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n recent years, great progress has been

made in the field of large-scale production

of graphene using either chemical vapor
deposition growth on catalytic transition-
metal substrates' 3 or epitaxial growth by
high-temperature annealing of SiC*™° At
the same time, graphene nanostructures
such as graphene nanoribbons or graphene
quantum dots are receiving increased at-
tention due to the additional confinement
of charge carriers, which results in the ap-
pearance of a band gap.”® Such structures
are considered as possible candidates for
logic device applications in, for example,
field effect transistors.” The increasing im-
portance of both graphene nanostructures
and large-scale graphene raises an inevita-
ble need for microscopy techniques cap-
able of imaging large samples with high
spatial resolution. While flakes exfoliated
onto Si/SiO, substrates can be visualized
by means of wide-field optical microscopy,
this technique fails on most other substrates
as well as for structures smaller than the
wavelength of the light used.'®" '3 Fluores-
cence quenching microscopy has therefore
been introduced as a techniques capable of
imaging graphene and graphene-based
sheets such as graphene oxide on a large
scale and on arbitrary substrates.'* ¢ It
relies on the fact that if a fluorescent di-
pole in an excited state is placed in close
proximity to graphene, its fluorescence is
quenched due to nonradiative (Forster) re-
sonant energy transfer (FRET)."” This hap-
pens due to the dipole—dipole interaction
between the dye molecule and the gra-
phene m-electron system, which returns
the donor to its ground state while exciting
an electron—hole pair in graphene (see
Figure 1B)."®' Unlike most other acceptor
systems, which permit quenching only in a
narrow spectral range, graphene exhibits
energy transfer across the entire visible spec-
trum due to its broadband absorption.?°
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ABSTRACT

Lately, fluorescence quenching microscopy (FQM) has been introduced as a new tool to
visualize graphene-based sheets. Even though quenching of the emission from a dye molecule
by fluorescence resonance energy transfer (FRET) to graphene happens on the nanometer
scale, the resolution of FQM so far is still limited to several hundreds of nanometers due to the
Abbe limit restricting the resolution of conventional light microscopy. In this work, we
demonstrate an advancement of FQM by using a super-resolution imaging technique for
detecting fluorescence of color centers used in FQM. The technique is similar to stimulated
emission depletion microscopy (STED). The combined “FRET--STED” technique introduced
here for the first time represents a substantial improvement to FQM since it exhibits in
principle unlimited resolution while still using light in the visible spectral range. In the present
case we demonstrate all-optical imaging of graphene with resolution below 30 nm. The
performance of the technique in terms of imaging resolution and contrast is well described by
a theoretical model taking into account the general distance dependence of the FRET process
and the distance distribution of donor centers with respect to the flake. In addition, the change
in lifetime for partially quenched emitters allows extracting the quenching distance from
experimental data for the first time.

KEYWORDS: graphene - fluorescence quenching microscopy -
super-resolution imaging - FRET - STED

Therefore, for super-resolution imaging of
graphene, any dye can be used regardless
of its emission spectrum. While visualization
of graphene based on FQM is known as a
high-contrast and high-throughput tech-
nique, so far, it does not offer the possibility
to resolve features with sizes below the
diffraction limit.'® Here, we demonstrate
the combination of FQM with a diffraction-
unlimited microscopy technique similar to
stimulated emission depletion microscopy
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Figure 1. (A) Schematic representation of the sample geometry. I's and I'yr describes the radiative and nonradiative decay
rate, respectively. (B) Simplified Jablonski diagram for the FRET interaction between a fluorescent dipole and graphene. (C)
Exfoliated flake on implanted Pr:YAG crystal. The part indicated by the arrow is confirmed to be single-layer graphene using
Raman spectroscopy. The image is taken by recording the emission from optically excited Pr*", The straight lines running
across the surface are tiny scratches in the surface of the crystal due to insufficient polishing.

(STED).?" In principle, STED has no limitation of optical
resolution and can be applied to various fluorescent
species. The system for which this is demonstrated
here is graphene mechanically exfoliated onto praseo-
dymium-implanted yttrium aluminum garnet (Pr:-YAG)
crystals. The super-resolution microscopy technique
relies on two fundamental effects: First is the back-
ground-free subdiffraction optical detection of upcon-
verted fluorescence from Pr.YAG, which we have
demonstrated in an earlier work.>? The second is the
quenching of Pr:YAG fluorescence by graphene due to
fluorescence resonance energy transfer. Here, a resolu-
tion below 30 nm is demonstrated. In previous works,
we have introduced an imaging technique for multi-
layer graphene flakes based on the fluorescence of
graphene upon pulsed laser excitation.®> While this
technique can be used to visualize graphene with high
contrast and unambiguous layer thickness determina-
tion, its lateral resolution has a limit on the order of 1/2
(several hundreds of nanometers in the visible spectral
range) due to light diffraction. The same restrictions apply
to any other optical imaging techniques such as Raman
imaging,>* FQM,™ and wide-field light microscopy.”
Further, we demonstrated subdiffraction all-optical pat-
terning of graphene,®® although no subdiffraction optical
imaging of produced structures was developed. In the
following, we show how this deficiency can be resolved
by combining STED-like imaging with FQM.

RESULTS AND DISCUSSION

For the proof-of-principles experiment presented
here, Pr:YAG is chosen as a donor system for mainly
two reasons: First, it is photostable, and, second, its
electronic level structure allows for super-resolution
microscopy based on a STED-like process.?? To ensure
close spacing between graphene and Pr¥" fluorescent
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ions, praseodymium has been implanted into ultrapure
YAG using an energy of 20 keV per positively charged
ion followed by annealing at 1200 °C for 24 h. Due to
experimental limitations, implantation at lower ener-
gies and hence smaller depth was not possible. The
resulting implantation depth profile as simulated by
SRIM is expected to show a mean implantation depth
of around 10.3 nm (see Figure 2A).>’ To further increase
FRET efficiency between implanted Pr and graphene,
the surface of the YAG crystal was milled down by
6.5 nm using ion milling. The precision of the milling
process is limited to roughly £1 nm.

The measurements presented below rely on the
detection of upconverted fluorescence of Pr3* ions,
thus allowing for background-free microscopy. Figure 3A
shows the electronic structure of Pr*" in YAG. Up-
converted UV emission from Pr** is obtained by a
two-step excitation scheme.?® As a first step, light of
609 nm wavelength excites Pr** ions from the ground
state into the 'D, state, which has a lifetime of around
200 us.%° When adding light of 532 nm wavelength, the
system is further excited from the 'D, state into the
4f5d(1) band, from which strong emission of upcon-
verted UV light occurs.?® The lifetime of the 4f5d(1)
band is roughly 20 ns and therefore significantly short-
er than the lifetime of the 'D, state.>®

If close to the flake, Pr*" interacts with graphene.
The quenching distance (i.e., the Forster radius Ry) is
known to be inversely proportional to the fourth power
of the transition energy.?' The transition that is most
strongly influenced by FRET is therefore the one be-
tween the ground state and the 'D, state since its
energy is much lower compared to the transition from
the emitting state. Thus the lifetime of the 'D, state is
expected to shorten significantly, resulting in a lower
yield of UV fluorescence. This creates the fluorescence
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Figure 2. (A) Implantation depth profile of Pr in YAG based on SRIM simulation. After implantation, the YAG surface was
etched 6 to 7 nm deep in order to increase FRET efficiency. (B) 'D,-state lifetime with and without fluorescence quenching by
graphene. The green line is a fit to the data based on a simple monoexponential decay, resulting in 'y = 1/(210 us). The blue
line is a fit based on eq 3, from which R, = 11.8 nm is extracted.
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Figure 3. (A) Energy level diagram of Pr*" electronic states in a YAG crystal. The two-step excitation leading to UV
fluorescence is indicated by arrows. Note that 532 nm light cannot serve as a first excitation step, and 609 nm cannot serve as a
second step. (B) Pulse sequence for super-resolution imaging of graphene. After the first excitation step with 609 nm light, a
532 nm donut beam narrows the spatial distribution of Pr* " centers in the 'D, state. Finally, a Gaussian 532 nm pulse reads out
the remaining D, population. The fluorescence is recorded only during the time of the readout pulse.

contrast between the bare surface and the surface
covered with graphene. Figure 1C shows a mechani-
cally exfoliated flake on top of a Pr:YAG crystal imaged
by collecting the upconverted UV fluorescence of Pr*™+
using a home-built confocal microscope. The flake
consists of parts of different thicknesses with a single-
layer part indicated by the arrow. In the case of a single
graphene layer, the Pr** fluorescence intensity re-
duces to roughly half compared to the bare surface.
Besides the change in fluorescence intensity as
shown in Figure 1C, FRET between Pr*" and graphene
can also be witnessed by a change in fluorescence
lifetime of the Pr3* emission. The lifetime of the 'D,
state is measured by first applying a 609 nm wave-
length pump pulse, exciting the system from the
ground state. In order to read out the population in
the 'D, state as a function of time, a 532 nm wave-
length readout pulse is applied, with a time variable
delay t between the end of the pump pulse and the
beginning of the readout pulse. By repeating this
sequence for different values of t, the time-dependent
population of the 'D, state and, hence, its lifetime are
measured. As shown in Figure 2B, in the unquenched
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case (measured outside of graphene), the lifetime trace
shows a single-exponential decay with a lifetime of
roughly 210 us. This is in good agreement with values
reported in the literature to be between 150 and
200 us.>® Yet, in the case of fluorescence quenching
by graphene, the lifetime is much shorter compared to
the unquenched case, and it is strongly multiexponen-
tial. The latter is due to the contributions from many
Pr** centers, which are located at different distances to
the graphene, as shown by the implantation profile.
The following model is used to describe the dy-
namics of the 'D, population in the presence of gra-
phene. The nonradiative decay rate of a single fluo-
rescent center can be calculated by considering the
graphene flake as a collection of infinitesimally small
“graphene dipoles” covering the entire x—y-plane. The
general FRET distance dependence predicts that the
rate of nonradiative energy transfer from a single
fluorescent center to a single “graphene dipole” scales
with the sixth power of their mutual distance r."” The
total nonradiative decay rate I'yg between the entire
graphene flake and a single fluorescent center located
at 7C = (Xo Yo ZJ) is obtained by integrating the
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contributions from all “graphene dipoles” distributed
over the entire surface of the x—y-plane located at z = 0:

oo +oo
I'nvk = A/ dX/ dy_.
r —rc\
+oo +oo
= A/ dx/ <

X _Xc)z +(y _yc)2 +Z§
R}

= FRZ_4 (1

where A is a proportionality constant and I'z = 1/(210 us)
is the radiative decay rate of the 'D, state of Pr*™. The
resulting distance dependence of the FRET rate is propor-
tional to the fourth power of the distance between the
graphene plane and the emitting dipole. This is in
agreement with other theoretical work using a tight-
binding model approach.?' The temporal evolution of
the emitted intensity of a single Pr*™ center is given by

(t) o< Tr e ~Tr+Twr)t
Tr+Tng

1 —TR(1 + (Ro /2ot
— e IR 0/Zc 2
1 + (RO/ZC)4 ( )

To simulate the actual situation, where many centers
at different depths are measured simultaneously, eq 2
has to be multiplied by the implantation profile f(z.)
and integrated over z.:

| I / d *I‘R(‘I +(Ro/z)Mt (3)
total o 1 + Ro/Zc)4

The implantation profile is taken according to the
SRIM simulation shown above by taking into account
the milling process and the elevation of the flake above
the crystal surface. The latter was obtained in atomic
force microscopy (AFM) measurements and appeared
to be 1 nm. Although the purity of the crystal is among
the highest available for purchase, it still contains traces
of residual Pr*". Its fluorescence is about 60 times lower
than that emitted from implanted Pr*™, but for a com-
plete analysis its contribution to the signal is taken into
account by adding a z~independent offset term to f(z.).
Finally, the only unknown parameter in eq 3 is the Forster
radius R,, which is defined as the distance for which the
energy transfer efficiency is 50%. The best fit to the experi-
mental data using eq 3 gives a value of Ry~ 11.8 £ 1 nm.
The error in Ry comes primarily from the uncertainty of
the milling process. In refs 31 and 18 the quenching
factor for single-layer graphene is calculated to be

I'r + I'nr JTOL C 4
= = — |1 1,
FR 1685/2 (VF) (Z) +

(4)

Iz) = / dte—ZAEzr/wa
V1 —t2

with the fine structure constant o, the Fermi velocity v,
the vacuum speed of light ¢, the refractive index
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n = /¢, the reduced Planck constant #, and the energy
of the emitted photon AE. For a 609 nm transition in YAG
(n = 1.83), eq 4 leads to a value of Ry = 7 nm, which is
slightly lower compared to what is obtained from the
experimental data. However, the electronic structure of
PrYAG is rather complicated since many transitions are
involved in the fluorescence process. The Forster radius
can therefore not be calculated based on a simple
two-level system, although the transition between the
ground state and the "D, state is expected to be affected
most. For a full theoretical treatment, several transitions
('D2 — "Gy, *F23.4 “Hase) each experiencing a different
degree of quenching would have to be considered. Since
the value of Ry = 11.8 nm describes the experimental data
very accurately, this value is used for further data analysis.

On the basis of these results, we now turn to super-
resolution imaging of graphene. Here, the technique
previously used to demonstrate super-resolution up-
conversion microscopy of praseodymium-doped YAG
nanoparticles® is adopted for YAG bulk crystals with
shallow implanted praseodymium. On the basis of the
upconversion excitation scheme mentioned above,
super-resolution imaging of Pr:YAG can be arranged
in the way schematically indicated in Figure 3B. Three
laser beams of different transverse shape (in the
sample plane) are used in the timing sequence de-
scribed below: (1) donut-shaped 532 nm beam shining
continuously, (2) Gaussian-shaped chopped 609 nm
beam, and (3) Gaussian-shaped chopped 532 nm
beam. First, the 609 nm pulse excites the system from
the ground state into the 'D, state. This excitation acts
on all Pr*" ions within the entire focal volume. The
duration of this pulse needs to be sufficiently long to
create a saturated population in the 'D, state. Here, a
value of 5 us is used at a laser power of 8 mW. After the
orange pulse is switched off, two effects influence the
population of the 'D, state: first, a donut-shaped
532 nm depletion beam and, second, FRET with gra-
phene. The donut-shaped 532 nm depletion beam is
used to depopulate the 'D, state by exciting Pr** from
the 'D, state into the emitting 4f5d(1) band, from
where it quickly decays radiatively to the ground state.
This depletion beam, however, acts only on the Pr3"
ions located around the bright rim of the beam so that
the ions close to the center of the beam are not
affected. Therefore, during the time this beam acts,
the spatial distribution of Pr>™ ions, which are still in the
'D, state, significantly narrows around the center of
the beam. The last part of the pulse sequence is a short
Gaussian-shaped 532 nm readout pulse. This pulse
transfers all the population remaining in the 'D, state
into the emitting 4f5d(1) band. To obtain super-
resolution, only the Pr¥" UV fluorescence emitted
during the duration of the readout pulse is recorded,
while all other emission is discarded. In that way, the
recorded fluorescence originates from a spot much
smaller than the diffraction-limited excitation. The time
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Figure 4. Super-resolution imaging of graphene by “FRET+STED”. (A) By using only 609 nm pump and 532 nm readout
pulses, the resolution is given essentially by the Abbe limit. (B) Adding an additional 532 nm donut-shaped depletion beam,
super-resolution imaging of graphene is obtained. (C) AFM image of the same region.

between the end of the orange pump pulse and the
beginning of the green readout pulse has to be chosen
according to the following considerations. First, the
donut-shaped depletion beam needs to act long en-
ough to efficiently narrow the spatial distribution of
Pr** ions in the "D, state. This time can in principle be
decreased by increasing the power of the beam. While
longer time as well as higher power immediately
improves the resolution, it also decreases the signal
strength since fewer Pr** ions are left in the 'D, state
and read out by the readout pulse. At the same time,
the duration needs to be long enough to allow gra-
phene to efficiently quench the 'D, state of Pr*™, while
the unquenched ions outside graphene should not
have decayed too much. Experimentally, the best
compromise among good resolution, good signal
strength, and high FRET contrast is found for a time
of 7 =33 us between the pump and readout pulse at a
laser power of 55 mW (see Supporting Information). A
duration of 1 us for the readout pulse is sufficient to
read out all the population left in the 'D, state using
6 mW of green readout power.

Figure 4 shows a closeup of the single-layer flake. In
Figure 4A, no depleting 532 nm donut beam is used so
that the resolution is essentially given by the general
Abbe limit of optical microscopy. Yet, when adding the
depletion beam, super-resolution imaging is achieved
(Figure 4B). The resolution of the image can be ob-
tained by measuring the fluorescence intensity across
a step between graphene and the bare substrate. For
this case, the nonradiative decay rate I'yg between
graphene and Pr* ™ is calculated analogously to eq 1 by
assuming that graphene covers only half the surface so
that the step is along the x = 0 line:

oo
I'nve = A/ dx/ dy———
r —rc\
e 1
= A/ dx/ dy

(x —x)* 4y

6
_yc)2 +22

TRY(2x2 + 3%z + 2x2\ /X2 + 22 4 222\ /x2 + 22)

=Ty
824 (x2+22)*/?

(5)
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Analogously to eq 3, the implantation profile is taken
into account by multiplying with the Pr*™ distribution
function f(z.) and integrating over z.. Further, due to
the finite size of the laser spot, contributions from
many centers located around the focus point have to
be included when calculating the fluorescence inten-
sity across the step. For that, a Gaussian point-spread
function with a width of R s is assumed:

glxe, yo) = e O — X+ U~y Rl (6)

This describes also the case of super-resolution
imaging where the resolution can be expressed by
an effective laser spot size given by the depletion
process. Overall, the emission intensity is calculated
by integrating over the contributions from the ion
distribution profile f(z)) and the lateral point-spread
function g(x.y.):

f(ze) glxe, ye)

lotal (X, y) o< / dx. / /
(7)

where 7 =33 us is the waiting time between the end of
the orange pump pulse and the beginning of the green
readout pulse. For the case where R .ser > Ro, FRET
effects play a subordinate role in the width of the step.
In this case, the resolution is determined solely by the
effective laser spot size given by the STED-like tech-
nique. Only once Ry .5 becomes comparable to R,
does the Forster radius limit the sharpness of the step.
Figure 5A shows the experimentally obtained intensity
trace across the graphene-substrate step together with
three traces calculated according to eq 7 using differ-
ent values for the laser spot size. The experimental
curve is obtained by averaging several lines across the
step. All curves are normalized from 0 to 1. A value of
Riaser = 30 nm gives roughly the best agreement
between the model and the experimental data. The
difference between the experimental values and the
model based on these parameters is shown in the
residual plot at the bottom of Figure 5A. The fact that
the residuals behave randomly and do not show any
distinct features confirms the validity of the model. The
performance of this combined FRET+STED technique

—(R + rNR)f

1+Ro/
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Figure 5. (A) Normalized step width for different values of R, ... The best agreement with the data is obtained for R\ ,sor ~
30 nm. While for Ry aser = 20 nm and Ry a<er = 40 nm the sum of the squared errors is 0.21 and 0.2 nm?, respectively, itis 0.15 nm?
for RLaser = 30 nm. The quenching radius is set at 11.8 nmin all cases. The inset shows the sample geometry as used throughout
eqs 5—7. Theresidual plot at the bottom confirms the overall validity of the model. (B) Several traces for different values of R,
resulting in different contrast. The best agreement with the experimental data is for R, =~ 10 nm. The laser spot size is set to be

30 nm in all cases.

can therefore be considered to be equivalent with that
of an imaginary optical microscope where the excita-
tion light is focused into a 30 nm spot (Gaussian half-
width). This is in good agreement with measurements
on structured implantation where the transition between
implanted and nonimplanted regions is resolved with
35 nm precision (see Supporting Information). Finally,
Figure 5B shows the imaging contrast for single-layer
graphene for different values of the Forster radius to-
gether with the experimental data. The Forster radius has
a direct influence on the contrast of the step since, for
larger Ry, quenching becomes more efficient, resulting in
a larger intensity difference between quenched and un-
quenched regions. For Ry = 11.8 nm as obtained from the
lifetime fit above, the contrast is expected to be slightly
better compared to what is obtained experimentally. Yet, in
the experimental situation, the contrast can be spoiled by,
for example, background contributions due to impurities,
incomplete rejection of laser light by the optical filters, or
dark counts from the detectors. Considering this, the model
still reproduces the experimental data quite well.

CONCLUSIONS

In summary, we demonstrate here for the first
time an optical technique combining super-resolution

EXPERIMENTAL SECTION

Measurements were performed in a home-built confocal
microscope (see Supporting Information). A rhodamine 6G
dye laser was used as an orange excitation source, while a
diode-pumped solid-state laser was used for 532 nm excitation.
The orange and green readout laser beams were passed
through a single-mode optical fiber to ensure their Gaussian
beam profile. The donut-shaped depleting beam was obtained
by passing the Gaussian beam through a vortex phase shifting
plate. All beams were spatially overlapped and sent onto the
sample through a 1.3 NA oil immersion objective mounted on a
three-dimensional nanopositioning piezo stage. The same ob-
jective was used to collect the emitted UV light, which afterward

STOHR ET AL.

imaging with fluorescence quenching microscopy.
This technique was applied to imaging graphene on
top of a YAG crystal shallow implanted with Pr3™,
resulting in lateral resolution below 30 nm. Further-
more, a Forster radius of 11.8 & 1 nm is extracted from
the lifetime of partially quenched emitters. While here,
graphene was imaged on top of an implanted crystal;
the same technique can be applied to graphene
covered by a thin film of a fluorescent dye such as
rhodamine. In addition, instead of using a STED-like
technique for super-resolution imaging, other meth-
ods such as photoactivated localization microscopy
(PALM) or stochastic optical reconstruction micro-
scopy (STORM) can be used, which would allow for
wide-field imaging rather than point-by-point raster
scanning. This would increase the imaging through-
put dramatically. Furthermore, increasing the reso-
lution further to below 10 nm might allow directly
measuring the quenching radius from the width of
the step between the graphene and the bare sub-
strate. Finally, by functionalizing an AFM tip with a
fluorescent dye, FQM can be incorporated into a
scanning-probe technique. This would offer a variety
of metrological applications such as probing local
density of states.

was filtered spectrally with a 450 nm short-pass filter and sent
onto a UV-sensitive single-photon-counting photomultiplier
tube.
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