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Abstract Upconversion luminescence (UCL) properties
from Yb3+ doped and Tb3+/Yb3+ codoped high silica
glasses excited by a 980 nm laser diode are investigated. The
ln–ln plots of the UCL intensity versus laser power show
abnormal relations: the slopes are larger than those reported
in other papers. When tuning the laser power up and down
successively, intrinsic optical bistability of Yb3+ ions is ob-
served at room temperature in the visible and infrared range
without external cavity. And this nonlinear effect induces
the abnormal UCL phenomena.

1 Introduction

Intensive research has recently been dedicated to obtain
laser radiation in the visible spectrum. Upconversion lumi-
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nescence (UCL) in rare-earth (RE) doped materials can be
an efficient mechanism to obtain visible (VIS) and near-
infrared (NIR) laser radiation. The UCL process in Tb3+
doped glasses, crystal and fibers is an important route to ob-
tain green radiation [1–7]. Hosts adopted in UCL research
are mainly fluoride and phosphate crystal and glass. On the
other hand, high silica glass (HSG) has advantages such as
higher chemical stability and better mechanical properties,
but it is difficult to generate UCL due to their high phonon
energies. In Tb3+/Yb3+ codoped materials, the UC effi-
ciency is also determined by the energy transfer between
Tb3+ and Yb3+ ions. The sensitization of Tb3+ by Yb3+
ions is usually expressed in terms of a dipole-dipole interac-
tion and follows an R−6 dependence (R is the average dis-
tance between Tb3+ and Yb3+ ions). So the enhancement
of the energy transfer efficiency from Yb3+ to Tb3+ can be
realized by shortening R. It will also enhance the UCL of
Tb3+. Nanoporous glasses are apt to accommodate more
doped RE ions with the smaller inter-distance after hav-
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ing been sintered. In this paper, we present our latest work
on UCL behavior of Yb3+ doped HSG and Tb3+/Yb3+
codoped HSG. Intense glaucous and green emissions occur
when the samples are excited by 980 nm laser diode and
the UCL shows abnormal relations between laser power and
UCL intensity. We observe for the first time intrinsic optical
bistability (IOB) of Yb3+ at room temperature without ex-
ternal cavity and make explicit the relation of the abnormal
relations and IOB.

2 Experimental

The porous glass is fabricated by removing the borate phase
from phase-separated alkali-borosilicate glass in hot acid
solution. The composition of the porous glass obtained is
97.0SiO2 · 2.1B2O3 · 0.8Al2O3 · 0.1(Na2O + CaO) (wt%).
The pores are distributed uniformly in the glass and the
porosity is 0.4. The porous glasses are soaked in the 1.0 M
HNO3 solution contained Yb3+ or Yb3+ and Tb3+ ions for
4 hours. The concentrations of Yb3+ ions and Tb3+ ions in
the solution are 0.15 M/L and 0.025 M/L, respectively. Af-
terwards, the glasses are sintered at 1200◦C in air for two
hours to obtain Yb3+ doped HSG and Tb3+/Yb3+ codoped
HSG. The concentrations of Yb3+ and Tb3+ in the HSGes
are 6×1019/cm3 and 1 × 1019/cm3 respectively. All of the
glass samples are cut to 2 mm × 5 mm × 5 mm for measure-
ments.

An adjustable (0–20 W) Apollo Instruments’ laser diode
with a central wavelength of 980 nm is used to excite Yb3+
doped and Tb3+/Yb3+ codoped HSG. The laser beam is fo-
cused to about 1 mm on the samples by an optical lens with
focal length of 50 mm. Then the UCL and NIR emission
spectra are recorded using a Zolix SBP300 spectrofluorom-
eter with a multiplier phototube detector in VIS range and
an InGaAs detector in NIR range, respectively.

3 Results and discussions

The UCL spectrum of Tb3+ in Tb3+/Yb3+ codoped HSGes
excited by a 980 nm LD is shown in Fig. 1(a). The spec-
trum consists of seven emission peaks at 377 nm, 411 nm,
434 nm, 486 nm, 541 nm, 585 nm and 618 nm, which are at-
tributed to the transition of 5D3 → 7F6,

5G6 → 7F5,
5D3 →

7F4, 5D4 → 7F6, 5D4 → 7F5, 5D4 → 7F4 and 5D4 → 7F3,
respectively [3]. As we know, for any process of UCL, the
VIS output intensity IVIS is approximately proportional to
the power n of NIR excitation intensity INIR, i.e. IVIS ∝
(INIR)n [2], where n represents the number of photons re-
quired to populate the emitting states. The VIS output in-
tensities can be estimated by the integrated intensities of
the transition bands. The integrated intensities of the seven

bands are calculated by summing the emission intensity in
the ranges of 360∼396 nm, 396∼420 nm, 422∼450 nm,
460∼498 nm, 520∼558 nm, 566∼604 nm, 606∼632 nm,
respectively. The error of intensity is estimated by measur-
ing the same sample under the same condition for several
times and calculating the maximum deviation percent be-
tween each other. The error is estimated to be less than 5%.
The dependence of UCL emission intensity upon incident
pump power is examined and the results are shown as ln–
ln plots in Fig. 1(b). The slopes of the aforementioned seven
emissions in Tb3+/Yb3+ codoped HSG are 4.22, 4.25, 3.98,
3.27, 3.28, 3.33 and 3.24, respectively. It is known from pre-
viously reported work that the transitions of 5D4 → 7FJ

(J = 6, 5, 4 and 3) usually origins from the energy trans-
fer between Tb3+ ions and Yb3+ ions, which are attributed
to (2Yb3+ : 2F5/2 → 2F7/2; Tb3+ : 7F6 → 5D4) with the
slope around 2 [1–7]. The Yb3+ ions can also transfer its
energy to Tb3+ ions at 5D4 state where electrons from Tb3+
ions are excited to 5D3,

5G6 states, which induces the transi-
tion of 5D3 → 7F6, 5G6 → 7F5, 5D3 → 7F4 with the slope
about 3 [2]. However, the slopes we obtained in Tb3+/Yb3+
codoped HSG are much larger than that in other materials.

Considering the energy transfer from Yb3+ ions to Tb3+
ions, we also investigate the UCL of Yb3+ doped HSG

Fig. 1 Upconversion luminescence of Tb3+/Yb3+ codoped high sil-
ica glass under the excitation of 980 nm laser diode (a) and ln–ln plots
of the upconversion intensity versus laser power (b)
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Fig. 2 Upconversion
luminescence of Yb3+ doped
high silica glass under the
excitation of 980 nm laser diode
(a: black line), simulation
upconversion of Yb3+ by self-
convoluted (a: red, dotted) and
ln–ln plots of the upconversion
intensity versus laser power (b)

under the excitation of LD as shown in Fig. 2. The inte-
grated range is 450∼580 nm. Figure 2(a) (black, lined) and
Fig. 2(b) show the UCL spectrum and ln–ln plot of Yb3+
doped HSG, respectively. The Yb3+ doped HSG shows
broad UCL band centered at about 500 nm; the slope of
the ln–ln plots is 3.02. The UCL of Yb3+ doped materi-
als is a cooperative process [8–12], which can be described
with a self-convoluted NIR emission spectrum since co-
operative luminescence comes from the simultaneous de-
excitation of two Yb3+ ions [12]. So the cooperative UCL
spectra of Yb3+ in Yb3+ doped materials can be calculated
by the formula IVIS(E) = ∫

INIR(E′)INIR(E −E′)dE′ [11],
where E and E′ are the energy of photon, IVIS and INIR are
the emission intensity of Yb3+ ions in VIS and NIR range,
respectively. The calculated self-convoluted NIR spectrum
has been plotted in Fig. 2(a) (red, dotted). By compari-
son it is found that the emission spectrum of Yb3+ doped
HSG shows a red shift with emission peak at 502 nm. This
peak results from convolution of two peaks at 980 nm and
1030 nm; that is, the intensity of 502 nm emission is cor-
relative to the emission intensity of Yb3+ ions at 980 nm
and 1030 nm. Therefore, the following relations can be ob-
tained: Iλ=502 nm ∝ Iλ=980 nm · Iλ=1030 nm ∝ (Iλ=980 nm)n,
or Iλ=1030 nm ∝ (Iλ=980 nm)n−1, where Iλ=502 nm is the inte-
gral intensity centered at 502 nm, Iλ=980 nm and Iλ=1030 nm

are integral intensity at 980 nm and 1030 nm, respectively.
For materials with n � 2, the relation between Iλ=1030 nm

and Iλ=980 nm is linear. But in Yb3+ doped HSG with
n = 3.02, Iλ=1030 nm and Iλ=980 nm have a square relation
accordingly. The ln–ln relation of Iλ=1030 nm versus laser
power has also been plotted in Fig. 3. It is seen from fig-
ure that the slope is equal to 1 when the laser power is low
and becomes 1.81 when the laser power is high. As the UCL

Fig. 3 Ln–ln plots of the upconversion intensity of Yb3+ in Yb3+
doped high silica glass versus laser power

of Yb3+ doped HSG could not be observed at low excita-
tion power, we can deduce that the abnormal UCL of Yb3+
doped HSG comes from the quasi square relation between
Iλ=1030 nm and Iλ=980 nm.

We also tune the laser power in a larger range to have
a clearer understanding of this phenomenon. The lumines-
cence spectra of Yb3+ doped HSG in VIS/NIR range ver-
sus incident laser power are plotted in Fig. 4. We can see
that both luminescence intensities show hysteretic behav-
ior when the laser power is increased and decreased suc-
cessively. The upward UCL and NIR luminescence mea-
surements are carried out at 2500∼4300 mW (labeled by
rectangle in Fig. 4), which locates at the rising part of
the hysteretic loop. This hysteretic behavior is the intrin-
sic optical bistability (IOB) of Yb3+ ions in HSG. IOB was
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Fig. 4 Luminescence intensity
versus laser power of Yb3+
doped high silica glass in
visible (a) and near-infrared (b)
range

first investigated theoretically by Bowden and Sung and is
caused by ground state, near dipole-dipole interaction [13].
In the IOB process there is usually an obvious switch phe-
nomenon at cryogenic temperature (typically <40 K) [14–
19] or with an external cavity [20, 21]. When tempera-
ture increases, the switch phenomenon becomes a gradually
increasing/decreasing process [14, 15] and in the present
work, we unexpectedly and interestingly find that Yb3+
doped HSG shows the same process at room temperature
without external cavity as shown in Fig. 4. The curve by
linear fitting the initial several data of NIR luminescence is
also drawn in Fig. 4(b) (blue, dotted). We can see that the
luminescence intensity in the NIR range is greatly enhanced
and the relation between NIR intensity and laser power devi-
ates linearly seriously, which would enlarge the slopes of the
Yb3+ doped and Tb3+/Yb3+ codoped HSGes. So the IOB
phenomenon induces the abnormal UCL in Yb3+ doped and
Tb3+/Yb3+ codoped HSGes. The concentrations of Yb3+
and Tb3+ in the high silica glasses are 6 × 1019/cm3 and
1 × 1019/cm3 respectively. This concentration is consis-
tent with that in CsCdBr3 : 1%Yb3+ (5.8 × 1019/cm3) [14]
but much lower than that in Cs3Y2Br9 : 10Yb3+ (3.9 ×
1020/cm3) [15]. So in Yb3+ doped high silica glass the
ion pairs responsible for IOB are isolated similar to that in
CsCdBr3 : 1%Yb3+. This can also be confirmed by the fact
that both the NIR and VIS emission luminescence originat-
ing from the excited state increase when the excited state
population increases as shown in Fig. 4, the same as that
in CsCdBr3 : 1%Yb3+ [14]. There are some remnant OH
groups in the Yb3+ doped and Yb3+/Tb3+ codoped high
silica glasses, even though they are obtained by being sin-

tered at 1200◦C. OH groups may affect the fluorescence
properties particularly when the laser power is high; the
structure of glasses may also be altered due to the relatively
high power laser. We measure the fluorescence spectra of
the same sample under the same condition twice and the
same results are obtained. Then we can confirm that the
OH groups are not affected by the high power laser. What is
more, high silica glass has a large heat transfer coefficient,
comparable with that of silica glass, and the concentration of
Yb3+ in high silica glass is low. So the influence of the laser
on the structure of the high silica glass can also be elimi-
nated.

We can see that the excitation density necessary for the
observation of IOB is much lower than that in CsCdBr3 :
1%Yb3+ and Cs3Y2Br9 : 10Yb3+. Usually the excitation
density decreases when the temperature rises in the IOB
process. So the low excitation density in Yb3+ doped HSG
can be ascribed to the high temperature at which IOB is ob-
served. IOB is caused by the near dipole-dipole interaction
(NDD) between Yb3+ ions. Strong NDD is helpful to the
observation of the IOB phenomenon. Shortening the Yb3+–
Yb3+ distance can enhance the NDD greatly. The Yb3+
ions are doped into porous glasses and then the Yb3+ doped
porous glasses are sintered at high temperature (1200◦C).
If all the Yb3+ ions are monodispersed inside the high silica
glass, the distance between each Yb3+ ions can be estimated
by using d = N1/3, where N is the concentration of Yb3+
ions. Then we can obtain the distance d = 2.55 nm, much
larger than that in CsCdBr3 : 1%Yb3+. If so, we can be
sure that no IOB will be observed. Fortunately, we can say
the negative of this assumption for the observation of obvi-
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ous cooperative UCL from Yb3+ pair. When Yb3+ ions are
doped into porous glass, they mainly stay on the surface of
the channels inside the porous glass. In the sintering process,
Yb3+ ions cluster and form pairs. The channels with thick-
ness about several nanometers collapse and isolate the Yb3+
pairs after being sintered. So high Yb3+ pair formation can
be realized in the Yb3+ doped high silica glass even though
the concentration of Yb3+ is low. What is more, the radius of
(Na+, B3+, Ca2+, Si4+) and O2− is much smaller than that
of (Cs+, Y3+, Cd2+) and Br−, so we can assume that the
distance between the paired Yb3+ ions is much smaller than
that in CsCdBr3 : 1%Yb3+ or Cs3Y2Br9 : 10Yb3+. This in-
duces the IOB phenomenon in Yb3+ doped HSG even at
room temperature.

4 Conclusion

Yb3+ doped and Tb3+/Yb3+ codoped HSG are prepared
by an immersing and sintering method. The UCL proper-
ties under the excitation of 980 nm LD are investigated and
the UCL process shows abnormal phenomena. The lumines-
cence intensities of Yb3+ doped HSG versus laser power
in VIS/NIR range are measured and both luminescence in-
tensities show hysteretic behavior when the laser power is
increased and decreased successively. This behavior is as-
cribed to the IOB of Yb3+ ions in HSG, which induces the
abnormal UCL properties of Yb3+ doped and Tb3+/Yb3+
codoped HSG.
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