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Abstract

Stimulated emission depletion, or STED microscopy is a well-established super-
resolution technique, but is ultimately limited by the chosen flourophore. Here we
demonstrate STED microscopy with color centers in nanoscale flakes of hexagonal
boron nitride using time-gated continuous wave STED. For color centers with zero
phonon line emission around 580 nm we measure a STED cross-section of (5.5 + 3.2) x
10~"cm?, achieve a resolution of ~ 50 nm and resolve two color centers separated by
250 nm, which is less than the diffraction limit. The achieved resolution is limited by
the numerical aperture of the objective lens (0.8) and the available laser power, and we
predict that a resolution of sub-10 nm can be achieved with an oil immersion objective
lens, similar to state-of-the-art resolution obtained with nitrogen vacancy centers in

diamond.

Stimulated emission depletion (STED) microscopy is one of a number of super-resolution
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imaging techniques and employs a combination of two lasers: one that excites fluorescence
from a flourophore, and a second that deactivates fluorescence via stimulated emission, to
effectively reduce the excitation area below the diffraction limit.2 The resolution can theoret-
ically reach the atomic scale, but is ultimately limited by the properties of the flourophore.3
It is therefore important to investigate and characterize potential new flourophores. The
lateral resolution, dd o \/m , where [ is the optical intensity used to stimulate emission
and I = hv/ogT, is the stimulated-emission saturation intensity of the emitter, with hv
the photon energy, 7, the excited state radiative lifetime and oy is the STED cross section
for stimulated emission.? The ideal flourophore should therefore have large o, to enable high
resolution, whilst minimising the chance of photodamage to the sample. Flourophores should
also be bright for a low excitation power, photostable, in terms of blinking and bleaching,
and physically small.

The most widely used flourophores are organic dye molecules, which can have a relatively
large STED cross-section on the order of 1071 ¢cm?.2 They can be designed to bind to
certain biological® targets and produce high emission rates? at sufficiently low power?® to
enable spatial resolution of ~ 20 nm.? However, photobleaching is a significant limitation
of these organic dyes, which has stimulated the search for more stable flourophores.1% A
prime example is the negatively charged nitrogen vacancy (NV) center in diamond, where a
resolution of 2.4 nm has been demonstrated in bulk diamond!? and individual NV centers
separated by just 15 nm have been resolved in nanodiamonds.!® Nanodiamonds can be
functionalized to bind with biological targets and their relatively non-toxic nature allow
their use for target labelling and imaging in living tissues.!* However, the STED cross-
section is smaller than that of dye molecules, at around 10~'7cm?, requiring a larger depletion
power.131¢ Furthermore, the photoluminescence intensity is low and spans a large spectral
range due to phonon assisted emission, and photocharging can result in blinking, particularly
in nano-diamonds with diameters < 10 nm.2? In recent work, negatively charged silicon

vacancies (SiV) have been proposed as an alternative,® offering the favourable properties of



diamond, but with a larger STED cross-section (4 x 10717 cm™2).

These impressive results with diamond raise the question of whether color centers in other
wide bandgap semiconductors have potential for STED microscopy. In particular, color cen-
ters in hexagonal boron nitride appear an interesting candidate, thanks to their optical prop-
erties and the 2D nature of the host material.2? Stable emission has been demonstrated from

hBN nanoflakes with thicknesses of just a few atomic layers and lateral dimensions < 10 nm.2?

Colour centers have been reported with emission energy spanning the UV to infra-red,2t 2
with the emission often concentrated in a narrow and bright zero phonon line (ZPL). Color

26,27 and stim-

centers in hBN have previously been studied with super-resolution microscopy,
ulated depletion has been employed as spectroscopic probe of electron-phonon coupling,2®
but they have not previously been employed in STED microscopy.

In this work, we demonstrate STED microscopy using single color center defects in hBN
flakes. For color centers emitting around 580 nm we find an average STED cross-section of
o5 = (5.54+3.2) x 1077 em?, and up to ~ 1 x 1076 cm? in some defects. We demonstrate
a spatial resolution of approximately 50 nm, limited by the modest numerical aperture (0.8)
of our system, and resolve two color centers separated by less than the diffraction limit.

The sample consists of few-layer flakes of hBN drop-cast from a water-ethanol solution
onto a silicon substrate coated with 5 nm of Al,O3. In this work we focus on a class of defects
with zero-phonon line (ZPL) emission at around 580 nm. Fig. [l(a) shows the photolumi-
nescence (PL) spectrum from such a defect, under green (532nm) excitation. As shown in
the inset to Fig. [[l(a), following green excitation and fast relaxation to the excited state, the
defect can relax directly via the zero phonon line, or via a phonon-assisted transition, with
the one and two optical phonon sidebands (OPSB) clearly visible in [[i(a), with detuning of
~ —175 meV and ~ —350 meV, respectively. A red laser (630 nm), with doughnut-shaped
intensity profile, stimulates phonon-assisted emission, thereby reducing the ZPL lumines-

cence.

The experimental setup for STED-imaging is shown in Fig. [[{a) and employs a variant
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Figure 1: (a) Typical PL spectrum of a color center in hBN, showing the excitation, depletion
and collection wavelengths. The labels ZPL, PSB and 2PSB indicate the zero-phonon line,
one optical phonon sideband and two optical phonon sidebands, respectively. (b) Schematic
diagram of the gated CW-STED setup. DM=dielectric mirror; SMF=single-mode fiber;
MMF=multi-mode fiber PBS=polarizing beam-splitter; BPF=band-pass filter; VPP=vortex
phase plate; LP= linear polarizer; DBS=dichroic beam-splitter; SCL=supercontinuum laser;
APD=avalanche photodiode; A/4=quarter-waveplate; \/2=half-waveplate; TCSPC-time-
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of STED known as time-gated CW-STED,? where the excitation (depletion) laser is pulsed
(continuous-wave [CW]). The excitation is generated by a supercontinuum laser, with a repe-
tition rate of 78 MHz that can be reduced using a built-in pulse-picker. The supercontinuum
beam is directed by a pair of dielectric mirrors, which filter-out wavelengths >800 nm,
through a polarizing beam-splitter and band-pass filter centerd at 532 nm (4 nm FWHM),
and into a single mode fiber. At the output of the fiber a half-wave plate and linear polarizer
maximize the power and ensure a high degree of linear polarization, respectively. The deple-
tion beam is provided by a red CW diode laser, with a wavelength of 630 and is modulated
on and off at 273 Hz. The red laser is coupled to a single mode fiber, followed by a half-wave
plate, linear polarizer and vortex phase plate, which generates the doughnut shaped beam
profile necessary for STED microscopy.2? Two dichroic beam splitters combine the green
and red lasers, which are passed to an objective lens with numerical aperture of 0.8 that is
mounted on an XYZ-piezo stage. The fluorescence from the sample is collected by the same
objective, filtered by a pair of tunable long and short pass filters (570-590 nm pass band) and
coupled, via a multi-mode fiber, into a single photon avalanche photodiode (SPAD) module.
A time correlated single photon counting (TCSPC) module records the arrival time of pho-
tons, along with reference pulses from the two lasers. This data is then post-processed to
generate time-resolved decay traces and confocal/STED maps. Modulation of the depletion
laser is applied so that confocal and STED maps can be acquired simultaneously. Where
quoted, the laser power is measured before the objective lens and represents an upper limit,
as both excitation and depletion lasers are collimated to a diameter slightly larger than the
back aperture of the objective lens.

In general, using a CW rather than pulsed STED laser has the advantages of lower cost
and ease of implementation, but requires much higher average power to achieve the same
resolution.? Time-gated CW-STED, which is demonstrated in Fig. B{(a) for an hBN color
center using a Gaussian-shaped depletion beam, overcomes this problem by combining a CW

depletion laser with pulsed excitation and time-gated detection, and can yield high resolution



at low STED intensities.? In this approach, the lifetime is reduced by the depletion laser

from 1/ky to:

1
T =
]{Zfl + (P‘gUs)\S/AShC)

(1)

where ky; is the radiative decay rate of the flourophore, Pg the power of the STED laser
of wavelength \g, As = 2m(SD)? is the STED beam focal area. Ag is approximated by the
standard deviation (SD = 246 nm) of the Gaussian profile of the focal spot without VPP
in beam path (see Supplementary material [S.M.] for details). Collecting only the photons
emitted after the CW laser has depleted the excited state, 7, > 7, effectively reduces the
STED inhibition factor (the ratio of fluorescence intensity with and without the depletion
laser applied), and therefore increases the STED resolution. This enables lower depletion
laser power to be compensated by a longer gate delay, as illustrated in Fig. Blc). The
trade-off is that with longer gate delays the number of photons in the collection window is
reduced, thereby reducing the signal to noise ratio. To some extent this can be compen-
sated by choosing a gate width, 7y and excitation laser repetition rate, that maximises the
fluorescence intensity based on the radiative lifetime of the emitter.

In Fig2(b) the emitter lifetime is plotted as a function of the depletion laser power and
is reduced from ~ 4 ns to ~ 0.5 ns for a STED power, Ps = 49 mW, which is the maximum
available from this laser. The STED cross-section is extracted from a fit to eq. [l and for
this color center yields a value of og > 2.5 x 1077cm? (see S.M. for details). Note, as the
power is measured before the objective lens, the power incident on the sample is less than
quoted and hence our calculation using eq. [I] gives a lower limit of the STED cross section.
Increasing the time delay of the gate reduces the STED saturation power, defined as the
power required to reduced the fluorescence intensity by half, (Fig. 2l(d)). The measurements
shown in Fig. [2 are repeated for ten more color centers resulting in a mean STED cross-
section of > (5.5 & 3.2) x 10~em?, with a maximum value of > 1 x 107 %cm? (see S.

16,18

M.). These cross-sections compare favourably with centers in diamon and organic dye
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Figure 2: Time-gated CW-STED with a color center in hBN. (a) Time-resolved photolumi-
nescence from a single hBN color center, under pulsed 532nm excitation, with and without
633nm CW-STED laser co-excitation (b) STED laser power dependence of the radiative
lifetime of the colour center. The red line shows a fit to eq. [Il (¢) and (d) STED inhibition
factor as a function of (c) gate delay time and (d) STED laser power with gate width, 7, =
6 ns. The depletion laser has a Gaussian-shaped intensity profile.



molecules?® and demonstrate the clear potential for hBN color centers to find application in
STED microscopy. The relatively large variation in the STED cross-section can be attributed
to variations in the efficiency of the optical phonon-assisted depletion from defect to defect.
Unlike for NV and SiV centers in diamond, where the ZPL wavelength is well defined, in
hBN samples such as ours, there is considerable variation of the ZPL wavelength.?2 In our
experiment, the detection bandwidth spans 20 nm, but the STED laser bandwidth is ~ 1 nm.
Consequently, the overlap of the STED laser with peaks in the OPSB can vary considerably,
leading to the observed defect-to-defect variation in STED cross-section. This could be
avoided by using a broadband STED laser, such as a filtered supercontinuum.:®

To verify that hBN color centers can be applied to STED microscopy, we use a vortex
phase plate to generate a doughnut-shaped depletion laser beam with a central minima co-
aligned with the maxima of the Gaussian excitation beam (see S. M. for laser beam profile
measurements). Scanning confocal and STED images of a single color center, presented in
Fig. Bl(a) and (b), respectively, are acquired simultaneously by switching the depletion laser
on and off at 237 Hz (Ps = 49 mW, 7p = 3 ns). The images reveal a clear improvement in
resolution, which is quantified with Gaussian fits to horizontal intensity profiles through the
two images (Fig. Bl(c)). The confocal FWHM is ~380 nm, consistent with the diffraction
limit of our microscope (A = 532 nm, N.A. = 0.8). Whereas, with the STED laser applied
the FWHM is ~40 nm, which is a ~ 9-fold improvement in resolution.

Fig. Bl(d) highlights the value of time-gating in CW-STED, with the Gaussian FWHM
plotted as a function of the gate delay time. The confocal resolution is independent of the
gate delay, whereas the STED FWHM reduces from 270 nm, with no gate delay, to ~40
nm when the gate delay is >~ 2ns. The solid line shows a fit to the data of the calculated
point spread function for time-gated CW-STED* (see S. M. for further details). On closer
inspection, the STED image reveals some asymmetry, with a FWHM of ~ 60 nm in the y-

31,32

direction, which we attribute to aberrations and /or drift in our setup (see S. M.). Note,

the confocal FWHM is also larger in the y-direction at ~ 450 nm.
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Figure 3: STED microscopy of a single color center in hBN. (a) Confocal and (b) STED
images of a single hBN color center, for a gate delay of 3 ns and a gate width of 6 ns. In
(a) and (b) the scale marker is 500 nm. In (b) the STED power is 49 mW. (c¢) Horizontal
intensity profile through the center of the confocal and STED images. The solid red and
green lines show Gaussian fits to the experimental data with FWHM of 380 nm and 41 nm,
respectively. (d) Gaussian FWHM of the STED image as function of gate delay time. The
solid red line is a fit to the FWHM of the calculated point spread function for time-gate

CW-STED (See. S. M).



Finally, in Fig. 4 we demonstrate that two hBN color centers, separated by less than the
diffraction limit, can be resolved using STED microscopy. In Fig. H(a) and (b), confocal
and STED images of the same area of the sample are presented. In the confocal image (Fig.
Mi(a)) a single bright spot is observed, apparently indicating emission from a single color
center. However, the STED image (Fig. H(b)) clearly reveals two distinct emission centers.
From the intensity profiles presented in Fig. Hlc) and (d), and Gaussian fits to the data,
the separation of the two colour centers is 251 £+ 8 nm, compared to the diffraction limit of

A/2N A = 333 nm for our system.

125 12 . — . —
p y ! Confocal
e I R ]
7.1 T 20 ! : ]

L5 29 Y
548 & ol : |
36 & X ! ‘
s T 7t ! .
1.8 > A ‘
00 & %; 6r ':7 :
7j0 5 5t ‘ ":
608 E 4 \o/ 1)
03 £ |
500 o 3t [ .
4.0; o oL . o d 1\ .
308 1hes .';-,. J 25Inm ee, el g
208 0 L L % e, L L : )
1.05 -750 -500 -250 O 250 500 750
& e
00 Position (nm)

Figure 4: (a) Confocal and (b) STED images of a multiple hBN colour centers, for a gate
delay of 3 ns. In (a) and (b) the scale marker is 500 nm and the blue dashed lines indicate
the linecuts shown in (c). In (b) the STED power is 49 mW. (c) and (d) Linecut intensity
profiles from the (c) confocal and (d) STED images along the direction indicated in (a) and
(b). The solid green (red) lines in (c) and (d) show Gaussian (double Gaussian) fits to the
experimental data.

In conclusion, these results clearly illustrate the potential of hBN color centers as a
flourophore for STED microscopy. In our current set-up the resolution is limited by both the
numerical aperture of the objective lens and the available STED laser power, yet a resolu-
tion of ~ 50 nm is still achieved for a power density of 13 MW /em®. With an oil-immersion
lens, widely used in STED microscopy, the numerical aperture is typically 1.4, which would
translate to a resolution of <10 nm (see S. M.), comparable to state of the art measurements

with diamond NV centers.® In this work, we have employed color centers with ZPL emis-
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sion around 580 nm. However, the wide range of emission energies can provide flexibility
in the choice of excitation/depletion wavelength and color centers emitting at shorter wave-

2133 offer the potential of further improvements in resolution. Photoluminescence

lengths
from sub-10 nm diameter flakes?? and the non-toxic nature of hBN3* show promise for bio-
logical applications, but further work is required to understand the role of optical pumping
on the PL stability26:35:3¢ 5o that the excitation scheme can be optimised, and to deter-
mine the underlying defect structure so that samples with a single dominant defect species
can be produced.3” Furthermore, STED microscopy can be combined with ODMR12:13:38 {¢

study the spin physics of color centers in hBN,324% where there is considerable promise for

applications in quantum sensing.!
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1 1. STED Beam Characterization

To quantify the STED cross-section, the intensity profile of the laser at the focal plane is
required. To measure this in our setup, we take advantage of the fact that color centers
emitting over a broad energy range can be found in hBN.212% Using the same sample, we
locate a color center that can be efficiently excited with the red laser, in this case with
ZPL emission at 685 nm, which we then use as an effective point source for mapping the

STED laser beam profile. The spectrum of the color center is shown in Fig. Bla). The ZPL
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fluorescence is recorded whilst the beam is scanned over the defect, revealing a Gaussian

beam profile, with a FWHM of 580 nm (Fig. Bl(b) and (d)).
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Figure 5: Characterization of STED Laser Beam. (a) PL spectrum of the hBN color center
used for STED beam characterization. The shaded area indicates the wavelength range used
for in the beam characterization. (b) and (c) Confocal images of the hBN color center when
excited with (b) a Gaussian beam profile and (c) the doughnut beam profile. The scale
marker in (b) and (c) is 500 nm and the dashed lines indicate the linecuts shown in (d) and
(e). (d) and (e) PL intensity profiles from (d) the gaussian beam and (e) the doughnut beam
maps. The solid red line in (d) shows a Gaussian fit to the data with FWHM of 580 nm and
in (e) shows a fit to doughnut beam profile calculated with eq. [S1l giving NA.¢ = 0.56.

This method is also used to measure the doughnut beam intensity profile, which is re-
quired to interpret the achieved STED resolution, and is plotted in Fig. Bl(c) and (e). The

doughnut beam profile, D(r), along the radius, r, is approximated as:1&:42

(S1)

2rNA? [ H,(u)Jy(u) — Hy(u)Jo(u)\?
D) = 2 ( H ) = )10
S U
where NA is the numerical aperture of the objective lens, J, and J; are the zeroth and
first order Bessel Functions, and H, and H; are the zeroth and first order Struve Functions
with normalized radius u = 27rNA/\g.
In Fig. Bl(e) the experimental data is shown alongside a fit to the data of eq. 51l from

which we extract an effective numerical aperture of our microscope, NA.;; = 0.56, that is
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less than the the actual NA of the objective lens (0.8). This reduced NA can be attributed
to imperfect circular polarization and the alignment of the doughnut beam into the objective
lens. For comparison, eq. is also plotted for NA=0.8, which illustrates that larger NA
leads to an increase in the intensity and reduction of the distance from the doughnut center

of the two maxima.

2 2. STED doughnut beam quality and resolution

In Vicidomini et al.,* an analytical expression for the point spread function (PSF) is derived
for time-gated CW-STED microscopy. We adapt this approach to take into account the gate
width, which in this case is comparable to the excited state lifetime of the hBN defects. We
start from the inhibition factor, ns(Is, 7p, 7w ), which is the ratio of fluorescence intensity
with and without the STED laser, in the interval defined by the gate delay, 7p and gate

width, 7y, and can be approximated as:

TD+Tw TD+Tw
™D

™D

where kg = Pgog)\g / Aghc = oslg is the STED induced decay rate. Evaluating eq.

leads to:

Tf1 Lsat Tfl T_ﬂ Isat
1 —exp(2L
p(7%)

(S3)

ns(Is, 7o, Tw) =

1 exp(— IR ) — exp( T — T2 8
1+ Is/ L

where Iy, = kyi/0, is the saturation intensity, defined as the STED intensity for which the
fluorescence is reduced by 50 %. The effective PSF of the STED microscope, hg(r) arises
from the multiplication of the Gaussian excitation profile by the inhibition factor, resulting

in:
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where d, is the FWHM of the Gaussian excitation profile and S, = PsD(r)Ag/ Psq:. Here

Py, is the STED saturation power and is used below as a fitting parameter.
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Figure 6: (a) Vertical intensity profile through the center of the STED image, shown in the
Fig. 3(b) of the main text, with fit to the PSF calculated using eq. and the parameters
Tp =3 ns, Tw = 0.5 ns, 75 = 1.7 ns, d. = 450 nm and Py, = 1.6 mW. (b) Gaussian FWHM
of the vertical intensity profile as a function of gate delay. The solid black line shows a fit
to eq. [S4] with the same parameters as (a).

Figlol (a) shows vertical intensity profiles through the center of the STED image shown in
Fig. 3(a) of the main text. The solid line shows the point spread function calculated using eq.
[S4] where the only fit parameter is P,,; = 1.6mW and which is in excellent agreement with
the experimental data with FWHM of 61nm. The dependence of the FWHM of the STED
PSF is plotted in Fig. [Bl(b), along with the FWHM of the calculated PSF for Py, = 1.6mW
and an effective numerical aperture NA,.;; = 0.56. From eq. a prediction can be made for
the resolution that could be obtained for higher NA. For an oil-immersion objective, where

the NA can reach 1.45, the resolution can be as low as 6 nm.
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3 3. Additional STED cross section measurements

We have measured the STED cross-section for a total of 10 different emitters. Fig. [T(a)-
(c) shows lifetime verses STED power for three of these defects. The mean STED cross
section for the 10 emitters is (5.5 & 3.2) x 107'7 cm? with the highest ~ 1 x 107! cm?
shown in [f(a). From the same measurement, we also extract the average saturation power

P, = (14.749.5) mW.
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Figure 7: STED laser power dependence on radiative lifetime for 3 example color centers
(a)-(c). og is calculated using eq. (1) from main text.
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