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ABSTRACT Lanthanide-doped nanocrystals (NCs), which found
applications in bioimaging and labeling, have recently demonstrated
significant improvement in up-conversion efficiency. Here, we report
the first up-conversion multicolor microcavity lasers by using NaYF,:
Yb/Er@NaYF, core—shell NCs as the gain medium. It is shown that
the optical gain of the NCs, which arises from the 2- and 3-photon
up-conversion processes, can be maximized via sequential pulses
pumping. Amplified spontaneous emission is observed from a
Fabry—Perot cavity containing the NCs dispersed in cyclohexane

solution. By coating a drop of silica resin containing the NCs onto an optical fiber, a microcavity with a bottle-like geometry is fabricated. It is demonstrated

that the microcavity supports lasing emission through the formation of whispering gallery modes.
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p-conversion luminescence, which
l | arises from the sequential absorption
of two or more photons through in-
termediate energy states with long decay life-
time, has emission wavelength shorter than
that of the excitation source.' ~* Up-conversion
materials can be fabricated by doping
lanthanide ions into hosts of low phonon-
energy.* Recently, novel design and synthe-
sis of surface passivated lanthanide-doped
nanocrystals (NCs) have been demonstrated
with significantimprovement in up-conversion
efficiency.>® This is because of the reduction of
surface quenching effects and the suppression
of energy transfer from the dopant ions to
the crystal surface. On the other hand, bio-
molecules and biomolecular assemblies such
as live cells can also be integrated with surface
passivated NCs due to its surface wetting
characteristics.” Hence, extensive concentra-
tion has been investigated on the use of
lanthanide-doped NCs as the 'perfect’ lumines-
cent probes for the biological imaging and
labeling applications.®
However, how effective is the lumines-
cence obtained from lanthanide-doped
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NCs via up-conversion process when com-
pared to that from the conventional optical
materials? As stimulated emission required
large quantity of population inversion, effi-
ciency of up-conversion process can be
verified through the realization of lasing.
Hence, the demonstration of lasing emis-
sion is an unambiguous verification on the
potential usage of up-conversion process in
photonics and biological applications. How-
ever, to the best of our knowledge, neither
amplified spontaneous emission nor stimu-
lated emission has been observed from the
lanthanide-doped NCs.>'® This may due to
the following two reasons: (1) lack of appro-
priate pumping scheme to achieve simulta-
neously sufficient population inversion and
low optical damage of the NCs, and (2)
difficulty in assembling up-conversion NCs
of nanoscale geometry as optical gain med-
ia. In this communication, optical character-
istics of the up-conversion NaYF,:.Yb/Er@NaYF,
core—shell NCs under a 980 nm wavelength
excitation were studied at room tempera-
ture. A 3-pulse pumping scheme was devel-
oped to maximize the output intensity of the
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Figure 1. (a) Typical TEM images of the as-synthesized NaYF ,:Yb/Er core and NaYF,:Yb/Er@NaYF, core—shell NCs. (b) HR-TEM
image of the NCs as shown in (a). (c) Room-temperature up-conversion photoluminescent spectra of the NCs dispersed in
cyclohexane solution under CW 980 laser excitation. (d) Proposed energy transfer mechanism of the NaYF,:Yb/Er@NaYF,

core—shell NCs.

core—shell NCs under pulses excitation while without
damaging the NCs. Hence, optical gain of the up-
conversion NCs at wavelengths around 410, 540, and
655 nm was studied. By dispersing the NCs in cyclo-
hexane solution, amplified spontaneous emission was
observed from a Fabry—Perot (FP) cavity containing
the NCs solution. Furthermore, a bottle-like microcavity
was fabricated by coating a mixture of silica resin and
NCs onto an optical fiber. It is demonstrated that the
microcavity supports lasing emission through the for-
mation of whispering gallery modes. Hence, we ver-
ified unambiguously that the up-conversion NCs are a
promising optical media to realize high-performance
up-conversion optical devices.

RESULTS AND DISCUSSION

Figure 1 reveals the physical and optical character-
istics of the NaYF4:Yb/Er@NaYF, core—shell NCs to be
used for the realization of lasers. Transmission electron
microscopy (TEM) images of the core and core—shell
NCs are shown in Figure 1a. The elongated core—shell
NCs mainly result from the anisotropic shell growth
during the coating process, which is commonly ob-
served from hexagonal phase NaYF, nanocrystals." "2
The average length and diameter of the core—shell
NCs are ~45 and ~35 nm, respectively, and these have
a standard derivation of ~3 nm. Figure 1b shows the
high-resolution TEM images of the core—shell NCs. It is
observed that the lattice spacing between the (100)
plane of the core—shell NCs is ~0.515 nm. Figure 1c
plots the emission spectrum of the core—shell NCs
under the excitation of a continuous-wave (CW) 980 nm
laser. Five dominant emission peaks at around 655,
540, 525, 410, and 380 nm emerge from the emission
spectrum. The rise of these emission peaks can be
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explained by the energy transfer mechanism plotted in
Figure 1d. Emission peaks at 655, 540, and 525 nm are
attributed to 2-photon up-conversion process, while
those at wavelength of 410 and 380 nm are due to
3-photon up-conversion process. Decay lifetime of all
these fluorescence peaks was also measured and listed
(see Supporting Information, Table S1). Due to the
different in decay lifetime, it is expected that 410 and
540 nm peaks will dominate over the peaks at 380 and
525 nm, respectively, if the core—shell NCs are used to
support lasing emission.
There are challenges to be overcome in order to
realize up-conversion lasing emission from the rare-
earth doping NCs. First, what kind of excitation method
(e.g., CW or pulses excitation) can achieve high optical
gain and avoid optical damage? Second, what will be
the most appropriate laser cavity? For the first ques-
tion, neither the use of high CW pumping (i.e., problem
of optical damage) nor the application of single pulse
excitation (i.e., insufficient population inversion due
to simultaneously 2- and 3-photon up-conversion
processes) can achieve enough optical gain. To over-
come this problem, a 3-pulse excitation system was
constructed (Figure 2). This system generates three
980 nm pulses with pulsewidth and time delay
between adjacent pulses equal to 6 and 10 ns, respec-
tively, at a repetition rate of 10 Hz. Hence, the advan-
tages of high peak power and relatively short in the
duration of high power irradiation (i.e., low optical
damage) can be obtained simultaneously for achieving
larger population inversion. It must be noted that the
pulsewidth and delay time should be shorter than
that of the carrier decay lifetime of the NCs. Figure 3
verifies the use of sequential pulses pumping on the
improvement of the up-conversion efficiency of the
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Figure 2. Experimental setup of a 980 nm 3-pulse excitation system. Three continuous pulses with pulsewidth and time delay
of 6 and 10 ns respectively are generated from a Nd:YAG laser via an optical parametric oscillator. The repetition rate of the
pulses is equal to 10 Hz. The laser system generated 2 laser beams. First laser beam consists of single pulse and the second
beam combines 2 pulses with a time delay of 10 and 20 ns with respect to the first laser beam. The 2 laser beams are focused
by cylindrical lenses to 2 pump stripes of width ~30 um. In order to achieve effective pumping, the 2 pump stripes are

'spatially' overlapped.

Intensity (X10%)

Figure 3. (a) Up-conversion emission characteristics of the NaYF,;:Yb/Er@NaYF, core—shell NCs under different excitation
schemes (i.e., 1-pulse, 2-pulse, 3-pulse and CW excitation). The pulsewidth and delay time remain unchanged for different
excitation schemes (except CW excitation). (b) Schematic diagram showing the population dynamic alignment under 3-pulse
laser excitation with 10 ns delay. (c) Optical gain of the three color bands (i.e., 410, 540, and 655 nm) versus different pump
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power of the 3-pulse excitation scheme.

NCs. In the experiment, NaYF4;:Yb/Er@NaYF, core—
shell NCs dispersed in cyclohexane with concentration
of 3.6 wt % were placed in a quartz cuvette. The
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as-synthesized NCs are surface capped with oleate
ligands and can be well dispersed in nonpolar solvents
such as cyclohexane. We chose cyclohexane as solvent

Pump power (kW/cm?)
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mainly due to its large optical transparence, low toxi-
city, and easy extraction of the nanocrystals from the
solvent. The low boiling point of cyclohexane also
facilitates its removal through evaporation. The se-
quential three pulses were focused onto the quartz
cuvette along the same horizon by two cylindrical
lenses with a focal length of 5 cm. Similarly, single
and double pulses (with the same pulsewidth and time
delay) were also used to excite the NCs. Figure 3a
shows that the output intensity of the NCs under
3-pulse excitation is higher than that of the single
and 2-pulse excitation and approaches that of CW
pumping. This implies that 3-pulse excitation can
improve the up-conversion efficiency of NCs under
pulses excitation.

Emission mechanism of 2- and 3-photon up-conver-
sion processes can be elucidated by a simple rate
equation analysis (see Supporting Information).'® The
output intensity for 2-photon, /5(t), and 3-photon,
I5p(t), up-conversion processes versus input excitation
power, (W), can be written as

Co(Wy
Ip(t) = {1 — —(Cy + (W
»l) = + GW) + G XL+ G
+ WYt} )
_ Do(Wy* (1 avnl
Ip(t) = D, +D2(W)+D3(W)2+D4(W)3l1 exp[—(D,
+ Dy(W) + D3(W)* + Dy W)*)t1} )

where t is the excitation duration and (W) is the spatial
average power density of the excitation pulses. The
constants Co, C;, C,, C3, Dy, D4, Dy, D3 and D, can be
deduced from the measured data and the correspond-
ing values are given in Table S2. The solid lines in
Figure 3a represent the fitting of eqs 1 and 2 for the
cases of 2-photon and 3-photon up-conversion pro-
cesses, respectively, under either 1-pulse, 2-pulse,
3-pulse or CW excitation. Figure 3b explains the reason
why the output intensity via 3-pulse excitation can
approach the conversion efficiency of CW excitation.
As the total delay time of the pulses is shorter than the
decay lifetime of carriers at the upper energy state, the
amount of population inversion can be increased by
using 3-pulse excitation.

Conversion efficiency of NaYF,:Yb/Er@NaYF, core—
shell NCs can also be investigated by measuring the
corresponding net optical gain, G(4), which is also a
function of wavelength, 4, via the variable stripe length
(VSL) method.' Figure 3c plots G (with 1 equal to 410,
540, and 655 nm) versus pump power (under 3-pulse
excitation at 980 nm) of the NCs. For low power excita-
tion, optical gain at wavelength of 540 nm is the highest.
However, the corresponding optical gain saturates with
the increase of excitation power (ie, >2.5 kW/cm?). This
may be due to the saturation of population inversion at
the *F,, level under high excitation power so that the
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corresponding carrier decay lifetime is reduced. Optical
gain of blue and red bands, however, remains roughly
proportional to the excitation power.

For the second question, we constructed a FP cavity
with NaYF4:Yb/Er@NaYF, core—shell NCs dispersed in
cyclohexane with concentration of 3.6 wt % as the gain
medium (Figure 4a). The FP cavity consists of a quartz
tube sandwiched between a distributed Bragg reflec-
tor (DBR) and an Al mirror. Figure 4b plots the reflec-
tivity of the two DBRs and an Al mirror to be used in the
experiment. It is noted that the peak reflectivity of the
DBR 1 and DBR 2 is about 95% at wavelength (with
bandwidth) of ~410 (~50) and ~550 nm (~200 nm),
respectively. The Al film has a reflectivity of 95% over a
range of wavelength between 410 and 655 nm. Hence,
DBR 1 and DBR 2 were used to study the emission
characteristics of the FP cavity between the blue and
red color bands. In the experiment, the FP cavity was
excited by 2 pump stripes of width less than 30 um
along the length (on the same horizon) of quartz tube
via focusing of 2 laser beams obtained from the 3-pulse
excitation system. The emission intensity was detected
from the DBR. Figure 4c shows the normalized emis-
sion spectra of the FP cavity at room temperature. As
expected, emission peaks emerge at wavelength
around 410, 540, and 655 nm due to their relatively
long decay lifetime in their color bands. Furthermore,
these emission peaks collapsed into narrow sharp
peaks with the increase of excitation power. Panels d
and e of Figure 4 plot the nonlinear spectrally inte-
grated output power and line width, respectively,
versus excitation power of these peaks. It is observed
that the narrowing of emission peaks starts to occur for
the pump power reaches a threshold value, Py, (i.e., the
kinks in Figure 4d). It is noted that the green (blue)
band has the lowest (highest) Py, due to its relatively
high (low) optical gain (see also Figure 3c). The output
intensity of the green emission band increases linearly
above Py, even at high excitation power (>2.5 kW/cm?).
No saturation of output intensity indicates that the
population inversion at *F,, level is clamped at Py, but
the saturation of output does not occur. Furthermore,
the emission line width can be reduced by more than
four times of its initial value. Hence, these clearly
shown that the NaYF,Yb/Er@NaYF, core—shell NCs
support amplified spontaneous emission in FP cavity.
Nevertheless, due to the long cavity length, fine struc-
tures of the lasing spectra are not observed.

To reveal lasing emission, optical fiber microcavities
with a bottle-like geometry were fabricated.'® This can
be done by mixing the NaYF,:Yb/Er@NaYF, core—shell
NCs with silica resin and coated onto optical fibers with
different diameter. The concentration of NCs in silica
resin is maintained at 3.6 wt %. Figure 5a plots the
emission spectra of the microcavity with diameter
equal to 80 um versus pump power. The microcavity
was excited by 2 pump stripes (with width <30 um) in
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Figure 4. (a) Image of the FP cavity using NaYF,:Yb/Er@NaYF, core—shell NCs dispersed in cyclohexane solution as the gain
medium. (b) Reflection spectra of DBRs and Al mirror. (c) Plot of normalized photoluminescent spectra of the 3 color bands
versus different excitation power based on the 3-pulse excitation scheme. (d) Light—light curves and (e) FWHM of three color

band as a function of the different excitation power.

the direction perpendicular to the fiber (on the same
horizon position). The pump stripes were realized by
focusing 2 laser beams obtained from the 3-pulse excita-
tion system. At low excitation power (i.e., <5.0 kW/cm?),
three broad spontaneous emission bands (ie.,, center
peaks at around 408, 540, and 654 nm) emerge from the
emission spectrum. For excitation power above 5.5, 6.5,
and 85 kW/cm? well-defined narrow sharp peaks
are excited from the emission bands with center wave-
length at around 407, 540, and 655 nm, respectively.
The full-width at half-maximum of the narrow sharp
peaks is less than 0.2 nm. The measured mode spacing,
AJ, is found to be around 0.43, 0.72, and 1.03 nm for the
center wavelength equal to 407, 540, and 655 nm,
respectively. These findings are consistent with AL of
spherical microcavities:'®

AL = A} /7Dneg 3)

where 1o (=407, 540, or 655 nm) is the center peak
wavelength, ne (=1.6) is the effective refractive index
and D is the diameter of microcavities. The inset of
Figure 5a gives the near-field images of the microcavity
(D = 80 um) under different excitation power. It is
observed that the lasing light is mainly emitted along
the radial direction of the microcavity.

Figure 5b plots the output intensity versus pump
power (in double log scale) of the three emission
bands. The emission output exhibits a well-known
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S-like behavior with three distinguished regions of
different slopes. At low excitation power (i.e., below P,),
the region represents the regime of spontaneous
emission. For the region between P, and Py, the
output intensities increase superlinearly with slope
much larger than that at the low excitation region.
Further increase of excitation power above Py, indi-
cates the above threshold operation of the microcavity.
These three regions represent the transition from
spontaneous emission (i.e., < P,) through amplified
spontaneous emission (i.e., between P, and Py,) to laser
oscillation.

Figure 5¢ shows the measured and fitted values of
the threshold Py, versus D for the three lasing bands
(with center peak wavelength equal to 407, 540, and
655 nm). It is observed that the values of Py, increases
with the decrease of diameter D. For the optical fiber
microcavities with a bottle-like geometry, we can write'”

Py, o< exp(—oD) (4)

where a is curvature loss. The solid lines represent the
fitting of measured data with eq 4. It can show that the
curvature loss ratio of the three emission bands o/
Ogreen/Oreq is about 3:5:6. This is reasonable because
lasing modes with shorter wavelength have lower radia-
tion loss than those that have longer wavelength of
the same microcavity. The inset of Figure 5c plots the
measured values of mode spacing A4 versus 1/D for the
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Figure 5. (a) Lasing spectra of the microcavity with a bottle-like geometry of diameter equal to 80 um under 3-pulse
excitation scheme at room temperature. The insets show the images of the microcavity under different excitation power. (b)
Log—log plot of output power versus pump power for the three color bands of the microcavity. (c) Measured and fitted (solid
lines) values of Py, and A/ (inset figure) versus D for the three color bands of the microcavity.

three emission bands. By using eq 3 to fit the mea-
sured data for the three lasing bands, it is deduced
that the value of nqg is ~1.58 which is in consistent
with the estimate value of n.s. Hence, it is verified that
the resonance of whispering gallery modes sup-
ported by the microcavities demonstrated the lasing
characteristics.

CONCLUSIONS

In conclusion, amplified spontaneous emission and
lasing were demonstrated from NaYbF,:Yb/Er@NaYF,
core—shell NCs via 2- and 3-photon up-conversion
processes. By using a sequential pulse pumping, emis-
sion intensity of the NCs can be maximized. Hence,
amplified spontaneous emission was realized from a FP
cavity containing the NCs dispersed in cyclohexane

METHODS

NaYF,:Yb/Er@aNaYF, Core—Shell NCs. The NaYF,Yb/Er@NaYF,
core—shell NCs were synthesized by coprecipitation and the
corresponding fabrication procedures can be found from our
previous report.'®

TEM. By using a JEM-2010 TEM, the morphology of the
NaYbF,:Yb/Er@NaYF, core—shell NCs was studied. This can be
done by dispersing the NCs onto the Cu/lacey-carbon TEM
grids. Scanning TEM images, which were obtained by using a
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solution under pulse excitation. Narrowing of emission
peaks from the three color bands was observed simul-
taneously. In addition, no saturation of output inten-
sities implies that the population inversion is clamped
at Py, and amplify stimulate emission at green band
does not occur at high excitation power. Furthermore,
a microcavity with bottle-like geometry was fabricated
by coating silica resin dispersed with the NCs onto an
optical fiber. Lasing emission of the three color bands
was demonstrated simultaneously under pulse excita-
tion. It was found that the lasing mechanism of the
microcavity is due to the excitation of WGMs. Hence,
we have verified unambiguously that the NaYF,:Yb/
Er@NaYF,; core—shell NCs exhibited high up-conver-
sion efficiency and can be used as the gain medium to
achieve lasing emission under 980 nm pulse excitation.

field-emission TEM operated at 200 kV, were measured at a
2-us/pixel scanning rate. High-resolution bright-field TEM imaging
was carried out using a high-resolution TEM operated at 200 kV.
Sequential Pulses Pumping (3-Pulse Excitation). The laser system
consists of a Continuum Panther EX optical parametric oscillator
under the excitation by a 355 nm frequency-tripled Continuum
Powerlite DLS 9010 Q-switched Nd: YAG laser. Wavelength,
pulsewidth, and repetition rate of the optical pulses obtained
from this laser system were equal to 980 nm, 6 ns, and 10 Hz,
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respectively. The laser beam was split into three portions with
roughly equal intensity by passing through a 30/70 (reflection %/
transmission %) beam splitter and then to a 50/50 beam splitter.
One of the beams (i.e., the first pulse) was focused onto
the right-hand-side of the sample via a cylindrical lens to a
pump stripe of width ~30 um. The remained two beams, after
traveling for either a distance L (i.e., second pulse) or 2L (third
pulse), were combined together through a polarization depen-
dent beam splitter and a quarter waveplate. The combined
beam was focused onto the left-hand-side of the sample via
another cylindrical lens to a pump stripe of width ~30 um. In the
experiment, the three beams must ensure to be spatially over-
lapped on the same location of the sample. In addition, L is
selected such that the delay time of the second and third pulses
is equal to 10 and 20 ns, respectively.

FP Cavity. The FP laser cavity consists of a quartz tube of
4 mm long with inner and outer diameters of 1 and 2 mm,
respectively. The quartz tube was filled with NCs dispersed in
cyclohexane has concentration of 3.6 wt %. The two ends of the
quartz tube were terminated by a DBR and an Al coated mirror
and sealed by silica resin. The 3-pulse excitation system was
used to excite the NCs inside the quartz tube. The emission light
was collected from the DBR through an optical fiber of 400 um
aperture. An Oriel MS257 monochromator attached with a
photomultiplier tube was used to analyze the emission spec-
trum of the FP cavity. To study the blue (green and red) emission
band, DBR 1 (DBR 2) was used to construct the FP cavity.

Bottle-like Geometry Optical Fiber Microcavities. A bare optical
fiber was coated with a small drop of mixture of NCs and silica
resin. The coated optical fiber was then hung in a vertical
orientation and under optical excitation by the 3-pulse excita-
tion system. It must be noted that the pump stripes should be
oriented perpendicular to the length of the optical fiber on the
top surface of the bottle resonator. The emission light was then
collected from the surface of the microcavity through an optical
fiber of 400 um aperture.

VSL Method. The NaYF,Yb/Er@NaYF, core—shell NCs dis-
persed in cyclohexane was placed in a quartz cuvette (stand
vertically) and was pumped by the 3-pulse excitation method. It
is noted that two horizontal pump stripes of width <30 um were
focused on the left- and right-hand side (longer side) of the
quartz cuvette. Emission obtained from the shorter side of the
quartz cuvette was then collected through an optical fiber of
400 um aperture. If the length of the pump stripes, Ls, and the
emission intensity obtained from the shorter side of the quartz
cuvette, /o, Were measured, then the corresponding optical
gain, G(4), for some pump power could be deduced through the
classical VSL equation:

hot(L, 2) = Ip(A)(explG(A)Ls] — 1)/G(A) ()

where [, is the spontaneous emission intensity.
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