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ABSTRACT

Avalanche phenomenon uses critical pump power to produce extreme nonlin-
ear behavior from small disturbances, and has gradually become known. Here,
it is reported that the strong green up-conversion emission produced in NaBi
(WOy), phosphor by the positive feedback enhancement of the energy transfer
process. The power dependence indicates that the photon avalanche process has
occurred. Contrary to other up-conversion mechanisms, photon avalanche (PA)
is a bifurcation phenomenon: avalanches occur above the critical excitation
power. The experimental results are analyzed using the rate equation model.
The high-response photon avalanche process produced by Yb and Ho ions is
discussed in detail. The results show that PA can not only improve the
brightness and efficiency of up-conversion, but also has a wider range of
applications than traditional up-conversion materials, especially in the detection
material of temperature sensor plays an important role.

Received: 6 April 2022
Accepted: 18 August 2022
Published online:

25 September 2022

© The Author(s), under exclu-
sive licence to Springer Science
+Business Media, LLC, part of
Springer Nature 2022

phosphors widely used in optical temperature sen-
sors and photoelectric sensor. Traditional sensors rely
on the expansion principle of liquids and metals, or
have low infrared conversion efficiency. Therefore,

1 Introduction

In recent years, rare earth (RE)-doped luminescent
materials have attracted more and more attention.

The electric dipole transition and the magnetic dipole
transition cause the photoluminescence of RE ions. In
addition, one of the most valuable properties of these
materials is “up-conversion (UC),” which converts
low-energy photons (infrared or visible light) into
high-energy photons through the process of multi-
photon absorption or energy transfer, this makes UC

they cannot be used in harsh environments, and the
sensing accuracy is low, which makes them no longer
meet the needs of current social sciences, the UC
fluorescence intensity ratio (FIR) technique is con-
sidered to be one of the state-of-the-art [1-9]. UC
luminescence occurs through three mechanisms: (1)
ground state absorption (GSA); (2) excited state
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absorption (ESA) and continuous energy transfer
(ETU) from donor to up-conversion acceptor; (3) and
photon avalanche. Among them, the PA process is
relatively rare and is one of the most effective UC
processes. In the PA process, when the pump power
reaches the threshold, the number of excited particles
rises sharply due to the cross-relaxation, resulting in
strong up-conversion emission, due to these special
characteristics, these materials have huge applica-
tions in various fields such as optical temperature
measurement, laser devices, display devices, optical
amplifiers, fingerprint printing, and biological imag-
ing [10-21].

The biggest advantage of the PA process is that it
not only has an extreme nonlinear effect but also a
high efficiency, and there is no periodic photon
emission or interference effect. The PA phenomenon
was discovered for the first time in Pr’* ion-doped
crystals. It was found that when the excitation
exceeds the critical pump laser intensity, the up-
conversion luminescence suddenly increases. This
special property quickly promoted development of
other PA materials, such as high-efficiency up-con-
version lasers. The PA phenomenon is mainly
observed at low temperatures, with some exceptions
at room temperature. Lahoz reported a very strong
green band at room temperature in Ho’*-doped flu-
oroindium glass under excitation at 747 nm. Tem-
poral dynamics based on strong excited state
absorption and processes suggest that a photon ava-
lanche mechanism occurs. Auzel F reported the
photonic avalanche UC process and mechanism of
erbium-doped ZBLAN glass at room temperature
[22-24]. But its unique properties are not only limited
to the application of luminescence, but also aroused
interest in different fields. For example, a recent
study found that through continuous wave pumping,
the emission intensity of the °F, intermediate state
energy level of Tm>" ions non-linearly expands to the
26th power with the pumping intensity, and the
application of super-resolution imaging has been
realized. This also provides research ideas for the
detection of the COVID-19 virus that has recently
swept the world [1]. In the PA material doped with
lanthanides, a single GSA triggers a chain reaction
between the ESA and Ln>" ions in the cross-relax-
ation process, which will result in a large number of
photon emission [1].

The crystal field around the dopant ion has a great
influence on the UC efficiency. Compared with high
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symmetry crystals, low symmetry crystals will gen-
erate more asymmetric crystal fields around the
dopant ions, thereby greatly improving the UC effi-
ciency. For example, the NaBi(WO,),(NBW) crystal,
which has been studied more in recent years, has a
non-centrosymmetric tetragonal crystal structure
space groupl4l/a T41/a [24], therefore, a more
asymmetric crystal field will be generated around the
rare earth ions, which increases the probability of the
4f-4f transition of the rare earth ions, and the NBW
crystal has a disordered structure, which is due to the
irregular distribution of Bi*" and Na™ ions in the
crystal lattice, which leads to an increase in emission
intensity [25-27]. However, in order to achieve the
expected photon avalanche phosphor, it is very
important to select the appropriate RE ions. Since
Ho’" ions have intermediate sub-energy levels and
stable °I5 and °I4 energy levels, these characteristics
greatly promote the efficiency of excited state
absorption and cross-relaxation processes [28].

Therefore, in this article, we report Yb’>* and Ho>*
co-doped NBW phosphors, and found that the cross-
relaxation and energy cycling process of Ho’" ions
produce extreme nonlinear PA phenomenon. By
obtaining the average of the number of photons and
the rise time of the green light emission level with
power, the photon absorption process was observed
and verified, and the PA process was explained by
the cycle mechanism.

2 Materials and characterization

A series of Yb>"/Ho”" co-doped NaBi(WO,), phos-
phors were synthesized by hydrothermal method.
High-purity sodium tungstate (Na,WO,-2H,0)
(99.5%), holmium Oxide (H0,03) (99.99%), ytterbium
oxide (Yb,Os3) (99.99%), bismuth nitrate (Bi(NO3)s-
5H,0) (99.9%) are used as starting materials. Before
the reaction starts, the rare earth oxide is first dis-
solved in concentrated nitric acid to form nitrate (RE
(NO3)3), and a certain amount of Na,WQO,;-2H,O is
uniformly dissolved in 20 mL of deionized water. The
amount of each chemical calculated according to the
ingredients, nitrates RE(NOj;);, and Bi(NO3);-5H,O
are dissolved in 20mL of deionized water. Then
slowly add the sodium tungstate solution to the nitric
acid solution to form a suspension, and keep the
mixed solution under acidic conditions and stir for
30 min, transfer it to a stainless steel autoclave (70
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mL). In the experiment, the reaction kettle was kept at
220 [ for 18 h. After standing, it was naturally cooled
to room temperature, and the reaction product was
centrifuged. washed with deionized water and
absolute ethanol 3 times, and then dried in air at 60 [
for 20 h to obtain the final sample.

Use CuK-a radiation source (k=0.1546 nm, 40 kV,
20 mA) X-ray powder diffractometer (XRD-7000,
SHIMADZU) in the range of 10°-80°, 5°/min scan
rate to characterize the test sample. Scanning electron
microscopy (SEM, EVOMA-25, ZEISS) was used for
morphological studies. The absorption spectrum was
measured by Perkin Elmer Co., Ltd. (Lambda 950
UV-VIS). A spectrophotometer (FLS920, Edinburgh
Instruments) was used to measure the up-conversion
emission spectra and fluorescence decay curves of the
red and green emission under 980 nm excitation.

3 Results and discussion

3.1 Yb*', Ho®**: NaBi(WO,), structure
and morphology analysis

The XRD of the NBW phosphor doped with different
concentrations of Yb®" ions are depicted in Fig. 1a.
All diffraction peaks are consistent with the diffrac-
tion peaks of standard card (JCPDS#52-1718), and no
miscellaneous peaks are detected, indicating that the
NBW: 1%Ho", x%Yb>* compound has been suc-
cessfully prepared, and the substitution of Yb’",
Ho’* ions have no significant effect on the crystal
structure. In addition, as shown in Fig. 1b, as the
Yb®>" jon concentration increases, the diffraction
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peaks regularly shift to large angles. This is because
Bi’* has a larger radius and is larger than rare earth
ions (Ho>*: 0.0901 nm, Yb>*: 0.0868 nm, Bi’*:0.096-
nm). According to the Bragg equation 2dsin 0 = n/,
when Bi** ions are replaced by Yb>* and Ho®" ions
with a smaller ion radius, the lattice constant and the
distance between planes (d) decrease, the diffraction
angle increases. As a result, the main diffraction peak
is shifted to large angle.

Figure 2a is the absorption spectrum of NBW
phosphors, there are absorption peaks located at 451,
488, 528, and 655 nm, which are attributed to the 518 to
°Ge, “Fy+"Fs, °F4+°S,, and °Fs energy of Ho" ions,
respectively [29, 30]. The optical band gap of NBW:
1%Ho>", x%Yb>* phosphor was calculated by Wood
and Tauc formula [31], as shown below:

_ B(ho—E,)"
T e

where E; is the optical band gap, hv is the incident
photon energy, and B is the band adjustment con-
stant. For transitions that are directly allowed, the
value of the constant “m” is taken as 1/2. Figure 2b
shows the curve drawn between (a/v)* and hv for
Ho’" and Yb** co-doped NBW phosphors, with a
direct optical band gap of 2.97 eV. As shown in
Fig. 2c, d the optical band gap of NBW gradually
decreases with the doping of rare earth ions. As we
all know, one of the main factors affecting the lumi-
nous intensity is the microscopic morphology of the
sample. Regular and uniform size is the most ideal
microscopic morphology, and the sample exhibits
high cumulative density, which can reduce light
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scattering in addition to obtaining high luminous
efficiency. SEM images of representative samples
NBW: 1%Ho>*, 5%Yb>" are shown in Fig. 3a, b.
Obviously, the samples observed under SEM are in
sheet-like and multi-faceted morphology, which
indicates that the crystallinity of the particles is very
high. The element composition and uniformity of
NBW: Yb, Ho were determined by EDS. The average
atomic ratio Na/Bi/W is 0.06: 2.57: 15.52, which is
close to the formula NaBi(WQ,),, and the element
mapping image Fig. 3cj also indicates the uniform
distribution of elements in the phosphor particles.

3.2 Research on up-conversion of Yb, Ho:
NaBi(WO,), phosphor

Figure 4 shows the UC emission spectrum and R/G
emission intensity ratio of NBW: 1%Ho>*, x%Yb>"
measured at room temperature. The 58, /°F,—°lIg of
Ho’" ion produces green emission at 541 nm, while
the °S,/°F,—°I transition produces red emission at
644 nm [32, 33]. Both red and green emission grad-
ually increase with the increase of Yb>' ion concen-
tration (3 mol%—11 mol%) and the luminous
intensity reaches the peak at 11 mol% Yb’*, and then
there is concentration quenching, resulting in the

200 250 300 350 400 450 500 550 600 650 700
Wavelength(nm)

luminous intensity at 13 mol% Yb>" reduce. In order
to understand the enhancement of red and green
emission in depth, The energy level diagram in Fig. 5
shows the energy transfer process of Yb’>*— Ho®"
ions.

The energy transfer mechanism between Yb®>" and
Ho’" ions is described in detail in Fig. 5. In this work,
Yb>* ion is selected as the sensitizer, so we only
consider the two energy levels of Yb’*, so its
absorption cross section is very large. When Yb>* ion
absorbs 980 nm laser, it is excited from °F, /2 state to
*F5,, state, it can effectively transfer energy to Ho>"
ions. This makes it easy for the large amount of
energy absorbed by Yb®' ions to be transferred to
Ho’* ions [34]. In low concentration Yb>* ion doping,
the pump energy absorbed by Yb>" ion passes ET1
[?F5,,(Yb* ") +Tg(Ho ) —7F; o (Y ) +7Is(Ho "), ET2
[*Fs,2(Yb* ") +16(Ho> ) —F; 2(Yb ) +S, /°Fy(Ho )],
ET3[*Fs,2(Yb*H)+T (Ho’ ) —7F; ,(Yb* )+ F5(Ho )]
can fill the °S,/°F, and °F5 energy levels, respectively,
producing green and red emission [35, 36]. According
to the analysis of Yb and Ho energy transfer in the
figure above, the UC emission at 541 and 644 nm
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Fig. 3 SEM image of NBW: 1%Ho>", 5%Yb>" phosphor (a) and b under high magnification, and EDS element mapping image (c—j)
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Fig. 4 UC spectra of NBW: 1%Ho>", x%Yb>" phosphors excited
at 980 nm of light at room temperature

occurs through a two-photon process. However, due
to the PA process, our results show that the average
number of photons emitted by UC is greater than 5.

3.2.1 Awvalanche mechanism

According to reports, the conventional PA mecha-
nism has two notable features: The first typical

@ Springer
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Fig. 5 Energy transfer process (simplified) of Ho’" and Yb*™
ions in the NBW matrix under excitation at 980 nm

feature is the non-linear increase of the slope n of UC
emission under the pump power threshold. This can
be explained by the “s”-shaped power dependence.
The increase is usually caused by positive feedback
filling the intermediate energy level [37, 38]. The
observation in Fig. 6 is similar to this situation. The
second is to use square wave excitation technology to
perform instantaneous pacing measurement, where
the conventional PA mechanism shows a sudden
non-linear upward trend at the pump power
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Fig. 7 Simplified three level model for looping process CR, GSA,
ESA, FT, and BT(Ho>"—Yb**—Ho*>")

threshold, while in continuous two-photon absorp-
tion only a linear upward trend is displayed.

In this effect, pumping corresponds to the absorp-
tion of intermediate excited state energy levels
(metastable state), rather than the common pure
electron absorption from ground state to excited
state. Generally speaking, this method of pumping is
impossible, but the intermediate energy level starts to
be filled through the PA process, and then the pump
light is strongly absorbed. Two necessary conditions
must be met to construct this process: (1) Excited
state absorption (ESA) is produced by a long-lived
intermediate energy level [39]; (2) The intermediate
energy level is filled by some effective cross-relax-
ation processes [40]. Therefore, this puts special
requirements on the doped ions and concentration,
and the host material. In addition to the disparity in
the pumping scheme, there are also differences in
other aspects between the ordinary up-conversion
and the PA process. Generally speaking, the non-
linear dependence and threshold value of the PA
process on the pump power have a much longer
stabilization time than the normal UC luminescence
process, and the stabilization time is related to the
pump intensity.

In Fig. 6, we find the nonlinear behavior between
the UC emission intensity and laser power, and this
mutation phenomenon is only found in the visible
light emission band. This means that not only the
excited state absorption, but also the existence of a
cyclic process, instead of the traditional PA process.
Recently, Shivkumar et al. proposed the Hetroloop-
ing Enhanced Energy Transfer (H-LEET) process to
explain this process. H-LEET process energy transfer

@ Springer
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up-conversion and positive feedback/cyclic process
and non-zero ground state absorption. The biggest
difference between the PA process and the H-LEET
process is the non-zero ground state absorption. But
the nonlinear power dependence of the H-LEET and
PA processes is similar [37, 41]. Goldner et al. dis-
cussed the theoretical limitations of the PA process
and proposed a cross-relaxation enhanced excited
state absorption (CRESA) mechanism [42]. However,
CRESA is based on the inherently less efficient GSA/
ESA process. Only described in terms of single
crystal.

In order to describe the energy transfer method in
the PA process in more detail, we have omitted other
irrelevant energy levels, so the simplified model of
the cyclic process is shown in Fig. 7. We use the fol-
lowing up-conversion and cycling process to explain
the PA process found in NBW. First, 980 nm photons
fill the °Is energy level through GSA. Through three
different processes, I energy level ions are further
promoted to °S,°F, energy level; through energy
transfer processes, CR and ESA energy transfer pro-
cesses (Fig. 7). In Ho", a few energy transitions are
very similar, namely 5Ig—°I, and °S,—°], (resonance),
*,—°Iy and °I,—°I; (non-resonance), °S,—°l; and
5Ig—°Is (resonance), these transfer processes make
cross. The relaxation process fills the °S, energy level,
resulting in an avalanche effect [9].

In the presence of Yb>" ions, energy passes forward
energy transfer (FT) [Ho "—Yb>";(°S,°F,, °Fy,»)
—(Cls, Fs s2)] and reverse energy transfer (BT)
[Yb**—Ho*";  (*Fs/5, Ie)—(Fy/2,°Is)]  proceed [9],
Therefore, the energy transfer and CR process com-
pete with each other, forming two cycles, namely
Ho’*-Ho’* cycles caused by cross-relaxation
between ions and FT/BT cycles (Fig. 7). The excited
state at the I energy level. The two Ho>" ions are
produced by the Ho>" ions at the °S,:°F, energy level
from two cycles, and they can also be used to absorb
incident pump light. This is a process of multiplica-
tion, and four excited Ho>" ions are generated during
the next cycle. Therefore, the PA process took place.

In this work, the PA process is based on the CR, FT,
and BT processes that lead to an increase in the
number of photons in the °I; and °S,:°F, energy levels
[35], therefore, we use the theoretical rate equation
model to evolve the total energy and its changes over
time [43]:

For Ho’" ion:
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dNy

&t = RgsalNo — rcrN2Ni —rgrMiNg
+ (A2 + Az0)N1 + BagA2No

dN

—dt] = —(A1 + A10)N1 — Rggpo N1 + Rgga No
+ (1 — Bzo)AzNz + AyoNj + 27’CRN2N0
+ rFTMQNz + VFTMlNO

dN.

d—t2 = —(Az + Azo)Nz — T’CRNzNO — T’FTMoNz

+ REsaN1
No+N;i+N,=1

For Yb**ion:

dM,
d—to = —rprMoN; + Am, M; + rgTMiNy
dm
d—; = —AmM; + rerMiN2 — rgTMiNy

Table 1 Effective decay time (us) and cross-relaxation rate (Wcg)
of Ho>" ion (°S,, °F, level)

Concentration(mol%)
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M +M, =1

Among them, Rgsp and Rgsa are the pumping
rates of the excited state and ground state, respec-
tively, M; and N; are the population in ith level of
Yb>* and Ho®" ions; rgr is the forward transfer effi-
ciency [(N2,Mp)—(N1,My)]; Rer is the CR rate of the
entire process;, rpr is the reverse transfer efficiency
[(M1, No)—(My, Ny)l, Bj; is branch ratio of j—i; A;, Ajo
are the radiative and non-radiative transition rates of
the energy level [44, 45].

We calculated the cross-relaxation, forward and
reverse energy transfer rates, and analyzed the cyclic
process between Yb’' and Ho®" ions in depth
(Table 1).

The non-radiative relaxation process dominates
only when the ion concentration is high, so the life
value calculated by the exponential function fitting
has a large error. In this case, only the effective
relaxation rate and average lifetime can be calculated.
We calculated the effective lifetime of the 2Fs /2
energy level of Yb>* ion and the °S,, °F, energy level
of Ho>* ion using the following relationship:

ceff _ Jo 1(H)dt

T T 1(0)dt
Ho** Yb** (°$2,Fy) (Fsp) Wer
where I(f) represent the emission intensity at time t
1 3 326.736 336.260 - after the incident beam is completely cut off. As the
1 5 280.906 285.991 49 concentration of Ho®>* increases, the lifetime of red
! 7 275.231 281.452 73 and green emission decreases significantly due to the
1 9 260.406 267.646 206 . .
cross-relaxation process. Figure 8 shows the decay
1 11 236.925 244.115 380 £ 5 d 5F, levels. The CR rate W. b
1 13 226.451 232.593 195 curves of "oz and Ty levels. the LK rate Wcr can be
calculated by the following relationship [46]:
1 197
(a) T ] )TN : \ i
) fra s 2 H e
E 0.1 - oy o 0.1 me
= 3mol%Yb™ = ——3mol%Yb*
T 5mol% Yb* = —— 5mol% Yb*
= Tmol% Yb*' X —— Tmol% Yb**
g . 9mol% Yb*' = —— 9mol% Yb**
B deriitem 11m01:/..¥1:: g 001 2ex=980nm —— mol% Vb7
z hem=541nm 13mol% Yb z Sem=6 a0 —— 13mol%Yb
¥ }‘ ' |1 | (A3
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Decay times (ps)

Decay times (ps)

Fig. 8 Decay profile of NBW: 1%Ho’", x%Yb>" with different concentration of Yb** ions at room temperature
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1 1
- cetf(5s, SE ) (x)  ceff{55,,5F,}(0.1mol%)

WCR

where x is the concentration of Yb>* ions. When the

CR rate is from 3—5 mol%, there is 49 S '. When it
increases to 11 mol%, there is 380 S !. Therefore,
under the condition of ytterbium ion co-doping, the
energy transfer process occurs between Ho**—
Yb>*—Ho’* ions.

4 Conclusion

Under the excitation of 980 nm laser, the abnormal
“s”-shaped pump power dependence of UC emission
in NBW: Yb, Ho phosphor was observed. It was
found that the °S,/°F,—°Is of Ho>" ion produces
green emission at 541 nm, while the 58, /5F,—°Ig
transition produces red emission at 644 nm. Both red
and green emission gradually increase with the
increase of Yb>" ion concentration (3 mol%—11 mol
%) and the luminous intensity reaches the peak at
11 mol% Yb>", and then there is concentration
quenching, and the cross-relaxation and energy
cycling process of Ho®>" ions produced an extreme
nonlinear photon avalanche. By obtaining the aver-
age of the number of photons and the rise time of the
green light emission level with power, the photon
absorption process was observed and verified. The
cyclic mechanism explains the PA process, that is, the
CR, FT, BT process causes the number of photons at
the °I; and °S,/°F, energy levels to double. At the
same time, the theoretical results analyzed by the rate
equation model are consistent with the experimental
results. These results have important application
value in the detection material of temperature sensor
plays an important role, it also provides unprece-
dented opportunities for technological innovation.
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