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An Yb3+/Al3+-codoped microstructured optical fibre is prepared based on photonic crystal fibre technology. The

characteristic spectra of preforms and fibres are experimentally investigated. The results show that under a 971 nm

excitation, besides the known infrared fluorescence luminescence around 1050 nm, a blue luminescence peak at 486 nm

is obtained. Moreover, an unexpected emission peak at 730 nm is also observed. The photoluminescence mechanism

of an Yb3+/Al3+-codoped microstructured optical fibre is discussed. The emission peak at 486 nm is attributed to the

cooperative upconversion resulting from pairs of Yb3+ ions, and the emission peak around 730 nm is ascribed to the

stimulated Raman scattering because of nonlinear effects of microstructured optical fibre. The Yb3+/Al3+-codoped

microstructured optical fibre is promising for varieties of applications from laser printing and optical recording to cancer

treatments, such as photodynamic therapy.
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1. Introduction

In recent years, upconversion luminescence has
been one of the most interesting topics.[1−3] It offers
an attractive opportunity to develop ultraviolet and
visible light sources. Some studies have demonstrated
that the upconversion luminescence emission is exis-
tent in the rare earth (RE) doped glass materials.[4] In-
vestigations into Yb3+-doped materials have revealed
that Yb3+ ions can produce not only laser emission in
the near infrared region from 900 nm to 1200 nm but
also narrow and bright visible emission around 486 nm
due to cooperative upconversion emission.[5,6] Coop-
erative upconversion luminescence is a special type
of upconversion luminescence.[7] In the Yb3+ system,
two interacting ions in the excited state can emit one
photon when they return to the ground state simul-
taneously, while the energy of the output photon is
twice the energy of the single ion transition. There-
fore, more and more attention has been paid recently
to investigation of the upconversion luminescence of

Yb3+ ions. In 2001, Chen et al.[1] reported blue up-
conversion luminescence at 479.5 nm in Yb3+-doped
oxyfluoride vitroceramics. In 2005, Xu et al.[4] re-
ported upconversion luminescence performed in Yb3+-
doped yttrium aluminum garnets. In 2008, Wang et
al.[8] reported strong blue cooperative up-conversion
emission around 475 nm in Yb3+-doped hexagonal
NaYF4. The Yb3+-doped microstructure optical fi-
bres (MOFs) have been reported and used to develop
high power lasers. Furthermore, the nonlinear effects
of MOFs, such as frequency doubling and upconver-
sion, have also been used to develop ultraviolet and
visible light sources.[9,10] However, there are also few
reports of the cooperative upconversion luminescence
effects in Yb3+ and Yb3+ activated silica fibres.

In the present paper, we fabricate an Yb3+/Al3+-
codoped MOF based on photonic crystal fibre technol-
ogy. The characteristic spectra of Yb3+/Al3+-codoped
MOF are experimentally investigated. The photo-
luminescence mechanism in our Yb3+/Al3+-codoped
MOF is discussed thoroughly.
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2. Experiment

The Yb3+/Al3+-codoped MOF used in this
work is prepared based on photonic crystal fibre
technology.[11,12] Fabrication of RE-doped MOF can
generally be divided into three steps: the fabrica-
tion of the core preform, the fabrication of the fibre
perform, and the drawing of the preform into a fi-
bre. First, the Yb3+-doped SiO2–Al2O3 glass is suc-
cessfully prepared by the solution doping process and
the high temperature melting method. Here, Al3+

prevents rare earth ions from clustering and raises
the solubility of Yb3+ ions; moreover, co-doped alu-
mina is of the recommended amount for the best flu-
orescence lifetime. The 99.9999% (SiO2) and 99.99%
(other components) pure raw materials are appropri-
ately weighed according to a specific weight ratio. Af-
ter the compounds are ground, they are mixed in the
solution process. After removing H2O, the powder is
sintered into glass at a high temperature (1950 ◦C).
Then the glass samples are cut and optically pol-
ished into 2 mm × 2.7 mm × 5 cm for the measure-
ment. Secondly, microstructured preforms are formed
by stacking a number of capillary silica tubes and rods
to form the desired air/silica structure. The core of the
microstructured preform is substituted by the Yb3+-
doped glass rod mentioned above. It is noted that
the silica cladding layer of the traditionally doped fi-
bre core area introduced by the traditional modified
chemical vapour deposition (MCVD)[13−16] technol-
ogy is removed in our process. The MCVD is a pro-
cess in which the silica soot is deposited on the inner
surface of silica glass tube. After deposition, the sil-
ica glass tube is difficult to remove, so there appears
the silica glass cladding layer in doped fibre core area.
Finally, when the Yb3+-doped microstructured pre-
form has been constructed, it is drawn into a fibre in
a normal fibre drawing tower under a high tempera-
ture (1800 ◦C). The UV-vis/NIR absorption spectra
of the glass are recorded between 200 nm and 1100 nm
by an AvaSpec-2048-USB2 spectrometer. The emis-
sion spectrum of the fibre is obtained between 200 nm
and 1100 nm upon excitation of 971 nm with an
AvaSpec-2048-USB2 spectrophotometer. An InGaAs
laser diode and a Ti:Al2O3 laser (Mirra 900, Coher-
ent, USA) are used as the laser pump source. All the
measurements are performed at room temperature.

3. Experimental results and anal-

yses

3.1.Cross-section of microstructured

optical fibre

Figure 1 shows a cross section of MOF prepared
by the method mentioned above. Viewing from the
transverse cross section, the refractive index of the fi-
bre cladding structure is not strictly periodic. The
final geometry of Yb3+-doped MOF has a serious de-
viation from the ideal MOF because of the collapse
of air holes in the fabrication process. Furthermore,
there is a big Yb3+-doped core (about several hundred
micrometers) in the central area of the fibre, which
provides the possiblity for the propagation of the high
power laser pulse.

Fig. 1. The cross-section image of an Yb3+/Al3+-

codoped MOF.

3.2.Absorption spectrum

Figure 2 shows the room temperature absorption
spectrum of the proposed glass. From Fig. 2, we
can see that the absorption spectrum is diffused in
the 860 nm–1000 nm wavelength range. In addition,
there are two significant absorption peaks appearing
at 910 nm, 971 nm separately, which is not the same as
the spectrum reported in Ref. [17]. What is interest-
ing is that the absorption bandwidth and intensity of
Yb3+-ions at 910 nm are higher than those of 971-nm
wavelength. This phenomenon in the Yb3+-doped
glass material is observed for the first time here, as far
as we know. This appearance is related to the change
in strength of the ligand field surrounding ions of
dopants. Moreover, an interesting phenomenon is the
observation of the new broad band near 384 nm in our
spectrum. Su et al.[17] ascribed the ultraviolet absorp-
tion band of 384 nm to the 4f14–4f135d1 transitions of
Yb2+ ions. The first excited state levels (4f135d1) of
Yb2+ ions form 2F7/2(eg), 2F7/2(t2g), 2F5/2(eg), and
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2F5/2(t2g) states, and the ground state (4f14) forms
1S0 state. Therefore, the electronic transition from
1S0 ground state to 2F7/2(eg) excited states results in
the absorption band peak at 384 nm.[18] According to
the above analysis, this also indicates that Yb2+ ions
and Yb3+ ions are coexisting states in our silica glass.
Furthermore, we can also see that no self-absorption
exists at a lasing wavelength of 1050 nm in the glass
at room temperature.

Fig. 2. Absorption spectrum of the Yb3+/Al3+-codoped

glass at room temperature.

3.3. Emission spectrum

3.3.1. Emission spectrum under diode-laser ex-
citation

Figure 3 shows the room temperature emission
spectrum of the Yb3+/Al3+-codoped MOF under
971-nm excitation. Three distinct emission bands at
486, 512, and 837 nm from the visible to near infrared
and a known fluorescence band at 1050 nm are ob-
served (see the inset). The waveform within 400 nm–
600 nm is the same as that reported in Ref. [6]. Xu
et al.[4] have suggested that the blue emission band of
486 nm can result from the cooperative process corre-
sponding to the simultaneous radiation relaxation of
a pair of excited Yb3+ ions. This luminescent phe-
nomenon can be well understood by the energy dia-
gram, as shown in Fig. 4. The energy level scheme
of the Yb3+ ion is simple with only the 2F7/2 ground
state and the 2F5/2 excited state, separated by some
10000 cm−1, and no energy level is in the visible
region.[4] However, the 4f electrons of Yb3+ have a
relatively strong interaction with their surroundings
and the interaction between the 4f13 configurations of
neighbouring Yb3+ is strong in comparison with those
of other rare earth ions. The strong interaction gives
rise to a high cooperative luminescence transition
probability.[4] The visible photon emission of an ex-
cited Yb3+–Yb3+ pair is in the following manner:[4,6]

Yb(2F5/2) +Yb(2F5/2) → 2Yb (2F7/2) +hν.

The photon energy of the cooperative luminescence is
nearly twice the energy of the normal (single-ion) lu-
minescence. Therefore, it presents an absorption band
of 486 nm here. The occurrence of the observed new
broad band near 512 nm in the spectrum may be due
to two possibilities behind this broad emission.[6] One
originates from the Yb2+ state of Yb and the other
comes from the defect centres caused by the doping of
Yb2+ ions. However, in some host lattices, the Yb2+

luminescence is quenched such as aluminates, silicates
and oxides.[19] So, we may draw the conclusion that
the emission band of 512 nm is not caused by Yb2+

ions. The only cause is that the defect centres are in-
troduced in the preparation process.[20] A small part
of Yb3+ ions change their valences into Yb2+ ions in
the preparation process of the glass because of the sin-
tering environment effect. This case can be confirmed
by the absorption spectrum. The absorption spectrum
of the Yb3+-doped glass (see Fig. 2) presents a char-
acteristic absorption of Yb2+ ions, which shows that
the valence states of Yb ions change from 3+ valence
to 2+ valence in our glass. The variation of valence
yields a colour centre around Yb2+ ions. The resulting
colour centre may be responsible for broad upconver-
sion emission spectrum at 512 nm. Moreover, Joshi et
al.[6] have also suggested that the upconversion emis-
sion band in this wavelength region results from the
defect centres. In our spectrum, the other interest-
ing phenomenon is the observation of a new broad
band near 837 nm. Though the detailed mechanism
of this is still unknown, it is clear that the variation in
luminescent properties can be ascribed to the nonlin-
ear effects of MOF. According to the physics analysis,
when an intense laser is launched into the fibre, MOF
will generate high nonlinear effects, such as self-phase
modulation (SPM), cross-phase modulation (CPM),
stimulated Raman scattering (SRS), and stimulated
Brillouin scattering (SBS) because of nonlinearity of
fibre both in material and in structure. The emission
peak at a wavelength of 837 nm is attributed to the
nonlinear effect of the MOF, which still requires fur-
ther study.

The absorbed near-infrared pump power depen-
dence of upconversion luminescence is also investi-
gated. By changing the diode-laser power from 1.6 W
to 2.42 W, upconversion luminescence spectra are
measured under a 971-nm excitation, as shown in
Fig. 5. As expected, the spectrum intensity increases
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with increasing pump power. However, there are ob-
servable changes neither in position nor in profile when
the laser pump power is changed.

Fig. 3. Emission spectrum of Yb3+-doped MOF under a

971-nm excitation by using the diode laser, with the inset

showing 950 nm–1100 nm emission spectrum.

Fig. 4. Energy levels of Yb3+ ions.

Fig. 5. Emission spectra, each as a function of laser pump

power with 971 nm excitation by using the diode laser.

3.3.2. Emission spectrum under femtosecond
laser excitation

Photoluminescence,[21] characteristic of the
Yb3+/Al3+ MOF pumped by an intense Ti:Al2O3

laser with a wavelength of 971 nm and a beam diam-
eter of 0.8 mm, is also studied experimentally. Fig-
ure 6 shows that emission spectra within the 600 nm–
1100 nm wavelength range, each as a function of laser
pump power under a 971 nm excitation by using the
femtosecond laser. Comparing Fig. 6 with Fig. 5, a
big difference can be seen within 600 nm–1100 nm
wavelength. There is an unexpected emission peak
at 730 nm, which is not observed under a 971 nm
excitation by using the diode laser. A high output
power laser with 730 nm wavelength is needed for va-
rieties of applications from laser printing and optical
recording to cancer treatments, such as photodynamic
therapy.[22] According to the analysis, the emission
peak at 730 nm is ascribed to stimulated Raman scat-
tering (SRS) because of the nonlinearity of MOF. As
seen from the spectrum, much energy of the pumping
light is transferred to awavelength of 730 nm when
the MOF is excited by using the femtosecond laser.

Fig. 6. Emission spectra, each as a function of laser pump

power with 971 nm excitation by using the femtosecond

laser.

Moreover, the intensity of the spectrum decreases with
excitation wavelength increasing in this wavelength
range, whose variation trend is contrary to that in the
short wavelength range. According to the results, the
anti-Stokes peak at a wavelength of 730 nm may be
due to the nonlinear effect of the MOF. The nonlinear
effect of the MOF is enhanced when the laser pulse is
narrow by using the femtosecond laser excitation. The
energy of the laser pulse is focused on a small area,
which results in the quickly increase of the energy per
unit area. As a result, the nonlinear effect of the MOF
quickly increases. The anti-Stokes peak shifts toward
short wavelengths when the Yb3+/Al3+-codoped MOF
is excited by using an intense femtosecond laser pulse
laser, which can explain why the strong anti-Stokes
peak is at 730 nm wavelength under 971 nm exci-
tation by using the intense femtosecond laser pulse
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laser, while the anti-Stokes peak is at 837 nm wave-
length under 971 nm excitation by using the diode
laser. Moreover, under 971 nm excitation, the emis-
sion spectra within a 400 nm–600 nm wavelength, each
as a function of the laser pump power, are also stud-
ied experimentally as shown in Fig. 7. The waveforms
are the same as those of emission spectra generated
under a 971 nm excitation by using the diode laser.
However, the intensity of emission spectrum increases
with increasing laser pump power.

Fig. 7. Emission spectra within the 400 nm–600 nm wave-

length range, each as a function of laser pump power with

971 nm excitation by using the femtosecond laser.

In addition, under 910, 919, 971 nm excitations,
the emission spectra within the 400 nm–600 nm wave-
length range are also studied experimentally, as shown
in Fig. 8. The waveform does not change with exci-
tation wavelength under the same laser pump power.
However, the intensity of the spectrum increases with
increasing excited wavelength. Figure 9 shows that
emission spectra within the near-infrared wavelength
range under 910, 919 and 971 nm excitations, sepa-
rately. The waveform in the range 600 nm–1100 nm
does not change with increasing excited wavelength ei-
ther. However, the emission peak around the 730 nm
wavelength shifts toward the shorter wavelengths, the
peaks shift to 735 nm under 910 nm excitation, to
717 nm under 919 nm excitation, and to 713 nm under
971 nm excitation. The variation in the fluorescence
emission peak at 1051 nm with increasing excited
wavelength is the same as that of 730 nm wavelength.
According to the results, the phenomenon can be ex-
plained by the absorption properties in our glass. The
absorption band width and intensity at the wavelength
of 910 nm are higher than those of the 971 nm wave-
length. As can be seen from the absorption spectrum,
efficient pumping is possible around a wavelength of
910 nm or near 971 nm. In the latter case, the pump

linewidth must be small, and only a ∼50% excita-
tion level can be achieved due to stimulated emission.
Moreover, the absorption length and the quantum de-
fect are bigger than those for 910 nm pumping. As
a result, around a wavelength of 910 nm pumping
is better for the absorption of the pumping energy.
Strong three-level behaviour occurs for lasing around
1050 nm, where there is very little reabsorption. For
ytterbium-doped materials, there is often a choice be-
tween different lasing transitions, where those with
shorter wavelengths exhibit more pronounced three-
level characteristics. According to the above analysis,
the case where the emission peak around 730 nm shifts
toward the shorter wavelengths may be due to the non-
linear effects of MOF, while the phenomenon that the
emission peak around 1050 nm shifts toward the short
wavelengths with the change in the excitation wave-
length may be due to the change in the strength of
the ligand field surrounding ions of the dopant.[23,24]

Fig. 8. Emission spectra within the 400 nm–600 nm wave-

length range under 910, 919, 971 nm excitations by using

the femtosecond laser.

Fig. 9. Emission spectra within near-infrared wavelength

range, under 910, 919, and 971 nm excitations by using

the femtosecond laser.
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4. Conclusion

We present experimental results describing
the photoluminescence characteristics of Yb3+/Al3+-
codoped MOF. The absorption spectrum shows that
the absorption band width and intensity at a wave-
length of 910 nm are higher than those of 971 nm
wavelength in our Yb3+-doped glass. To the best
of our knowledge, this is the first observation phe-
nomenon in the Yb3+-doped materials, which opens
a door for the study of the new optical properties
in Yb3+/Al3+-codoped materials. Furthermore, three
distinct emission bands at round 486, 512, and 837 nm
from the visible to the near infrared and a known
fluorescence band at round 1050 nm are observed,
which provides a possibility for obtaining ultraviolet-
to-visible light source. The emission peak at 486 nm
is attributed to the cooperative upconversion result-
ing from pairs of Yb3+ ions, while the observation of
a new broad band near 512 nm is due to the defect
centres caused by the doping of Yb2+ ions. Under
971 nm excitation, there is an unexpected emission
peak at 730 nm by using a femtosecond laser that is
not observed by using the diode laser, thereby pro-
viding a platform for varieties of applications rang-
ing from laser printing and optical recording to cancer
treatments, such as photodynamic therapy.
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