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a  b  s  t  r  a  c  t

Under  980  nm  diode  laser  excitation,  the  near infrared  (NIR)  emissions  originated  from  the
4F7/2/4S3/2 → 4I9/2 (∼750 nm), 4F5/2/2H9/2 → 4I9/2 (∼803 nm),  and 4F3/2 → 4I9/2 (∼863  nm)  transitions  of
Nd3+ ions  in  Nd3+/Yb3+ codoped  oxyfluoride  glass  ceramic  were  obtained  and  studied  as  a  function  of
temperature  in  the  range  of  303–623  K.  It was  observed  that  these  NIR  emissions  were  greatly  enhanced
with  the  increase  of  temperature.  An  explanation  based  on  the  luminescence  decay  curves  was  given,
and  it was  found  that the  thermally  enhanced  phonon-assisted  energy  transfer  (ET)  from  Yb3+ to  Nd3+

played  an  important  role  in such  phenomenon.  In addition,  by  using  the  fluorescence  intensity  ratio
3+
d3+ ions
ear infrared emissions
emperature sensor

technique,  the  optical  thermometry  behavior  based  on  the  NIR  emissions  of  Nd ions  was  investigated.
Using  the 750  and  863  nm  emissions  from  the Nd3+/Yb3+ codoped  glass  ceramic,  higher  sensitivity  for
temperature  measurement  can  be  achieved  compared  to the  previous  reported  rare  earth  ions  fluores-
cence  based  optical  temperature  sensors.  Due  to its  thermally  enhanced  NIR emissions,  the  Nd3+/Yb3+

codoped  oxyfluoride  glass  ceramic  is a promising  candidate  for optical  temperature  sensors  with high
sensitivity  and  good  accuracy.
. Introduction

In recent years, optical temperature sensing devices based on
he fluorescence of material with rare earth (RE) ions as the acti-
ators have attracted much interest [1].  Research in this field
as been stimulated by increasing demand for safe, cheap, and
eliable sensors in the monitoring of electrical transformer tem-
erature in power stations, oil refineries, coal mines, and building
re detections, where contacting types temperature measurement
echniques cannot be used. As an optical thermometry method, the
uorescence intensity ratio (FIR) technique is based on the mea-
urement of fluorescence intensities from two thermally coupled
evels (TCL) of one kind RE ions, which is independent of spectrum
osses and fluctuations in the excitation intensity and consequently
eads to much higher measurement accuracy and reliability.
Owing to the presence of suitable TCL (4F5/2/2H9/2 and 4F3/2),
d3+ is promising in applications in optical thermometry by using

ts NIR emissions [2,3]. Nd3+ has large absorption cross-section at
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800 nm,  so the lasers centered around this wavelength were usually
used to excite the Nd3+ doped sensing medium. However, the over-
lapping of the pumping laser band and the emission band of Nd3+

ions results in a relatively large temperature detection error [2].
Although the Nd3+ ions can be excited by short-wavelength lasers
to avoid the overlapping effect, the expensive pumping source and
the stray light caused by short-wavelength lasers limit the practical
applications of Nd3+ ions on optical temperature sensors. There-
fore, it is necessary to develop a doping system, in which the NIR
emissions of Nd3+ ions can be generated by excitation with a com-
pact and cost-effective continuous wave NIR diode lasers without
overlapping with the NIR emissions.

Due to the large absorption cross-section around 980 nm, Yb3+

ions are usually utilized as the sensitizer to help gain the efficient
emissions from other RE ions, such as Er3+, Ho3+, and Tm3+, when
excited by a 980 nm laser. However, the study on the ET from Yb3+ to
Nd3+ to enhance the NIR emissions from Nd3+ ions when excited by
980 nm laser is limited. In this work, the Nd3+/Yb3+ codoped system
was designed and synthesized, and the oxyfluoride glass ceramic
was selected as the host material due to its low phonon energy and

good chemical and physical stability [4,5]. The result shows that the
NIR emissions of Nd3+ ions centered at 750, 803 and 863 nm can be
readily obtained in this glass ceramic when excited by a 980 nm
diode laser. Interestingly, these emissions can be greatly enhanced

dx.doi.org/10.1016/j.snb.2012.12.050
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:zhangzhiguo@hit.edu.cn
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The energy level diagrams of the Yb3+ and Nd3+ ions as well as
the possible emission mechanisms for the Nd3+/Yb3+ codoped sys-
tem are shown in Fig. 3. Since the 980 nm pumping photons can
only be efficiently absorbed by Yb3+ ions, ET processes are needed
Fig. 1. XRD patterns for Nd3+/Yb3+ codoped glass and oxyfluoride glass ceramic.

ith the increase of temperature. An explanation based on the
emperature dependent luminescence decay curves was given. In
ddition, optical thermometry based on the NIR fluorescence was
valuated. Our results indicated that the Nd3+/Yb3+ codoped oxyflu-
ride glass ceramic has a great potential to be used as an optical
emperature sensor with various advantages over other existing
E fluorescence based sensors.

. Experimental

The raw materials of the precursor glass were composed of high-
urity SiO2 and PbF2 at 1:1 molar ratio, and 0.1 mol% Nd2O3 and
.5 mol% Yb2O3 were added. The detailed preparing process is sim-

lar to our previous work [6].  The resulting samples were cut and
olished for optical measurements. X-ray diffraction (XRD) pat-
erns were acquired using a Rigaku D/max-�B diffractometer with
u K� radiation (� = 0.15418 nm). The luminescence spectra were
ecorded by Zolix-SBP300 grating spectrometer equipped with
R131 photomultiplier. The absorption spectra were recorded by
sing a spectrophotometer (Perkin-Elmer, Lambda 900). 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
he temperature dependence of luminescence, the sample was
laced in a silica tube, which is then put into a home-made mini
urnace made of SiC rods. The temperature of sample was  mon-
tored by a copper-constantan thermocouple with measurement
rror of ±1.5 K and controlled by a proportional-integral-derivative
oop feed back temperature control system. The luminescence
ecay curves were measured by the 980 nm diode laser modulated
hrough square-wave electric current and recorded by Tektronix
PO 4140 oscilloscope. When measuring the luminescence decay
urves of the infrared emissions from Yb3+ ions, the light signal was
etected by InGaAs photodiode. To avoid the change in the crystal-

ization of the oxyfluoride glass ceramic, the heating upper limit is
et below the crystallization temperature (753 K).

. Results and discussion

The XRD patterns of the precursor glass and the glass ceramic
re shown in Fig. 1. It can be seen that there are only two humps
n the XRD curve for the glass, indicating its amorphous struc-
ure. However, after thermal treatment, intense diffraction peaks
ttributed to �-PbF2 nanocrystals emerge in the XRD patterns
7], reflecting the crystallization during thermal treatment. Fig. 2
hows the NIR fluorescence spectra of the Nd3+/Yb3+ codoped glass
nd glass ceramic under 980 nm laser excitation with a power

f 260 mW.  Two emission bands centered at 803 and 863 nm,
riginated from the 4F5/2/2H9/2 → 4I9/2 and 4F3/2 → 4I9/2 transitions
f Nd3+ ions, respectively, were obtained in the precursor glass.
n the glass ceramic, these two emissions are enhanced, and a
Fig. 2. NIR emissions for the Nd3+/Yb3+ codoped glass and glass ceramic; the inset
shows the absorption spectra for the glass ceramic sample.

fluorescence band centered at 750 nm,  which was  not observed
in the previous works [2,3], is also obtained. From the absorption
spectra of the Nd3+/Yb3+ codoped glass ceramic in the inset of
Fig. 2, the 750 nm emission is originated from the 4F7/2/4S3/2 → 4I9/2
transitions of Nd3+ ions. Compared with the absorption spectra, the
wavelengths corresponding to the emission spectra peaks exhibit
red shift. This phenomenon is known as Stokes shift, which is due
to the energy loss of the Nd3+ ions on the levels resulting from the
lattice vibrations. Here, it is worth to note that no NIR emissions
were detected in samples singly doped with Nd3+ ions, indicating
that the ET from Yb3+ to Nd3+ plays an important role in generating
the luminescence of Nd3+ ions. The enhancement of the NIR
emissions in the oxyfluoride glass ceramic is generally attributed
to two contributions. First, some RE ions will be incorporated into
the fluoride nanocrystals during the thermal treatment [8],  and
the lower phonon energy environment of the fluoride nanocrystals
can weaken the multi-phonon nonradiation relaxation and is in
favor of increasing luminescence intensity. Second, the distance
between the RE ions will be shortened in the fluoride nanocrystals.
According to the Dexter theory [9],  the ET from Yb3+ to Nd3+ will be
strengthened and subsequently contributes to the enhancement
of the NIR fluorescence from Nd3+ ions.
Fig. 3. Energy level diagram of Yb3+ and Nd3+ ions as well as the proposed fluores-
cence mechanisms (TP denotes thermal population).



522 W. Xu et al. / Sensors and Actuators B 178 (2013) 520– 524

F
c

t
m
t
t
e
t
4

4

u
c
b

s
N
r
w
a
t
w
t
d
p
t
8
Y
w
o
a
t
4

m
i
a

u

W

w
t
Y

Fig. 5. (a) Luminescence decay curves of the Yb3+ (2F5/2) at 303 and 623 K obtained
from the Yb3+ doped and Nd3+/Yb3+ codoped glass ceramic. (b) Energy transfer rate
ig. 4. Temperature dependent NIR emissions from the Nd3+/Yb3+ codoped glass
eramic.

o populate the emission states of Nd3+ ions. Due to the energy mis-
atch between the 2F5/2 level of Yb3+ and the 4F3/2 level of Nd3+,

he ET from Yb3+ to Nd3+ is a phonon-assisted process [10]. From
he absorption spectra in the inset of Fig. 2, it can be seen that the
nergy gaps between the 4F3/2 and 4F5/2/2H9/2 (�E ≈ 960 cm−1),
he 4F3/2 and 4F7/2/4S3/2 (�E ≈ 1910 cm−1), and the 4F5/2/2H9/2 and
F7/2/4S3/2 states (�E ≈ 1020 cm−1) are relatively small, so that the
F5/2/2H9/2 and 4F7/2/4S3/2 states can be populated by thermal pop-
lation from their lower energy levels. Also, the NIR emitting levels
an be populated by nonradiative relaxations from the upper states
ecause of the small energy differences [11].

To understand the properties related to optical temperature
ensors, the temperature dependent NIR emissions from Nd3+ in
d3+/Yb3+ codoped glass ceramic was studied in the temperature

ange of 303–623 K, and the pumping power of 980 nm diode laser
as set at 260 mW.  The emission spectra at different temperatures

re shown in Fig. 4. It is interesting to observe that the intensi-
ies for these emissions are greatly enhanced as temperature rises
ithout changing the peak positions of the emissions. One impor-

ant fact is that the rates of intensity increase with temperature for
ifferent peaks in the NIR emission spectrum are different. Com-
ared to the intensities at 303 K, enhancement in the intensity up
o 187, 50, and 8-fold can be achieved at 623 K for the 750, 803, and
63 nm emissions, respectively. As discussed above, the ET from
b3+ to Nd3+ ions is phonon-assisted, hence this kind ET process
ill be strengthened with the increase of temperature [12]. Because

f this, the population in the 4F3/2 state of Nd3+ will be increased
s temperature rises and finally leads to thermal enhancement for
he 863 nm emission. Due to the small energy differences from the
F3/2 to 4F5/2/2H9/2 and the 4F7/2/4S3/2 states, more ions will be ther-
ally populated in the 4F7/2/4S3/2 and 4F5/2/2H9/2 states with the

ncrease of temperature, resulting in the enhancement of the 750
nd 803 nm NIR emission intensities.

The thermally enhanced ET rates from Yb3+ to Nd3+ may  be
nderstood by using the following equation [10]:

Yb→Nd = 1
�Yb−Nd

− 1
�Yb

, (1)
here WYb→Nd is the ET rate from Yb3+ to Nd3+; �Yb−Nd and �Yb are
he lifetimes of the 2F5/2 state of Yb3+ in the Nd3+/Yb3+ codoped and
b3+ singly doped glass ceramic, respectively. The corresponding
from Yb3+ to Nd3+ at different temperatures.

luminescence decay curves for 2F5/2 state of Yb3+ at different tem-
peratures are presented in Fig. 5(a). Based on the curves, the
temperature dependent ET rates from Yb3+ to Nd3+ ions are esti-
mated by Eq. (1) and the results are illustrated in Fig. 5(b). It can
be clearly observed that the ET rate from Yb3+ to Nd3+ is greatly
enhanced with the increase of temperature. Although the multi-
phonon nonradiative relaxations of Nd3+ ions will be increased with
temperature and the back ET from Nd3+ to Yb3+ may  also take place,
it can be concluded from Fig. 4 that these effects are not dominant
in the experiment temperature range.

As discussed above, the relative change in the intensities with
temperature change for the NIR emissions is different. This phe-
nomenon is attributed to the thermally coupled relations between
the 4F7/2/4S3/2, 4F5/2/2H9/2, and 4F3/2 levels of Nd3+ ions. In other
words, due to the small energy gaps, the thermally coupled
4F7/2/4S3/2 and 4F3/2 levels (TCL1), 4F7/2/4S3/2 and 4F5/2/2H9/2 levels
(TCL2), as well as 4F5/2/2H9/2 and 4F3/2 levels (TCL3) can all be used
for the application of optical thermometry by using FIR technique.
Below, the FIR between the NIR emissions from the correspond-
ing TCL of Nd3+ ions in Nd3+/Yb3+ codoped glass ceramic at various
temperatures are calculated.

According to the literatures [1,13],  the FIR for the emissions from
TCL of RE ions can be written as

FIR = Ii
Ij

= A exp
(

− �E

kBT

)
+ B, (2)

where Ii and Ij are intensities of emissions from the upper and
the lower TCL; A and B are constants; �E is the energy difference
between TCL; kB is the Boltzmann constant, and T is the absolute
temperature. Fig. 6 shows the plot of the FIR between the 750 and
863 nm,  750 and 803 nm as well as 803 and 863 nm luminescence
vs. temperature in the range of 303–623 K. The FIR is obtained
through the ratio between the integrated areas under the corre-
sponding emission spectra. The experimental data are fitted to Eq.
(2) and the fitting parameters are presented in Fig. 6. It can be seen
that the fitting curve matches well with the experimental data.
The values of �E  between TCL1, TCL2 and TCL3 are fitted to be
about 2076, 1300, and 1216 cm−1, respectively, close to the corre-
sponding experimental value (1910, 1020, and 960 cm−1) deduced
from the absorption spectra. Several temperature circles have been
tested and a good reproducibility was obtained.
For optical thermometry, it is of great importance to under-
stand the rate at which the FIR changes with temperature. This
value is known as the sensitivity. To allow the comparison between
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Fig. 6. Fluorescence intensity ratios between the NIR emissions at temperatures
ranging from 303 to 623 K.
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ig. 7. The sensitivities based on the different thermally coupled levels of Nd3+ ions
n  Nd3+/Yb3+ codoped glass ceramic.

ensitivities obtained from the FIR of different TCL, the absolute
ensitivity S is defined as follows [1,14],

 ≡ �E

kBT2
. (3)

q. (3) suggests that using pairs of levels with larger energy
ifference is in favor of higher sensitivity. The sensitivities for

d3+/Yb3+ codoped glass ceramic by the different TCL of Nd3+ ions
re expressed in Table 1 and shown in Fig. 7. For comparison, the
xpressions of the sensitivities for other RE ions doped materials are
lso presented Table 1. It can be seen that by utilizing the thermally

able 1
alues of the sensitivity for different RE ions in different host materials are presented, an

Rare earth (host) Transitions 

Nd3+ (oxyfluoride glass ceramic) 4F7/2/4S3/2, 4F3/2 → 4I9/2
4F5/2/2H9/2, 4F3/2 → 4I9/2
4F7/2/4S3/2, 2H9/2/4F5/2 → 4I9/2

Tm3+ (oxyfluoride glass ceramic) 3F2,3, 3H4 → 3H6

Ho3+ (oxyfluoride glass ceramic) 5F2,3/3K8, 5F1/5G6 → 5I8

Er3+ (chalcogenide glass) 2H11/2, 4S3/2 → 4I15/2

Pr3+ (tellurite glass) 3P1/1I6, 3P0 → 3H5

Sm3+ (silica) 4F3/2, 4G5/2 → 6H5/2

Dy3+ (silica) 4I15/2, 4F9/2 → 6H13/2

Eu3+ (silica) 5D1, 5D0 → 7F1
Fig. 8. The relative sensitivity as a function of temperature in the temperature range
of  303–623 K.

coupled 4F7/2/4S3/2 and 4F3/2 levels of Nd3+ ions, the sensitivity
achieved here is much higher than other RE ions fluorescence based
sensors. This high sensitivity is attributed to the much larger energy
gap between the 4F7/2/4S3/2 and 4F3/2 levels, which is also benefi-
cial for obtaining higher measurement resolution. Here, it should be
noted that, similar to the case of Eu3+ and Tm3+ [1,15],  the “decou-
pling” effect will become more obvious for the 4F7/2/4S3/2 and 4F3/2
levels of Nd3+ ions at lower temperatures owing to the much larger
energy separation. This effect would make the FIR between 750
and 863 nm emissions deviate from the prediction of Eq. (2) and
result in a relatively large measurement error. Therefore, it is more
appropriate to use the 750 and 863 nm emissions for high tempera-
ture measurement. At lower temperature range, the measurement
can be performed by using the emissions from the thermally cou-
pled 4F7/2/4S3/2 and 4F5/2/2H9/2 levels or the thermally coupled
4F5/2/2H9/2 and 4F3/2 levels, which possess smaller energy gaps.

Considering practical applications, it is also necessary to under-
stand the change of sensitivity with temperature. Through Eq. (2),
the relative sensitivity SR is defined as

SR = dFIR

dT
= FIR

(
�E

kBT2

)
. (4)

The corresponding values for our sample are shown in Fig. 8. It
can be seen that when using TCL1, the sensitivity keeps increas-
ing in our experimental temperature range and will theoretically
achieve the maximum at 1505 K. Similar enhancement of sen-
sitivity with temperature was also observed in previous reports
[1,17,18], but those reported sensitivities at higher temperatures

are much worse.

Additionally, compared to previous reported optical tem-
perature sensors based on the fluorescence of RE ions doped
materials, another outstanding advantage achieved here is the

d the involved transitions from TCL as well as temperature range are included.

Sensitivity (K−1) Temperature range (K) Reference

3010.1/T2 303–623 This work
1763.2/T2 303–623 This work
1884.6/T2 303–623 This work

2829.5/T2 293–703 Ref. [15]
2238.6/T2 303–643 Ref. [16]

928.9/T2 293–498 Ref. [17]
879.9/T2 293–473 Ref. [18]

1593.2/T2 295–748 Ref. [1]
1546.7/T2 295–523 Ref. [1]
2648.2/T2 101–673 Ref. [1]
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hermal enhancement of NIR fluorescence. Based on reported
orks [1,15–18], it is known that thermal quenching effect on

he emissions from the RE ions doped sensing mediums becomes
tronger with the increase of temperature. This phenomenon will
ake it difficult to detect the fluorescence signal at high tempera-

ures, resulting in low signal-to-noise ratio and high measurement
rror. On the other hand, the thermally enhanced NIR emissions
rom Nd3+/Yb3+ codoped glass ceramic can provide strong light sig-
al even at high temperatures so that the sample is promising for
ccurate thermometry applications.

. Conclusions

An optical temperature sensor based on the Nd3+/Yb3+ codoped
xyfluoride glass ceramic has been developed. Under a 980 nm
iode laser excitation, 750, 803, and 863 nm emissions from Nd3+ in
d3+/Yb3+ codoped glass ceramic were obtained and investigated
t temperatures ranging from 303 to 623 K. It was observed that the
missions are greatly enhanced with the increase of temperature,
hich is mainly attributed to thermally enhanced energy trans-

er from Yb3+ to Nd3+ ions. This is advantageous to compare other
E based temperature sensors since in general fluorescence inten-
ities decrease with temperature. When utilizing the thermally
oupled 4F7/2/4S3/2 and 4F3/2 levels of Nd3+ ions, the sensitivity for
hermometry achieved here is much higher than other reported
ptical temperature sensors based on the FIR technique due to
arger energy gap. With these superior properties, the Nd3+/Yb3+

odoped glass ceramic is an excellent candidate for making opti-
al temperature sensors, which can give much higher sensitivity,
igher resolution and better accuracy compared to the existing RE
uorescence based temperature sensors.
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