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Direct Light-Driven Modulation of Luminescence from Mn-Doped

ZnSe Quantum Dots**
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Quantum dot (QD) nanocrystals remain at the forefront of
fluorescence microscopy as they have the advantages of
enhanced photostability, high quantum yield, and macro-
molecular size."*! Furthermore, the ability to tune the QD
fluorescence, either by changing their size!! or by doping,
allows for multiplexed imaging. The range of applications
extends well beyond the realm of microscopy: QDs may also
play a major role in developing novel photonic devices
including lasers, light-emitting diodes, and displays.”!

Despite significant advancements in nanocrystal research,
the inability to directly modulate the fluorescence from QDs
has precluded their implementation in several areas. In
particular, emerging far-field diffraction-unlimited micro-
scopy techniques® uniquely benefit from the capability to
reversibly modulate/switch fluorescent ensembles from a
bright “on” state to a dark “off” state. This activation must
occur as a response to optical stimuli which do not contain
spectral components within the excitation kernel of the
fluorescent markers. With the need for optical control over
QD fluorescence, indirect methods have been conceived by
using hybrid QD structures®'! that incorporate a photo-
chromic activator/quencher. Although the concept has been
clearly established, hybrid QD structures suffer from inherent
drawbacks, such as inadequate photostability, limited fluo-
rescence quenching, and sensitivity to local environment/
solvent.

Herein we report on the direct light-driven modulation of
QD fluorescence. The mechanism for the fluorescence
modulation relies only on internal electronic transitions
within Mn-doped ZnSe quantum dots (Mn-QDs). It is
demonstrated that the fluorescence of the QD can be
reversibly depleted with efficiencies of over 90% by using
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continuous-wave optical intensities of approximately
1.9 MW cm 2. Time-domain measurements during the modu-
lation indicate that the number of fluorescent on—off cycles
exceeds 10° before a significant reduction in the fluorescence
quantum efficiency occurs. Such robust nanometric probes
having remotely controllable optical transitions are useful in
many areas of research, particularly in far-field nanoscopy
based on reversible saturable or switchable optical fluores-
cence transitions (RESOLFT).®! Consequently, we show that
implementation of Mn-QDs for imaging leads to an increase
in the resolution by a factor of 4.4 over that of confocal
microscopy.

A schematic diagram of the electronic transitions involved
in light-modulated fluorescence from Mn-QDs is shown in
Figure 1a. Initially, electrons are photoexcited from the
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Figure 1. a) Schematic diagram of the electronic transitions involved in
modulating fluorescence from Mn-QDs. Initially, electrons are pumped
(kexe) from the valence band (VB) to the conduction band (CB) of the
ZnSe host, and are subsequently transferred to the *T, level of the
Mn*" dopant. Here, the electrons can relax radiatively (kg,.) to the °A;
level; however, they can also be pumped (k..q) to higher levels through
excited-state absorption (ESA) from the “T, state. b) Absorption (solid
blue line), emission (dotted orange line), and ESA spectra (red line
and circles, right vertical scale) of the Mn-QDs. The locations of the
excitation and modulation wavelengths in the spectra are also indi-
cated with green vertical arrows.

valence band to the conduction band of the ZnSe semi-
conductor host. Within a short time (picosecond time-
scalel™¥), the excited electrons are transferred to the *T,
upper florescent state of the Mn*" ion and decay radiatively to
the °A, state within a measured fluorescence lifetime of 7y,
~90 ps (see the Supporting Information). Generally speak-
ing, direct modulation of the fluorescence requires active
control over a process that competes with spontaneous
emission. In the case of doped semiconductors and glasses,
excited-state absorption (ESA) can occur from the upper
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fluorescent level of the impurity ion to higher lying states
within either the dopant or the conduction band of the host
material. Depending on the specific density of states above
*T,, red-shifted light (with respect to the excitation) can be
used to invoke the ESA mechanism to selectively pump
electrons out of the “T, state and inhibit spontaneous
fluorescence emission, while avoiding further excitation
from the ZnSe host.

The room-temperature absorption and photoluminescent
spectra of the Mn-QDs are shown in Figure 1b. Absorption
from the ZnSe host is clearly observed, with the first exciton
band occurring at a wavelength of about 400 nm. Fluorescent
emission is centered at a wavelength of 580 nm with a full-
width at half-maximum value of approximately 50 nm, which
is a hallmark of the *T,—°A, transition of the Mn>" dopant.™
Measurement of the ESA spectrum of the Mn-QDs was
carried out using an experimental arrangement described
elsewhere.['”! Briefly, absorption from the excited state was
quantified by phase-sensitive lock-in measurements, in which
a white-light probe passing through a solution of the Mn-QDs
experienced a spectrally-dependent transient absorption that
was directly correlated with the chopped excitation beam.
The results of this measurement are shown in Figure 1b,
where it is observed that the ESA spectrum spans a large
portion of the visible window. Similar results have also been
obtained for bulk Mn-doped ZnSe!"! and Co-doped ZnSe.["”
Other glasses doped with rare-earth elements!'® also show
broadband impurity-host transitions that exhibit a large
dependence on the particular host material. Thus, an inten-
sity-dependent loss channel that competes directly with the
fluorescent emission can be introduced to efficiently modu-
late the luminescence originating from the *T;—°A, transi-
tion.

Experimentally, the spectroscopic criteria for fluores-
cence imaging of the Mn-QDs are fulfilled using collinear
laser sources at 1., = 440 nm and 4,,,, = 676 nm for excitation
and modulation, respectively. Radiation from the two sources
is coupled into a scanning confocal microscope, and their
corresponding intensities /.. and /.4 are controlled by using
acoustooptic tunable filters. The extended lifetime (ca. 90 ps)
of the “T,—%A, transition of the Mn** ion limits the number of
excitation—emission sequences a single Mn-QD can perform
within a given time frame. Thus, the fluorescent photon
emission rate is lifetime-limited, thereby challenging optical
imaging of single isolated Mn-QDs. As an alternative, multi-
QD ensembles were prepared on a glass coverslip to reach
adequate fluorescence intensity levels (I,,). Atomic force
microscopy studies on the Mn-QD ensembles indicate a large
distribution of sizes that range from 20 to 300 nm.

Confocal images of the ensembles are shown in Figure 2a
for I, =50Wcm™? and I,,,=9MWcm™>. Here, I,,, was
toggled with every tenth scan step along the x axis, which
resulted in dark lines along the vertical direction where the
fluorescence was selectively inhibited. This emphasizes the
degree of optical control over the QD luminescence as well as
its reversible nature. Measurement of the degree of fluores-
cence inhibition was carried out through acquisition of several
of confocal images of Mn-QDs for various values of I,
Results of this experiment are illustrated in Figure 2b in
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Figure 2. a) Confocal images of Mn-QD ensembles. Dark lines along
the y direction demonstrate the capability to actively and reversibly
control fluorescence emitted from solid-state nanocrystals. Intensities
of I, =50Wcm 2 and | 9 MWcm™2 were utilized. A line section
through the confocal image shows the fluorescence response and the
high efficiency of modulation (red) overlaid with a similar line cut
(blue) through the corresponding image having I,,.,q =0 (not shown).
b) Depletion curve indicating the normalized residual fluorescence ¢
as a function of modulation intensity /,,o4. At l,.q=1.9 MWcm ™2, the
fluorescence level is reduced to 10% of its original value. The
logarithmic representation (inset) indicates a multiexponential fluores-
cence depletion process. A triple exponential has been fitted to the
data and has characteristic decay constants of 0.043, 0.52, and

3.22 MWcm™?, each of which have been illustrated by a solid line.

mod —

terms of the residual fluorescence &= I,,(Inoa)/Tnuo(0) as a
function of [, The effectiveness of the fluorescence
inhibition process is clear, as ¢ <10% can be achieved for
Ioa=1.9 MWcm™2 The inset of Figure 2b contains a loga-
rithmic plot of the fluorescence depletion and reveals the
existence of multiple depletion channels, which is consistent
with the large density of states above *T, provided by the
ZnSe conduction band as well as the upper manifold of the
Mn** impurity.!”?)

Depending on the nonradiative decay across the ZnSe
bandgap, it is possible that electrons which are momentarily
shelved above the *T; state by I, are allowed to cycle
between the conduction band of the host and the *T,
fluorescent state of the Mn®" dopant. The degree of cycling
can be readily ascertained by comparing the ESA cross-
section (0ggs) determined directly from transient absorption
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measurements (Figure 1b) with the net ESA cross-section
calculated from the fluorescence depletion curve (Figure 2b).
The net cross-section for ESA ({gss) for raising electrons
from the “T) state to the conduction band of the ZnSe host can
be determined from the competition between the fluores-
cence decay rate kg, and ESA-induced pump rate k4. Given
that k.04 = Cpsa Imoa and Ky = 1/7440, the value of Cgga can be
calculated from the fact that the condition k4= kg, 1S
satisfied at e =50%. Thus, a value of &gp =2.1x 1072 cm? is
estimated, which compares well with the value of opgy = 6.1 x
107 cm? (at 676 nm) shown in Figure 1b and those deter-
mined previously for other Mn?* ion/host systems.'! The fact
that Cgga and oggs have the same order of magnitude indicates
that a significant amount of electronic cycling does not occur.
Furthermore, no up-converted emission from the terminal
states of the ESA transition could be detected in the spectral
region between 420 and 1100 nm. Based on this evidence, it is
concluded that nonradiative transitions dominate electron
relaxation to the valence band during fluorescence depletion.

To ascertain the modulation photostability of Mn-QDs,
the excitation and modulation beams were focused on an
isolated ensemble, without scanning, and the modulation
beam was interrupted at a frequency of 25 Hz. The resultant
time-domain fluorescence signal is shown in Figure 3, which
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Figure 3. Temporal fluorescent response from a Mn-QD ensemble
under conditions of steady-state excitation at 100 Wcm™2 and transient
depletion at I,,,g=1.9 MWcm™, in which I is interrupted at a
frequency of 25 Hz. Fluorescent modulation persists for nearly 40 sec-
onds (ca. 10° cycles) before the cluster photobleaches significantly.
Several smaller panels illustrate the digital-like switching over time-
scales comparable to the modulation period.

provides clear evidence of the robustness of the ESA-
mediated fluorescence-inhibition process. Continuous excita-
tion and depletion of the fluorescence persists for nearly
40 seconds before the quantum efficiency degrades substan-
tially as a result of photobleaching. Within this measurement
time frame, the single Mn-QD cluster undergoes on average
10° fluorescence modulation cycles.

Efficient switching and stable on—off modulation are
highly desirable attributes for advanced microscopy tech-
niques. A primary example for which the Mn-QDs are suited
is RESOLFT imaging,*!! which relies on reversibly photo-
switchable luminescent compounds to achieve optical reso-
lutions below the diffraction limit.’? This resolution is here
realized in a two-beam scanning confocal arrangement: one
laser source was used to excite the photomarkers, while
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another spatially overlapped beam featuring an intensity
null®! selectively inhibited fluorescence everywhere except
regions near the null. In this particular case, the resulting
intensity distribution features a zero line in the focal plane,
where the fluorescence is effectively “squeezed” along one
axis that is perpendicular to the zero line (see the Supporting
Information).

A reference confocal image of clusters of Mn-QDs is
shown in Figure 4b. Several isolated clusters are present and
exhibit diffraction-limited full-width at half maximum values
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Figure 4. Image acquired using the RESOLFT technique (a), which has
a clear improvement in resolution along the y direction in comparison
to the purely confocal counterpart (b). The insets illustrate the effective
PSFs of the excitation and modulation beams: a) excitation overlapped
with the inhibition beam and b) only excitation. Richardson—Lucy
deconvolution was applied to (a) and the result is shown (c). For
comparison, a one-dimensional line section (indicated by a yellow
dashed line) through a representative RESOLFT PSF (a) and its
diffraction-limited counterpart (b) are plotted separately in panel (d).
The enhanced resolution is clear, as the 200-nm diffraction-limited PSF
is effectively reduced to 45 nm. A similar section from (c) as well as its
corresponding deconvoluted confocal counterpart (not shown) are
illustrated in (e), which reveals that structures separated by 85 nm can
be distinguished using RESOLFT, which otherwise appear as a single
peak in the confocal reference spectrum.

of 200 nm. Larger features are also present, as indicated by
their relative brightness, although no information can be
obtained regarding the substructure. RESOLFT images of the
same region are shown in Figure 4a. Whereas single isolated
clusters appear as nearly spherically symmetric intensity
distributions in the confocal image, the corresponding point-
spread functions (PSFs) in the RESOLFT image have been
substantially reduced along the yaxis by the spatially
structured modulation beam.
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A cross-section through a representative PSF is shown in
Figure 4d, which has a full-width at half-maximum value of
45 nm; a factor of 4.4 improvement over the corresponding
confocal PSFs and nearly a factor of 10 smaller than the A,
value. The size of the PSFs can be compared with the
theoretical resolution determined by Equation (1):®

Ar = A

B 2nsin(@) /T + I/ T Y

where n is the index, a is the aperture angle of the
objective, and A and I, are the wavelength and maximum
intensity of the modulation beam, respectively. Here I is
defined as the depletion intensity required to reduce the
fluorescence to one half of the original value, which is
determined from Figure 2b to be I,=0.1 MWcm™ Given a
local intensity of I,,,=2.5 MWcm™, as well as n=1.5 and
a=60°, the value of Ar can be calculated to be 51 nm, which
compares well with the measured value of 45 nm. Nonlinear
deconvolution of the RESOLFT image results in the data
shown in Figure 4c, where clear subdiffraction structure
becomes apparent. Resolving such features was only possible
after significantly expanding the optical transfer function of
the microscope by optical modulation. Clear evidence of this
is also shown in Figure 4e. Two clusters separated by 85 nm
can be clearly distinguished in the RESOLFT image, but
appear as a single peak within the corresponding confocal
scan.

In conclusion we have demonstrated the reversible and
wavelength-selective optical modulation of fluorescence from
Mn’"-doped ZnSe quantum dots. This process relies on
excited-state absorption and its direct control of quantum dot
fluorescence by light. Experiments demonstrate that all
optical-switching efficiencies above 90% can be achieved
using continuous-wave laser sources operating near 1 mW.
The ability to invoke the fluorescence modulation using
continuous-wave radiation, as well the advanced on-off
photostability afforded by quantum nanocrystals, opens new
avenues of research and application of optically activated
quantum dots. As a primary example, Mn-QDs can be
implemented for nanoscale imaging. This highlights the
relevance of these photoswitchable QDs to contemporary
nanoscopy as well as to other future applications, such as
biological assays that require the stability afforded of
quantum dots and the direct control of their fluorescence
capability by light. Last but not least, we have described yet
another optical microscopy modality that exploits bright and
dark states of a (fluorescent) marker to break the diffraction
barrier,*?? thus underscoring the general nature of this
strategy.

Experimental Section

Quasicontinuous excitation of the Mn-doped quantum dots (NN-
Labs, Fayetteville, AR) was achieved using a high-repetition rate laser
diode source (PicoQuant, Berlin, Germany) at a wavelength of A.,. =
440 nm, which had an interpulse dwell time (200 ns) much shorter

than the lifetime of the Mn-doped quantum dots (ca.90 us).
Fluorescence depletion at A,,,; =676 nm was accomplished using a
continuous-wave Ar-Kr laser (Spectra Physics-Division of Newport
Corporation, Irvine, CA). The excitation and modulation beams were
combined using acoustooptic tunable filters (Crystal Technologies,
Palo Alto, CA) and coupled into a stage-scanning confocal micro-
scope. Collected fluorescence passed through an additional band-pass
filter (40 nm band-pass centered at 580 nm, AHF Analysentechnik,
Tiibingen, Germany) and was detected with a photon-counting
module (SPCM-AQR-13-FC, PerkinElmer, Canada). Two identical
adjacent optical flats were used to provide a 180° phase discontinuity
midway through the modulating beam to generate a beam profile
containing a zero-line for RESOLFT experiments.
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