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operties of Bi3+/Sm3+ co-doped
K3Gd5(PO4)6 phosphors for self-referencing optical
thermometry†

Jing Wang, a Mingjun Song,*a Junpeng Xue,*b Shala Bic and Hyo Jin Seo *d

Potassium gadolinium phosphates [K3Gd5(PO4)6] co-doped with Bi3+/Sm3+ phosphors were prepared by

traditional solid-state method. Their structure, morphology, luminescence properties, energy transfer,

temperature sensing performance and thermal stability have been systematically investigated. The

emission and excitation spectra, as well as decay curves were recorded to study the luminescence

mechanism. By co-doping Bi3+/Sm3+, white emission color can be obtained. In addition, the emission

intensity ratios of Bi3+ and Sm3+ ions present excellent temperature sensing performance in a wide

temperature range. The maximum relative sensitivities of K3Gd5(PO4)6 doped with Bi3+/Sm3+ can reach

to 3.13% K−1. In addition, K3Gd5(PO4)6:Bi
3+,Sm3+ phosphors exhibit high thermal stability of about 55.3%

at 423 K compared to room temperature.
1. Introduction

White light-emitting diodes (WLEDs) have been regarded as
a promising next generation lighting source due to their
advantages of long operation lifetime, low power consumption,
small size, good chemical stability, and environmental
friendliness.1–6 The widely used method for fabricating w-LEDs
is to combine a blue LED chip with a yellow YAG:Ce3+ phosphor.
The major drawback of this method is the lack of red compo-
nents, resulting in a poor color rendering index and a high
correlated color temperature. Recently, another method based
on the combination of UV LED chips with blue, green, and red
phosphors has been developed. However, this method also
suffers from some drawbacks, such as low efficiency (reab-
sorption between phosphor particles) and high expenses.
Therefore, the method by coating single-phased tunable emis-
sion phosphors on the UV LED chips has been exploited, which
has been an active research area for w-LEDs. In a single-phased
phosphor, the tunable emission color, including white, can be
obtained by energy transfer from the sensitizer to the activator,
and a number of energy transfer systems have been reported,
such as Ce3+–Eu2+,1 Eu2+–Mn2+,7 Bi3+–Eu3+,8 Ce3+–Tb3+,9 Eu2+–
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Mn2+–Tb3+,10 and Tm3+–Dy3+,11 etc.12–14 The rare earth ions are
extensively investigated for the modication of luminescence
color based on the energy transfer from host or sensitizers.
Tunable emission color can be obtained by controlling the
dopants of rare earth ions. As is well known, Sm3+ can be used
as an orange-red emission dopant due to its intense 4G5/2/

6HJ

transitions. Bi3+ can be used as a sensitizer as well as an acti-
vator, which has strong absorption in the UV region. Taking
into account of 3P1 / 1S0 emission of Bi3+ in the blue-green
region, it is possible to achieve white emission by combining
Bi3+ emission with Sm3+ emission in a single-phased phosphor.

As one of the basic physical quantities, temperature has an
important inuence on human daily life and industrial
production. In recent years, optical thermometers have attrac-
ted wide attention due to their unique advantages of non-
contact, fast response, high spatial resolution, and non-
invasive operation. Various techniques have been used for the
temperature sensing, such as emission intensity, uorescence
intensity ratio (FIR), lifetime, as well as bandwidth. In particu-
larly, FIR technique is widely used because of its high accuracy
and high resolution. Moreover, it can get rid of the inuence of
measurement conditions and high equipment and operational
requirements. At present, most FIR techniques are based on the
detection of two emissions which are from two thermal coupled
levels (TCL) of single ions, such as Er3+(2H11/2/

4S3/2),15 and
Dy3+(4I5/2/

4F9/2).16 Whereas, the narrow energy gap between TCL
suffers from the drawbacks of low relative sensitivities and large
overlap of two emissions. To overcome these drawbacks, the
strategies based on the energy transfer or diversity in the
thermal quenching behaviors of two luminescence centers have
been proposed, such as Pr3+–Tb3+,17 Eu3+–Tb3+,18,19 Bi3+–
Eu3+,20–22 and Eu3+–Dy3+.23 It is known that the emission bands
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of Bi3+ and Sm3+ are basically separated, and signal discrimi-
nation can be easily performed.24,25 Thus, Bi3+/Sm3+ co-doped
materials have great potential application for temperature
sensing.

In the present work, the luminescence properties of Bi3+/
Sm3+ co-doped K3Gd5(PO4)6 (host abbreviated as KGP) phos-
phor is investigated. Tunable emission color can be realized by
co-doping Bi3+ and Sm3+ ions. Meanwhile, Bi3+/Sm3+ co-doped
KGP phosphors can be used for optical temperature sensor in
a wide temperature range (44–182 K and 295–523 K) with
maximum relative sensitivities of 3.13% K−1.
2. Experimental section
2.1 Synthesis of samples

A series of K3Gd5−x(PO4)6:xBi
3+ (x = 0.05, 0.1, 0.15, 0.5, 1, 1.5, 2,

where KGP:Bi3+ represents x = 0.05), K3Gd4.99(PO4)6:0.01Sm
3+

(KGP:Sm3+), and K3Gd4.96(PO4)6:0.05Bi
3+,0.01Sm3+

(KGP:Bi3+,Sm3+) phosphors were prepared by solid state
method. Stoichiometric amount of K2CO3 (99.9%, Sigma),
Gd2O3 (99.99%, Sigma), NH4H2PO4 (99.9%, Sigma), Bi2O3

(99.9%, Sigma), and Sm2O3 (99.99%, Sigma) were carefully
weighed and ground thoroughly in an agate mortar with
ethanol. The mixture was rstly heated at 873 K for 2 h. The
obtained powder was thoroughly mixed in a second time and
then heated at 1123 K for 5 h. Aer cooling down to the room
temperature, the white powder was collected for the next
investigation.
2.2 Characterization

The XRD patterns were recorded by Rigaku SmartLab X-ray
diffractometer in the 2q range from 10 to 70°. The diffuse
reectance spectra (DRS) were measured by a V-670 UV-Vis/NIR
spectrophotometer and BaSO4 as a background reference. The
morphology was studied by JSM-6700F eld emission scanning
electron microscopy. The emission spectra and decay curves
were measured by 266 nm Nd:YAG laser. The excitation spectra
were recorded by Quanta Master 300 uorescence spectrometer
equipped with high power Xenon ash lamp. The temperature
was controlled by a closed cycle helium cryostat in the range of
11–295 K. The high temperature from 295 to 523 K was done by
a home-made temperature control system.
3. Results and discussion
3.1 Crystal structure

Fig. 1(a) shows the XRD patterns of Bi3+ single doped and Bi3+/
Sm3+ co-doped KGP phosphors. Fig. 1(b) and (c) shows the
crystal structure of the KGP host, which forms monoclinic
phase with space group C2/c. A three-dimensional Gd5(PO4)6

3−

anionic framework is formed by Gd polyhedral and P tetrahe-
dral, while K atoms occupy the tunnel along c axis. And there are
three crystallographic Gd3+ sites, of which Gd1 and Gd3 are
coordinated by eight O atoms and Gd2 is surrounded by nine O
atoms. In Fig. 1(a), all the peaks match well with the ICSD
standard card (No. 172528), and no trace of impurity phase can
© 2024 The Author(s). Published by the Royal Society of Chemistry
be observed, revealing the formation of the pure monoclinic C2/
c phase. With the incorporation of Bi3+ and Sm3+ ions into host
lattice, the crystal structure is not affected. This can be ascribed
to the low doping concentration and similar radius of Bi3+ (1.17
Å for C.N.= 8), Sm3+ (1.079 Å for C.N.= 8, and 1.132 Å for C.N.=
9) with Gd3+ (1.053 Å for C.N. = 8, and 1.107 Å for C.N. = 9). The
SEM image of Bi3+/Sm3+ co-doped KGP phosphor is shown in
Fig. 2. The particles are in the size range of one to a few
micrometers with smooth surface. EDS mapping of
KGP:Bi3+,Sm3+ phosphor is shown in Fig. S1.† Due to the low
doping concentration, Bi and Sm elements cannot be detected.
3.2 Luminescence properties

3.2.1 Photoluminescence characteristics KGP:Bi3+ phos-
phor. Fig. 3(a) shows the DRS of KGP host and KGP:Bi3+ phos-
phor in the range from 200 to 1300 nm. In the spectrum of KGP
host, a broad absorption band from 200 to 320 nm can be
observed, which can be ascribed to the band to band transition
of host lattice.27,28 An absorption peak at 312 nm can also be
found, owing to the 8S7/2 / 6P7/2 transition of Gd3+ ions.29

When the doping of Bi3+, a new absorption band centered at
255 nm appears, which can be attributed to the 1S0 / 1P1
transition of Bi3+ ions.30

The band gaps of the un-doped KGP and KGP:Bi3+ phosphors
were calculated according to the Kubelka–Munk theory31 by
using DRS data. The DRS can be transformed into absorption
spectra by the following equation:

FðRÞ ¼ ð1� RÞ2
2R

¼ K

S
(1)

where R is the diffuse reectance of the sample, K is the
absorption coefficient, and S is the scattering coefficient.

On the basis of Tauc relation, the relation between band gap
(Eg) and linear absorption coefficient (a) for direct band gap can
be expressed as:

ahn = C(hn − Eg)
1/2 (2)

where, hv is the photon energy and C is the proportionality
constant. Considering that the scattering coefficient S as
a constant with respect to wavelength, and combining eqn (1)
and (2), it can be derived that:

[F(R)hn]2 = C(hn − Eg) (3)

From the plot of [F(R)hv]2 versus hv, the value of Eg was
acquired by extrapolating the linear tted regions to [F(R)hv]2 =
0, as shown in Fig. 3(b). The band gaps were calculated to be
4.78 and 4.59 eV for KGP and KGP:Bi3+. The values are close to
K3Gd(PO4)2 (4.8 eV) which has similar structure.32 According to
the literature, the doping of luminescent centers can change the
band gap energy more or less.27 In this work, the doping of Bi3+

can decrease the band gap energy.
The emission spectrum of KGP:Bi3+ sample under excitation

at 266 nm is shown in Fig. 4(a). The sharp emission peaks at 312
and 624 nm are due to the 6P7/2 /

8S7/2 transition of Gd3+ ions
and its second harmonics, respectively. The broad band from
RSC Adv., 2024, 14, 31398–31408 | 31399
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Fig. 1 (a) XRD patterns of KGP:Bi3+ and KGP:Bi3+,Eu3+ phosphors; (b) and (c) crystal structure of KGP host.26
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View Article Online
350 to 600 nm is attributed to the 3P1 /
1S0 transition of Bi3+

ions. Fig. 4(b) shows the normalized excitation spectra of
KGP:Bi3+ by monitoring the emissions at 410, 445, and 500 nm.
Only one excitation band centered at 252 nm ranging from 220
to 280 nm can be found, which is due to the 1S0/

1P1 transition
of Bi3+ ion, and consistent with the absorption band in DRS.33

Fig. 4(c) shows the emission spectra of KGP:xBi3+ (x = 0.05–2)
phosphors. With increasing Bi3+ concentration, the emission
intensity increases rstly and then decreases, reaching the
maximum at x = 0.1. The integral emission intensities of Bi3+

ions are shown in Fig. 4(d). It is known that energy transfer
between Bi3+ ions leads to the concentration quenching. To
Fig. 2 SEM images of KGP:Bi3+,Sm3+ phosphor.

31400 | RSC Adv., 2024, 14, 31398–31408
conrm the energy transfer mechanism, the critical distance Rc

was calculated by following equation34

Rc ¼ 2

�
3V

4pXcN

�1=3
(4)

where V is the cell volume of host and is 1998.48 Å3 for
K3Gd5(PO4)6. Xc is the critical concentration of dopant (Bi3+) at
which themaximum emission intensity is obtained and is 0.1.N
is the number of sites available for activators in unit cell and is 4
for K3Gd5(PO4)6. In this case, the Rc is determined to be 21.21 Å.
This value is greater than the shortest distance between the
Gd3+ ions of 4.10 Å and larger than 5–8 Å, indicating that
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) DRS of un-doped KGP and KGP:Bi3+ phosphors; and (b) calculated band gaps of un-doped KGP and KGP:Bi3+ phosphors by DRS data.
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exchange interaction is not the main mechanism of concen-
tration quenching. Therefore, the electric multipolar interac-
tions dominate the non-radiative concentration quenching
between Bi3+ ions. Based on the Dexter theory,35 the type of
multipolar interaction can be determined by

I

x
¼

2
41þ bðxÞq3

3
5

�1

(5)
Fig. 4 (a) Emission spectrum of KGP:Bi3+ sample under 266 nm excitatio
and 500 nm; (c) emission spectra of KGP:xBi3+ (x = 0.05, 0.1, 0.15, 0.5
intensity of Bi3+ ions at different doping concentration. Inset shows the

© 2024 The Author(s). Published by the Royal Society of Chemistry
where I is emission intensity, x is doping concentration (Bi3+)
beyond the optimal value, b is constant, and q represents the
type of multipolar interaction (where q = 6, 8, and 10 corre-
sponding to the dipole–dipole, dipole–quadrupole, and quad-
rupole–quadrupole interactions, respectively). By plotting the
relationship between x and I/x in the log–log version, the slope
value (−q/3) of −1.67 can be obtained, as shown in the inset of
Fig. 4(d). As a consequence, the value of q is determined to be
5.01, demonstrating that the dipole–dipole interaction is
n; (b) excitation spectra of KGP:Bi3+ sample by monitoring at 410, 445,
, 1, 1.5, 2) samples under 266 nm excitation; and (d) integral emission
correlation between log(I/x) and log(x).

RSC Adv., 2024, 14, 31398–31408 | 31401

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06205a


Fig. 5 Decay curves of Bi3+ ions bymonitoring at 445 nmwith 266 nm
excitation.
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responsible for the concentration quenching between Bi3+

ions.
The decay curves of Bi3+ ions were recorded by monitoring at

445 nm upon the excitation at 266 nm, as shown in Fig. 5. At low
doping concentration, the decay curves are single exponential.
With increasing Bi3+ concentration, the decay curve deviates
Fig. 6 (a) Temperature dependent emission spectra, (b) integral emission
lifetime of KGP:Bi3+ sample under 266 nm excitation.

31402 | RSC Adv., 2024, 14, 31398–31408
from the single exponential characteristic. In this case, the
decay times were calculated by the following equation:36

s ¼
Ð
IðtÞtdtÐ
IðtÞdt (6)

where I(t) represents the emission intensity at time t. As shown
in Fig. 5, the calculated decay time was reduced from 0.446 to
0.034 ms with increasing Bi3+ concentration from x= 0.05 to x =
2.

Fig. 6(a) shows the temperature dependent emission spectra
of KGP:Bi3+ phosphor in the range of 12 to 294 K. At 12 K, strong
Gd3+ emission and relatively weak Bi3+ emission can be
observed, indicating that both host lattice and Bi3+ ions can be
excited at 266 nm. With the increase of temperature, Bi3+

emission intensity shows temperature dependency, as shown in
Fig. 6(b). In the 53–204 K temperature range, the enhancement
in Bi3+ emission intensity at the expense of the Gd3+ emission is
a result of the competition between two emitting centers.37 The
quenching of the Bi3+ emission above 204 K is presumably
related to the thermal quenching process. Fig. 6(c) displays the
decay curves of Bi3+ ions. At low temperature, decay kinetics of
the Bi3+ emission is more complicated than room temperature.
Therefore, the lifetime values are calculated based on eqn (6)
and displayed in Fig. 6(d). With the increase of temperature, the
decay lifetime decrease, which can be tted by the equation:

sT ¼ s0
1þ A expð �Ea=kTÞ (7)
intensity, (c) temperature dependent decay curves, and (d) calculated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Emission spectra and (b) CIE diagram of KGP:Bi3+, KGP:Sm3+, and KGP:Bi3+,Sm3+ phosphors with 266 nm excitation; (c) excitation
spectra of Sm3+ ions in KGP:Sm3+ and KGP:Bi3+,Sm3+ phosphors by monitoring at 596 nm; and (d) excitation spectra of Bi3+ ions in KGP:Bi3+ and
KGP:Bi3+,Sm3+ phosphors by monitoring at 445 nm.
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herein, sT and s0 are the lifetimes at temperature of T and initial
lifetime, respectively. A is the constant and k stands for Boltz-
mann constant, and DEa represents the activation energy. As
shown in Fig. S2,† the activation energy is determined to be
0.049 eV at low temperature range.

3.2.2 Photoluminescence characteristics KGP:Bi3+,Sm3+

phosphor. Fig. 7(a) exhibits the emission spectra of KGP:Bi3+,
Fig. 8 (a) Decay curves of Sm3+ ions in KGP:Sm3+ and KGP:Bi3+,Sm3+ ph
KGP:Bi3+ and KGP:Bi3+,Sm3+ phosphors by monitoring at 445 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
KGP:Sm3+, and KGP:Bi3+,Sm3+ phosphors under 266 nm exci-
tation, while Fig. 7(b) presents their CIE diagram. Accordingly,
the emission color can be manipulated by controlling the
dopants, and white emission color can also be achieved. In
emission spectrum of KGP:Sm3+, typical Sm3+ emissions at 562,
596, and 642 nm can be observed, which correspond to char-
acteristic 4G5/2 / 6H5/2,

4G5/2 / 6H7/2, and 4G5/2 / 6H9/2
osphors by monitoring at 596 nm; and (b) decay curves of Bi3+ ions in

RSC Adv., 2024, 14, 31398–31408 | 31403
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Fig. 9 Energy level diagram of KGP:Bi3+,Sm3+ phosphors (NR stands
for non-radiative transition, E.T. stands for energy transfer).
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transitions of Sm3+ ions respectively. When Bi3+ is co-doped into
host lattice, the band emission of Bi3+ ions from 330 to 650 nm
appears, and the emission intensity of Sm3+ is enhanced.
Compared with the spectrum of KGP:Bi3+, the co-doping of
Sm3+ leads to the decrease of emission intensities of Bi3+. There
might be energy transfer from Bi3+ ions to Sm3+ ions.
Fig. 10 (a) Temperature dependent emission spectra of KGP:Bi3+,Sm3+

emission intensity of Bi3+ and Sm3+. (b) Temperature dependent CIE diagr
K and the liner fitting curve; and (d) calculated relative sensitivity (Sr) and

31404 | RSC Adv., 2024, 14, 31398–31408
In order to explore the energy transfer process, the excitation
spectra and decay curves were measured. Fig. 7(c) displays the
excitation spectra of Sm3+ ions in KGP:Sm3+ and KGP:Bi3+,Sm3+

phosphors by monitoring at the dominant emission at 596 nm.
In the spectrum of KGP:Sm3+, excitation peaks located at 245,
273, and 310 nm are due to the Gd3+ absorptions.38 Meanwhile,
several excitation peaks corresponding to the characteristic
Sm3+ absorptions can also be observed, which are located at
343 nm (6H5/2 /

4D7/2), 360 nm (6H5/2 /
4D3/2), 373 nm (6H5/2

/ 6P7/2), 400 nm (6H5/2 / 6P3/2), 414 nm (6H5/2 / 4M19/2),
436 nm (6H5/2 / 4M17/2), and 450 nm (6H5/2 / 4I11/2 + 4M15/

2).39,40 Aer co-doping with Bi3+, a new excitation band from 220
to 270 nm appears, which matches the excitation spectrum of
Bi3+ ions in Fig. 4(b). Besides, the intensity of Sm3+ excitation
peaks increases, which might due to the overlap of the emission
spectrum of Bi3+ and excitation spectrum of Sm3+. In other
words, co-doping with Bi3+ will enhance the excitation intensity
of Sm3+. Fig. 7(d) exhibits the excitation spectra of Bi3+ in
KGP:Bi3+ and KGP:Bi3+,Sm3+ phosphors by monitoring at
445 nm. Only one excitation band centered at 252 nm can be
observed, and the co-doping of Sm3+ ions leads to the decrease
of excitation intensity of Bi3+. Thus, we can speculate that there
is energy transfer from Bi3+ to Sm3+ in KGP:Bi3+,Sm3+ phosphor.
To further conrm the energy transfer process, the decay curves
of Sm3+ and Bi3+ were studied. Fig. 8(a) exhibits the decay curves
phosphor from 11 to 295 K under 266 nm excitation. Inset: Integral
am; (c) emission intensity ratio of Bi3+ to Sm3+ in the range of 44 to 182
absolute sensitivity (Sa).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Temperature dependent emission spectra of KGP:Bi3+,Sm3+ phosphor from 295 to 523 K under 266 nm excitation. Inset: Integral
emission intensity of Bi3+ and Sm3+. (b) Temperature dependent CIE diagram; (c) emission intensity ratio of Sm3+ to Bi3+ and the fitting curve; and
(d) calculated relative sensitivity (Sr) and absolute sensitivity (Sa).
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of Sm3+ (596 nm) in KGP:Sm3+ and KGP:Bi3+,Sm3+ samples. A
rise time can be observed in the curve of KGP:Sm3+, and the
decay lifetime is calculated to be 3.94 ms by using the mono-
exponential tting equation:

I(t) = I0 exp(−t/s) (8)

where I(t) is the total intensity at time t, I0 is intensity at t =
0 and s is lifetime. Aer co-doping with Bi3+, the rise time
disappears and the lifetime decreases to 2.93 ms, illustrating
that Bi3+ ions accelerate the population of Sm3+ in the excited
state. Fig. 8(b) exhibits the decay curves of Bi3+ (445 nm) in
KGP:Bi3+ and KGP:Bi3+,Sm3+ phosphors. Aer co-doping with
Sm3+, the lifetime values of Bi3+ decreased from 0.412 ms to
0.394 ms. As aforementioned, there is an energy transfer process
from Bi3+ to Sm3+. The corresponding energy level diagram of
KGP:Bi3+,Sm3+ sample is displayed in Fig. 9.
Table 1 Comparison of the Sensitivities with the reported phosphors

Material Temperature range (K)

Ca2YZr2Al3O12:Bi
3+,Sm3+ 298–473

La3Ta0.8Sb0.2O7:Bi
3+,Sm3+ 303–523

Sr3Y2Ge3O12: Bi
3+,Sm3+ 298–498

KGP:Bi3+,Sm3+ 44–182
KGP:Bi3+,Sm3+ 295–523

© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3 Temperature sensing performance

Fig. 10(a) shows the temperature dependent emission spectra of
KGP:Bi3+,Sm3+ phosphor in the range of 11 to 295 K with exci-
tation at 266 nm. The integral emission intensities of Bi3+ and
Sm3+ ions are shown in the inset. As the temperature increases,
the emission intensity of Bi3+ increases rstly and then
decreases, similar to the variation in KGP:Bi3+ phosphor.
However, the emission intensity of Sm3+ decreases gradually
with raising temperature. Fig. 10(b) shows the temperature
dependent CIE diagram of KGP:Bi3+,Sm3+ phosphor. The
emission colors travel through yellow to with the temperature
increases from 11 to 295 K, and the corresponding CIE coor-
dinates are listed in Table S2.† Furthermore, the emission
intensity ratio (R) of Bi3+ to Sm3+ was found to be temperature
dependent and can be used for the temperature sensing.
Fig. 10(c) shows the experimental data of R and the tting curve.
Max Sa (% K−1) Max Sr (% K−1) Ref.

0.099 0.356 42
5.9 1.32 43
0.17 0.57 44
1.57 3.135 This work
4.064 1.808 This work

RSC Adv., 2024, 14, 31398–31408 | 31405
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Fig. 12 (a) Normalized emission intensity of Bi3+, Sm3+, and total emission intensity as a relation with temperature; (b) plot of ln(I0/IT − 1) versus
(1/kT) for the calculation for the Ea of KGP:Bi

3+,Sm3+ phosphor.
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In the temperature range from 44 to 182 K, the data can be
linearly tted. The equation can be expressed as:

R = A × T + B (9)

where A is the slope of tting curve, B is a constant. The
parameters of A and B were determined to be 0.0157 and −0.19,
respectively. The absolute sensitivity (Sa) and relative sensitivity
(Sr) can be calculated by following equations:

Sa ¼
����dRdT

���� ¼ A (10)

Sr ¼
����1R

dR

dT

���� ¼ A

A� T þ B
(11)

For this sample, the absolute sensitivity is 1.57% K−1, and
the maximum relative sensitivity is 3.135% K−1 at 44 K, as
shown in Fig. 10(d).

To further explore the temperature sensing performance
above room temperature of KGP:Bi3+,Sm3+ phosphor, the
emission spectra in the temperature range from 295 to 523 K
were studied with excitation at 266 nm. In Fig. 11(a), the
emission intensity of Bi3+ decreases with increasing tempera-
ture due to thermal quenching effect, while the emission
intensity of Sm3+ increases rstly and then decreases. The
increase of Sm3+ intensity may be due to the accelerated energy
transfer caused by heating. Fig. 11(b) and Table S3† displays the
CIE diagram of KGP:Bi3+,Sm3+ phosphor, in which the emission
color can be turned from white to yellow with the increase of
temperature.

For the application of temperature sensing, the emission
intensity of Sm3+ can be regarded as a constant (IC) and can be
used as a self-reference. Based on the Struck and Fonger
theory,41 the relationship between emission intensity and
temperature can be expressed by following equation:

IðTÞ ¼ I0

1þ A expð �DEa=kTÞ (12)
31406 | RSC Adv., 2024, 14, 31398–31408
where I(T) and I0 represents the emission intensity at T and low
temperature; A is a constant; DEa represents the activation
energy related to thermal quenching; k is the Boltzmann
constant.

Based on eqn (12), the emission intensity ratio (R) of Sm3+ to
Bi3+ can be expressed as:

R ¼ ISm

IBi
¼ IC

I0;Bi

1þ A expð �DEa;Bi

�
kTÞ

¼ IC

I0;Bi

�
1þ ABi exp

�
� DEa;Bi

kT

��
zBþ C expð�DE=kTÞ

(13)

where B, C, and DE are parameters related to Bi3+ and Eu3+. The
corresponding absolute sensitivity Sa and relative sensitivity Sr
can be expressed as:

Sa ¼
����dRdT

���� ¼ C expð�DE=kTÞ � DE

kT 2
(14)

Sr ¼
����1R

dR

dT

���� ¼ C expð�DE=kTÞ
Bþ C expð�DE=kTÞ �

DE

kT2
(15)

As shown in Fig. 11(c), the emission intensity ratio of Sm3+ to
Bi3+ can be adopted for the temperature sensing. By using eqn
(13), the plot can be well tted and corresponding parameters of
B, C, and DE/k were determined to be −0.075, 121.17, and
1443.75 cm−1 respectively. Fig. 11(d) shows the calculated
sensitivities by eqn (14) and (15). The absolute sensitivity
increases with temperature and reaches maximum of 4.064%
K−1 at 523 K. By contrast, the relative sensitivity decreases with
temperature and reaches the maximum of 1.808% K−1 at 295 K,
indicating that it is a good candidate for application of optical
thermometer. The sensitivities of this phosphor are comparable
to the reported phosphors, as shown in Table 1.

3.4 Thermal stability

Thermal stability is an important parameter which affects the
application of optical materials in LEDs. Fig. 12(a) displays the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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thermal stability of KGP:Bi3+,Sm3+ phosphor. At 423 K, the
emission intensities of Bi3+, Sm3+, and total emission quench to
20.8%, 91.8%, and 55.3% of its initial intensity at 295 K.
Fig. 12(b) exhibits the plot of ln(I0/IT − 1) against (1/kT), and the
calculated slope correspond to the activation energy in the
thermal quenching process of KGP:Bi3+,Sm3+ phosphor, which
is determined to be 0.276 eV.

4. Conclusion

In summary, a series Bi3+, Sm3+ single doped and co-doped KGP
samples were successfully synthesized by high temperature
solid state method. Based on the emission spectrum, excitation
spectra, as well as decay curves, the energy transfer process
from Gd3+ and Bi3+ to Sm3+ can be demonstrated. Furthermore,
the tunable emission color can be obtained by co-doping Sm3+

with Bi3+. The emission intensity ratio of Bi3+ and Sm3+ was
found to be temperature dependent and can be used for the
optical temperature sensing in a wide temperature range. The
maximum relative sensitivity of KGP:Bi3+,Sm3+ phosphor rea-
ches 3.13% K−1. Meanwhile, a high thermal stability of 55.3% at
423 K can be obtained for KGP:Bi3+,Sm3+ phosphors.
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