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Three-level spaser for next-generation
luminescent nanoprobe

Pei Song*, Jian-Hua Wang*, Miao Zhang, Fan Yang, Hai-Jie Lu, Bin Kang®,
Jing-Juan Xu®, Hong-Yuan Chen®

The development of modern biological and medical science highly depends on advanced luminescent probes. Cur-
rent probes typically have wide emission spectra of 30 to 100 nm, which limits the number of resolvable colors that
are simultaneously labeled on samples. Spasers, the abbreviation for surface plasmon lasers, have ultranarrow las-
ing spectra by stimulated light amplification in the plasmon nanocavity. However, high threshold (>10° mJ cm™)
and short lasing lifetime (approximately picoseconds to nanoseconds) still remain obstacles for current two-level
spaser systems. We demonstrated a new type of a three-level spaser using triplet-state electrons. By prolonging the
upper state lifetime and controlling the energy transfer, high gain compensation was generated. This probe, named
delayed spasing dots (dsDs), about 50 to 60 nm in size, exhibited a spectral linewidth of ~3 nm, an ultralow threshold
of ~1 mJcm™2, and a delayed lasing lifetime of ~107 ps. As the first experimental realization of the three-level spaser
system, our results suggested a general strategy to tune the spasing threshold and dynamics by engineering the
energy level of the gain medium and the energy transfer process. These dsDs have the potential to become new-
generation luminescent probes for super-multiplex biological analysis without disturbance from short lifetime
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background emission.

INTRODUCTION

Application of luminescent probes, including fluorescent dyes and pro-
teins (1, 2), semiconductor nanocrystals (that is, quantum dots) (2, 3),
upconversion nanoparticles (4, 5), and bioluminescent molecules (6),
has created incalculable value in the fields of biological science, medical
science, and chemical industry (7). In past decades, scientists have never
stopped seeking new probes with novel luminescent properties. One
goal is to narrow down the emission spectra. Typically, fluorescent dyes
and proteins exhibit broad emission spectra of about 50 to 100 nm (I, 2),
and semiconductor and upconversion nanoparticles have narrower
spectra, but still in the range of 30 to 50 nm (3-5). The broad spectra
largely limit the number of resolvable colors, typically four to five at
most, that are simultaneously labeled on the sample. Another goal is
to engineer the emission lifetime (8, 9). Probes with relative long life-
times could remarkably avoid the background, because most back-
ground emission from endogenous molecules in the cell or tissue
decays in nanoseconds (10).

The first goal naturally brings to mind a special emission with ultra-
narrow spectra in the range of ~1 to 2 nm, that is, the stimulated emis-
sion in a laser (11). If the laser size could scale down to nanosize, then
the above problem might be solved and many promising applications
that are seemingly impossible today could be rebooted. Unfortunately,
the physical size of the photonic cavity cannot be smaller than a half-
wavelength in theory (11), and it usually requires several to tens of mi-
crometers in practice to compensate for the loss of light (12-14), which
is obviously too large for biological probes. It is also possible to amplify
light through random light scattering in the gain medium, termed ran-
dom lasing (15-17). Intracellular random microlasing was realized by
injecting special gain materials into cells to form a microresonator (18).
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However, these microresonators were still too large (=4 to 10 um) for
biological labeling.

A promising way to further shrink the laser size is to replace the light
wave in the cavity with the charge density wave, termed surface plasmon
laser or spaser (19, 20). The physical size of a spaser can be down to a few
nanometers, in principle, and the lasing action could be supported by
either propagating or localized surface plasmon (21I). Propagating plas-
mon spasers have been achieved in semiconductors placed on a plasmon
substrate (21-25), which were more like devices, not probes. Spasers
based on localized surface plasmon offer instinctive feedback and make
it possible to build up a stand-alone lasing emitter on single nanoparti-
cles (26, 27). Although the potential of a single-particle spaser was highly
expected in biological applications (28, 29), until now only a couple of
works occurred since the first demonstration in 2009 (28, 30). The main
obstacles are the low Q factor (~15) of the single-particle cavity (26), high
ohmic loss, and short plasmon retention lifetime (femtoseconds to pi-
coseconds) (21). To achieve population inversion and compensate for
the loss, very high pump energy (>10% mJ cm™2) was typically required
(21, 28, 30). This high threshold largely weakens the potentials of its
application as biological probes, especially for living cells. In addition,
because of the short energy retention time in the cavity, this type
of spaser was predicted to emit a short pulse (approximately pico-
seconds to nanoseconds) (21, 26, 30). This short lifetime might be
great for ultrafast optics, but it is terrible for biological probes because
the signals would be mostly masked under the background emission
with a similar lifetime.

Here, inspired by classical laser theory, we demonstrated a new type
of spaser based on a three-level gain system with triplet-state electron
transition, named delayed spasing dots (dsDs). The long lifetime of the
triplet state (~10" to 10° us) provides an orders of magnitude increase on
population inversion probability. In addition, because of the spin forbid-
den transition from the singlet state to the triplet state, loss caused by the
stimulated absorption in the gain medium was almost eliminated. These
two aspects remarkably reduced the pump threshold (~1 mJ cm™2)
compared to previous two-level spaser systems (>10° mJ cm>). Finally,
the lasing action was realized with an ultranarrow emission spectrum
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(~3 nm), alone with a delayed emission dynamics in ~10° ps, which is
orders of magnitude longer than previous two-level spasers (approxi-
mately picoseconds to nanoseconds). Moreover, the process of energy
transfer and the following lasing action was studied by using broadband
time-resolved emission spectroscopy (fig. S1) and transient absorption
spectroscopy.

RESULTS AND DISCUSSION

Scheme 1 shows a three-level spaser, which is composed of a three-
level gain medium and a plasmon cavity. The threshold of a spaser
system has been suggested as (20, 31, 32):

4m®t;, N, — N,
3h '

Q=1 (1)

Vmode

where 1 and 1, are the excited dipole matrix element and relaxation
time, respectively; N; and Nj are the number of quantum emitters on
the upper and lower lasing states, respectively; Q is the mode quality
factor; and Vipoqe is the mode volume. From the above equation, it is
possible to achieve threshold by prolonging the upper state lifetime,
increasing population inversion, shrinking mode volume, and using
a high Q cavity. Many previous works have developed a high Q cavity
(33, 34), yet little attention was focused on the gain medium. For the
single-particle cavity, it did not have much room to improve Q due to
the highly confined plasmon mode (20, 21, 27). However, there are still
many possibilities of engineering the gain system and the energy trans-
fer. It has been theoretically proposed that a three-level gain medium
could remarkably reduce the threshold of the spaser (35); however, a
three-level spaser has not been experimentally realized yet. Here, we
used the triplet excited state to construct a three-level spaser system
(figs. S2 and S3), analogous to the classic three-level laser (11). On
the basis of the calculation results and spectral data, we considered that
the triplet-state T, was used as an upper energy level in our spaser sys-
tem. The small energy gap between T, and the singlet-state S; would
be beneficial for fast intersystem crossing (approximately picoseconds

E——3

Gain Plasmon
E 1 d}_:r
ho_dt

Stimulated energy transfer

to nanoseconds) (36). In addition, because the lifetime of the T, state
(~10" to 10* us) is much longer than that of the S; state (about nano-
seconds) (36), the T, state could store large population of electrons.
The optical amplification depends on the energy transfer between
the excited dipole in the gain medium and the plasmon polariton in
the cavity (31, 37). In the two-level spaser, the energy transfer is bi-
directional, the energy transfer from the gain medium to the cavity gen-
erated gain, and the reverse caused loss. Although previous works have
proposed that plasmon decay in metal dominated the loss (21, 26), some
other works suggested that the dipole-dipole coupled energy transfer
from the plasmon to the surrounding molecules was nonignorable; as
in some case, this energy transfer might fully quench the plasmon polar-
itons (38, 39). Here, we used the spin forbidden transition from the Sy
state to the T, state to block the energy transfer from the plasmon cavity
to the gain medium (36). This combination of long excited state lifetime
and quasi-unidirectional energy transfer finally resulted in a high-efficiency
lasing action.

The schematic structure of the as-prepared dsDs is shown in Fig. 1A.
The dsDs mainly consist of two portions, the inner gold (Au) nanopar-
ticle (yellow core) and the outer dye-doped SiO, shell (green shell),
which act as the plasmon cavity and the gain medium, respectively.
The nanocavity is ~20 nm in diameter, and the average thickness of
the gain layer is ~24 nm [transmission electron microscopy (TEM);
Fig. 1B]. The local light density of the state around the nanocavity
was simulated by finite-difference time-domain (FDTD) solution (Fig.
1C), which visually shows the plasmon resonance mode at 545 nm. The
Au nanoparticles exhibited a relative broad plasmon resonance band
from 470 to 560 nm (Fig. 1D, line 1), with a central wavelength of
~524 nm. The maximum absorption of the gain medium (Fig. 1D,
line 2) is at ~490 nm, and then a A = 488-nm pulse laser was selected
as the pump source. The emission spectrum of the gain medium (Fig. 1D,
line 3) could be reasonably split into two Gaussian peaks, which were
assigned to the §;—S, emission at ~520 nm (Fig. 1D, dot line 4) with
a lifetime of 3.34 ns (Fig. 1E) and to the T,—S, emission at ~540 nm
(Fig. 1D, dot line 5) with a lifetime of 11.47 ps (Fig. 1F). Under pumping
conditions (A = 488 nm, 5- to 7-ns pulse), a lasing peak with a linewidth
of ~3 nm appeared at 545 nm (Fig. 1D, line 6 and inset).
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Scheme 1. Conceptual diagram of the three-level spaser.
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Fig. 1. Demonstration of a three-level spaser. Schematic structure (A), TEM (B),
and FDTD-simulated electric field distribution (C) images of the Au@dye/SiO, nano-
probe [yellow core and green layer in (A) denote the Au core and the outer dye-doped
SiO; layer, respectively]. (D) Plasmon resonance absorption (1), excitation (2), sponta-
neous emission (3), split spontaneous emission S;—S, (4) and T,—S, (5), and stimu-
lated emission (6) curves of the nanoprobe. Inset in (D) is the observed stimulated
emission spectrum of the nanoprobe. Emission lifetime of $;—S, (E) and T,—S, (F)
by using the dye. a.u., arbitrary units; FWHM, full width at half maximum.

We then studied the lasing action under different pump energies
(Fig. 2A) using a Nd:YAG laser with A = 488 nm and 5- to 7-ns pulse
width. A laser beam was delivered through a beam expander and rough-
ly covered a 1-cm” spot area on a 1-cm cuvette. When the pump energy
is below 1 mJ cm™, a wide band of spontaneous emission was observed.
Once the pump energy exceeded a threshold of about 1 mJ cm ™, a nar-
row lasing peak at 545 nm appeared and quickly dominated over the
spontaneous emission (Fig. 2B). Once the lasing action occurred, the
linewidth of the emission spectra immediately shrank from 20 to
40 nm to ~3 nm. Here, the threshold of ~1 mJ cm 2 is about two orders
of magnitude lower than the threshold (>10°> mJ cm ™) of previous two-
level systems (28, 30). As mentioned before, this low threshold could
be attributed to the long lifetime of the triplet state and the quasi-
unidirectional energy transfer from the gain medium to the cavity.
The power intensity under the above threshold is about 10° W cm ™2,
corresponding to a situation of a 1-mW continuous-wave (CW) laser
beam tightly focused on a 1-um spot. This condition could be easily
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achieved under most confocal microscopes and flow cytometers,
which makes it possible to use our dsDs as biological probes
compatible with regular instrumentation. To demonstrate that this
narrow emission line originated from the spasing action that is am-
plified by the plasmon cavity, we performed control experiments at
the experimental condition similar to that of pumping the spasers by
using the gain medium (dye-doped SiO,) without the plasmon cavity
and dye in solution (Figs. 2 and 3 and figs. S4 and S5). As expected,
no spasing peak was observed in both of the above samples (Fig. 2C
and fig. S5A), which indicated the importance of the plasmon cavity
in spasing action. Doping the dyes in SiO, nanoparticles modified
their spectral features. In dye-doped SiO,, spectral broadening from
a single band of about 520 nm to another band of about 540 nm was
observed when pump energy increased from 0.4 to 1.5 mJ cm™? (Fig. 2C).
Emission intensity at both 540 and 520 nm, and their intensity ratio
(Is40 nm/Is20 nm)> reached the maximum at a pump energy of about
1 mJ cm 2, which is close to the pumping threshold of the dsDs spaser
(Fig. 2D). The spectral evolution suggested an accumulation of excited
electrons at the triplet state and a promoted triplet-state emission at
high pump energy. These effects were not seen in pump-dependent
spectra of dye in solution (fig. S5). The reason might be that, in solution,
dye molecules were free of motion and the interaction between mole-
cules was relatively weak, even when the concentration was high.
However, when doping dye molecules into SiO,, the molecular mo-
tion was confined and the interaction between molecules could be
strong at high dope concentration. In the current spaser system, the
accumulation of excited electrons at the triplet state in the gain medi-
um would largely contribute to the population inversion and the final
spasing action.

The spasing mechanism in the spaser was proposed as the energy
transfer from the gain medium to the plasmon cavity and following
optical amplification through coherent plasmon oscillation and feedback
(21, 31). Although the spaser theory has been developed for more
than 10 years (19, 20), and several spaser systems have been realized
(13, 23, 28), the dynamic process of spasing has not been observed yet.
In the current work, we unfolded this process by using a custom-made
broadband time-resolved emission spectroscopy system (Fig. 3 and fig.
S1). At the initial state of pump (pump energy is 1.5 mJ cm ™), a quench
dip of about 545 nm appeared on the emission spectra, which is caused
by the energy transfer from electrons at the triplet state to plasmon po-
laritons. The transfer efficiency is ~90% at 545 nm, and the linewidth of
the quench dip is ~10 nm (Fig. 3A). This indicated a stimulated energy
transfer driven by a large local density of optical state (LDOS) around
nanoparticles (40). The quench dip lasted for about 10 us and began to
emit a narrow lasing peak at 545 nm; the lasing peak reached the max-
imum at 50 to 60 us and then decayed at ~100 to 150 us (Fig. 3B). The
whole duration of the lasing pulse is ~100 ps with a delay time of ~10 ps.
The long lasing retention time suggested a high gain and a low loss, as
expected in our design. These unique lasing dynamics offer vital advan-
tages in biological analysis, that is, the background emission from cells
or tissues could be largely avoided if a time gate was applied on detec-
tion. Time-resolved emission spectral measurement of the gain medium
without the (dye-doped SiO,) plasmon cavity was also performed under
the identical experimental conditions (Fig. 3C). No quench dip or spas-
ing peak was observed, except for a delayed fluorescence (1 = 6.6 uis) at
520 nm and phosphorescence at 540 nm (t = 14.6 ps) (Fig. 3D). Note
that fluorescence emission was not detected here because the temporal
gate (1 ps) used is not fast enough to capture emission with lifetime of
nanoseconds.
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Fig. 2. Ultralow pump threshold of a three-level spaser. (A) Emission spectra of the as-prepared dsDs with the pump energy changing from 0.5 to 1.5 mJ cm™2 (B) The
corresponding FWHM (blue line) and emission intensity (red line) vary with the pump energy. SE, spontaneous emission. (C) Emission spectra of the gain material without plasmon
cavity under pump energy of 0.4 to 1.5 mJ cm™2. (D) Curves of emission intensity at 520 and 540 nm (left) and their ratio (right) with the changing of pump energy.

Our current three-level spaser exhibited two unusual features: ultra-
low pump threshold (~1 mJ cm?) and ultralong lasing retention time
(~10? ps). To better understand the mechanism, we performed a theo-
retical analysis. According to the Fermi’s golden rule, the spontaneous
emission could be enhanced by LDOS by the Purcell factor (41, 42).

_ 3
T ap?

Q A

(22

where Q is the cavity quality factor, Vi,oqe is the mode volume, A is the
resonance wavelength, and 7 is the refractive index of the medium. The
Purcell effect can increase not only spontaneous emission but also stim-
ulated emission. For the spaser based on a single nanoparticle cavity, the
local field density could be increased up to 10° to 10° times due to the
ultrasmall Vo4, and F could easily achieve >107 (31). However, the Q
factor for this kind of cavity is low (~15) due to the three-dimensional
plasmon confinement (26). In addition, because of the fast plasmon de-
cay (approximately picoseconds) in the cavity and the reversible energy
transfer between the gain medium and the cavity, high pump threshold
(>10° mJ cm ) and short lasing pulse (approximately picoseconds to
nanoseconds) were theoretically predicted and experimentally proved
(22, 26). Here, we used a three-level gain and controlled the energy
transfer, but the whole process should be reevaluated. We considered
a three-level gain system with levels <Sp, N>, <T5, N;>, and <S;, N,>,
where N; represents the electron number at each level. Under optical
pumping conditions, the occupation numbers of electrons at each

(2)
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energy level vary according to the rate equations (43-45)

dN, — 1 0Py, N, N,
22 WpNo+E 2 3
dt PN+ hog ot 1 o ®)
dN, N, Ny _ 1 9P, @
dt - 1 T10 hmtr ot

dNg N; N, 1 0Py 1 0P,
UL T R - T WpN, b (5)

dt T10 T20 l’lOJtr ot l’l(JJab ot

Considering that the system reaches a balance, which is described by
dNy/dt = 0. The population can be solved and written as

T21T20 = 1 0Py

N, =——| WpNy+E 6
2 1 + T20 ( pEvo h(Dab ot > ( )

T10T20 — 1 0Py — T 0Py
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Fig. 3. Delayed spasing dynamics. (A) Time-resolved emission spectra of the as-prepared dsDs (temporal resolution, 1 ps). (B) Emission dynamics of gain medium itself (line 1)
and dsDs (line 2) at 545 nm. BG, background. (C) Time-resolved emission spectra of gain material without plasmon cavity. (D) Decay curves of emission intensity at 520 and 540 nm,

corresponding to delayed fluorescence (t = 6.6 ps) and phosphorescence (t = 14.6 ps).
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Fig. 4. Electron transition dynamics. (A) Picosecond transient absorption spectra of the gain material without plasmon cavity. (B) Evolution of transient absorptive signature
of $;—5, (470 nm, T = 21.5 ps) and T,—T, (570 nm, t = 25.3 ps) along with time, corresponding to a fast intersystem crossing. (C) Decay of transient absorption at 430 nm
represents nonradiative relaxation of SiO, (t = 6.8 ps). The dip of about 490 to 530 nm could be attributed to the overlap of ground-state absorption and fluorescence emission.

OD, optical density.

The above equations mean that an external excitation pumps elec-
trons from the S state (Np) to the S; state (N,) at a linear optical pump

rate (Wp) that is proportional to the pump light intensity. E ;.- 95 rep-

resents the nonlinear excitation enhanced by the local field (E), & is the
Planck constant, oy, is the absorption frequency, and Py, is the net po-
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larization resulting from the local field enhanced absorption. After a
short lifetime (1,,), electrons transfer nonradiatively to the T, state

via intersystem crossing. As mentioned above, dye-doped SiO, was used

as the gain medium in the current spaser system. The small energy gap
(AE =90 meV; fig. S3) between singlet and triplet excited states led to
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fast intersystem crossing from the S state to the T, state (15, = 25.3 ps;
Fig. 4) and resulted in the accumulation of excited electrons in the T,
state. The electrons in the T, state can transfer to the S state through a
radiative path (1/1,0) or to the plasmon cavity through dipole-dipole
interaction. E h(}’ % represents the energy transfer enhanced by the
local field (E), o, is the transfer frequency, and Py, is the net polaritons
resulting from the stimulated energy transfer. At low pump power,
the excitation was mainly through WpNy; when the pump power
increased, E (}) 9Py quickly dominated the excitation because a large
local field den51ty (E) can remarkably enhance the light absorption
on dye molecules and promote the excitation. Because the absorp-
tion process is on the femtosecond scale and the intersystem crossing
from S; to T, (1/15) is also fast (1p; = 25.3 ps) (36), under high pump
power, large amount of electrons accumulated in the T, state (N;)
and led to large population inversion. In our current spaser system,
we doped ~4 x 10° dye molecules into the silica shell per particle,
corresponding to a dope intensity of ~0.1/nm?, and the average dis-
tance between dye molecules was estimated to be <3 nm. Under this
condition, dipole-dipole interaction between excited molecular
dipoles inhibited the spontaneous emission (N,/T,9, N1/110) and gen-
erated a collective polariton coupled to the plasmon oscillation. The
coupling between molecular dipole and plasmon polariton resulted
in a high-efficiency (~90%) stimulated energy transfer at 545 nm
with a linewidth of ~10 nm. This value is much narrower than the
linewidth (>50 nm) of absorption spectra from the Au nanoparticles,
which suggested a coherent interaction between the gain medium
and the plasmon cavity. Notably, in the two-level gain system, the
dipole-dipole interaction E ;2 1 gt" caused a reversible energy transfer
between molecular dipole and plasmon polariton. Energy transfer
from the plasmon polariton to the molecular dipole, referred to as
plasmon resonance energy transfer (PRET), might fully quenched
the plasmon oscillation in some cases (38, 39). In our three-level gain
system, the PRET-mediated energy loss from plasmon polarization
to T, electrons was eliminated due to the spin forbidden transition from
the S state to the T, state, and the energy of plasmon oscillation is not
enough to excite S, electrons to the S; state; thus, a quasi-unidirectional
energy transfer from the gain medium to the plasmon cavity was
generated. Finally, the long excited state lifetime and unidirectional
energy transfer resulted in ultralow pump threshold and ultralong
lasing lifetime.

CONCLUSION

In summary, we reported a new type of a luminescent nanoprobe
based on a three-level spaser. This probe, termed dsDs, about 50 to
60 nm in size, exhibited an emission spectrum of ~3 nm, an ultralow
threshold of ~1 mJ cm™, and a delayed lasing lifetime of ~10* us. Our
results suggested that by engineering the energy level of gain materials
and regulating the energy transfer between the gain medium and the
cavity, the optical property of spasers could be tuned. By designing the
energy level of the gain medium and the resonance energy of the plas-
mon cavity, the lasing wavelength was possibly tunable (30, 46). In
addition, a four-level gain system was expected to further reduce the
threshold to realize CW-pumped (11) and electrically pumped spasing
action (47, 48) or to achieve lasing without inversion (49). Although
our current dsDs are still in their infancy, with the above possibilities,
these dsDs open up the way to new-generation luminescent probes for
future super-multiplex biological analysis without disturbance of short
lifetime background emission.
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MATERIALS AND METHODS

Preparation of the spaser nanoprobes

The Au nanoparticles (20 nm) were synthesized using a modified
Frens method (50). Thin (1 to 2 nm) and dense silica shells were first
coated on the Au nanoparticles to avoid coagulation (51, 52). Then, the
freshly prepared thin silica-coated Au nanoparticles were transferred
to a 20-ml glass bottle containing 2 ml of ultrapure water and 8 ml of
ethanol. Under continuous stirring, 10 ul of 3-mercaptopropyl-
trimethoxysilane (Sigma-Aldrich)-bonded 2',7'-difluorofluorescein
maleimide (4.56 mM; Invitrogen), 1 ul of tetraethoxysilane, and 2 pl
of ammonium hydroxide were added to the above solution (26). One
hour later, the spaser nanoprobes were collected by centrifugal cleaning
and redispersed in water. Besides, the control samples of dye-doped
SiO, and Au@SiO, were synthesized without adding Au nanoparticles
or dye molecules in the identical condition.

Characteristics

TEM images of the synthesized spaser nanoprobes were character-
ized on a JEM-1011 transmission electron microscope (JEOL Ltd.).
The ultraviolet-visible spectrum of the Au nanoparticles was char-
acterized on a UV-3600 Plus spectrophotometer (Shimadzu Co.).
Excitation-emission and luminescence lifetime spectra of the dye mol-
ecule were carried on an FLS980 fluorescence spectrometer (Edinburgh
Instruments Ltd.).

Broadband time-resolved emission spectroscopy

The optical characteristics of the synthesized spaser nanoprobes were
analyzed using a custom-made time-resolved emission spectroscopy
system (fig. S1), which is composed of a pulse laser (20 Hz; Quanta-
Ray INDI, Spectra-Physics) as the pumping source, a delay generator
(DG645, Stanford Research Systems) providing delay and time gate
for temporal analysis, and a compact fiber spectrometer (CCS200,
Thorlabs Inc.) for collecting the emission spectra.

Transient absorption spectroscopy

Pump-probe experiments were performed with a femtosecond transient
absorption spectrometer (ExciPro, CDP Systems Corp.). The pump
beam was provided using a femtosecond Ti:sapphire amplifier (1 kHz;
Solstice Ace, Spectra-Physics), the pulse width was about 120 fs, and the
wavelength was further tuned by an optical parametric amplifier
(TOPAS Prime, Spectra-Physics). The probe beam was generated
through a supercontinuum crystal to provide a femtosecond pulsed
white light with a spectral range of 400 to 800 nm. Resolution of the
temporal domain was achieved using an optical delay line with a reso-
lution of about 100 fs. To study the intersystem crossing, the pump
wavelength was selected at 400 nm to avoid the absorption band of
ground and excited states.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/8/eaat0292/DC1

Supplementary Text

Instruction of broadband time-resolved emission spectroscopy

Fig. S1. Schematic diagram of broadband time-resolved emission spectroscopy system.
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