorptive. The PT signal was calibrated using
PGFs of known absorption cross-section, as determined by single parti-
cle extinction microscopy (see Section 4 below). Following calibration,
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Fig. 6. qDIC and PT images of the untreated NDs of nominal sizes up to 250 nm. (a) Differential phase 5(¥) on a grey scale as shown, from m = —0.1 rad to M = 0.1 rad. The
shadow cast impression of DIC is evident, with the shear s = 0.238(1, 1)/ \/5 pm in the (x,y) coordinates (x horizontal, y vertical). (b) Corresponding phase ¢(r) image (m = —0.1 rad
to M = 0.1 rad), with an inset showing a region of (3.94x3.55) pm? around selected particles indicated by the yellow square (m = —0.18 rad to M = 0.18 rad) using Wiener filtering
with « =200. (c) PT image .S of the same region using a HSV colour map at maximum saturation with the value range 0 to 1 encoding PT signal amplitudes 0 to 4 mV and a
hue given by the PT signal phase (-z to r radians) as shown. The inset shows a zoom of a selected region of (4.53 x 3.96) pm? around the same particles as in b, using a 0 to
3 mV amplitude range. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the PT signal gives a quantitative measure of the number of sp> bonds
on the ND surface.

Fig. 6a and b show gDIC images of a region on the untreated NDs
with nominal sizes up to 250 nm. The typical shadow cast pattern can
be seen in the differential 6(r) image, which converts to a peak pattern
in the ¢(r) image after the integration by Wiener filtering. The stripes
along the shear direction around each peak are artefacts of the Wiener
integration and have an extension determined by the signal to noise
parameter x [30]. The corresponding PT image is given in Fig. 6c,
using a hue-saturation-value (HSV) colour scale, with a value given
by the amplitude and a hue by the phase, as indicated. The insets in
Fig. 6b and c exemplify that the same NDs are visible in gDIC and PT,
indicating that these NDs have sp? bonded carbon in their structure.

To gain a quantitative measurement of the sp? on individual NDs,
the following analysis was carried out. Firstly, the volume V of the
NDs was determined by gDIC, as described in Section 2.2.1. Assuming
a cubic shape, the surface area is given by A = 6V2/3. The peak relative
modulation M, is expected to be proportional to the number of sp?
bonds, which scales with the surface area assuming a given surface
density of sp? bonds. The measured dependence of M, on A across the
ensemble is given in Fig. 7, showing an approximate proportionality
as expected, but with a significant spread of the corresponding scal-
ing factor between different NDs. This indicates that the sp?> amount
varies significantly between NDs in the ensemble, instead of being a
defined homogeneous sp? layer of given thickness. We also find that
the treatment described in Section 2.1 reduced the amount of sp?.
The average scaling factors between the area A and |M,| have been
determined evaluating the mean of log(A/|M,|) and its error. This
results in a scaling factor (2.4 + 0.4) x 10~ nm~2 for untreated and
(1.17 +0.16) x 10710 nm~2 for treated NDs, hence different within error,
and shown as lines in Fig. 7.

We note that assuming the NDs are cubic is a simplification which
can create systematic errors. For more realistic shapes (see SEM images
in the Supplementary Information Sec. S1), the aspect ratio is typically
2:1 between longest and shortest dimension. This would lead to a
relative increase of surface by only 5%-6%, and for an aspect ratio
of 4:1 by 19% to 26%. Since moreover the shapes are not exactly
rectangular, we estimate that the surface area can be up to twice the
one of a cube shape. This variability of the surface area for a given
volume will affect the correlation between absorption and volume in
Fig. 7.

ND size (nm)
20 40 60 80 100 120
104: L L B RARARALAL) MAAMAAY T
[ ®m —— Untreated NDs n
[ o -——--- Treated NDs

—_
(=1
n

peak relative modulation ||
=

ND surface area 4 (nm?)

Fig. 7. Correlation between the ND surface area A calculated from the ND volume
measured in gDIC assuming cubic shape, and the peak relative modulation [M,|
measured in PT and attributed to sp?> bonds. Data for both the untreated (filled squares)
and treated (open diamonds) ND samples are shown. Solid (dashed) lines show average
scaling factors for untreated (treated) samples. The grey shaded region shows the noise
(two standard deviations o) of M,.

Interestingly, we also found that the treated NDs could withstand
higher laser powers. In turn, as detailed in Sec. S2, this allowed us
to measure coherent anti-Stokes Raman scattering from individual NDs
which were smaller than in our previous work [16], without observing
their degradation, consistent with a reduced amount of surface sp? upon
treatment.

3.3. Photothermal sensitivity

The sensitivity of the gDIC technique for the phase area A, has
been determined previously [30] to be around 17 nm?, corresponding
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Fig. 8. PT signal A; phase for all measured treated (circles) and untreated (squares)
NDs versus their size. The error bars are determined from the noise of Aj.

to a ND with a size of around 12 nm for the conditions used here.
Conversely, the sensitivity of the PT technique needs to be established.
This was done by analysing a large number of positions with no NDs
present for each region imaged, yielding a noise of standard deviation
(o) of 29 pV for each quadrature of S; with a condenser NA of 0.6 and
a pixel dwell time of 2 ms. This equates to a ¢ of 41 pV nm? in Aj; and
3.1x 1077 in M,. In order to ensure that the analysed peaks are well
above the noise, only peaks of | M, | higher than 2¢ were analysed, that
is [M,| > 6.1 x 1077. This limit is shown in Fig. 7 as grey area. Powers
of Py =24 mW and P, =5 mW at the microscope beam entrance were
used for the Stokes and pump beams, respectively, for all results shown.
These were chosen to be just below the threshold of detaching or
graphitising the studied NDs, see also [16]. For this reason, increasing
PT sensitivity by using higher laser powers is problematic. On the other
hand, since the signal is shot-noise limited, longer pixel dwell times
7, and smaller pixel sizes s, allow for more sensitive measurements,
noting that M, is scaling as P, and ¢ of M, is scaling as s,/+/P,z,.

3.4. Photothermal phase and lifetime

The phase of A} for the set of NDs measured is shown in Fig. 8.
We find a variation of the phase around z/2, within +0.3 rad. A phase
of 7 /2 relates to a lifetime much longer than the modulation period of
400 ns. This is as expected, from the PT signal response time of several
ps for the focus size used in our experiments [34,41].

4. Determination of sp?> bond numbers

To determine the number of sp?> bonded atoms from the PT sig-
nal, we use graphene nanoflakes as calibration sample. These are
strong absorbers and weak scatters, allowing us to measure their ab-
sorption cross-section on a single particle basis using extinction mi-
croscopy [31]. Furthermore, graphene has a known and constant ab-
sorption throughout the near infrared, so that the absorption cross-
section can be used to determine the flake area and the corresponding
number of sp> bonds. Then, measuring the PT signal on the same
nanoflake, the PT signal strength, which is proportional to the ab-
sorption cross-section [35], can be calibrated in units of number of
sp?> bonded atoms. Note that such a procedure is not viable directly
on the NDs since they are strong scatters and weak absorbers, so
that the determination of the absorption cross-section from extinction
microscopy is not accurate. A combination of exctinction and scatter-
ing microscopy, in principle, can be used to separate scattering and
absorption cross-sections [43]. However, this is not reliable for weak
absorbers, as the absorption cross-section is then the difference between
two large values, extinction and scattering cross-sections, which both
have errors [44,45].
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a) unpolarised

b) radially polarised

Fig. 9. Extinction images showing a region of (2.20x0.97) pm? around an individual

PGF (from m = —0.02 to M = 0.02) when using (a) unpolarised or (b) radially polarised
light.

Fig. 10. (a) Extinction image of a region on the PGF sample (from m = —0.1 to
M = 0.1,), with an inset showing a (4.97 x 4.61) pm? region around the particles
shown in the yellow square (m = —0.08 to M = 0.08). Unpolarised illumination. (b) PT
image .S; showing the same region as (a) (m = 0 mV to M = 10 mV) with the phase
encoded as an HSV colour as in Fig. 7, and an inset showing the same particles as in
the inset for (a) (5.47 x5.28) pm?> (m =0 mV to M = 40 mV). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

In vacuum, the absorption of a graphene layer 7, is given by [46]
ra = 2.3%, where « is the fine-structure constant. This is reduced in
a medium by the refractive index, in the present case 1.51, yielding
an absorption of #,, = 1.5%. For single layer graphene flakes we thus
expect a peak extinction of around 1.5% for in-plane polarisation. For
unpolarised illumination over 0-1.34 NA, the axially polarised intensity
is weak [33], about 17%, while for radial polarised illumination over
1.0-1.34 NA, the axial component is strong [33], about 58%. For the
particles analysed, we found a peak extinction between 0.8% and 1.5%
for unpolarised illumination. For radially polarised illumination, some
decrease in the peak extinction was seen, however, not as much as
would be expected from a single graphene flake. This discrepancy can
be attributed to the long shadow effect [47], which yields a measured
cross-section that is increased by factor of about 1.25 for the 0-1.34 NA
and about 1.6 for 1.0-1.34 NA. Taking into account these factors, the
expected measured extinction of a single graphene layer is 1.5% x 1.25x
(100-17)% = 1.6% for unpolarised and 1.5%x1.6x(100—58)% = 1.0% for
radially polarised illumination. Extinction images of an individual PGF
of retrieved size \/A_gr =323 nm are provided in Fig. 9, showing a peak
extinction of 1.5% for unpolarised illumination and 1.1% for radially
polarised illumination, consistent with this expectation.

Representative unpolarised extinction and PT images obtained on
the PGF sample are shown in Fig. 10a and b, respectively. As in Fig. 6,
the PT phase has been encoded as a colour map with the PT amplitude.
To determine which particles seen in the extinction image were single
graphene flakes lying flat on the substrate, line profiles were taken
along the particles to show their peak extinction. Only those with a
peak extinction between 0.8% and 3% for unpolarised illumination, and
a reduced extinction for radially polarised illumination, were deemed
to be graphene flakes, and analysed further.
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Fig. 11. Peak relative modulation |M,| (squares) versus extinction cross-section o,

ext
measured on graphene nanoflakes. The line shows the scaling |M,| = fo,,. The

corresponding graphene area A, = o, /1, is shown on the top axis. The phase of
M, is shown as circles.

A home built ImageJ plugin, Extinction Suite', was used to de-
termine the extinction cross section o,,, of the individual absorbing
particles. The graphene area of the flakes A, can then be determined
from o, as A, = ey /Ny The peak relative modulation M, of the
particles was found in the same way as for the NDs in Section 3, and
is correlated in Fig. 11 with o, and the corresponding graphene area
A, We find that the measured M, is proportional to o, as expected
for the PT signal, within variations by a factor of about two around the
average scaling shown by the line |M,| = fio,,, with # =7x 1078 nm~2.
The observed variations from the scaling could be due to varying
geometries of the flakes, which change the shape of the PT lensing.
From the resulting graphene area A,, = |M,|/(fn,,) we can determine
the number N, of sp® bonded atoms considering that the unit cell of
graphene contains two atoms in an area of A, = 0.052 nm?, yielding
Ny = 2Ag/A,. The phase of the modulation also shown in Fig. 11 is
similar to the PT signal of the NDs shown in Fig. 8, varying around = /2
as expected.

The observed variations within a factor of two provide an estimate
of the accuracy of the method. Furthermore, sp? absorption depends
on the polarisation relative to the bond direction, so that a strongly
orientated bond coverage could result in additional systematic errors.

We note that apart from graphene-type layers on NDs, diamond
can show a surface reconstruction of the {111} surfaces providing
chains of sp? bonded carbon atoms known as Pandey chains [48]. The
absorption of such chains has been calculated using density-functional
theory simulating vacancy disks [49]. An absorption around 0.05/cm
(see Fig. 7 of [49]) is reported between 1.5 eV and 2.5 eV photon
energy, for a vacancy density of 1.52 x 10'7 cm~3. This corresponds to
a cross-section of ¢, = 3.3 x 107> nm? per vacancy, and since there are
two vacancies per sp’> bond (see Fig. 3 of [49]), to a cross-section of
o2 = 6.6 X 10~> nm? per sp?> bond. For {110} surfaces, the surface
reconstruction can form similar chains, and the absorption (see Fig.
12 of [49]) at 1.5 eV photon energy is about twice higher. Again,
there is one sp? bond for two vacancies (see Fig. 10 of [49]), yielding
oy & 1.3 x 107" nm? per sp” bond. Now, for graphene, there is one
sp? bond per atom, so that o, = 7,4,/2 = 3.9 x 10~ nm”. This
is a few times larger than for the diamond surface reconstructions
mentioned above, likely due to the two-dimensional bond network
in graphene compared to the one-dimensional chains of the surface
reconstructions. Since a Pandey reconstructed {111} diamond surface
uses about 0.06 nm? per bond [48], it provides an absorption of 0.11%

1 http://langsrv.astro.cf.ac.uk/Crosssection
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Fig. 12. Thickness ¢ of sp® (a), and ratio p of the number of sp> to sp’ bonded atoms
(b) for individual untreated (squares) and treated (diamonds) NDs versus size. Lines
showing the ratios corresponding to different graphene monolayer coverages are shown
- 100% (solid), 50% (dashed), and 10% (dotted). The grey shaded region indicates a
ratio below the PT noise ¢ in |M,|.

at 1.5 eV. This is equivalent to 0.07 of the graphene flake absorption
fgr> and thus would be measured in our method as 7% of a graphene
monolayer coverage The heating beam used in our experiments has a
photon energy of 1.15 eV, which is not covered in Fig. 12 of [49], but
the weak wavelength dependence of the absorption suggests that the
above conclusions are still applicable.

5. sp?/sp? ratio and sp? thickness

Having measured the number of sp> bonded atoms for a ND using
the calibrated PT signal, and the ND volume using qDIC, we can deter-
mine the sp?/sp> atom number ratio for individual NDs. We convert the
ND volume V' into the number Ny; of sp® bonded atoms considering
that a cubic unit cell of diamond of volume ¥, = 0.045 nm? contains
8 atoms, so that the number of sp> atoms in a volume V of diamond
is given by Ny = 8V /V,. The ratio of sp* to sp’ atoms is then p =
Ny /Ny = IMeru/(SﬁngrAuS3), and is shown in Fig. 12b versus the
ND size. In general the earlier observations still hold, with the untreated
NDs containing a higher number of sp? atoms compared to treated NDs.

Assuming that the sp?> atoms are located at the ND surface, we
can determine the thickness ¢ of the sp? layer as follows. For small
thicknesses compared to the ND sizes, we can consider the volume of
sp? bonds in a ND as #(652) = p.S3, where 652 is the ND surface area and
S3 the volume, yielding ¢ = p.S/6. The resulting thicknesses are given
in Fig. 12a. For comparison we show in Fig. 12b curves of constant sp>
thickness calculated as p = 61/.S, with r = 0.142 nm for a full monolayer.
We can see that the treated NDs have 5%-30% sp? monolayer coverage,
while the untreated NDs have a very variable coverage, up to about
150%.

We recall that a Pandey reconstruction of the surfaces results in an
absorption corresponding to 7% sp?> monolayer coverage as discussed
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above, which is close to some of the data found (see red line indicating
10% coverage in Fig. 12a).

The sensitivity limit of the present PT measurements can be esti-
mated using ¢ = 3.1 x 1077 noise in |M,|, and is shown as grey area in
Fig. 12b. It corresponds to a number of Ny, = 26/(fn,A,) & 2 X 10*
sp2-bonded atoms.

6. Conclusion

In conclusion, we have presented a sensitive method to determine
the size of single nanodiamonds correlatively with their surface graphi-
tisation, expressed as the sp?/sp’ ratio, using a combination of qDIC and
PT microscopy. NDs fabricated using HPHT synthesis and milled to size
where investigated, either untreated, or treated to remove sp’ using
sulphuric acid and air annealing. We found that, on average, treated
NDs had a sp? content corresponding to a surface coverage by a sp?
monolayer, while treated NDs had a significantly reduced sp? content,
corresponding to some 10% surface coverage, in both cases showing
strong variations between individual NDs. The minimum number of sp>
atoms detectable in PT imaging was 2 x 10%, which corresponds to a
monolayer coverage for a ND of about 10 nm size.

With the rising interest in the use of NDs across many fields, from
medicine to quantum technologies, it becomes increasingly important
to develop sensitive methods able to quantify their sp> content. Indeed,
the presence of sp? is a serious drawback, e.g. leading to the graphiti-
sation of NDs over time under optical excitation [16], and affecting the
spectral stability of NV centres [17,50] in quantum technology applica-
tions. The presented method offers a way to quantitatively determine
the sp? content at the single ND level using optical microscopy instru-
mentation, applicable e.g. for bench-top quality control of individual
NDs in future manufacturing.
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