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nversion luminescence of Er3+/
Yb -codoped glass by two-color laser field
excitation
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Tianqing Jia,a Jianrong Qiu,b Shian Zhang*ac and Zhenrong Sun*a

Improving up-conversion luminescence efficiency of rare-earth ions is always a research hotspot because

of its important applications in laser source, color display, photoelectric conversion and multiplexed

biolabeling. Herein, we first utilize a combined two-color laser field with the laser wavelengths of 800

and 980 nm to further enhance the up-conversion luminescence in an Er3+/Yb3+-codoped glass sample.

We show that the green up-conversion luminescence intensity by the combined two-color laser field

can be greatly enhanced by comparing it with the sum of that induced by the two individual laser fields.

We also show that the luminescence enhancement can be attributed to the cooperative up-conversion

excitation process by the energy transfer from Yb3+ to Er3+ ions via the 980 nm laser field excitation and

then the excited state absorption via the 800 nm laser field excitation. These studies present a clear

physical picture for the up-conversion luminescence generation and enhancement in an Er3+/Yb3+-

codoped glass sample, which are very helpful for properly designing the laser field to generate or

improve the up-conversion luminescence efficiency in various lanthanide-codoped luminescent materials.
1. Introduction

The up-conversion luminescence by converting the low-
frequency stimulation into high-frequency emission in
lanthanide-doped luminescent materials has attracted wide
interest over the past twenty years. Usually, there are four main
formation mechanisms in the up-conversion luminescent
process, which include the excited state absorption (ESA),1,2

energy transfer up-conversion (ETU),3 multi-photon absorption
(MPA)4,5 and photon avalanche (PA).6,7 Because of many unique
properties, such as the narrow emission spectrum, abundant
energy levels, high conversion efficiency and good optical
stability, the lanthanide-doped luminescent materials have
been widely applied in various related elds, for example, laser
source,8,9 ber optical communication,10,11 color display,12–14

medical imaging,15,16 and biological labels.17,18 To further extend
the related applications of the lanthanide-doped luminescent
materials, it is necessary to improve the up-conversion lumi-
nescence efficiency as much as possible. To date several
methods have been proposed and experimentally realized, such
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as changing the doped concentration of rare-earth ions,19–21

selecting the dopant–host combination,22–24 adding the co-
doping ions,25 varying the excitation wavelength,26 controlling
the repetition rate and pulse duration of the excitation laser,27,28

utilizing the two- or multi-wavelength excitation,29–31 manipu-
lating the excitation pulse shape,32–35 and applying the electric
eld or magnetic eld on the luminescent materials.36,37

Er3+/Yb3+-codoped glass, as one of the most commonly used
luminescent materials, has attracted considerable attention,
but methods to improve its up-conversion luminescence effi-
ciency are always a focus for scientists. The host matrix has
a great effect on the luminescence efficiency, and thus the Er3+/
Yb3+-codoped glasses with different host materials have been
widely studied, such as germanate,38 tellurite,39 phosphate,40

aluminate,41 and oxyuoride glasses.42 Generally, the host
materials with lower phonon energy are benecial for the
luminescence efficiency, because the higher phonon energy will
lead to the higher non-radiative relaxation probability, which
will limit the luminescence efficiency. Furthermore, the
concentration of Er3+ or Yb3+ ions is also an important factor for
the up-conversion luminescence efficiency because of the
concentration quench, and therefore the optimal concentra-
tions in different Er3+/Yb3+-codoped glass samples have been
systematically investigated.43,44 In this study, we rst propose
a combined two-color laser eld with the laser wavelengths of
800 and 980 nm to further enhance the up-conversion lumi-
nescence intensity in an Er3+/Yb3+-codoped glass sample. Our
experimental results show that, compared with the two
This journal is © The Royal Society of Chemistry 2016
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individual laser eld excitations, the combined two-color laser
eld excitation can greatly improve the up-conversion lumi-
nescence efficiency, the cooperative up-conversion excitation
process by the energy transfer from Yb3+ to Er3+ ions via the 980
nm laser eld excitation and then the excited state absorption
via the 800 nm laser eld excitation. This is identied as the
luminescence enhancement mechanism. One important
advantage for the two-color laser eld excitation is that the up-
conversion luminescence efficiency can be further improved in
a single material, which is different from previous studies that
involve varying the material property, where the preparation of
a series of materials is needed.19–25 Moreover, these studies can
provide a way to understand and control the up-conversion
luminescent process in lanthanide/Yb3+-codoped luminescent
materials, and the cooperative up-conversion excitation strategy
can also open a new opportunity for the related applications of
lanthanide-codoped luminescent materials.
2. Experimental arrangement

Our experimental arrangement is shown in Fig. 1, where a ber
laser (Connet, VLSS-980-B-F-600) provides the near-infrared
(980 nm) continuous-wave output, and a Ti-sapphire laser
(Spectra-Physics, Tsunami) provides the near-infrared (800 nm)
continuous-wave output. Two attenuators are respectively used
to vary the output intensities of the two lasers, and nally the
two lasers are focused into the sample from opposite directions
using two lenses with the focal length of 300 mm. All the
luminescence signals emitted from the sample are perpendic-
ularly collected by a lens, and measured by a spectrometer with
a charge-coupled device (CCD).

The sample used in our experiment is a piece of glass con-
taining the rare-earth ions Er3+ and Yb3+, which is synthesized
via modication from melt-quenching to subsequent heat
treatment, as shown in the inset of Fig. 1. One can see that our
glass sample has a higher transparency. The precursor sample
is prepared with the composition (in mol%) of 40% SiO2, 25%
Al2O3, 18% Na2CO3, 10% YF3, 7% NaF, 0.25% ErF3, and 1%
YbF3. The starting materials were mixed and melted in
a covered platinum crucible at a temperature of 1450 �C for
Fig. 1 The schematic diagram of the experimental arrangement for
the two-color laser field excitation in the Er3+/Yb3+-codoped glass
sample. Here, the glass sample picture is shown in the inset.

This journal is © The Royal Society of Chemistry 2016
45 minutes in ambient atmosphere and then cast into a brass
mold followed by annealing at the temperature of 450 �C for
10 hours. Finally, the glass sample is cut and polished for
optical measurement in our experiment.
3. Results and discussion

The VIS-NIR absorption spectrum of the Er3+/Yb3+-codoped
glass sample was obtained by a U-4100 spectrophotometer
(Hitachi), and the result is shown in Fig. 2(a), where the
absorption peaks are mainly distributed at 408, 482, 520, 556,
647, 798 and 980 nm, and these absorption peaks at 408, 482,
520, 556, 647 and 798 nm can be attributed to the state transi-
tions from the ground state 4I15/2 to the 2H9/2,

4F7/2,
2H11/2,

4S3/2,
4F9/2 and

4I9/2 excited states of Er3+ ions, but the absorption peak
at 980 nm should be attributed to both the state transitions
from the ground state 4I15/2 to the excited state 4I11/2 of Er

3+ ions
and the ground state 2F7/2 to the excited state 2F5/2 of Yb

3+ ions.
The up-conversion luminescence spectra of the Er3+/Yb3+-
codoped glass sample under the excitations of the 800 nm
Tsunami and 980 nm Connet laser elds are shown in Fig. 2(b).
For the case of the 800 nm Tsunami laser eld excitation, the
main up-conversion luminescence peaks are observed at 525
and 547 nm, called green up-conversion luminescence, which is
due to the state transitions from the two excited states 2H11/2

and 4S3/2 to the ground state 4I15/2, while for the case of the
980 nm Connet laser eld excitation, the up-conversion lumi-
nescence peak at 656 nm is also observed in addition to the two
peaks at 525 and 547 nm, and called as the red up-conversion
luminescence; this results from the state transition from the
excited state 4F9/2 to the ground state 4I15/2. In other words,
when the Er3+/Yb3+-codoped glass sample is excited by the
800 nm Tsunami laser eld, only the green up-conversion
luminescence can be emitted, while when excited by the
980 nm Connet laser eld, both the green and red up-
conversion luminescence can be emitted.
Fig. 2 The VIS-NIR absorption (a) and up-conversion luminescence
(b) spectra of Er3+/Yb3+-codoped glass sample. Here, the black dashed
line, red dotted line and green solid line are used to show the lumi-
nescence spectra excited by the 800 nm Tsunami laser field, 980 nm
Connet laser field and their combined laser field, respectively. The blue
dash-dotted line represents the sum of the luminescence spectra
excited by the two individual laser fields.
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As shown in Fig. 2(b), when the Er3+/Yb3+-codoped glass
sample is simultaneously excited by the 800 nm Tsunami and
980 nm Connet laser elds, both the green and red up-
conversion luminescence can be clearly observed, but a more
interesting phenomenon is that the green up-conversion lumi-
nescence intensity by the combined two-color laser eld exci-
tation is far larger than the sum of that individually excited by
the 800 nm Tsunami and 980 nm Connet laser elds. Therefore,
the green up-conversion luminescence enhancement can be
achieved by the two-color laser eld excitation strategy, and the
enhancement efficiency can be up to about 6. However, the red
up-conversion luminescence intensity is almost negligibly
enhanced, which is different from the green up-conversion
luminescence. Consequently, one can also realize the red and
green up-conversion luminescence tuning by properly control-
ling both the 800 nm Tsunami and 980 Connet laser intensities.

To further study the green up-conversion luminescence
enhancement in the Er3+/Yb3+-codoped glass sample by the two-
color laser eld excitation, we measure the green up-conversion
luminescence intensity by varying one laser intensity while the
other laser intensity is xed, and the experimental results are
shown in Fig. 3. We can see that, when the 980 nm Connet laser
intensity is xed at 20 W cm�2, the green up-conversion lumi-
nescence intensity will increase with the increase in the 800 nm
Tsunami laser intensity, and the enhancement efficiency also
exhibits a monotonous increase from 1 to 5. Here, the
enhancement efficiency is dened by the function h ¼ ITsu+Con/
(ITsu + ICon), where ITsu, ICon and ITsu+Con represent the green up-
conversion luminescence intensities excited by the 800 nm
Tsunami laser eld, 980 nm Connet laser eld and their
combined laser eld, respectively. However, when the 800 nm
Tsunami laser intensity is xed at 320 W cm�2, the green up-
Fig. 3 Left coordinate: The green up-conversion luminescence
intensity by varying the 800 nm Tsunami laser intensity while keeping
the 980 nm Connet laser intensity at 20 W cm�2 (a) and by varying the
980 nm Connet laser intensity while keeping the 800 nm Tsunami
laser intensity at 320 W cm�2 (b). Here, the red circles, black squares
and green triangles represent the luminescence intensities excited by
the 800 nm Tsunami laser field, 980 nm Connet laser field and their
combined laser field, respectively. The purple stars are used to show
the sum of the luminescence intensities excited by the two individual
laser fields. Right coordinate: The enhancement efficiency of
the green up-conversion luminescence intensity induced by
the combined laser field with respect to the sum of that induced by the
two individual laser fields ITsu+Con/(ITsu + ICon) (blue rhombuses).
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conversion luminescence intensity also increases with the
increase in the 980 nm Connet laser intensity, but the
enhancement efficiency rst increases and then decreases, and
the maximal enhancement efficiency is about 5 with the 980 nm
Connet laser intensity of 18 W cm�2. Obviously, properly
designing the 980 nm Connet laser intensity is necessary to
maximally obtain the enhancement efficiency of the green up-
conversion luminescence.

To better understand the green up-conversion luminescence
enhancement mechanism in the Er3+/Yb3+-codoped glass
sample by the two-color laser eld excitation, we present the
energy level diagrams of Er3+ and Yb3+ ions and the possible
excitation processes of the green and red up-conversion lumi-
nescence, as shown in Fig. 4. Because the Er3+/Yb3+-codoped
system is an activator/sensitizer structure, when the Er3+/Yb3+-
codoped glass sample is excited by the 980 nmConnet lasereld,
the population in the ground state 2F7/2 of Yb3+ ions can be
pumped to the excited state 2F5/2 by the single photon absorp-
tion, which then returns to the ground state 2F7/2 by the energy
transfer to nearby Er3+ ions. Due to the energy transfer from Yb3+

to Er3+ ions, the population in the ground state 4I15/2 of Er
3+ ions

can be pumped to the excited state 4I11/2 by the single photon
absorption, and then further pumped to the two higher excited
states 4F7/2 and

4F9/2 by the two excited state absorptions 4I11/2/
4F7/2 and

4I13/2 /
4F9/2; here, the population in the excited state

4I13/2 results from the spontaneous decay of the excited state
4I11/2. Because of the large absorption cross section of Yb3+ ions
and the high efficiency energy transfer fromYb3+ to Er3+ ions, the
luminescence efficiency of Er3+ ions is usually higher. Here, the
whole excitation process is called pathway P1. For the case that
the Er3+/Yb3+-codoped glass sample is excited by the 800 nm
Tsunami laser eld, the population in the ground state 4I15/2 of
Er3+ ions can be pumped to the excited state 4I9/2 by the single
photon absorption, and then further pumped to the three higher
excited states 2H9/2,

4F3/2 and 2H11/2 by the three excited state
absorptions 4I9/2/

2H9/2,
4I11/2/

4F3/2 and
4I13/2/

2H11/2, here
the population in the two excited states 4I11/2 and 4I13/2 comes
from the relaxation process of the excited state 4I9/2. Similarly,
thewhole excitationprocess is calledpathwayP2.However,when
both the 800 nm Tsunami and 980 nm Connet laser elds are
used to excite the Er3+/Yb3+-codoped glass sample, in addition to
the two individual excitation processes P1 and P2, there are also
Fig. 4 The energy level diagrams of Er3+ and Yb3+ ions and the
possible up-conversion excitation processes (P1–P4) of the green and
red up-conversion luminescence.

This journal is © The Royal Society of Chemistry 2016



Fig. 5 The green up-conversion luminescence intensity by varying the
tunable Tsunami laser wavelength (left coordinate), together with the
enhancement efficiency of the luminescence intensity ITsu+Con/(ITsu +
ICon) (right coordinate). All the symbols are labeled the same as those
shown in Fig. 3. Here, the tunable Tsunami and 980 nm Connet laser
intensities are kept at 320 and 20 W cm�2, respectively.
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two cooperative up-conversion excitation processes. The pop-
ulation in the ground state 4I15/2 of Er

3+ ions is pumped to the
excited state 4I11/2 (or

4I9/2) via the single-photon absorption by
the 980 nm Connet (or 800 nm Tsunami) laser excitation, and
then further pumped to the two excited states 4F3/2 and

2H11/2 (or
4F7/2 and 4F9/2) via the excited state absorption by the 800 nm
Tsunami (or 980 nm Connet) laser excitation. The two coopera-
tive up-conversion excitation processes are called pathways P3
and P4, respectively. In addition, the energy transfer up-
conversion will also occur by the 800 nm Tsunami (or 980 nm
Connet) laser eld excitation,35 but it will not affect the up-
conversion luminescence enhancement efficiency, and thus
here the excitation process is not considered.

One can see from Fig. 4 that the two excitation pathways P3
and P4 are both the possible reason for the green up-conversion
luminescence enhancement of the Er3+/Yb3+-codoped glass
sample by the two-color laser eld excitation, and it is necessary
to make sure which one is dominant. For the pathway P3, the
population in the ground state 4I15/2 is nally promoted to the
excited states 4F3/2 and

2H11/2, and the population in the excited
state 4F3/2 can spontaneously decay to the three lower excited
states 2H11/2,

4S3/2 and 4F9/2, which has the same effect on the
green and red up-conversion luminescence, while the pop-
ulation in the excited state 2H11/2 will mainly affect the green up-
conversion luminescence. Similarly, for the pathway P4, the
population in the ground state 4I15/2 is nally pumped to the two
excited states 4F7/2 and

4F9/2, and the population in the excited
state 4F7/2 will also relax to the three lower excited states 2H11/2,
4S3/2 and 4F9/2, and thus its effect on the green and red up-
conversion luminescence is also the same, but the population
in the excited state 4F9/2 only contributes to the red up-
conversion luminescence. Because our experimental results in
Fig. 2(b) show that the green up-conversion luminescence can
be greatly enhanced by the two-color laser eld excitation while
the red up-conversion luminescence is almost not affected; the
dominant process for the green up-conversion luminescence
enhancement should be attributed to the cooperative up-
conversion excitation process P3, which contains the energy
transfer from Yb3+ to Er3+ ions by the 980 nm laser eld exci-
tation and then the excited state absorption by the 800 nm laser
eld excitation.

To more clearly illustrate that the green up-conversion
luminescence enhancement of the Er3+/Yb3+-codoped glass
sample is due to the cooperative up-conversion excitation
process P3, we study the green up-conversion luminescence
intensity and its enhancement efficiency by varying the
Tsunami laser wavelength, and the experimental results are
shown in Fig. 5. Here, the tunable Tsunami laser intensity is
xed at 20 W cm�2 and the 980 nm Connet laser intensity is
kept at 320 W cm�2. When the Er3+/Yb3+-codoped glass sample
is only excited by the tunable Tsunami laser eld, only one
enhanced peak around the laser wavelength of 797 nm is
observed with the laser wavelength scanning from 760 to 855
nm. However, when the 980 nm Connet laser eld is added,
another enhanced peak around the laser wavelength of 850 nm
is obtained. Obviously, the 850 nm Tsunami laser eld cannot
induce the green up-conversion luminescence generation, but
This journal is © The Royal Society of Chemistry 2016
the two-color laser eld by combining with the 850 nm Tsunami
and 980 nm Connet laser elds can produce the green up-
conversion luminescence enhancement. The 850 nm laser
wavelength is corresponding to the state transition frequency
from the excited state 4I13/2 to 4S3/2, and thus the green up-
conversion luminescence enhancement should result from
the cooperative up-conversion excitation process P3 via the
energy transfer from Yb3+ to Er3+ ions by the 980 nm Connet
laser eld excitation and then via the excited state absorption
4I13/2 / 4S3/2 by the 850 nm Tsunami laser eld excitation.
Because no state absorption from the ground state 4I15/2 can
occur by the 850 nm Tsunami laser eld excitation, the coop-
erative up-conversion excitation process P4 can be excluded.

On the basis of the energy level diagram of the Er3+ ion in
Fig. 4, the state absorption from the ground state 4I15/2 to the
excited state 4I11/2 can also occur by the 980 nm Connet laser
eld excitation, and will also contribute to the green up-
conversion luminescence enhancement. To show that the
luminescence enhancement mainly comes from the contribu-
tion of the energy transfer from Yb3+ to Er3+ ions, we perform
the same experiment in Er3+-doped glass sample, which is
prepared by the same method as the Er3+/Yb3+-codoped glass
sample mentioned above, and the experimental result is shown
in Fig. 6. Here, the experimental condition is the same as that in
Fig. 2(b). One can see that the green up-conversion lumines-
cence enhancement efficiency in an Er3+-doped glass sample is
only about 1.4, which is much smaller than that in the Er3+/
Yb3+-codoped glass sample. The absorption cross-section of the
Yb3+ ion for the 980 nm Connet laser eld excitation is much
larger than that of the Er3+ ion, and thus the population in the
ground state 4I15/2 of the Er3+ ion is easy to be pumped to the
excited state 4I11/2 due to the energy transfer from Yb3+ to Er3+

ions, and the excitation efficiency is much higher than that of
direct 980 nm laser eld excitation. Thus, the energy transfer
from Yb3+ to Er3+ ions in our experiment plays a decisive role in
the green up-conversion luminescence enhancement by the
two-color laser eld excitation with the laser wavelengths of 800
(or 850) and 980 nm.
RSC Adv., 2016, 6, 3440–3445 | 3443



Fig. 6 The up-conversion luminescence spectra of an Er3+-doped
glass sample excited by the 800 nm Tsunami laser field (red dotted
line), 980 nmConnet laser field (black dashed line) and their combined
laser field (green solid line), together with the sum of the luminescence
spectra excited by the two individual laser fields (blue dash-dotted
line).
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4. Conclusions

In summary, we have experimentally shown that the two-color
laser eld excitation with the laser wavelengths of 800 and
980 nm can provide a well-established tool to further improve
the up-conversion luminescence efficiency of an Er3+/Yb3+-
codoped glass sample. Our results showed that, compared with
the sum of the up-conversion luminescence intensities induced
by the two individual laser elds, the luminescence intensity
from the combined two-color laser eld can be greatly
enhanced. Our analysis indicated that the luminescence
enhancement is due to the involvement of other up-conversion
excitation processes, and the cooperative up-conversion excita-
tion process via the energy transfer from Yb3+ to Er3+ ions by the
980 nm laser eld excitation and then the excited state
absorption by the 800 nm laser eld excitation as the main
contribution. These results are very useful for designing the
laser eld to generate or enhance the up-conversion lumines-
cence of lanthanide/Yb3+-codoped luminescent materials, and
can also be used as a research basis for future studies. More-
over, our scheme can also be further extended to the multi-color
laser eld excitation strategy. For example, the green up-
conversion luminescence efficiency of the Er3+/Yb3+-codoped
glass sample in our experiment can be further improved by the
three-color laser eld excitation with the laser wavelengths of
800, 850 and 980 nm. In addition, the up-conversion lumines-
cence efficiencies by the dual-color (or multi-color) laser eld
excitation are usually different for different emission wave-
lengths, and thus it can also provide an efficient way to realize
up-conversion luminescence tuning.

Acknowledgements

This study was partly supported by the National Natural Science
Foundation of China (No. 51132004 and No. 11474096) and
Science and Technology Commission of Shanghai Municipality
(No. 14JC1401500). We acknowledge the support of the NYU-
ECNU Institute of Physics at NYU Shanghai.
3444 | RSC Adv., 2016, 6, 3440–3445
References

1 N. Bloembergen, Solid State Infrared Quantum Counters,
Phys. Rev. Lett., 1959, 2, 84–85.

2 R. Scheps, Upconversion Laser Processes, Prog. Quantum
Electron., 1996, 20, 271–358.

3 J. C. Wright, Up-Conversion and Excited State Energy
Transfer in Rare-Earth Doped Materials, in Radiationless
processes in molecules and condensed phases, Springer, 1976,
pp. 239–295.

4 J. Qiu, K. Miura, H. Inouye, S. Fujiwara, T. Mitsuyu and
K. Hirao, Blue Emission Induced in Eu2+-Doped Glasses by
an Infrared Femtosecond Laser, J. Non-Cryst. Solids, 1999,
244, 185–188.

5 S. Zhang, B. Zhu, S. Zhou, S. Xu and J. Qiu, Multi-Photon
Absorption Upconversion Luminescence of a Tb3+-Doped
Glass Excited by an Infrared Femtosecond Laser, Opt.
Express, 2007, 15, 6883–6888.

6 J. S. Chivian, W. E. Case and D. D. Eden, The Photon
Avalanche: A New Phenomenon in Pr3+-Based Infrared
Quantum Counters, Appl. Phys. Lett., 1979, 35, 124–125.

7 M. Joubert, Photon Avalanche Upconversion in Rare Earth
Laser Materials, Opt. Mater., 1999, 11, 181–203.

8 J. Nilsson, W. A. Clarkson, R. Selvas, J. K. Sahu, P. W. Turner,
S. Alam and A. B. Grudinin, High-Power Wavelength-
Tunable Cladding-Pumped Rare-Earth-Doped Silica Fiber
Lasers, Opt. Fiber Technol., 2004, 10, 5–30.

9 E. Wintner, E. Sorokin and I. T. Sorokina, Recent
Developments in Diode-Pumped Ultrashort Pulse Solide-
State Lasers, Laser Phys., 2001, 11, 1193–1200.

10 R. J. Mears, L. Reekie, I. M. Jauncey and D. N. Payne, Low-
Noise Erbium-Doped Fibre Amplier Operating at 1.54 mm,
Electron. Lett., 1987, 23, 1026–1028.

11 P. Zhou, X. Wang, Y. Ma, H. Lü and Z. Liu, Review On Recent
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