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ABSTRACT: We present results showing the potential of diamond nanoparticles with
size <50 nm as photoluminescent nanoprobes for serving as stable point-like emitters

attached at the tip apex of a near-field optical microscope to achieve enhanced spatial

resolution.
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[. Introduction

Thanks to their unique long-term photostability and cytocompatibility, fluorescent
diamond particles of size below 50 nm [1], hereafter referred to as nanodiamonds,
have a great potential in biological applications such as marking or tracking [2, 3, 4],
and in quantum optics and nano-optics, where they can be used, e.g., as single-
photon emitters [5] or non-blinking and non-bleaching nanoscaled light emitters [6, 7,
8]. In the present paper, we first briefly update our previous studies devoted to the
use of photoluminescent nanodiamonds as markers for biology [4] and to the
detection of the smallest fluorescent nanodiamonds reported so far, i.e. with sizes of
the order of 25 nm [8]. Then we describe a new study devoted to the near-field
scanning optical microscopy (NSOM) imaging and tip-induced manipulation of more
heavily colour-centre doped nanodiamonds than those studied previously. We show
that during scanning by the dielectric optical tip of a sample consisting in
nanodiamonds dispersed on a fused silica substrate, a few of them are progressively
trapped at the tip apex. We further demonstrate that these nanodiamonds remain
stuck at the tip apex for a sufficiently long time to permit the acquisition of additional
NSOM images and of optical spectra of the active tip which confirm, in turn, that
nanodiamonds have been successfully trapped. Routes toward the trapping of a

single nanodiamond are sketched.

Il. Previous results and experimental details

As bought type 1b diamond nanocrystals (used in polishing industry) is irradiated by

a high energy and dose proton beam (2.5 MeV, dose 5.10®H/cm?) to create



vacancies (V) that migrate during an annealing process stabilizing them next to
nitrogen (N) substitutional impurities. This process leads to the formation of NV
colour centres that have a perfect photostability (no bleaching, no blinking) [1]. Stable
water colloidal suspension of these diamond nanocrystals is obtained after cleaning

annealed powder in acid baths.

We have observed by scanning confocal microscopy that nanodiamonds
naturally penetrate inside cell in culture (cancerous cell of the HelLa line) and can be
observed at the single particle and single colour-centre level [4]. Time-resolved
imaging using a ps-pulsed laser as the excitation source allowed us to enhance the
signal to background (due to cell autofluorescence) ratio by one order of magnitude,
making tracking of a nanoparticle inside cell cytoplasm much easier in the future. We
also studied the nanodiamond into cell internalization mechanism and observed that,
after 2 hours of incubation, they only partly (about 20%) co-localize with endosome.

Other internalization paths (lysosome in particular) are under investigation.

Using a home-made NSOM with uncoated optical tips and intensity time-
correlation measurements, we observed that 30% of the nanoparticles from the
colloidal suspension deposited on the silica substrate contained at least one
photostable NV colour centre down to the size of 25 nm, and that almost all the
nanoparticles have a size < 35 nm [8]. Here, we apply this NSOM setup (see Ref. 8
and 9 for a detailed description: the tip is used in the excitation mode, the light
collection is made in transmission by a high NA objective), though without the
intensity time-correlation, to a new nanodiamond specimen of the same nominal size

(< 50 nm) and exposed to a larger irradiation rate (2.4 MeV, dose 5.10'°H*/cm?). The



next section focuses on the results obtained with this new specimen, in particular on

the manipulation of nanodiamonds by the scanning tip.

[ll. NSOM manipulation of highly irradiated nanodiamonds

Figure 1 shows a NSOM fluorescence image and a topographic image of
nanodiamonds dispersed by spin coating on a fused silica substrate that has been
previously cleaned (successive ultrasonic baths in special soap, acetone and
ethanol) to remove most of the surface contamination. Both types of images are
acquired simultaneously thanks to a quartz tuning fork on which the tip is glued to
monitor the tip-sample distance by shear-force feedback [10]. The amplitude of the
shear-force is set to approximately 1 nN in the present experiments [10]. Although
the topographic image of Fig. 1 is very pixelised, a careful analysis of higher
resolution and shorter range images (not shown) reveals that most of the diamond
particles are fluorescent and exhibit sizes in the 30 — 40 nm range as evaluated from
the height of topographic features (the apparent lateral size is enlarged by the tip
lateral extension). However, as small as 25 nm fluorescent nanodiamonds can also
be observed (Fig. 2). It can be seen on the fluorescence image that some
nanodiamonds give much weaker signal than others. This is partly due to the optical
filter used in the detection branch which cuts most of the neutral NV° centre
emission, blue-shifted from the NV one [1, 8, 11]. In addition, some of the
nanodiamonds might host more than one NV centre in this more heavily doped
specimen as has already been observed in more lightly doped nanodiamonds [8]. It
is worthwhile to notice further from Fig. 1 (and Fig. 2 as well) that the nanodiamond
fluorescence spots are circular (see also ref. 8) in contrast with several reports of

annular or double-lobed NSOM fluorescence spots of single molecules (see e.g. Ref.



12 and 13) or fluorescent latex nanobeads [14, 15] made with metalized optical tips.
This is because metalized tips exhibit a complex polarization-dependent double-
lobed [12, 16, 17] distribution of the electromagnetic near-field at the apex whereas
uncoated tips should not exhibit such a complex distribution [18]. A final point that is
worth commenting on in the fluorescence image of Fig. 2 is the remarkably low
background signal (below 4 kcps; 1 kcps= 1000 counts per second, or in other words
1000 photons detected by the avalanche photodiode detector per second) due to the
use of a pure-silica core fibre and the careful cleaning of the fused pure-silica cover

slip.

After scanning successive NSOM images, we could notice that this background
signal increased step wise on several lines of the scanned surface, and then
decreased again. This background change is related to the displacement of individual
nanodiamonds by the scanning optical tip. In some cases, it is even possible to trap
an individual nanodiamond with the tip. Such a trapping translates into a persistent
increase in the background signal. An example of a trapping phenomenon is shown
in Fig. 2 where it can be seen on both the topographic and optical images that a 25
nm individual nanodiamond is first pushed from the left part of the images to the right
part (see arrows) until it remains finally stuck on the tip. From this very moment on,
the background signal increases by approximately 30 kcps which corresponds to the
average signal collected from a single bright nanodiamond under the present

experimental conditions.

The question that arises naturally is to know whether such an attachment is
reasonably strong enough to envisage working with such a “functionalized” optical tip

or whether the attached nanodiamonds will be rapidly released. To check this point,



we have taken two successive optical spectra of the active tip. These are shown on
Fig. 3. The first spectrum has been taken immediately after attaching the
nanodiamond particles and approaching the optical tip in the near-field of the silica
cover slip at a particular position free from any deposited nanodiamond. The second
one has been recorded after exciting the tuning fork with a large vibration amplitude
of 15 nm (instead of 5 nm in normal operation) for a few minutes, replacing the initial
sample with a bare silica cover slip, and then approaching the tip into the optical
near-field again (distance < 50 nm) thanks to the tuning fork feedback loop. As can
be seen, both spectra can be very well superimposed which shows that the optical tip
has not been modified during this manipulation. Both spectra are typical of NV colour-
centres in diamond. They are a superposition of contributions from neutral NV° and
negatively-charged NV centres [1, 11]. This confirms that fluorescent nanodiamonds
have actually been attached to the optical tip and remain stuck there, even after
“shaking” the tip. This also indicates that either a single particle with several NV
centres of different charge states or several particles have been attached. The
increase in the background signal already seen prior to the single-particle attachment

event of Fig. 2 gives support to the latter explanation.

IV Conclusions and perspectives

We have demonstrated that it is possible to attach nanoscaled (approximately 25 nm
in diameter) fluorescent diamond particles at the apex of an uncoated optical tip just
by scanning a rather standard sample obtained by spin-coating a nanodiamond
solution on a pure-silica cover slip. The optical tip is a bare one, i.e., it is neither
metal coated nor covered with a thin glue or PMMA layer, as done previously for

attaching larger diamond particles [6] or CdSe quantum dots [9, 19], respectively. In



the present preliminary successful attempt, the attachment method is not under full
control. Such a control would require several criteria to be met simultaneously such
as, e.g., a rigorous control of the tip-sample shear force [10], because large forces in
excess of 1 nN can modify the surface [20], and careful scans of the sample prior to
attempting the attachment of a single well-selected nanodiamond. This is not far from
reach. Also, one might ask oneself what is the sticking mechanism. Is it of a van-der-
Walls nature only? Is there an electrostatic contribution too? If so, can it be
controlled, e.g., by using specially designed optical tips and/or controlling the

environment conditions? Further work is needed to find answers to these questions.
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Figure captions:

Figure 1: NSOM image of nanodiamonds dispersed on a fused silica substrate. Left:
topography ; right: fluorescence. Image size: 5x5 umz for 64x64 pixels2. Integration time per

pixel : 80 ms. Cw laser power (wavelength: 488 nm) transmitted to the far-field: 115 pW.

Figure 2: Same as Fig. 1 except for the scanning area: 2x2 um?2 and the laser power: 175
MW. Arrows point to the trapping event of a single nanodiamond by the optical tip. The

dashed circle is intended to help visualizing two 20 nm nanodiamonds.

Figure 3: Two consecutive spectra of the optical tip taken after scanning the nanodiamond
sample. The integration time on the CCD array detector is 180 s and the laser power at the
tip apex is 12 yW in both cases. The red spectrum has been taken just after recording
several images similar to that of Fig. 2 while the black one has been taken after manipulating

the optical tip as described in the text.
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