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Defect-assisted dynamic multicolor modulation in
KLu3F10:Tb crystals for anti-counterfeiting†

Jianfeng Yang,a Yiheng Ping,a Hongping Ma*a and Lei Lei *b

Excitation-dependent dynamic multicolor luminescent materials show potential for promising appli-

cations in the field of anti-counterfeiting. However, for most ultraviolet (UV)-excited lanthanide-doped

materials, more than two types of activators are incorporated to realize multicolors. In this study, for the

first time, KLu3F10:Tb crystals were used to realize excitation-dependent multicolor emissions. The mor-

phology was modified by tuning the surface-coated citric acid (CA) content. During hydrothermal reac-

tions, fluorine vacancy defects are formed on the crystal surface, and carboxyl groups (–COOH) are

coated on the crystal surface to maintain the charge balance. Under 254 nm UV excitation, typical Tb3+

green emissions were observed, while a strong broadband emission peaking at 442 nm appeared in

addition to these Tb3+ emissions under 365 nm excitation. The energy transfer (ET) process between the

defect state and Tb3+ is clarified. This work may promote the development of single-type activator-doped

multicolor luminescent materials for high-level anti-counterfeiting.

1. Introduction

Lanthanide-doped multicolor luminescent materials show
potential for promising applications in anti-counterfeiting,
temperature sensing, information encryption, flexible display,
bio-detection and bio-imaging.1–6 Several nanoparticles with
designed core/shell structure have been used to realize exci-
tation-dependent multicolor upconversion emissions.7–11 For
example, the emission color of NaYF4:Yb/Ho/Ce@NaYF4:
Yb@NaNdF4:Yb nanoparticles was changed from green to red
upon switching the excitation wavelength from 808 nm to
980 nm;12 the observed emission color of NaGdF4:Yb/
Tm@NaGdF4@NaYbF4:Nd@Na(Yb,Gd)F4:Ho@NaGdF4 nano-
particles was changed from green to blue when the excitation
wavelength was tuned from 808 nm to 976 nm.13 To avoid the
use of expensive and dangerous lasers, several UV-excited
downshifting materials were employed to control the emission
colors. For example, the emission color of Ce/Tb co-doped
La9.33(SiO4)6O2 changed from green to blue when the excitation
wavelength changed from 229 nm to 315 nm;14 and the output
color of Ca2Ba3(PO4)3Cl:Ce/Tb exhibited green light under
229 nm excitation, but it was changed to cyan under 315 nm

excitation.15 In these systems, the green light originated from
the characteristic transitions of Tb3+ activators, while the blue
light originated from the characteristic emission of Ce3+ activa-
tors. It is important to develop new UV-excited multicolor
materials for advanced applications.

Similar to the lanthanide activators, defects formed in the
crystal structure can act as emitters to generate luminescence
as well.16–21 The defect luminescence has been reported in
pure KRE3F10 (RE = Sm–Lu, Y) nanocrystals. For example, for
pure KY3F10 nanocrystals prepared by a CA-assisted hydro-
thermal method, the strong broadband defect emission cen-
tered at 360 nm was recorded under 300 nm UV excitation.22

Under excitation at 395 nm, KEu3F10 nanocrystals exhibited a
broadband emission centered at 460 nm.23 However, the
origin of defects and the corresponding mechanisms remain
unclear. Moreover, inspired by the defect-related photo-
luminescence process, it is possible to realize dynamic multi-
color emissions by incorporating activators into KRE3F10
systems.

In this study, excitation-dependent multicolors are realized
in KLu3F10:Tb crystals. Under 254 nm UV excitation, green
emissions corresponding to the typical Tb3+:5D4 → 7Fj ( j = 6,
5, 4, and 3) transitions were observed. When the excitation
wavelength was changed to 365 nm, a strong broadband emis-
sion peaking at 442 nm appeared in addition to the Tb3+ emis-
sions. During crystal growth, fluorine vacancies are formed on
the crystal surface, which then leads to broad defect lumine-
scence. We further verified that this kind of multicolor
product can be used for anti-counterfeiting.
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2. Experimental
2.1. Synthesis

2.1.1. Materials. All raw chemicals including Lu(NO3)3
(99.9%), Tb(NO3)3 (99.9%), NH4F, KOH, and CA were of analyti-
cal grade and used directly as received without further refine-
ment. All of the above-mentioned materials were bought from
Sigma Aldrich Company. Ethanol was supplied by Sinopharm
Chemical Reagent Company.

2.1.2. Synthesis of KLu3F10:15Tb. A facile hydrothermal
method was utilized to synthesize KLu3F10:15Tb. First,
0.85 mmol Lu(NO3)3 and 0.15 mmol Tb(NO3)3 were dissolved
in 5 mL deionized water and 15 mL ethanol under vigorous
stirring for 15 min. Second, 10 mL deionized water containing
5 mmol KOH, 3.5 mmol NH4F and 1 mmol CA was added to
this mixture and vigorously stirred for another 30 min. Finally,
the resulting mixture was transferred to a hydrothermal
reactor and held at 200 °C for 12 h. The products were washed
several times with distilled water and ethanol and dried at
60 °C for 3 h. The other samples studied in this work were syn-
thesized by a similar method.

2.2. Sample characterizations

X-ray diffraction (XRD) patterns of the samples were acquired
using a powder diffractometer (Bruker D8 Advance) with Cu-

Kα (λ = 1.5405 A) radiation. XRD patterns were recorded in the
2(θ) range of 10° to 80° at a scan rate of 0.02°. The morphology
and size of the products were observed using a scanning elec-
tron microscope (SEM, FEI Tecnai G2 F20) equipped with an
energy-dispersive X-ray spectrometer (EDX, Aztec X-Max 80T).
Luminescence spectra and decay curves of the samples were
recorded using a fluorescence spectrometer-Fluorolog (Jobin
Yvon FL3-211).

3. Results and discussion

As shown in Fig. 1a, the XRD patterns of the KLu3F10 and
KLu3F10:15Tb products are well indexed to the standard data
of pure cubic phase KYb3F10 (JCPDS no. 27-0462). The XRD
peaks shift toward a low angle after doping Tb3+ ions, which is
owing to the larger ionic radius of Tb3+ (r = 0.858 nm) than
that of Lu3+ (r = 0.848 nm).24 These results also indicate that
Tb3+ was successfully incorporated into the host without the
emergence of extra impurities.25 Furthermore, since the par-
ticle size of KLu3F10 (∼1 μm) is smaller than that of
KLu3F10:15Tb (∼4 μm), the XRD diffraction peaks become nar-
rower after the incorporation of Tb3+.26 The products prepared
with different CA contents and reaction temperatures were also
pure phases (Fig. S1 and S2†). The morphology of the

Fig. 1 (a) XRD patterns of the KLu3F10 and KLu3F10:15Tb products. SEM images of the KLu3F10:15Tb products prepared without CA (b), and with
0.3 mmol CA (c), 0.6 mmol CA (d) and 1 mmol CA (e) addition. SEM image (f ) and EDX mapping results (g) of the KLu3F10:15Tb products prepared at
170 °C.
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KLu3F10:15Tb product was tuned by adjusting the CA content
and reaction temperature. As shown in Fig. 1b, the average par-
ticle size of the product without the addition of CA surfactants
was about 100 nm. As the CA content increased from
0.3 mmol to 1 mmol, the average particle size increased from
∼300 nm to ∼4 μm, and the shape changed from irregular to
spherical (Fig. 1c–e). When the reaction temperature was
decreased from 200 to 170 °C, the average particle size reduced
from ∼4 to ∼1 μm (Fig. 1f). The energy-dispersive X-ray spec-
trum suggested the existence of K, Lu, F and Tb elements in
the final product (Fig. S3†), and the EDX mapping results
further revealed the uniform distribution of these elements in
a single particle (Fig. 1g).27

As shown in Fig. 2a, with monitoring the 545 nm emission
of KLu3F10:Tb, a broad photoluminescence excitation (PLE)
spectrum corresponding to the defect transition28 as well as
few sharp peaks corresponding to the Tb3+:4f–4f transitions
were observed. With monitoring the 442 nm emission, only a
broad PLE spectrum in the range of 270–400 nm was recorded.
Under 254 nm UV excitation, photoluminescence (PL) peaks at
487 nm, 545 nm, 585 nm and 622 nm were assigned to the
Tb3+:5D4 →

7Fj ( j = 6, 5, 4, and 3) transitions.29 When the exci-
tation wavelength was changed to 365 nm, the intensity of the
four characteristic emissions was significantly enhanced.
Moreover, a strong broadband emission peaking at 442 nm

was observed (Fig. 2b). By fitting the decay curve with a tri-
exponential function,30–32 the lifetime of 442 nm was calcu-
lated to be 7.93 ns, while that of Tb3+:5D4 →

7F5 (545 nm) was
calculated to be 6.06 ms (Fig. 2c and d). The nanosecond life-
time is consistent with the electron’s transition in the defect
state.33,34 To clarify the origin of this broad emission, pure
KLu3F10 crystals were prepared and studied. Under 365 nm
excitation, the broad PL emission at 442 nm was also recorded
(Fig. 2e). Furthermore, this PL intensity was greatly decreased
after annealing at high temperatures. In particular, after
annealing at 500 °C, the broad PL fully disappeared (Fig. 2f).
These results indicated that the broad PL originated from the
defects formed on the surface of the crystals.35,36

To further clarify the mechanism for the above-mentioned
defect luminescence, the optical properties of KLu3F10:Tb crys-
tals prepared with different CA contents and at different reac-
tion temperatures and times were studied. As shown in Fig. 3a,
when the CA content was less than 0.3 mmol, only typical Tb3+

emissions were observed. With increase in CA content to
0.6 mmol, both emissions from Tb3+ and defects were
observed. This result suggests that the defect is highly related
to the surface CA content. As shown in Fig. 3b–d, with the
decrease in the reaction temperature and increase in reaction
time, the defect PL intensity was enhanced. Based on these
results, a possible mechanism for the formation of defects was
schematically illustrated in Fig. 3e. During the crystal growth,
fluorine vacancies are formed on the crystal surface. Negatively
charged –COOH is coated on the surface to maintain the

Fig. 2 (a) PLE and (b) PL spectra of KLu3F10:Tb. Decay curves of the
442 nm (c) and 545 nm (d) emissions. (e) PLE and PL spectra of pure
KLu3F10. (f ) PL spectra of KLu3F10 annealed at different temperatures
(free; 300 °C, 3 h; 400 °C, 3 h; 500 °C, 3 h).

Fig. 3 PL spectra of KLu3F10:15Tb synthesized with different CA con-
tents (a), different reaction temperatures (b), different hydrothermal
reaction times at 140 °C (c) and 170 °C (d). (e) Schematic illustration of
the proposed defect formation mechanism.
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charge balance. The fluorine vacancies play a role as defect
levels to capture electrons, which then leads to defect lumine-
scence. With the decrease in the reaction temperature or
increase in the reaction time and CA, the amount of fluorine
vacancy and surface coated –COOH increases. As a result, the
defect luminescence enhances as well.

To reveal the possible ET process between the defects and
Tb3+ activators, the temperature-dependent optical properties
of KLu3F10:15Tb were studied. As shown in Fig. 4a and b, with
the increase in temperature from 303 to 483 K, the emission
intensities of the defects and Tb3+ showed similar decreasing
trends. In addition, with the increase in Tb3+ doping concen-
tration, the emission intensity at 545 nm increased gradually,
while the defect luminescence at 442 nm decreased gradually

(Fig. 4c). The calculated average lifetimes of the defect lumine-
scence decreased from 8.83 ns, 8.3 ns, to 7.89 ns with the
increase in Tb3+ concentration from 10, 15 to 20 mmol%,
respectively (Fig. 4d–f ). These results manifest the existence of
ET between the defect states and the Tb3+ excited state. A poss-
ible PL mechanism for the excitation-dependent multicolor is
shown in Fig. 4g. Under 254 nm UV excitation, the electrons
are excited from the ground state (4f8) to the excited state
(4f75d), then the 5D3 and 5D4 energy levels are populated via
non-radiative relaxation.37 Strong green emissions are pro-
duced via 5D4–

7Fj ( j = 3–6) transitions. When the excitation
wavelength is changed to 365 nm, the UV input photons are
first absorbed by the defects, leading to intense blue emis-
sions. Meanwhile, part of the energy is transferred from the

Fig. 4 (a) PL spectra of KLu3F10:15Tb excited at 365 nm under 303–483 K. (b) Variation trend of luminescence intensity at 442 nm and 545 nm
under 303–483 K. (c) PL spectra of KLu3F10:xTb (x = 10, 15, and 20). Decay curves of (d) KLu3F10:10Tb, (e) KLu3F10:15Tb and (f ) KLu3F10:20Tb at
442 nm. (g) Proposed excitation-dependent PL mechanism.
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defect state to the Tb3+:5D3 energy level, which leads to green
emissions.38

As shown in Fig. 5a, the emission color of KLu3F10:15Tb
can be changed from green to bright cyan by adjusting the
excitation wavelength. The shift in luminescent color can also
be observed clearly in the International Commission on
Illumination (CIE) chromaticity diagram of KLu3F10:15Tb
(yellow arrow in Fig. S4†). We calculated the ratio of the emis-
sion intensity at 442 nm and 545 nm for different wavelength
excitations (Fig. 5b). The ratio decreases as the excitation wave-
length increases from 250 nm to 290 nm, but increases with
the further increase in excitation wavelength to 370 nm. The
change in the ratio of the two emission peaks leads to a
change in the final luminescence color of the product. To
demonstrate the effectiveness of KLu3F10:15Tb in practical
anti-counterfeiting applications, we used KLu3F10:15Tb to
prepare the letter “L”, the number “20” and circular sector pat-
terns by screen printing technology. The color of these pat-
terns changed significantly when the excitation wavelength
was changed from 254 nm to 365 nm (Fig. 5c). These results
indicate that the present studied KLu3F10:Tb crystals are poten-
tial candidates for anti-counterfeiting labels.

4. Conclusion

In summary, single Tb3+-doped KLu3F10 crystals prepared by a
hydrothermal method exhibited excitation-dependent dynamic
multicolor variations. We verified that fluorine vacancies are
formed on the crystal surface and –COOH groups are coated
on the crystal surface to maintain the charge balance during

the hydrothermal reaction. Under 254 nm UV excitation,
typical Tb3+ green emissions were observed, while a strong
broadband emission peaking at 442 nm appeared in addition
to these Tb3+ emissions under 365 nm excitation. The broad
band emission originated from the electron transition in the
defects. Moreover, the energy transfer from the defect state to
Tb3+ is clarified. We further verified that this kind of material
can be used for anti-counterfeiting labels. Our results may
promote the development of single-type activator-doped multi-
color luminescent materials for high-level anti-counterfeiting
applications.
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