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Ultrafast optical modulation of the fluorescence
from a single-photon emitter in silicon carbide
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The quest for the room-temperature optical transistor based on nonlinearities in single atoms or molecules is

attracting a lot of attention. In this work, a single-photon emitter in cubic silicon carbide is verified that can

operate as an optical switch at room temperature under pulsed green laser illumination with a near-infrared
pulsed laser as the control gate. We demonstrated an ultrafast and reversible optical modulation with a high
photoluminescence intensity suppression ratio up to 97.9% and a response time as short as 287.9 & 5.7 ps.
The current development provides insights for high-precision and ultrafast optical switches, with possibilities

for integration with emerging electronic installations to realize more intelligent photoelectric integrated

devices. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.517734

1. INTRODUCTION

The photonic transistor, which is the photonic counterpart of
the electronic transistor, has many useful applications in optical
communication [1], computing [2], and quantum information
processing [3]. The quest for the optical switching and ampli-
fication promotes the development of optical transistors based
on nanoscale objects, such as nanotubes, molecules, or atoms
[4-7]. In an optical transistor, the propagation of the optical
“signal” field is controlled by an optical “gate” field via nonlin-
ear optical interaction [5]. As far as the single-photon source is
concerned, the propagation of the signal is controlled by the
presence or absence of a single photon in the gate field [5].
The requisite single-photon nonlinearity is generally weak,
which leads to a challenge in application. Future optical com-
munication technologies will ultimately rely on single atoms or
molecules that can control light at the single-photon level since
they have a high intrinsic nonlinearity, enabling to make use of
the quantum nature of light.

Very recently, the single nitrogen-vacancy (NV) center has
been demonstrated to be an optical switch under non-resonant
continuous-wave illumination at room temperature [8], mainly
due to its long-term photostability at room temperature
[9-11]. Simultaneously, stable and efficient light emission with
well-defined properties is always the focus of research with sin-
gle-photon emitters (SPEs) [12]. As a kind of wide bandgap
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semiconductor material with similar physical properties to dia-
mond, silicon carbide (SiC) has recently been employed as an
alternative material in scalable and integrated quantum photon-
ics [13—15]. The color centers in SiC attracts more and more
attention owing to their quantum properties related to single-
photon emission and coherent spin state control [13,16,17].
The ultrafast visible light all-optical switching in 6H-SiC is in-
vestigated with the highest modulation depth reaching 27%
[18]. Besides, as an exceptionally photostable and bright SPE
with excellent performance, its properties have been explored in
recent years [19-23].

In this paper, we demonstrate an ultrafast optical-modula-
tion-based SPE in cubic silicon carbide (3C-SiC) crystal. An
ultrashort green pulsed laser and a strong near-infrared
(NIR) pulsed laser were focused simultaneously on a single-
color center in 3C-SiC crystal. The former served as the photo-
luminescence (PL) excitation source, while the latter was used
to induce PL suppression as a control gate. The fluorescence
intensity suppression ratio reached 97.9% and the response
time was as short as 287.9 5.7 ps. Investigations revealed
the presence of dark states in the energy level of the SPE that
can be optically activated by the NIR laser. As an application of
this PL suppression effect, the supper-resolution microscope
image beyond the diffraction limit was obtained with spatial
resolution of 96.4 nm by applying a similar strategy to the
stimulated emission depletion (STED) microscopy.
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2. MATERIALS AND METHODS

Using a confocal fluorescence scanning microscope system as
shown in Fig. 1, the optical excitation and detection of the
SPE were investigated. As displayed in Fig. 1, the laser source
used here was a dual-output Yb-doped fiber laser with a rep-
etition rate of 20 MHz and a pulse duration of 12.5 ps.
Outputl was at 532 nm and used to excite the defects in the
3C-SiC sample. Output2 was at 1064 nm and used as the sup-
pressing laser beam. Since the two pulsed laser beams were from
the same laser system, additional synchronization was not nec-
essary. Both laser beams were forced to be linearly polarized by
the two Glan prisms (GP1 and GP2) and the polarization di-
rections could be adjusted by the half-waveplates (HWP1 and
HWP2). A compact motorized translation stage (KMTS25E/
M, Thorlabs) was used to vary the delay time Az between the
green and the NIR pulses. The green beam was focused on a
piece of SiC crystal by an oil-immersion microscope objective
(x100, N.A. = 1.40, oil immersion, Olympus UPlanSApo,
Obj). The sample crystal was thermally annealed in the air
at 800°C for 10 min. Collected by the same objective lens,
the PL from the sample was spatially filtered by a telescope with
a 30 pm pinhole and guided to the detection channel. The PL
signal was then either detected by a silicon avalanche-photo-
diode-based single-photon counting detector (APD, Perkin
Elmer, SPCM-AQR-14) or steered with a flip mirror (FM) to
a spectrograph (ANDOR, 500i) for spectral analysis. Two de-
tectors and a time-correlated single-photon counter (TCSPC)
composed a Hanbury-Brown and Twiss setup to measure the
time-correlation properties of the SPE and identify the unity of
the optically active point defects. The NIR beam was aligned to
overlap the green beam by the dichroic mirrors (DM1, DM2).
The PL spectrum that could be detected covered from 580 to
960 nm due to the cutting edge of the DMs.
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Fig. 1. Experimental secup. M1—4: mirrors; 850SP: short-pass filter
cutting off at 850 nm; GP1, 2: Glan prisms; HWP1-3: half-wave-
plates; DM1: dichroic mirror reflecting the laser of 532 nm and pass-
ing the fluorescence longer than 580 nm; DM2: dichroic mirror
reflecting the laser of 1064 nm and passing the fluorescence shorter
than 980 nm; 1064LP: long-pass filter cutting off at 1064 nm;
Obj: microscope objective lens; S: sample; L1-4: focusing lenses;
PH: pinhole; 545LP: long-pass filter cutting off at 545 nm; PBS: po-
larized beam splitter; FM: flip mirror; APD1, 2: Si-avalanche photo-
diode single-photon detectors; TCSPC: time-correlated single-photon
counter.

3. RESULTS AND DISCUSSION

A. Effect of NIR Laser lllumination
The 3C-SiC bulk crystal sample containing color centers was
placed on the piezoelectric ceramics transducer. The PL signal
from the emitters was recorded under the pulsed green laser ex-
citation while scanning. Figure 2(a) displays a 2 pm x 2 pm
confocal PL scanning image of the sample in x x y dimension,
where a bright fluorescent spot can be observed. The room-
temperature PL spectrum of this emitter under green laser ex-
citation was obtained as shown in Fig. 2(b). According to the
similar PL spectrum and lifetime reported in Ref. [24], we
believe that the defects we studied here are oxidation-related de-
fects in SiC resulting from annealing in an oxygen atmosphere
[25]. The inset of Fig. 2(b) verifies the single-photon source
nature of the color center by the photon anti-correlation with
£%(0) = 0.11. Most of the fluorescent points in the sample
showed similar spectra and contained only one emitter generally.
The polarization properties can provide a demonstration of
the electric dipole orientation of SPE. The excitation polariza-
tion direction of the green laser was tuned by rotating HWP1
and the total PL intensity was recorded as shown by the
green dots in Fig. 2(c). The linear polarization contrast V'
up to 93.1% was obtained by fitting the experimental data
according to

I =1y(14V cos Ap). (1)

Then, the emission polarization was studied by rotating
HWP3 while fixing the green laser polarization direction at
90° for the maximum PL intensity. The PL intensity was re-
corded by APD1 behind the PBS. As shown by blue circles in
Fig. 2(c), the PL intensity varied from 2 to 59 kilo-counts per
second (keps). The polarization contrast V' of the emission was
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Fig. 2. (a) PL scan image in x x y dimension of the SPE when ex-
cited by the green laser. Inset: suppressed PL scan image of the SPE in
the same region by adding the NIR laser. Note that the two images
share the same intensity color bar. (b) PL spectra of the SPE pumped
with only the green laser, with additional low-power NIR laser, and
with high-power NIR laser. Inset: SPE PL photon-correlation.
(c) Excitation polarization, emission polarization, and suppression
polarization; (d) SPE PL intensity under simultaneous green and
NIR excitations as a function of both green and NIR laser powers.
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90.0% according to Eq. (1), illustrating that the SPE’s PL was
linearly polarized [26]. As the linear polarization contrasts of
both the excitation and the emission are greater than 90%,
we believe that the SPE had a single polarization, which is
the characteristic of a single linearly polarized dipole transition.
Additionally, the deviation between the measured emission and
excitation dipole orientation of the SPE was only about 6°, sug-
gesting that the absorption and the emission dipoles of this
emitter were nearly parallel [27].

The effect of the NIR laser irradiation on the fluorescence of
SPE was studied under a constant green laser with an average
power of 45 pW. The signal-to-background ratio was 12.3:1.
The inset of Fig. 2(a) is the scan image of the same SPE when
we added the NIR pulsed laser beam with an average power of
33 mW. The image shows that the fluorescence from the SPE
was completely suppressed, only leaving an unknown back-
ground with an intensity of 2.4 keps that could be caused by
other substrate impurities within the laser focus spot. When the
NIR beam was added, the PL intensity dropped from 57.8 to
1.2 keps. Meanwhile, the background also decreased from 4.7
to 2.4 keps, leading to a signal-to-background ratio of 1:2. We
measured the PL spectra of the SPE with two different NIR
laser intensities as displayed in Fig. 2(b). When the average
power of the NIR laser was about 0.55 mW, the PL spectrum
showed the same spectral profile as the one excited by the green
laser alone. When the NIR laser power was increased to
33 mW, the PL spectrum almost disappeared.

Regarding the polarization study, it was found that the
polarization direction of the NIR laser affected the PL suppres-
sion efficiency. To demonstrate that, we did not choose the
highest NIR power so the suppression was not expected to
reach saturation. Instead, the NIR power was maintained at
0.55 mW to keep the suppression in the linear dynamic range.
By tuning the polarization direction of the NIR laser with
HWP2, the total PL intensity varied as shown in Fig. 2(c).
The weakest suppression happened when the polarization di-
rection of the NIR laser was almost parallel to that of the PL
and the strongest suppression was observed at the perpendicular
direction, indicating that the NIR laser interacted with a differ-
ent energy level from those to produce PL.

Figure 2(d) displays the PL intensity variation as a function
of the average power of both NIR (logarithmic scale) and green
(linear scale) lasers. A smooth transition between these effects
was observed in the same SPE with a nonmonotonic behavior
as a function of both the green and NIR laser powers. The PL
intensity increased with the green laser power until it was sa-
turated. When the NIR laser was added, there was a gradual
decrease in the PL intensity with the increase of the NIR laser
power no matter whether the PL intensity was saturated or not.
When the average power of the green laser was 45 pW and that
of the NIR laser was 33 mW, corresponding to a peak power of
0.18 W and 132 W, respectively, the PL intensity was 57.8 kcps
with only the green excitation and dropped to 1.2 keps with the
NIR laser suppression, resulting in the highest PL intensity sup-
pression ratio of 97.9%.

We further investigated the suppression effect of the NIR
laser on the PL emission lifetime by altering the delay time be-
tween the green laser and the NIR laser. The TCSPC was used
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here to record the PL decay by taking the laser pulse as the
trigger signal. With the green laser excitation, the PL intensity
decayed exponentially with a radiative lifetime of 2.1 ns as
shown by the green curve in Fig. 3(a). This short emission life-
time enables the SPE to emit single photons at a high repetition
rate. When the NIR laser was added, the PL emission lifetime
varied dependent on the delay time between the green and the
NIR laser. Figure 3(a) displays the evolution of the PL emission
lifetime as a function of the delay time, revealing that the PL
suppression reached the maximum when the two laser pulses
overlapped each other at zero delay. The delay time in the ex-
periment was limited to £200 ps owing to the maximum
length of the motorized translation stage. At negative delay
time, i.e., the NIR laser was ahead of the green laser, the PL
lifetime decay curve remained almost unchanged but the inten-
sity decreased. However, at positive delay time, i.e., the green
laser was ahead of the NIR laser, the shape of the PL lifetime
decay curve underwent a significant change. The PL lifetime
fell in half to be about 1 ns. The intensity decreased as well.
To explain this change in the PL emission lifetime, a model
involving four energy levels as shown in Fig. 3(b) is proposed.
There is an excited state E and a ground state A, as well as two
dark states (D1 and D2). At positive delay time, when the green
pulse arrives before the NIR one, the emitter will be excited first
to state E and the PL is switched off on the time-scale of the
laser pulse since the emitter in the state E is excited to the dark
state D2 by the subsequent NIR laser pulse. Different from the
mechanism mentioned above, when the NIR pulse arrives ear-
lier, the emitter is excited to the dark state D1 from the ground
state A, leading to a lower probability of being excited to the
state E, which makes the PL intensity decrease. Additionally,
the shape of the PL lifetime decay curve at negative delays
was the same as the original one, indicating that the radiation
path of the emitter may be identical, and the dark state D1 is
not excited. Due to the spectral cutting edges of the dichroic
mirrors in the experimental setup, the spectrum shorter than
580 nm or longer than 960 nm could not be detected in the
current experiment, making it difficult to determine whether
the radiation from D1 or D2 is a non-radiative decay.

In order to investigate the NIR laser suppression response
time, we complementally considered the photo-dynamics of
the SPE. Since the delay line was not long enough to cover
the whole suppression response time, we replaced the green
pulsed laser by a continuous-wave one. A very fast intense sup-
pression could be observed when the NIR laser illuminated,
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Fig. 3. (a) Evolution of the PL emission lifetime as a function of the
delay between the green and the NIR laser pulses; (b) concept diagram
of energy levels of an optical switch based on the SPE in 3C-SiC.
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followed by slower relaxation to a steady state in the opposite
direction proving the optical modulation is reversible. To elimi-
nate the impact of the instrument itself, the original data were
deconvoluted with the instrument response function (IRF) of
our experimental setup, and the deconvoluted suppression re-
sponse is shown in Fig. 4. The IRF was recorded as the TCSPC
photon counting histogram of the green pulsed laser, using the
laser pulse synchronization signal as the trigger and the APD
output as the stop signal. Then the deconvoluted suppression
response time was analyzed in two parts. Firstly, the falling edge
of the suppression curve was fitted according to

[() = C exp (- %) Gy 2

where C and Cj are the fitting parameters and 7, denotes the
response time. The response time was 287.9 £ 5.7 ps, indicat-
ing that the suppression effect occurs within the range of pulse
durations at a characteristic time much shorter than the instru-
mental response time. Then, the rising edge was fitted, showing
a recovery time of 2.01 = 0.05 ns, which may be the lifetime of
dark state D2. The suppression response curve confirmed the
energy levels involved in this optical switch.

In recent years, the optical switch based on the single NV
center at room temperature is demonstrated under non-reso-
nant continuous-wave illumination [8]. According to the latest
report, the PL suppression in the NV center is attributed to the
charge state conversion [28]. Multicolor illumination can raise
the steady-state population of the negative charge state of the
NV above 90% in specific regimes [29]. However, the optical
switching response time of the NV center is about 100 ns,
which was limited by the average PL lifetime of the NV center
of about 12.3 ns [30]. Here, in our experiment, the measured
PL lifetime of the SPE based on the defects in 3C-SiC was
around 2.1 ns. Therefore, the emission process is much faster
than that of NV centers in diamond. By exciting the SPE with a
picosecond green pulsed laser and suppressing the PL with
another picosecond NIR pulsed laser, the optical switching
response time was measured to be as short as 287.9 ps, prom-
ising a high-speed optical switch at single-photon level. The
high quality of the quantum emission and the prominent
single-photon nature of the defects in 3C-SiC provide more
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Fig. 4. Deconvolution of the PL response to the NIR laser pulse
when pumped with a continuous-wave green laser, and fitting curves
of rising and falling edges by the single exponential function. The inset
is a schematic of the corresponding pulse sequence.

potential applications in quantum technologies and hybrid
optomechanics.

B. Application in Super-Resolution Imaging

The ultrafast reversible optical switch has significant applica-
tions in future quantum information processing devices, such
as high-efficiency quantum memories [31], single-photon tran-
sistors [4], and single-photon gates [32]. Besides, as the NIR
laser can suppress the PL of the SPE, it is possible to be em-
ployed in the super-resolution imaging using a similar strategy
to STED. In our experiment, the NIR laser was used as the so-
called STED beam. A vortex retarder was inserted in the NIR
laser beam, which was used to generate the STED donut-
shaped profile keeping the STED intensity nearly zero in
the center of the focal spot and preserving the PL. The
Gaussian-shaped green laser was the excitation beam superim-
posing on the doughnut-shaped NIR beam. The PL scan image
of the SPE in x x y dimension pumped with only the pulsed
green laser is illustrated in Fig. 5(a). Figure 5(b) shows the in-
tensity plot along the dashed line in Fig. 5(a). A Gaussian fit-
ting (red line) provides the spatial resolution of the microscope
to be about 329.4 nm. By adding the doughnut-shaped NIR
beam, a supper-resolution image beyond the diffraction limit
was obtained as shown in Fig. 5(c). And a Gaussian fitting
of the intensity profile in Fig. 5(d) gives a resolution of
96.4 nm when the NIR laser was at its maximum power of
33 mW, which is of about 3.4 times resolution improvement
over that in Fig. 5(b). Due to imperfections of the vortex
retarder, the non-symmetrical donut illumination resulted in
an elliptical shape of the spot.

In the STED super-resolution microscope, the minimal
resolving distance scales inversely with the square root of the
saturation level (of STED), which is established as a law in
the far-field optical microscopy resolution, extending Abbe’s
resolution equation [33]. The FWHM of the Gaussian fitting
is approximated by a Taylor series to the second order as

Ar=0.451/[n sin a x (1 4+ ¢)'/?], )

where ¢ is defined as the ratio of the maximum intensity /grgp
to the excitation saturation laser intensity /. And the latter is
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Fig. 5. (a) PL scan image in x x y dimension excited with only the
green pulsed laser; (b) intensity profile along the dashed line in (a);
(c) STED PL scan image in x x y dimension by adding the NIR laser
donut depletion beam; (d) intensity profile along the dashed line in (c);
(e) STED microscope resolution as a function of the NIR power. Error
bars indicate the standard deviation in the Gaussian fitting.
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defined by the PL lifetime of the sample and the absorption
cross-section of the depletion beam (7, = hc/Aro). A and
n sin @ represent the wavelength of the STED beam and
the numerical aperture of the objective microscope lens, respec-
tively [34]. Figure 5(e) indicates the enhancement of the res-
olution with the increase of the NIR beam power. The red line
is the fitting according to Eq. (3). In our experiment, at the
maximum NIR power of 33 mW, the highest resolution of
about 96.4 nm was obtained, very close to the limit value.
Theoretically, the spatial resolution can be improved unlimit-
edly by increasing the depletion laser power. The gain in the
resolution is moderate since the depletion laser intensity at
the doughnut beam center is not ideally zero. In the meantime,
increasing the depletion laser power will decrease the contrast of
the image and the symmetry of the spot shape.

4. CONCLUSION

It is demonstrated that when the high-power picosecond NIR
pulsed laser and the green pulsed laser were simultaneously il-
luminated on the room-temperature SPE in bulk 3C-SiC crys-
tals, reversible and ultrafast PL suppression was achieved with a
highest efficiency of 97.9%. This effect was maximal when the
NIR pulse and the green pulse arrived simultaneously onto
the SPE. We proposed that the observed PL suppression under
the NIR pulsed illumination resulted from the presence of dark
bands that can be optically activated with the NIR laser. The
modulation has an ultrafast suppressive response time as short
as 287.9 £ 5.7 ps, supporting the development of an ultrafast
optical switch. Our experiment has implemented the nonlinear
effects at the single-photon level, which is highly desirable as it
can drive the power consumption of all-optical switches, optical
modulators, and optical transistors to their fundamental limit
[35]. Furthermore, it can offer unique applications for optical
quantum control and new paradigms for optical computing,
optical communications, and metrology [36,37].
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