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The up-conversion luminescence tuning of rare-earth ions is an important research topic for understanding lumines-
cence mechanisms and promoting related applications. In this paper, we experimentally study the up-conversion lumines-
cence tuning of Er’*-doped ceramic glass excited by the unshaped, V-shaped and cosine-shaped femtosecond laser field
with different laser powers. The results show that green and red up-conversion luminescence can be effectively tuned by
varying the power or spectral phase of the femtosecond laser field. We further analyze the up-conversion luminescence
tuning mechanism by considering different excitation processes, including single-photon absorption (SPA), two-photon ab-
sorption (TPA), excited state absorption (ESA), and energy transfer up-conversion (ETU). The relative weight of TPA in the
whole excitation process can increase with the increase of the laser power, thereby enhancing the intensity ratio between
green and red luminescence (Is47/lIgs6). However, the second ETU (ETU2) process can generate red luminescence and
reduce the green and red luminescence intensity ratio Is47/lgs6, while the third ESA (ESA3) process can produce green
luminescence and enhance its control efficiency. Moreover, the up-conversion luminescence tuning mechanism is further
validated by observing the up-conversion luminescence intensity, depending on the laser power and the down-conversion
luminescence spectrum under the excitation of 400-nm femtosecond laser pulse. These studies can present a clear physical
picture that enables us to understand the up-conversion luminescence tuning mechanism in rare-earth ions, and can also

provide an opportunity to tune up-conversion luminescence to promote its related applications.

Keywords: rare-earth ions, up-conversion luminescence, pulse shaping, two-photon absorption

PACS: 32.80.Qk, 32.80.Wr, 61.46.Hk

1. Introduction

The up-conversion luminescence of rare-earth ions is a
nonlinear optical phenomenon, which can absorb low-energy
excitation light and produce high-energy ultraviolet or vis-
ible emission. This phenomenon has been extensively ex-
plored because of its distinct optical properties, such as near
infrared excitation, photostability, narrow spectrum, large
Stokes shift, long luminescence lifetime, and well-defined
emission bands.[!-?] Recently, the up-conversion luminescence
of rare-earth ions has widely applied in many fields, such
as laser sources,[34 fiber-optic communications, [>-°] light-
emitting diodes, ! solar cells,®! color displays,w’w] biolabel-

s.111=15] The up-conversion lumines-

ing and biomedical sensor
cence mechanism of rare-earth ions can be changed by excit-
ing different light sources. When the rare-earth ions are ex-
cited by the continuous wave laser, the ground state absorption
(GSA) or excited state absorption (ESA),['6!7] energy transfer
up-conversion (ETU),!'8! and photon avalanche (PA)!"! are

important up-conversion luminescence processes among nu-
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merous fundamental mechanisms. A femtosecond laser field
has a high peak intensity and a short pulse duration. It also eas-
ily excites the up-conversion luminescence of rare-earth ions
through two-photon absorption (TPA) or multi-photon absorp-
tion (MPA).[20-21]

In recent years, realizing the up-conversion lumines-
cence tuning of rare-earth ions has become a popular re-
search topic and is very important for promoting its rele-
vant applications. For example, controllable red, green and
blue emission can be used in the bright white emission and
color display. Single-band up-conversion emission is ap-
plied to biomedical sensing images, and multiple color tun-
ing is important for anti-counterfeiting applications. The rel-
evant studies have proposed some methods to tune the up-
conversion luminescence of rare-earth ions. For example, con-
ventional chemical method can be utilized to effectively tune
the up-conversion luminescence of rare-earth ions by chang-

ing chemical composition,??! crystal structure, 3]

24

nanopar-

ticle size,!**! and surface groups.!?! Physical methods could
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also be used to tune up-conversion luminescence of rare-earth
ions, such as applying electric field,!”®! magnetic field, !
plasmon,?®! temperature,*®! and laser parameters.[3%-33] In
addition, our group has realized luminescence modulation by
modulating the phase or polarization of the femtosecond laser
field.[3*33] For example, the single-photon and two-photon lu-
minescence in Er** ion can be enhanced or suppressed by 7 or
square phase modulation.**! The green and red up-conversion
luminescence in Er**-doped NaYF, nanocrystals can be tuned
by the square phase modulation.*>! However, up-conversion
luminescence tuning by varying laser power or performing
multiply spectral phase modulation is rarely studied because
of the complexity and the coexistence of the multiple excita-
tion processes.

In this paper, we propose a new scheme to tune the up-
conversion luminescence in Er’*doped ceramic glass by vary-
ing the power or spectral phase of the femtosecond pulse. The
experimental results show that green and red up-conversion lu-
minescence can be effectively tuned by varying the laser power
of the unshaped or V-shaped femtosecond pulse, but cannot
be modulated by modifying the laser power of the cosine-
shaped femtosecond pulse. We explain the experimental ob-
servations by analyzing different excitation processes. The
relative weight of TPA in the whole excitation processes can
increase as the laser power increases, thereby increasing the
intensity ratio between green and red luminescence (Is47/Iss6)-
Moreover, the second ETU process suppresses the intensity
ratio between green and red luminescence Is47/Igs6, wWhile the
third ESA process can enhance the intensity ratio of Is47/Iss6.
The up-conversion luminescence tuning mechanism in Er**-
doped ceramic glass is further validated by observing the up-
conversion luminescence intensity at different laser powers
and the down-conversion luminescence under 400-nm fem-

tosecond laser pulse excitation.

2. Experiment

In our experiment, 5%Er**-doped NaYF, nanocrystals
dispersed in silicate glass were used as our sample and
were prepared with the composition of 40Si0;-25A1,03—
18NaCO310YF3-7NaF-5ErF3 (in unit mol%). The mixed raw
materials were placed in a platinum crucible with a lid, and
were treated for 45 min at 1450 °C in an ambient atmosphere
and successively heated at 450 °C for 10 h. Glass products
were further processed by incising and polishing, and the sam-
ple with a size of 7 mmx12 mmx2.5 mm was used in our
optical experiment. The x-ray diffraction (XRD) patterns and
transition electron microscopy (TEM) images were obtained
in accordance with previously described methods!*¢! to re-

veal the existence of a cubic a-NaYF4 crystal. Moreover, the

spherical nanocrystals were distributed densely and homoge-
neously in a glass matrix with an average size of 20 nm-30 nm.
Figure 1(a) shows the experimental arrangement to control
the up-conversion luminescence of Er’*-doped ceramic glass
via the femtosecond pulse shaping method. A Ti:sapphire
mode-locked laser was used as an excitation source, which
can produce a femtosecond laser field with a pulse width of
50 fs, a central wavelength of 800 nm and a repetition rate
of 1 kHz. The output laser was shaped by the zerodispersion
programmable 4f configuration pulse shaping system, which
is composed of two diffraction gratings (G| and G,), two col-
umn concave mirrors (C; and C;), three optical lenses (L1,
L,, and L3), and one spatial light modulator (SLM). Here, the
SLM was used to modulate the phase or amplitude of the fem-
tosecond laser field in frequency domain. Then, all of the lu-
minescence signals emitted by the Er**-doped ceramic glass
were collected and measured by using a spectrometer with a

charge-coupled device.
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Fig. 1. (color online) (a) Experimental arrangement for controlling up-
conversion luminescence in Er3*-doped ceramic glass by femtosecond
pulse shaping method, (b) laser spectrum (black solid line) modulated
by V-style (red dashed line) and cosine phase (blue dotted line), (c) tem-
poral intensity profile of the unshaped (black solid line), the V-shaped
(red dashed line) and cosine-shaped (blue dotted line) femtosecond laser
fields.

The femtosecond pulse shaping technique has been

widely used to control multi-photon absorption in atomic and
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molecular systems, and the V-style and cosine phase modula-

137.38] Here, we

tion have been utilized in actual experiments.
further utilize the V-style and cosine phase modulation to tune
up-conversion luminescence of the Er’*-doped ceramic glass.
We show the laser spectrum (black solid line) and the V-style
(red dashed line) and cosine phase (blue dotted line) modula-
tion in Fig. 1(b), and their corresponding temporal intensity
distributions in Fig. 1(c). As can be seen in Fig. 1(b), the
full width at half maximum (FWHM) of the laser spectrum is
300 cm !, and can effectively excite the TPA of Er** ions. The
V-style phase modulation can be expressed by the function of
P(w)=tl0w—0wy—Sw
ulation depth and the modulation position, respectively. The

, where T and § @ are the phase mod-

cosine phase modulation can be defined by the function of
O(Q) =acos(fQ2+ @), where , 3, and @ are the depth, fre-
quency, and phase of the modulation, respectively. Moreover,
the modulation frequency B can be expressed by the function
of B =2n/A. Based on the experiment conditions, the phase
modulation depth 7 and position d® are set to be 7 and 0 for
the V-style phase modulation, while ¢, A, and ¢ are set to be
27,70 cm~!, and O for the cosine phase modulation. As shown
in Fig. 1(c), the single laser pulse (i.e., unshaped femtosecond
laser pulse) is divided into two subpulses by the V-style phase
modulation. By contrast, the single laser pulse is transformed
into multiple subpulses via the cosine phase modulation. Ob-
viously, the peak intensity of cosine-shaped femtosecond pulse
is lower than that of the unshaped or V-shaped femtosecond
pulse. The laser repetition rate is 1 kHz, and the laser pulse
separation is 1 ms, which is longer than the excited state life-

time of Er** ion in a range of microseconds. Therefore, only
one unshaped or shaped femtosecond pulse can survive in the
range of the excited state lifetime.

3. Results and discussion

The UV-Vis-NIR absorption spectrum of the Er3*-doped
ceramic glass is shown in Fig. 2(a), which is obtained with
a U4100 spectrophotometer (Hitachi). As can be seen, there
are eight main absorption bands that correspond to these ex-
cited states *Iy>, *Fg/2, *S3/2. 2Hyy /2, “F7/2, “F3)2, *Hy 2,
and *Gy, /2. Clearly, an obvious absorption peak at a wave-
length of 796 nm can be observed. Moreover, we show the
up-conversion luminescence spectrum of the Er**-doped ce-
ramic glass excited by the unshaped (Fig. 2(b)), the V-shaped
(Fig. 2(c)), and cosine-shaped (Fig. 2(d)) femtosecond laser
field with the laser power of 19 mW (black solid line), 39
(red dashed line), 51 mW (blue dotted line), and 63 mW
(green dashed—dotted line), respectively. The red and green
up-conversion luminescences in the visible light region can
be clearly observed. Three up-conversion luminescence sig-
nals at wavelengths of 656, 527, and 547 nm can be attributed
to the transition processes of “Fg/» —*I;5/2, 4S3/2 =152,
and ?Hy;/, —*1;5, respectively. Moreover, as can be seen
in Figs. 2(b), 2(c), and 2(d), the up-conversion luminescence
intensity of the Er’*-doped ceramic glass increases with the
laser power increasing but the spectral shapes and locations
remain unchanged under the different laser powers, which il-
lustrates that neither is the color center changed nor are the

other luminescence processes involved.
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Fig. 2. (color online) (a) UV-Vis-NIR absorption spectrum of the Er>*-doped ceramic glass, and up-conversion luminescence spectra
excited by (b) unshaped, (c) V-shaped, and (d) cosine-shaped femtosecond laser fields respectively with laser powers of 19 (black solid
line), 39 (red dashed line), 51 (blue dotted line), and 63 mW (green dashed—dotted line).
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In the experiment, we use the unshaped, V-shaped and
cosine-shaped femtosecond laser pulse to excite the Er’*-
doped ceramic glass, and we collect the up-conversion lu-
minescence signals by a spectrometer, and further observe
and analyze the intensity ratio between green and red up-
conversion luminescence under different laser powers. Fig-
ure 3 shows the intensity ratio between green (547 nm) and red
(656 nm) luminescence (Is47/Igs6) by varying the laser power
of the unshaped (olive squares), V-shaped (red circles), and
cosine-shaped (blue triangles) femtosecond laser pulse. As
can be seen, the intensity ratio of Is47/Igs¢ can be effectively
tuned by varying the laser power of the unshaped and V-shaped
femtosecond laser pulse, and the intensity ratio of Is47/Iss¢ for
unshaped femtosecond laser pulse can increase more quickly
than that of the V-shaped femtosecond laser pulse. However,
for the cosine-shaped femtosecond laser pulse, the intensity
ratio of Is47/Igs6 is almost unchanged when varying the laser
power. Moreover, at the same higher laser power, the intensity
ratio of Is47/Ise changes when using the unshaped, V-shaped
and cosine-shaped femtosecond laser pulse separately. There-
fore, one can conclude that the intensity ratio of Is47/Igse can
be effectively tuned by varying the power or spectral phase of
the femtosecond laser field.

3.0

2.51

2.01

1.54

1.04

(Isq47/Ig56) /arb. units

0.51

0 T T T T T
20 30 40 50 60

Laser power/mW
Fig. 3. (color online) The plots of intensity ratio between green (547 nm) and
red (656 nm) up-conversion luminescence Is47 /Igse versus laser power mod-
ulated with unshaped (olive squares), V-shaped (red circles), and cosine-
shaped (blue triangles) femtosecond laser fields.

To demonstrate the physical mechanism of the green and
red up-conversion luminescence tuning by varying the laser
power or spectral phase, we show the energy level diagram of
Er** ion and the possible excitation and emission processes
in Fig. 4. As can be seen in Fig. 4(a), for the unshaped or V-
shaped femtosecond laser pulse, the population in the ground
state 41,5 /2 can be pumped to the excited state 1o /2 by the
SPA. The femtosecond laser field has a relatively wide spec-
trum bandwidth (FWHM) of 300 cm~ !, the intermediate state
o /2 With the transition frequency of 12563 cm~! (796 nm) is
within the laser spectral range, and the excitation state Hg /2
can be populated by a resonant-mediated two-photon absorp-
tion (TPA).3% Then, the population in the excited state *Hg /2
can spontaneously decay to the excited states 2Hj, /25 48, /25

and *Fy /2, and further emits the green and red up-conversion
luminescence with the wavelengths of 527, 547, and 656 nm,
respectively. At a high dopant concentration of Er** ions, the
neighboring Er** ions have a small average distance, and the
ETU always occurs. The population in the excited state *Iq 2
can spontaneously decay to the lower excited states I, /2 and
45 /2> and further pump to the higher excited states “F, /2 and
4Fy /2 via ETUI and ETU2, and generate the green and red up-
conversion luminescence. Compared with the unshaped and
V-shaped femtosecond pulses, the cosine-shaped femtosecond
pulse has multiple subpulses within the excited state lifetime.
As can be seen in Fig. 4(b), for the cosine-shaped femtosec-
ond pulse, except the SPA, TPA, and ETU processes, the pop-
ulation in excited states *Ig /2 1y, /25 5 /2 can be pumped
to the higher excited states Hyg /25 4F, /2, and 43, 12 by ESAL,
ESA2, and ESA3, and further generate the green and red up-
conversion luminescence. Therefore, the green up-conversion
luminescence can be obtained through TPA, ETU1, ESAI,
ESA2, and ESA3, while the red up-conversion luminescence
can be generated by the processes of TPA, ETU1, ETU2,
ESA1, and ESA2. Obviously, the red luminescence genera-
tion additionally contain the ETU2 process, while the green
luminescence generation additionally contains the ESA3 pro-
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Fig. 4. (color online) Energy level diagram of Er** ions and the possible
up-conversion processes for green and red luminescence generations by (a)
unshaped and the V-shaped and (b) cosine-shaped femtosecond laser pulse.

Since the generation of red and green luminescence can
be attributed to different excited pathways for the unshaped
and shaped femtosecond pulses, we can explain the green and
red up-conversion luminescence tuning in Fig. 3 by analyzing
TPA, ESA, and ETU process. As can be seen from Figs. 4(a)
and 4(b), the intensity ratio of Is47/Iss¢ by the TPA, ETUI,
ESA1, and ESA2 should be the same for the spontaneous de-
cay from the higher excited states *Hg», *F;/5, and *Fj 5,
which correspond to a higher intensity ratio between green and
red up-conversion luminescence. However, ETU2 process can
generate the red luminescence and reduce the intensity ratio of

123201-4



Chin. Phys. B Vol. 27, No. 12 (2018) 123201

Is47/I6s6, while the ESA3 process can produce the green lu-
minescence and enhance its control efficiency. Moreover, the
up-conversion luminescence by the ESA and ETU process are
correlated with the population of the excited states *Iy 5, *I;; />
or “Iy5 /2 by the SPA process, while the up-conversion lumi-
nescence by the TPA is related to the population of the excited
state 2Hy /2. Therefore, the up-conversion luminescence inten-
sities depending on the laser power of ESA, ETU, and SPA are
similar, but different from that of TPA.

We first demonstrate the physical mechanism of green
and red up-conversion luminescence tuned by varying the laser
power of the unshaped and V-shaped femtosecond pulse. For
the unshaped femtosecond laser pulse, under the lower laser
power, the TPA cannot effectively occur. The green lumines-
cence is mainly generated by the ETU1 process, while the red
luminescence is mainly contributed by the ETUI and ETU2
process, which leads to the lower intensity ratio of Is47/Iss6.
However, under the higher laser power, the TPA can be effec-
tively excited, which plays an important role in generating the
green and red luminescence. With the increase of the laser
power, the relative weight of the TPA in the whole excitation
process can be increased, which induces the intensity ratio of
Is47/Igs6 to rise. Comparing with the unshaped femtosecond
laser pulse, the peak intensity of the V-shaped femtosecond
pulse is weak but it is still larger than that of the cosine-shaped
femtosecond pulse. The relative weight of TPA in the whole

than that for unshaped femtosecond pulse under the same laser
power. Consequently, the intensity ratio of Is47/lss¢ for the
V-shaped femtosecond pulse is lower than that of unshaped
femtosecond laser pulse. Therefore, the intensity ratio tuning
of Is47/Igs6 by varying the laser power for the unshaped or
V-shaped femtosecond pulse can be attributed mainly to the
change in the relative weight of TPA in the whole excitation
process.

We further analyze the influence of laser power on the
intensity ratio of Is47/Ise for the cosine-shaped femtosecond
pulse. Compared with the unshaped femtosecond pulse and
V-shaped femtosecond pulses, the cosine-shaped femtosecond
pulse has multiple subpulses, and its peak intensity is very
weak. Even when the laser power is increased, the TPA still
cannot be effectively excited. The ESA and ETU process can
occur but their relatively weight remains unchanged as the
laser power varies. Moreover, it is clear that the ESA3 process
can enhance the green luminescence, while the ETU2 process
can enhance the red luminescence. By varying the laser power
of the cosine-shaped femtosecond pulse, the green and red lu-
minescence generation can simultaneously change, resulting
in a nearly constant intensity ratio of Is47/lss¢. Therefore, the
intensity ratio tuning of Is47/Igs¢ by varying the laser power
for cosine-shaped femtosecond pulse can be attributed to the
stable relative weight of ESA and ETU process in the whole

excitation process for the V-shaped femtosecond pulse is lower ~ process.
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Fig. 5. (color online) Plots of green (blue squares) and red (red circles) up-conversion luminescence of the Er>t-doped ceramic glass by varying
laser power of (a) unshaped, (b) V-shaped, and (c) cosine-shaped femtosecond laser field.

To further verify our findings about the mechanisms
for the green up-conversion luminescence and the red up-
conversion luminescence, respectively, we show the up-
conversion luminescence intensity at wavelengths of 547 nm
(blue squares) and 656 nm (red circles) by varying the laser
power of the unshaped (Fig. 5(a)), V-shaped (Fig. 5(b)), and
cosine-shaped (Fig. 5(c)) femtosecond laser field in Fig. 5.

When the laser power is larger than 55 mW, the up-conversion
luminescence is saturated. We analyze the luminescence ex-
perimental data of the lower and higher laser intensities in-
dicated by three solid lines with different slopes. As can be
seen in Figs. 5(a) and 5(b), for the unshaped and V-shaped
femtosecond laser field, the slope of the green up-conversion

luminescence under a lower laser power is smaller than that
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of the red up-conversion luminescence but is larger at a higher
laser power. This can be explained as follows. The contri-
bution of TPA to the whole excitation process is smaller at
a lower laser power but its contribution can increase as the
laser power increases, which induces the slope of the green up-
conversion luminescence to increase. However, as can be seen
in Fig. 5(c), the slope of the green up-conversion luminescence
is similar to that of the red up-conversion luminescence for the
cosine-shaped femtosecond laser field. By the cosine-shaped
modulation, the peak of the multiple subpulses decreases, and
the TPA cannot be effectively excited by increasing the laser
power.

To further verify the important role of TPA in green and
red up-conversion luminescence, we use a 400-nm femtosec-
ond pulse to excite the Er’*-doped ceramic glass to simulate
the TPA. The down-conversion luminescence spectrum in the
visible light region is shown in Fig. 6. The green and red lu-
minescence can be observed in the visible light region, and
the intensity of the green luminescence is higher than that of
the red luminescence, which corresponds to the higher inten-
sity ratio of Is47/Igse. It is obvious that the TPA can play an
important role in generating the green and red up-conversion
luminescence, and the increase of the relative weight of TPA
in the whole excitation process can induce the intensity ratio

Is47/Iss6 to increase.
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Fig. 6. (color online) Down-conversion luminescence spectrum in visi-

ble light region, obtained by 400-nm femtosecond laser pulse excitation.
According to these studies, we can find that the unshaped
or the V-shaped pulse has an ultrashort pulse duration, and
does not induce the ESA process, while the cos-shaped pulse
with multiple subpulses can effectively excite the higher ex-
cited state absorption by the ESA process. By increasing the
laser power, the relative weight of the TPA in the whole ex-
cited process can increase for the unshaped and V-shaped fem-
tosecond pulse, while the TPA cannot be effective excited for
cos-shaped femtosecond pulse. Therefore, the multiple time-
delayed subpulses can create the ESA process and the larger
laser power can induce the effective TPA in rare-earth ions.

These femtosecond pulse shaping techniques can be further

extended to tune the up-conversion luminescence of other rare-

earth doped nanomaterials

4. Conclusions

In this work, we have tuned the intensity ratio between the
green and red up-conversion luminescence of Er>*-doped ce-
ramic glass by varying the laser power of unshaped, V-shaped
and cosine-shaped femtosecond laser pulse. The experimental
results show that the intensity ratio between green and red up-
conversion luminescence can be increased by increasing the
laser power of the unshaped and V-shaped femtosecond field,
while it is nearly unchanged by varying the laser power of the
cosine-shaped femtosecond field. Our analysis indicates that
the increase of the relative weight of TPA in the whole ex-
citation process can increase the intensity ratio of Isy7/Igse,
the ETU2 process can generate the red up-conversion lumi-
nescence and reduce the intensity ratio of Is47/Igs6, while the
ESA3 process can produce the green up-conversion lumines-
cence and enhance its control efficiency. These studies present
a clear physical picture of the green and red up-conversion lu-
minescence tuning in rare-earth ions and they can also provide
a new way to control the up-conversion luminescence tuning
of rare-earth ions. Future studies can design the experiment
from two aspects to tune the intensity ratio of green and red
up-conversion luminescence: the first is to control the power
of a femtosecond laser field, and the second is to modulate the

spectral phase of a femtoseocond laser pulse.
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