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a  b  s  t  r  a  c  t

An  optical  temperature  sensor  based  on  the  upconversion  luminescence  of  Tm3+ has  been  devel-
oped.  Under  a  980  nm  diode  laser  excitation,  the  fluorescence  intensity  ratio  (FIR)  between  700
(Tm3+:3F2,3 → 3H6) and  800  nm  (Tm3+:3H4 → 3H6) upconversion  emissions  from  Tm3+/Yb3+ codoped
oxyfluoride  glass  ceramic  was  studied  as  a  function  of temperature  in the  range  of  293–703  K.  The 3F2,3

3 3+
eywords:
xyfluoride glass ceramic
m3+ ions
pconversion emissions
emperature sensor

and H4 states  of Tm are  verified  to be  thermally  coupled  levels.  By  using  FIR  technique,  the  sensitivity
for  detecting  temperature  variations  achieved  here  is  better  than  previous  reported  rare  earth  ions  flu-
orescence  based  temperature  sensors.  With  the  advantages  of  intense  upconversion  luminescence  and
absolutely  separated  700  and  800  nm  emission  bands,  the Tm3+/Yb3+ codoped  oxyfluoride  glass  ceramic
is  a very  promising  candidate  for  accurate  optical  temperature  sensors  with  much  higher  sensitivity  and
resolution.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Optical temperature sensors based on the fluorescence of rare
arth (RE) ions have attracted great interest in recent years [1].
his technique provides a non-contact temperature measure-
ent by probing the temperature dependence of fluorescence

ntensities. Compared with conventional temperature monitoring
evices, fluorescence based thermometry system does not affect
he temperature field and is particularly advantageous operating in
lectromagnetically and/or thermally harsh environments, such as
t electrical power stations, near high power electric transmission
ines, and remote temperature detection in buildings on fire.

As an optical thermometry method, the fluorescence intensity
atio (FIR) technique is based on the measurement of fluorescence
ntensities from two thermally coupled levels (TCL) of one kind
E ions, which is independent of spectrum losses and fluctuations

n the excitation intensity, consequently leading to a much higher

ccuracy. It is known that the fluorescence of RE ions can be gener-
ted through upconversion (UC) or downconversion mechanism
ia proper pumping. When developing a RE fluorescence based

∗ Corresponding authors at: Condensed Mater Science and Technology Institute,
arbin Institute of Technology, Harbin 150001, China. Tel.: +86 045186402639;

ax: +86 045186402639.
E-mail addresses: zhangzhiguo@hit.edu.cn (Z. Zhang), dzk@psu.edu (W.  Cao).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.07.009
temperature sensor, UC emission is more popular because it can
be realized by excitation with a compact and cost-effective contin-
uous wave near infrared diode laser. Furthermore, the stray light,
which is easily introduced by downconversion excitation source to
affect the temperature measurement, can be effectively avoided by
using the UC pumping method. Some RE ions, including Er3+, Pr3+,
Nd3+, and Yb3+, have already been used as the activators for opti-
cal temperature sensors based on the UC luminescence from their
corresponding TCL [1–5].

We found that intense 700 (Tm3+:3F2,3 → 3H6) and 800 nm
(Tm3+:3H4 → 3H6) UC emissions can be obtained in Tm3+/Yb3+

codoped oxyfluoride glass ceramic [6].  From its absorption spec-
tra, the energy difference �E  between 3F2,3 and 3H4 is evaluated
to be about 1850 cm−1, which matches the situation of TCL,
200 cm−1 ≤ �ETCL ≤ 2000 cm−1 [1].  However, no attention has been
paid to Tm3+ ions in the application of optical thermometry,
mainly because the weak 700 nm light signal is very difficult to
detect. In this work, we  have successfully enhanced the intensity
of the 700 nm UC luminescence of Tm3+ and studied the tempera-
ture dependence of emissions centered at 700 and 800 nm from
Tm3+/Yb3+ codoped oxyfluoride glass ceramic under the excita-
tion of a 980 nm diode laser. Our results indicated that by using

the FIR technique, Tm3+/Yb3+ codoped oxyfluoride glass ceramic
has great potential to be used as optical temperature sensor
with various advantages over the existing RE fluorescence based
sensors.

dx.doi.org/10.1016/j.snb.2012.07.009
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:zhangzhiguo@hit.edu.cn
mailto:dzk@psu.edu
dx.doi.org/10.1016/j.snb.2012.07.009
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as [1,7]:

S = 1
R

dR

dT
= �E

kBT2
(2)
ig. 1. UC emission spectra of Tm3+/Yb3+ codoped oxyfluoride glass ceramic in the
avelength range of 650–850 nm at various temperatures.

. Experimental

The precursor glass with molar compositions of
0SiO2–50PbF2–0.25Tm2O3–2.5Yb2O3 was prepared by using
igh-purity SiO2, PbF2, Tm2O3 and Yb2O3 powders. The detailed
ynthesis process is similar to our previous work [6].  The resulting
ample is cut and polished into the size of 10 mm × 8 mm  × 1.5 mm.
he UC luminescence spectra were recorded by Zolix-SBP300 grat-
ng spectrometer equipped with CR131 photomultiplier. A 980 nm
iode laser, whose working temperature is set at 293 K by a tem-
erature controller, is used as the pump source. To investigate the
emperature dependent UC luminescence, the sample was placed
n a silica tube, which is then put into a mini furnace composed

ith SiC rods. The temperature of sample was monitored by a
opper-constantan thermocouple with measurement error of
1.5 K and controlled by a proportional–integral–derivative loop

eed back temperature control system. To avoid the change in the
rystallization of the oxyfluoride glass ceramic, the heating upper
imit is set below the crystallization temperature (753 K).

. Results and discussion

Fig. 1 shows the UC luminescence spectra in the wavelength
ange of 650–850 nm for Tm3+/Yb3+ co-doped oxyfluoride glass
eramic at different temperatures. The pump power of 980 nm laser
iode is set as 150 mW.  It can be seen that the spectra exhibit two
istinct luminescence bands centered at 700 and 800 nm,  which
re attributed to the 3F2,3 → 3H6 and 3H4 → 3H6 transitions of Tm3+

ons [6].  Fig. 2 shows the energy level diagrams of Tm3+ and Yb3+,
s well as the UC mechanism for generating 700 and 800 nm UC
uminescence. Since the pumping photon of 980 nm laser can only
e absorbed by Yb3+ ions, two successive energy transfer processes
re needed to populate the 3F2,3 states. The 3H4 state is then popu-
ated by the nonradiative relaxation from the 3F2,3 states, resulting
n the intense 800 nm near infrared emission. From Fig. 1, it also can
e observed that the peak positions of these two  emission bands
re hardly changed with temperature, but the emission intensities
or 700 and 800 nm emissions respond differently to the change of
emperature. The 800 nm emission intensity gradually decreases
ith the increase of temperature, while the intensity for 700 nm
ed emission increases greatly and about twofold enhancement is
chieved at 643 K. To verify that the 3F2,3 and 3H4 are TCL, the FIR
etween 700 and 800 nm emission at various temperatures was
alculated.
Fig. 2. Energy level diagram for Tm3+ and Yb3+ as well as the upconversion mecha-
nisms for Tm3+/Yb3+ codoped system.

According to the theory by Wade et al. [1],  the FIR for the emis-
sions from TCL of RE ions can be written as:

FIR = Ii
Ij

= A exp
(

− �E

kBT

)
+ B (1)

where Ii and Ij are intensities for emissions from the upper and
the lower TCL; A and B are constants; �E  is the energy difference
between these two levels; kB is the Boltzmann constant, and T is
the absolute temperature. Fig. 3 shows the plot of the FIR between
700 and 800 nm UC luminescence vs. temperature in the range of
293–703 K. The experimental data are fitted by using Eq. (1).  It can
be seen that the fitting matches well with the experimental data.
The fitted coefficients A and B in Eq. (1) are about 2.78 and 0.014,
respectively, and �E  is fitted to be about 1952 cm−1, very close to
the experimental value 1850 cm−1. These results confirm that the
3F2,3 and 3H4 of Tm3+ are TCL. In addition, we have also studied
the behavior of the FIR at different excitation powers, and the ratio
remains unchanged for powers up to 200 mW.

For thermometry applications, it is of great importance to know
the sensitivity, which is reflected by the rate of change in the FIR in
response to the variation of temperature. The sensitivity S is defined
Fig. 3. FIR of upconversion emissions at 700 and 800 nm vs. temperature in the
range of 293–703 K.
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Table 1
Values of the sensitivity for different RE ions in different host materials are presented, and the involved transitions from TCL as well as temperature range are included.

Rare earth (host) Transitions Sensitivity (K−1) Temperature range (K) Reference

Tm3+ (oxyfluoride glass ceramic) 3F2,3, 3H4 → 3H6 2829.5/T2 293–703 This work
Er3+ (chalcogenide glass) 2H11/2, 4S3/2 → 4I15/2 928.9/T2 293–498 Ref. [4]
Pr3+ (tellurite glass) 3P1 + 1I6, 3P0 → 3H5 879.9/T2 293–473 Ref. [9]
Nd3+(borosilicate glass) 4F3/2, 4F5/2 → 4I9/2 1691.3/T2 296–670 Ref. [3]

3+ 4 4 6 1593.2/T2 295–748 Ref. [1]
1546.7/T2 295–523 Ref. [1]
2648.2/T2 101–673 Ref. [1]

F
i
p
m
s
i
s
l
w
t
e
o
s
a

e
t
r
o
c
i
c
5

e
2
E
t
a

s

(

(

(

Sm (silica) F3/2, G5/2 → H5/2

Dy3+(silica) 4I15/2, 4F9/2 → 6H13/2

Eu3+(silica) 5D1, 5D0 → 7F1

rom Eq. (2),  in the certain temperature range, the sensitivity S is
n proportion to the energy difference between the TCL. Table 1
resents the expressions of sensitivity for our sample and the
aterials doped with other RE activators. It can be seen that the

ensitivity value for Tm3+/Yb3+ codoped oxyfluoride glass ceramic
s much higher than other RE ions fluorescence based sensors at the
ame temperature. This high sensitivity is attributed to the much
arger energy gap between the 3F2,3 and 3H4 states of Tm3+ ions,

hich is also beneficial for obtaining higher measurement resolu-
ion. Therefore, it can be concluded that by employing the same
xperimental equipments, sensors based on Tm3+/Yb3+ codoped
xyfluoride glass ceramic are expected to exhibit much higher sen-
itivity and resolution for temperature measurements than those
pplying other RE ions doped materials.

Meanwhile, it is worth to note that owing to the much larger
nergy separation between the 3F2,3 and 3H4 states of Tm3+,
he thermalizing rate from the 3H4 to the 3F2,3 states will be
educed at lower temperatures. And in contrast, other radiative
r nonradiative process may  dominate the thermalization process,
onsequently leading to the “decoupling” effect on the two  states,
.e. the 3F2,3 and the 3H4 states cannot be deemed as fully thermally
oupled at low temperatures, which is similar to the case of 5D0 and
D1 states of Eu3+ [1].  This phenomenon has been observed in our
xperiment, where the FIR between 700 and 800 nm emissions at
93 K exhibits a relatively large deviation from the prediction of
q. (1).  The deviation would be more apparent for the FIR at low
emperatures. Therefore, it is more appropriate to use Tm3+ as the
ctivator for high temperature measurement.

Furthermore, some other superior properties observed in our
ample should be noted:

1). When considering practical applications, it is also necessary
to understand the change of sensitivity with temperature.
Through Eq. (1),  the theoretical sensitivity ST is gained as:

ST = dR

dT
= R

(
�E

kBT2

)
(3)

The corresponding value for our sample is shown in Fig. 4. It
can be seen that the sensitivity keeps increasing in our exper-
imental temperature range. Similar enhancement behavior of
sensitivity with temperature was also observed in the previ-
ous reports [2–4,8],  but those reported sensitivities at higher
temperatures are much worse.

2). Because of the low phonon energy environment in the fluo-
ride nanocrystals and the large separation of 3H4 state from
the lower lying 3H5 state (about 4723 cm−1), the 700 and
800 nm UC emissions from Tm3+/Yb3+ codoped oxyfluoride
glass ceramic are difficult to be thermally quenched. Bright
700 nm red luminescence can be observed by naked eyes even
when the temperature is as high as 703 K. Such efficient lumi-
nescence is of great benefit for achieving adequate signal to

noise ratio at high temperatures.

3). It can be seen from Fig. 1 that the emission bands centered
at 700 and 800 nm are absolutely separated in the oxyfluoride
glass ceramic. While the emission bands from TCL of the other

[

Fig. 4. Theoretical sensitivity as a function of temperature in the temperature range
of  293–703 K.

RE ions (Er3+, Pr3+, Sm3+, Eu3+, Yb3+, Dy3+) are all overlapping to
some extent [1].  Band overlapping would cause the measured
FIR to deviate from the behavior predicted by Eq. (1),  resulting
in larger detection error. The absolutely separated UC emis-
sion bands from 3F2,3 to 3H4 state of Tm3+ are in favor of a
thermometry with much improved accuracy.

4. Conclusions

Under a 980 nm diode laser excitation, 700 and 800 nm UC emis-
sions from Tm3+ in Tm3+/Yb3+ co-doped oxyfluoride glass ceramic
were studied at temperatures ranging from 293 to 703 K. By using
FIR method, 3F2,3 and 3H4 state of Tm3+ were verified as TCL. The
application of Tm3+ for optical temperature sensor was discussed
utilizing the much enhanced 700 nm emission intensity. It was
found that the sensitivity for thermometry achieved here is much
higher than previous reported optical temperature sensors based
on the same technology. With other superior properties, such as the
efficient UC emissions and the absolutely separated 700 and 800 nm
emission bands, the Tm3+/Yb3+ co-doped oxyfluoride glass ceramic
is an excellent candidate for developing novel optical temperature
sensors, which can give much high sensitivity, better resolution and
good accuracy.
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