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ABSTRACT: The spatial resolution and fluorescence signal
amplitude in stimulated emission depletion (STED) microscopy is
limited by the photostability of available fluorophores. Here, we
show that negatively charged silicon vacancy (SiV) centers in
diamond are promising fluorophores for STED microscopy, owing
to their photostable, near-infrared emission and favorable photo-
physical properties. A home-built pulsed STED microscope was
used to image shallow implanted SiV centers in bulk diamond at
room temperature. The SiV stimulated emission cross section for
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765—800 nm light is found to be (4.0 + 0.3) X 107"7 cm?, which is

approximately 2—4 times larger than that of the negatively charged diamond nitrogen vacancy center and approaches that of
commonly used organic dye molecules. We performed STED microscopy on isolated SiV centers and observed a lateral full-
width-at-half-maximum spot size of 89 + 2 nm, limited by the low available STED laser pulse energy (0.4 nJ). For a pulse
energy of 5 nJ, the resolution is expected to be ~20 nm. We show that the present microscope can resolve SiV centers separated
by <150 nm that cannot be resolved by confocal microscopy.

KEYWORDS: super-resolution, diamond, microscopy, STED, SiV, NV

S timulated emission depletion (STED) microscopy is one
of several techniques that can image fluorescent molecules
with a spatial resolution superior to the optical diffraction
limit."”> While the resolution in STED microscopy can
theoretically approach the scale of individual atoms,” resolving
structures at the few nanometer scale in biological samples
remains an experimental challenge. This is partly due to a lack
of fluorescent probes that possess the requisite photophysical
properties and are suficiently small, bright, photostable, and
nontoxic.

In STED microscopy, the theoretical lateral resolution, Ad,

scales approximately as Ad o« /I_/I, where I is the optical

intensity used to stimulate emission and I, is the fluorophore’s
stimulated-emission saturation intensity.* This scaling has two
consequences for probe design. The first is that a low I, is
desirable so that low enough values of I can be used to avoid
sample photodamage while maintaining high resolution. The
second consequence is that a high degree of photostability is
required to simultaneously realize low values of Ad and a high
fluorescence signal amplitude. This is because, when I /I is
small (as needed for high resolution), many fluorophore
absorption events do not produce detectable fluorescence, yet
they often have the same propensity for photobleaching.’
Thus, if the fluorophore bleaches after a fixed number of
absorption events, there is an unavoidable trade-off between
spatial resolution and fluorescence signal amplitude. A similar
argument holds in pulsed STED microscopy, where the STED
beam’s pulse fluence is substituted for intensity.
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Organic dye molecules are among the most widely used
fluorophores in STED microscopy.’ They can be function-
alized to specifically bind to biological targets’ and are
relatively nontoxic.” They also can produce high fluorescence
rates’ and feature sufficiently low values of I,'® to enable
imaging of cells with a spatial resolution down to ~20 nm."’
Nevertheless, standard organic fluorophores suffer from
photobleaching due to irreversible chemical reactions,'”
thereby limitin% the achievable fluorescence signal amplitude
and resolution.

Solid-state color centers are an intriguing alternative probe
for STED microscopy, as the host crystal prevents some forms
of photobleaching.14 For example, the negatively charged
nitrogen vacancy (NV) color center in diamond exhibits nearly
perfect photostability in nanodiamonds with characteristic
dimensions down to ~10 nm.'> Moreover diamond is a
relatively nontoxic host crystal that can be functionalized to
bind to intracellular targets.'"® NV centers in bulk diamond
have been used to set record spatial resolutions in STED
microscopy, with lateral resolutions as small as Ad = 2.4 nm."”
However, NV centers have some limitations in their use in
STED microscopy. The fluorescence intensity of a single NV
center is more than an order of magnitude weaker than a
typical organic fluorophore'® under similar conditions. They
require high stimulated emission depletion intensities, owing
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Figure 1. SiV STED methodology. (a) SiV optical transitions between the ground (zEg) and excited (%E,) electronic states.”** (b) SiV
fluorescence spectrum under 685 nm excitation. The bands used for excitation, fluorescence collection, and STED are labeled in green, orange, and
red, respectively. The wavelength band of the STED beam (765—800 nm) was selected to maximize the available power from the supercontinuum
source, while minimizing anti-Stokes excitation (Section SVII) and remaining within the tail of the phonon sideband. (c) Pulse sequence used for
STED microscopy and for measuring the SiV stimulated emission cross section. The pulses are provided by a picosecond supercontinuum source
with a repetition rate of 78 MHz. (d) Apparatus used for STED microscopy of SiV centers. An oil-immersion microscope objective with numerical
aperture NA = 1.3 focuses light onto, and collects fluorescence from, SiV centers. Additional details are found in the Supporting Information.

to their relatively low cross section (approximately (1-2) X
1077 cm?'”?%) and their propensity for excited state
absorption.”** Finally, NV centers tend to blink in small
nanodiamonds and do not produce observable fluorescence in
nanodiamonds smaller than ~10 nm.">**

Negatively charged silicon vacancy (SiV) color centers in
diamond may offer a more promising alternative for STED
microscopy applications. SiV centers have been shown to be
photostable in nanodiamonds as small as ~2 nm,*® and their
fluorescence spectrum lies in a narrow band in the near-
infrared.”” Here, we report measurements of the stimulated
emission cross section of SiV centers in bulk diamond. We find
Ogrep = (4.0 £ 0.3) X 107" cm? for 765—800 nm light. This is
approximately 2—4 times larger than the ogrgp reported for
NV centers and nearly as large as that of orgamc fluorophores
commonly used in STED microscopy.”””” We demonstrate
STED microscopy on isolated SiV centers in diamond,
realizing a resolution Ad = 89 =+ 2 nm, limited by the
available STED laser pulse energy (0.4 nJ). If these properties
are similar in sub-10 nm nanodiamonds, and higher STED
pulse energies are available, SiV centers may be ideal probes for
high-resolution STED microscopy in biological systems. Our
methods can also be applied to resolving nanoscale SiV center
arrays in quantum information apphcatlons 031

B EXPERIMENTAL SETUP

The SiV optical transitions and emission spectrum are shown
in Figure la and b, respectively. The pulse sequence used for
STED microscopy is shown in Figure lc. A laser pulse (680—
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700 nm) excites SiV centers on their absorption phonon
sideband. A second pulse (765—800 nm), with a time delay of
35 ps S At 5 100 ps (Section SIV), stimulates SiV emission on
the emission phonon sideband. Fluorescence is collected about
the SiV zero-phonon line (ZPL) in the band at 733—747 nm.
Both excitation and stimulated emission pulses have a temporal
full-width-at-half-maximum (fwhm), 7, & 35 ps (Section SIV),
that is considerably shorter than the SiV excited state lifetime
(ta & 12 ns”’). The sequence is repeated after the laser
repetition time, T\, = 12.7 ns > 74, which is long enough to
ensure SiV centers are initialized in their ground state at the
start of each sequence. A schematic of our SiV STED
microscope is shown in Figure 1d. A supercontinuum source
is used to generate both excitation and stimulated emission
pulses. The SiV centers studied here were formed from ion
implantation and annealing. They were typically ~50 nm
below the diamond surface with an approximate areal density
of 10°~10® cm™ Section SII contains additional details on the
samples and how they were prepared.

B RESULTS

Figure 2a displays a confocal image of ZPL emission (733—747
nm) from an isolated SiV center under 680—700 nm
excitation. The fwhm of the feature is ~270 nm, consistent
with the diffraction limit of our microscope. Such isolated
features were assumed to be single SiV centers based on their
sparsity and nearly identical intensity, Section SVI. Figure 2b
shows the detected fluorescence intensity of three SiV centers
as a function of average excitation power, P,,. We fit these data
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Figure 2. Excitation and depletion saturation curves. (a) Confocal image of ZPL emission (733—747 nm) from an isolated SiV center excited with
680—700 nm light. (b) Fluorescence intensity as a function of average excitation power (or corresponding peak pulse fluence) for three SiV centers.
Inset: Table reporting fitted average excitation saturation powers and fit uncertainties for each SiV center. The mean value is annotated as a dashed
line on the plot. (c) Normalized fluorescence intensity as a function of average depletion power (or corresponding peak pulse fluence) for three

different SiV centers excited at P, X Py
center. The mean value is annotated as a dashed line on the plot.

Inset: Table reporting fitted average depletion saturation powers and fit uncertainties for each SiV

to a saturation curve of the form C = C, (1 — e o/Foxm) 32
where C,_, is the peak detected fluorescence intensity
[typically 45 to SS kilocounts/second (keps) for SiV centers
in our setup] and P« is the average excitation saturation
power. From the fits, we extract P, = 1.2 + 0.2 mW,
corresponding to the mean and standard deviation for the set
of three SiV centers. By incorporating the laser repetition rate
and independently measured intensity profile of the excitation
spot (Section SIII), this value converts to a saturation pulse
fluence F,,, = 15 + 3 mJ/cm® The excitation cross section for
this wavelength band is then calculated (Section SIII) as o, =
Epper/Foxsar = (1.8 £ 0.3) X 1077 cm?, where E, ., = 2.9 X
107" J is the excitation photon energy. All remaining
experiments were performed with average excitation power
P, ,<P

ex ~ Lexsat

We determined the stimulated emission cross section for
765—800 nm light, ogrgp, using the pulse sequence in Figure
1c with overlapped Gaussian spatial profiles for excitation and
depletion beams. Figure 2¢ shows the normalized fluorescence
intensity from three SiV centers as a function of average
depletion power, P4 These data were fit to an exponential
decay function, C « e™* a/Pa s revealing an average depletion
saturation power Py, = 1.1 + 0.1 mW (mean and standard
deviation for the three SiV centers). This power corresponds
to a depletion saturation pulse fluence Fy . = 6.8 £ 0.6 mJ/
cm? (Section SIII). The stimulated emission cross section is
therefore Ogrgp = Epng/Fase = (40 £ 03) X 107" cm?
(Section SIII), where Eyq = 2.5 X 107" J is the depletion
photon energy. This cross section is approximately 2—4 times
larger than that of the diamond NV center'”*° and approaches
that of the organic dye molecules, (3—15) X 1077 cm?***’
commonly used in STED microscopy.

We next show that STED microscopy applied to SiV centers
can be used to realize resolution beyond the optical diffraction
limit. We continue to use the pulse sequence in Figure lc, but
now a vortex phase plate is inserted in the STED path to shape
its spatial profile into a donut. We recorded STED images of
isolated SiV centers at varying donut powers, Py, Each
image is fit to a two-dimensional Gaussian profile to extract the
SiV lateral fwhm (Section SV). At least three images were
acquired for each SiV center at each power to determine
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statistical uncertainty. The results are plotted in Figure 3a.
Example images taken at Py, = 0 and Py = 32 mW (0.4 nJ
pulse energy) are shown in Figure 3b and c, respectively. The
intensity profiles of linecuts through the center of the images
are displayed in Figure 3d. The fwhm of the confocal image
linecut (Pgo,e = 0) is 271 + 2 nm, consistent with the
diffraction-limited resolution of our confocal microscope. At
Pyonut = 32 mW, near the highest power available in our setup,
the fwhm shrinks by a factor of ~3 to Ad = 89 + 2 nm. At this
power, we observe a ~2-fold reduction in peak fluorescence
intensity (see Figure SS), likely because of imperfect donut
contrast. We also observe a slight increase in background due,
in part, to anti-Stokes fluorescence (Section SVII).

The data in Figure 3a were fit to a commonly used
approximation for STED resolution:**

D

Blonut

Ad(Pdonut) ~

1+

Pionut at (1)
Here D is the confocal microscope resolution, which we set to
D =270 nm based on independent measurements, and P,y st
is a fitted characteristic power that satisfies Ad(Pyopysar) = D/

V2. From the fits (solid red and blue curves), we extract
Pionutsat = 4.8 £ 0.1 and 4.7 + 0.3 mW for two different SiV
centers. These powers correspond to characteristic peak pulse
fluences of 9.7 + 0.2 and 9.5 + 0.6 mJ/cm? respectively
(Section SV).

The theoretical resolution for a perfect donut beam focused
with an NA,, = 1.3 objective (solid black line in Figure 3a) is
approximated from a numerical model (Section SV)
incorporating the previously measured ogrgp = 4 X 1077
cm?. The corresponding saturation power for this ideal case is
Pionutsat = 2.3 mW, approximately 2 times smaller than the
observed value. Experimentally, we measure a donut beam
profile that is more consistent with an effective numerical
aperture of NA = 1.1. This may be due to wavefront or
polarization distortions of the STED beam and/or under-filling
of the beam at the objective’s back aperture (see Section SV).
On incorporating this NA into the numerical model (dashed
black line in Figure 3a), we find excellent agreement with the

DOI: 10.1021/acsphotonics.9b01135
ACS Photonics 2019, 6, 2577—2582


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.9b01135/suppl_file/ph9b01135_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.9b01135

ACS Photonics

Donut pulse fluence (mJ/cm2)

0 , 0.1 1 10 100
300 17 20
£ a) 2 |9 z
£ =3 115 o
= 200 I = 271+2nm| <
[0}
= SIV_ [P sar (MW) 2 Jo 8
v o 7 | 48%01 12 3
© 100 [a g |47:03 @ {5 £
[} P Q o
© - NAgff | 44 B g =
- - NAideal| 2.3 I L
0 L. 5 . . . . . . 10
0 0.1 1 10 100 -300 -200 -100 O 100 200 300
Average donut power (mW) X (nm)

Figure 3. STED resolution enhancement. (a) Lateral fwhm of STED profiles of two isolated SiV centers as a function of average donut power (or
corresponding peak pulse fluence). Solid red and blue lines are fits to eq 1 with fitted average donut saturation powers given in the inset. Solid and
dashed black lines are the theoretical resolution (Section SV) for an ideal donut profile (NA;g.y = 1.3) and the experimentally measured donut
profile (NA ¢ = 1.1), respectively. A lateral fwhm of ~20 nm is expected at Py, = 400 mW, which corresponds to a pulse energy (S nJ) commonly
used in STED microscopy.>* (b) Confocal and (c) STED image of an isolated SiV center taken at Py, = 32 mW (0.4 nJ pulse energy). Annotated
linecuts are plotted in (d). The fwhm of the confocal profile (green) is reduced by a factor of 3 when applying the STED donut beam (orange).

Black curves in (d) are Gaussian fits, and annotated values are their fitted fwhm.

experimental resolution. The corresponding saturation power, Confocal STED

Pionutsat = 44 mW, is consistent with the fits to eq 1. 2 kcps 37 3 kcps 16
Finally, we used STED microscopy to resolve SiV centers [ [

spaced closer than the optical diffraction limit. Figure 4 a

compares confocal and STED images of SiV clusters in two
different high-SiV-density regions (Section SII). Unlike the
confocal images (Figure 4a,b), the STED images (Figure 4c,d)
clearly resolve SiV centers separated by $150 nm. Taking into
account the similar brightness and fwhm of features in the
STED images (see Section SVI), it is likely that each individual
SiV center in the scan region is resolved. Figure 4e shows
linecuts through a subregion containing closely spaced SiV
centers (dashed lines in Figure 4b,d). While the confocal image
contains little information about the SiV locations, Gaussian
fits to the STED linecut reveal two SiV centers separated by
154 + 2 nm.

B DISCUSSION AND CONCLUSION

The demonstration of super-resolution STED microscopy with
SiV centers has implications for several applications.
Importantly, all SiV centers studied here showed perfect

photostability (no blinking or bleaching), even under § e) ....00“0000..!”. 35 g
continuous illumination with high STED intensity for several 2 16 o°® %o 30 =
days. However, future work is needed to validate the utility of § 14 e Confocal 05 §
SiV. STED microscopy in biological samples. The modest g 12 o
resolution realized here (~90 nm) was limited by the g 10 o 154 + 2 nm ® 120 g
maximum STED pulse energy (~0.4 nJ) available in our S STED 15 S

i i

setup. If a realistic pulse energy of 5 nJ was used, the resolution 0 100 200 300
would improve to Ad &~ 20 nm for an optimized STED beam Displacement (nm)
profile (Figure 3a). This compares favorably to the STED
resolution realized with organic dye molecules (Ad ~ 35 nm)
under similar conditions.’*®

Widespread adoption of SiV probes in STED microscopy

Figure 4. Resolving SiV clusters in diamond. (a, b) Confocal and (c,
d) corresponding STED images (Pyny = 32 mW) of SiV clusters in
two different high-SiV-density regions. The pixel dwell time was 0.1 s.
For (a) and (c) the total image acquisition time was 6 min, and for

Wﬂl' als‘o require fievelopment of high—yield methods f:or (b) and (d) it was 3 min. (e) Linecuts of the confocal (blue) and
fabrlcaggg monodisperse sub-10 nm SiV-doped nanodia- STED (red) images across the dashed lines annotated in (b) and (d),
monds.” If SiV centers in these nanodiamonds have similar respectively. The black solid line is a fit to two Gaussian functions,
photophysical properties to those in bulk diamond, as revealing a SiV center separation of 154 + 2 nm.

. h 26,37,38 .
suggested in prior work, they may be ideal probes for

super-resolution biological imaging. SiV STED microscopy
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may also be adapted for super-resolution thermal imaging®**’

or multiphoton microscopy.” In addition, our microscope is
well suited for the study of nanoscale arrays of SiV centers for
applications in quantum information.’”'

In summary, we demonstrated that SiV centers can be used
as photostable fluorophores in STED microscopy. We
determined the SiV stimulated-emission cross section for
765—800 nm light to be ogrpp = (4.0 £ 0.3) X 1077 cm?, a
factor of 2—4 larger than that of NV centers and approaching
that of common organic dye molecules. Our results hold
promise for future applications in biological imaging and
quantum information.
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