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Abstract: Temperature-dependent fluorescence of YAG:Ce was studied as an example of a 
spectral characterization method. According to the steady-state emission at various 
temperatures, four types of temperature sensing functions were retrieved using behaviors of 
1) wavenumber at emission band maximum magnitude, 2) wavenumber of emission band 
barycenter, 3) emission bandwidth, and 4) the ratio of intensities at different wavelengths in 
the emission band. All four types of functions demonstrate a near linear relationship with 
temperature in the measured temperature range. Function No. 2 shows finer precision than 
function No. 1, while they have the same meaning in physics. Mechanisms of the temperature 
dependence are discussed after a brief review of emission peak shifts of Ce3+-doped garnets. 
Function No. 3 shows an abnormal narrowing of the band with increasing temperature which 
can be related to the narrowing ground levels’ splitting gap. In the experiment, the two novel 
spectral characterization methods showed their advantages: the barycenter technique contains 
the smallest uncertainty, and the self-referenced intensity ratio technique provides flexible 
ratiometric sensing functions for various measurement needs. 
© 2016 Optical Society of America 
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1. Introduction 

It is well-known that numerous phosphors and dyes can be used as fluorescent sensors for the 
measurement of temperature, pH value, or other physical/chemical factors [1]. For various 
sensing applications, the underlying sciences are different, while the analyzed fluorescence 
characteristics are similar. Taking the fluorescent temperature sensing for example, the 
applicable spectral characteristics mainly include the emission intensity, the intensity ratio of 
thermally-coupled emission peaks, the full-width-at-half-magnitude of a peak/band, the peak 
location wavelength, and the lifetime of the fluorescence [1–3]. 

For a broadband fluorescence, the intensity-based sensing has been applied widely, 
commonly requiring an extra reference intensity [4]. Intensity fluctuation causes the 
corresponding sensor complicated and less precise. Peak shift technique and bandwidth 
measurement are not precise for a broadband emission, because the precision of locating a 
wavelength is limited by the spectrometer resolution and the apparatus’ signal-to-noise ratio. 
Therefore, novel spectral techniques with improved precision can be significant in broadband 
spectral analysis. The phosphor YAG:Ce is used in this study as a typical phosphor which has 
wide emission wavelength range. 

The fluorescence of Ce3+-doped yttrium aluminum garnet (YAG:Ce) is highly intense and 
temperature sensitive when being pumped with blue light centered at 450 nm. This phosphor 
has found applications in wavelength-converted white light diodes (WLED). It has been 
explored as a nano-point thermometer with the fluorescence lifetime varying monotonically 
from 26.5 ns to 18.5 ns in the range of 10 ~77 degrees Celsius [5]. Additionally, there are 
alternative fluorescence characteristics of YAG:Ce that are temperature dependent, such as: 
when temperature increases, the peak wavelength of the emission band shifts towards red [6–
9], whilst the luminescent intensity decreases monotonically [10–12]. Hence other optical 
thermometer methodologies may be conceived by utilizing the above mentioned thermal 
properties. 

This article focuses on the features of fluorescence spectra of YAG:Ce for temperature 
sensing. Four characteristics of fluorescence are explored for this purpose, including two 
newly proposed characteristics – the barycenter energy of the emission band and the self-
referenced fluorescence intensity ratio(s). For comparison, the peak location and the 
bandwidth of the emission band are the other two functions that vary with temperature. 

2. Experimental arrangements 

The phosphor YAG:Ce, Intematix Y4454 in this article, is widely available commercially. 
The material structure was analyzed on a D8ADVANCE X-ray diffractometer, using a Cu Kα 
X-ray source. 

A laser diode with an emission wavelength of 405 nm was used as the excitation light 
source for the fluorescence spectra measurement. All spectra were recorded with a AvaSpec-
2048TEC-USB2 fiber optical spectrometer; a dye filter removed scattered excitation light 
from the recorded spectra. The transmittance of the filter will be shown as an inset of the 
emission spectra in the following section. A temperature controller with K-type thermocouple 
was employed to control a heat board, providing an environmental temperature range from 
room temperature to over 180 °C for the phosphor powder. The powder sample was deposited 
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on the center of the heat board with the aid of alcohol, as close as possible to the 
thermocouple probe tip. 

3. Results and discussions 

An X-ray diffraction pattern (Fig. 1) of the phosphor sample used in the current work 
indicates a garnet structure, in accordance with PDF (Powder Diffraction File) No. 88-2048, 
confirming the phosphor matrix material as YAG. Measurement of the emission spectra 
showed fluorescence typical of Ce3+. Hence it was double checked that the phosphor is based 
on YAG:Ce. 
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Fig. 1. X-ray diffraction pattern of the phosphor powder. 

3.1 Shift of emission band 
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Fig. 2. The emission spectra of the phosphor sample at various temperatures when excited with 
405 nm light. Each spectrum has been normalized at its point of maximum intensity. Left inset: 
magnified portion of selected spectra. Right inset: transmittance of the dye filter used in the 
experiment. 
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Spontaneous emission from the material when excited by 405 nm light results from electron 
transitions from the lowest 5d level to 4f multiplets (2F7/2 and 2F5/2) of Ce3+. Two wide 
emission bands of YAG:Ce are formed. They are strongly overlap each other and therefore 
are not distinguishable, as shown in Fig. 2. This characteristic makes it difficult to precisely 
locate any wavelength position at the band(s) maximum intensity. Multi-peak fitting has been 
performed but the results were not consistent with the monotonic increase of temperature. 
They were therefore not produced, and the emission was technically treated as a single band 
in this study. At extremely low temperature, a spectrometer with a very fine resolution has 
directly determined the two peak wavelengths to be 536 nm and 567 nm, respectively, in the 
emission spectrum [8]. 

In Fig. 2, the peak wavelength of the merged emission band of Ce3+ is unambiguously 
temperature-dependent. Previously, it has been shown that the Ce3+ fluorescence peak 
position is not only sensitive to temperature [6–9], but also hydrostatic pressure or stress [13–
15], and to the gaseous environment [16]. These environmental effects take advantage of the 
fact that the local crystalline environment has a greater effect on the 5d-4f inter-
configurational transitions than on intra-configurational transitions within the shielded 4f 
electron shell(s) [17]. Therefore, it is not surprising that the radiative transitions of Ce3+-
doped phosphors are temperature-dependent as the thermally modified matrix material lattice 
results in an altered ligand bond length and/or other coordination factors such as site 
symmetry. 
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Fig. 3. Temperature-dependent shift of peak location (dashed line) and barycenter energy 
(solid line) of the phosphor’s emission band. 

The thermally-driven red shift of the YAG:Ce emission band is shown in Fig. 3, where a 
novel characterizing factor of band position- barycenter of band [15]- has been included. The 
barycenter position is defined as a wavenumber (or wavelength) which splits the emission 
band, integral intensity from the wavenumber (or wavelength) to the band edge is exactly a 
half of the total emission band area. A specific case is, when a band is symmetric in the 
spectrum, that the band barycenter is located at the peak position. Barycenter is different with 
peak position, particularly when the emission band consists of more than one sub-bands. 
However, barycenter position characterizes band location as well as peak position does, 
sometimes premier [15]. 

The shift of emission band should have a very similar mechanism as other reports [7,18–
33] suggested since they are all related to a change of the coordination circumstance of the 
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Ce3+ ion. However, the observed experimental result does not appear to be consistent with the 
prediction of crystal field theory, which previously has been employed to explain a resultant 
shift in a number of circumstances: the heat treatment temperature on sample phosphors 
[18,19], the particle size effect of a nanoscale sample [20,21], the influence of Y3+ 
substitution by Gd3+ [22–28], Tb3+ [7] or Lu3+ [29,30] and the different doping concentration 
of the Ce3+ ion [31–33]. According to the electron cloud effect and crystal field theory, the 
radiative photon energy of the rare-earth ion is determined by the average lanthanide-ligand 
bond length when considering that the effective ionization degree is constant: First, consider 
the nephelauxetic effect which determines the barycenter energies of levels. For the current 
study, this effect shifts the levels to higher energies when the phosphor lattice expands at high 
temperature [34,35]. Then, the width of a particular energy level narrows as a result of a 
lower crystal field strength. This would elevate the lowest 5d level of Ce3+ even further. Each 
of these theoretical explanations should show a blue-shifted emission band rather than the 
red-shift observed in the experimental results. 

Tanner et al. pointed out similar conflicts when they reassigned energy levels of YAG:Ce 
[36]. The answer to above question may lie in the mechanism described by the Jahn-Teller 
effect where a significant shift of Ce3+ fluorescence can be a result of deformation of the 
matrix lattice [37]. Other reports [9,38–40] support this explanation. The local site symmetry 
of the Ce3+ ion is a distorted cubic [41]; thermal expansion of the matrix can enlarge the 
distortion further. A lower point symmetry of the Ce3+ ion allows a significant increase in the 
splitting width between the lowest two 5d levels- the two 2E levels of Ce3+ [9,38–40]. Under 
this effect, the energy of the lowest 5d level can descend to such an extent that the influence 
of the nephelauxetic effect and the crystal field strength are totally compensated. This 
explanation can be applicable for temperature and stress effect [15] but has not received 
sufficient support from other reports. Another explanation to this red shift was due to 
increased self-absorption at higher temperatures [42]. Such an explanation is much 
successful. 

Notwithstanding these considerations, the sensing application can be discussed without 
considering the detailed physics issues. The two temperature sensing equations shown in Fig. 
3 correspond to the peak wavenumber shift and barycenter energy shift of the emission band, 
respectively. The lines of best fit determine slopes of (−1.19 ± 0.14) cm−1/K for the function 
determined by the peak position and (−0.981 ± 0.011) cm−1/K for the barycenter function. The 
barycenter treatment is compatible with a normal peak locating operation and may find its 
physical meaning in the nephelauxetic effect [15,35] although such an explanation is not 
essential for a characterizing technique. Whilst the slopes of the two data sets are both 
negative the experimental barycenter shifts are slightly less sensitive to temperature. However 
the scatter in the barycenter data is comparatively much reduced. This improvement in the 
measurement precision comes from the calculation process of the barycenter value: First, the 
area of the emission band is integrated; then the barycenter position is located by determining 
the point reached when half of the area is counted. This integration operation undoubtedly 
reduces randomness in the measurement, resulting in an improved signal-to-noise ratio. To 
some degree, the superiority of the barycenter energy to peak location can even benefit a 
spectrometer with a broken resolution limit. For example, the spectrometer resolution is 0.5 
nm in this experiment, while the uncertainty of the barycenter sensing sensitivity is a factor of 
10 better (0.0003 nm/K, or 0.011 cm−1/K at ~17,500 cm−1, temperature variation pace of 10 K 
in this experiment is resolvable). On the other hand, the spectrometer resolution limits the 
precision of locating any peak wavelength. In other words, the barycenter technique presents 
a sensing precision beyond the limit of spectrometer resolution. It is notable that this 
technique may also be useful to analyze other broadband spectra, e.g. light emission of an 
organic dye. 
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3.2 Bandwidth 
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Fig. 4. Full width at the half magnitude of the emission band at different temperatures. 

The spectral line-width of spontaneous emission is a function of temperature, and it is 
common to see thermal broadening of an emission band. But for the tested phosphor sample, 
heat induced narrowing was observed as shown in Fig. 4. When the sub-bands of the emission 
of Ce3+ are taken into account, the phenomenon could be explained such that a narrowing gap 
between the two ground 4f levels was reflecting a weakening crystal field in the phosphor at 
increasing temperature. As mentioned above, during the band shift analysis, poor confidence 
with multi-peak fitting is unable to lead to a direct view of the change in the two 4f levels’ 
splitting gap. 

Experimentally the narrowing of the bandwidth is nearly linear with a change in width of 
about 5.8 nm across 160 °C. As the spectrometer resolution is 0.5 nm, it implies that the 
bandwidth is a less precise function for sensing applications when compared with the 
barycenter function. 

3.3 Intensity ratio of emission 

The simultaneous effect of the shift and the narrowing of the emission band results in a 
temperature-dependent change of the fluorescence intensity ratio (FIR) for two different 
wavelengths, as shown in Fig. 5. As the reference wavelength, 564 nm, is also selected from 
the emission spectra like other comparing wavelengths, this extended FIR technique is self-
referenced. In other words, the concept of FIR was extended to characterize the feature 
change of wide emission band. Such a change is normally related to the thermal re-
distribution of electrons, described by the Boltzmann’s law, then a lnR ~1/T fitting equation 
could be used [43]. However, in this case, the mechanism of the FIR change is much 
complicated. At least, both the population of energy levels of Ce3+ and the coordination 
configuration of the ion play core roles. It is too difficult to achieve a theoretic formula which 
is capable to link FIR and temperature. Therefore, only empirical fitting equations were 
obtained. Parameters of the best-fitted linear functions corresponding to the lines in Fig. 5 are 
listed in Table 1. Parameter B is the sensitivity of FIR temperature sensing obtained from the 
calibrating process when the in-use thermocouple is seen as a standard thermometer for back-
to-back calibration. 
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Fig. 5. Temperature-dependence of the phosphor’s fluorescence intensity ratio R = 
I(564nm)/I(λ), where I(λ) is the intensity at the wavelength λ. 

Table 1. Best fitting results of the temperature-dependent intensity ratios of the phosphor 
sample. The fitting function is R = A + BT, where R = I(564nm)/I(λ) . 

No. λ (nm) A Fitting error of A B (/K) Fitting error of B 
1 504 13.9 0.7 0.021 0.002 
2 514 1.4 0.3 0.0182 0.0007 
3 524 −0.05 0.08 0.0102 0.0002 
4 534 0.20 0.03 0.00497 0.00007 
5 654 13.1 0.1 −0.0112 0.0003 
6 664 18.1 0.2 −0.0164 0.0004 
7 674 26.6 0.3 −0.0248 0.0007 
8 684 43.2 0.3 −0.0413 0.0009 

 
The most sensitive function is from the intensity change at 684 nm according to the 

comparison of above slopes (values of the parameter B), while the monitored wavelength is 
beyond the reference wavelength (564 nm). The most confident linear fitting is from the 
intensity change at 534 nm, while the monitored wavelength is close to the band peak 
wavelength. The slopes of all lines exhibits are monotonic. The change of slopes in the table 
can be directly related to the shift of the normalized emission band: At the blue end (short 
wavelengths) of the emission band, a red shift of the band shows its impact on the decreasing 
relative intensity at fixed wavelength(s); and at the red end, the relative intensity increases 
while the peak intensity is moving towards this direction. As such, the FIR technique can be a 
qualified candidate for temperature sensing, immunizing against any fluctuation of the 
excitation power. Even though the FIR appearance in this study has a totally different 
mechanism when compared with the traditional FIR technique [2,3] or other newly developed 
FIR technique for temperature sensing [44], a similar measuring and data processing system 
can be employed and may be beneficial for certain applications. When compared with 
fluorescent dyes for ratiometric thermometry suggested by P. Chamarthy, et. al. [4] which 
gave a relative sensitivity of 1.3%/°C at room temperature, the I(564nm)/I(λ) FIR sensitivity 
of YAG:Ce (~0.13%/°C) is about one order lower while the measuring range is greatly larger. 
Furthermore, as shown in Fig. 5 & Table 1, the broadband emission can provide multiple 
sensing functions with varying sensitivity and corresponding measuring range. This 
characteristic of the extended FIR technique permits a high flexibility of application. 
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In this work, all four types of temperature sensing functions can be successfully exploited 
using the emission spectra. It is also possible to utilize characteristics of excitation spectra, 
absorption spectra, and dynamic properties, e.g. fluorescence lifetime of the mentioned 
phosphor for temperature sensing. This implies that an even wider variety of measurement 
techniques are available with each giving different levels of precision with less or greater 
suitability for particular application purposes. Amongst the four studied techniques, the novel 
barycenter shift technique gives the best precision: the relative error of the sensitivity is 1.1% 
(0.011/0.981), while the other three relative errors of the sensitivities are 11.8% (0.14/1.19), 
3.7% (0.053/1.450), and optimally 1.4% (0.00007/0.00497) for the peak locating method, the 
bandwidth test, and the extended FIR technique, respectively. The extended FIR technique 
has a great flexibility. 

4. Conclusions 

In conclusion, this article has demonstrated that a common phosphor, YAG:Ce, can be used 
for temperature sensing using multiple sensing mechanisms. The schemes have been 
explained and experimentally demonstrated with the temperature-dependent fluorescence of 
the phosphor. Multiple sensing functions have been scrutinized to determine their suitability 
for temperature measurement purposes. The technique utilizing the shift of the band 
barycenter achieved the best precision, and the extended FIR technique provided high 
flexibility to various applications. The results indicate that YAG:Ce and similar active 
materials potentially could be widely applied into the area of temperature sensing. 
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