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ABSTRACT: The red emission through upconversion (UC)
upon 980 nm excitation based on Er’*/Yb*" combination is
very attractive for bioimaging applications. The intensity of the
red emission is observed to be strongly dependent on the host
materials. However, the origin of the behavior and the
quantitative dependence remain unclear. Here, the effective-
ness of the second step UC excitation from the Er®*
intermediate state “I;3/, to the *Fy), level by energy transfer
from Yb®* is studied for three popular hosts (f-NaYF,,
Ba;GdyZn,0,,, and Y,05) that have different phonon energies.
Their emission efficiencies of the red emitting state are
calculated, and the radiative lifetime of the *Fo/, level in
Ba;GdgZn,0,, is reported for the first time. We present a
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spectroscopic method to evaluate the relative energy transfer coeflicients for the three hosts and find the coeflicient increases
markedly with the increase of phonon energy, reflecting the nature of phonon-assisted energy transfer. The coefficient for f-
NaYF, is 89 and 408 times smaller than that for the other two oxide hosts, well revealing the origin of the green emission
governed UC in $-NaYF, and the red emission in the other two. Accordingly, a comprehensive analysis of the luminescence
dynamical processes shows that selecting material with appropriate phonon energy is essential for both effective excitation and

efficient emission of the red level.

1. INTRODUCTION

Upconversion (UC) luminescence (UCL) in trivalent rare
earth ion (RE*")-doped materials'~'® and semiconductors'' ™"
has attracted massive attention owing to its unique
luminescence characteristics and potential applications in UC
lasers, biomarkers, drug delivery, 3D displays, optical temper-
ature sensors, etc. Particularly, RE3+-doped UCL nanomaterials
show advantages of high resistance to color-fading, low toxicity,
and minimal autofluorescence of organisms compared with
traditional fluorescent probes in the bioimaging field, which has
led to a great deal of research on UCL during the past few
decades.”""***? These materials can convert two or more low-
energy photons into a high-energy photon. Typically, Er** ions
are usually selected as activators of UC materials on account of
their long-lived and abundant energy levels. In general, Yb3*
ions served as effective sensitizers in UC phosphors (UCPs),
giving a high absorption cross-section around 980 nm, which
matches well with the wavelength of inexpensive GaAs
semiconductor lasers.'” In the Er’*/Yb*" system, Er*" ions
may emit two visible UC emissions upon 980 nm excitation.
One is a green emission centered at 550 nm originating from
the *S;, = 1,5, transition and the other one is a red emission
centered at 660 nm corresponding to the *F,, — ‘I,
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transition. Notably, the red emission wavelength of Er** locates
within the so-called optical window (650—900 nm) of live
biological tissues where light absorption and scattering are
minimized.'®

In order to look for efficient UCPs, a large number of works
were deployed on materials having low phonon energies to
inhibit multiphonon-relaxation (MPR) processes for enhancing
UC quantum yields (UCQY)."”™" Generally, fluorides are
chosen to be suitable host materials for achieving highly
efficient UCL because of their low phonon energies. Among
various inorganic fluoride-based UCPs, hexagonal sodium
yttrium fluoride (8-NaYF,) is recognized to be one of the
most efficient green UCPs owing to its multisite distribution
(high disorder in structure) and low phonon energy (~360
em™).?°7* Besides, the rare earth sesquioxides have been
widely studied because of their good stability and rather low
phonon energies (~600 cm™") in oxide materials. Y,O5 is a sort
of cubic sesquioxide, which can be prepared into single crystal
or transparent ceramic, and is regarded as one of the ideal solid
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Figure 1. Representative XRD patterns of f-NaYF,, BGZO, and Y,0; and their standard data. Crystal structures of $-NaYF,, BGZO, and Y,0;.

state laser materials for high power lasers in the infrared (IR)
spectral range.”*™*® A lot of explorations about its UC
characteristics indicate that Y,0; is a promising candidate for
UC.”~* Apart from sesquioxides, some oxide materials with
relatively low phonon energies also show efficient UCL.**~*
Zincate composite ternary oxides exhibit desirable mechanical
and optical properties and have had considerable research in
the applications of UCL and quantum cutting.>~>" For
instance, BasGdgZn,O,, (BGZO) possessing low phonon
energy (472 cm™") shows efficient red UCL with a UCQY as
high as 2.7%.%%*

The UC emission color has always been a significant concern
due to the potential applications of UCL. For a commonly
doped concentration such as 2%Er, 20%Yb, the output color
may be different in distinct host matrices. A general rule had
been concluded that the red to green (R/G) intensity ratios in
oxides were larger than those in fluorides despite the higher red
emission efficiencies in the latter.*” Recently, the emitting color
can be modulated between green and red by doping different
rare earth ions concentrations, adjusting excitation pulse width
and introducing manganese ions."' ~* Nevertheless, in Er**/
Yb** doubly doped system, the investigation on the
effectiveness of excitation for the red UC emission as a
function of phonon energies of host materials is not sufficient.

In the present work, we select f-NaYF,, BGZO, and Y,0; as
host materials doped with the same atomic percentage
concentration of dopants (e.g, 2%Er, 20%Yb) to investigate
the influence of phonon energy on red UC emission intensity.
All the samples are bulk phosphors for minimizing the effects
caused by surface defects. The excitation processes of the red
UC emission in the three UCPs are studied comparably. The
upward transition from the Er'" intermediate *I;;/, state to
*F,,, level through phonon-assisted energy transfer from Yb*" is
determined to be the dominant excitation mechanism for the
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red UC emission under low IR excitation densities. A
spectroscopic method for evaluating the energy transfer
coefficient is proposed. We find that the energy transfer
coefficient increases rapidly with the increase of phonon energy,
clearly indicating the nature of phonon-assisted energy transfer
in the excitation of the red UC. The emission efficiency of the
red level is also studied for comprehensively evaluating the
performance of the red UC intensity. Our results reveal that the
moderate phonon energy of BGZO is in favor of both effective
excitation and efficient emission for the red UCL.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis. 3-NaYF,, BGZO, and Y,0;
polycrystalline bulk phosphors samples were fabricated by a
simple solid-state reaction method. Generally, high purity
materials BaCO; (A.R.), Gd,0; (99.999%), ZnO (A.R.), Y,0,
(99.999%), Er,0; (99.999%), Yb,05 (99.999%), YF; (99.9%),
ErF; (99.9%), YbE; (99.99%), and NH,F (A.R.) were weighted
precisely according to certain stoichiometric ratios. The
mixtures needed to be thoroughly ground in an agate mortar
for 30 min. Subsequently, all these ground powders required
further high temperature calcination. BGZO and Y,0; were
calcined in air atmosphere for S h at 1300 and 1600 °C,
respectively. f-NaYF, powders were sintered at 550 °C for 6 h
under the protection of nitrogen stream in a tube furnace. All
the as-prepared products were ground into final powders for
the following characterization after the furnace cooled down to
room temperature.

2.2. Characterization. The crystalline structures of all
samples were confirmed by analyzing X-ray power diffraction
(XRD) patterns collected on a Bruker D8 Focus diffractometer.
The measuring range from 10° to 80° with Cu Ka (4 = 1.540 56
A) radiation was employed.
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Figure 2. Double logarithmic plots of red and green UC emission intensities versus 980 nm laser power density in (a) f-NaYF,, (b) BGZO, and (c)

Y,0,.

2.3. Spectroscopy Measurements. Steady state UCL
spectra were measured on a FLS920 spectrometer (Edinburgh
Instruments) with an external power controllable 980 nm lasers
as an excitation source. The photoluminescence (PL) spectra
were also detected using the FLS920 spectrometer excited by a
xenon lamp. Using an optical parametric oscillator (OPO) as an
excitation source, the fluorescence decay curves were measured
by applying a TriaxS550 spectrometer, and the signals were
recorded on a Tektronix digital oscilloscope (TDS 3052). All
the measurements were developed at room temperature.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure and Purity. The XRD patterns of
three kinds of materials with particular doping concentrations
are shown in Figure 1. All the diffraction peaks of these samples
are in good agreement with their standard patterns,
respectively. No extra characteristic peaks from impurities can
be observed, indicating that pure phase polycrystalline
phosphors have been successfully synthesized by a solid-state
reaction. As presented in the right panel of Figure 1, f-NaYF,
has a cation disorder structure and a hexagonal symmetry with
a P6(174) space group. The trivalent Y** ions occupy two types
of cation sites and all of their coordination numbers are
nine.”"**** BGZO possesses a tetragonal space group I4/
m(87), in which two nonequivalent Gd** ions sites can be
found and they are both coordinated with seven oxygen
atoms.”>*” Y, 05 crystallizes in the cubic space group Ia3(206)
and has two six-coordinate sites (C, Cj;). The optical
properties are nearly attributed to doped ions on C, sites
because of the inversion symmetry of Cj; sites.”>*® The Er’*
and Yb*" ions can effectively substitute RE* sites owing to
similar radii and identical valence states.

3.2. Excitation Mechanism and Upconversion Lumi-
nescence. Generally, the UCL intensity (I) is proportional to
the nth power of the NIR pump power (P): I & P{yr), where n
is the number of pump photons absorbed to excite to the
emitting state.”” The dependence of UCL intensity of these
three materials with the same doped concentration were
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analyzed and plotted in double logarithmic coordinate in Figure
2. All the slopes (n) are close to 2 via linear fitting, signifying a
quadratic dependence of both green and red emission on pump
power.

The energy level diagram with the predominant transition
pathways and energy transfer processes is schematically
depicted to comprehend the UC mechanisms in Figure 3.
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Figure 3. Schematic energy level diagram of UC process and the major
transition pathways in Er’*/Yb** system.

The ground state absorption and excited state absorption of
Er’* ions can be neglected due to efficient energy transfer and
such a high concentration of sensitizer."® Under weak pump
power densities excitation, only the processes involving two
photons are considered. The green emitting states “H,;, and
%S,/ can be populated through two-step sequential energy
transfer processes (ET1, ET2) followed by a MPR process from
the *F,/, level. The red emitting state *Fo/, may either be
populated via MPR from the upper *S;, level or energy
transfer upconversion (ET3) from the lower *I,5,, level. Besides
the visible UC emission, one can observe other characteristic
emission peaks centered at 1000 and 1530 nm assigning to the
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’F;;, — °F,), transition of Yb** and the *I;3, — *Ij5),
transition of Er’*, respectively (Figure S1). To further explore
the influence of MPR on red UCL, the PL and UCL spectra
were measured and displayed together in Figure 4. All the
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Figure 4. Normalized (a) PL and (b) UCL spectra. The PL spectra
were excited by 488 nm using a xenon lamp.

spectra are normalized to their maximum emission peaks. In PL
spectra, the Er’**F,,, state will be directly populated and
subsequently relax down to *H,;/, and *S;, levels upon 488
nm excitation. Thereby, the red emitting state *F,/, will be
populated exclusively through MPR from green levels. Clearly,
the R/G ratios of these three matrices in UCL spectra are larger
than those in PL spectra, implying that MPR makes
insignificant contribution to the red UCL for all samples.

3.3. Calculating the Emission Efficiencies of the *F,,
State in Three Materials. The emission efficiency of red level
(n74) is a crucial parameter for assessing properties of materials

to get red UC emission. 7, can be calculated via the following
formula:

K
Ty,

n; =

T

where 7, and 7, are experimental lifetime and calculated
radiative lifetime of *Fy, state, respectively. The experimental
lifetimes in these three samples and the radiative lifetimes in -
NaYF, and Y,0; can be easily obtained by using the
fluorescence decay curves in Figure 5d or from the
literature.”’ ="’ Here, we use a method" reported previously
by our group to acquire the radiative lifetime of the red level in
a BGZO matrix via the combination of PL spectra and time
evolutions of 0.1%Er singly doped samples in Figure Sb,c. In
Figure Sa, one can observe three emission bands centered at
660, 1000, and 1530 nm assigning to *Fo;, = *I;55, Iy, —
L5/, and *1;3,, = *I;5), transitions, respectively. Under the
condition of low Er*" concentration, the lower *I;; , and *I,5,,
intermediate levels can be populated through cascade MPR and
radiative transitions from upper levels upon 650 nm excitation.
In view of the low emission efficiency of red level in oxide and
the large radiative branch ratio of *F,;, — *I;5), transition
(0.91), the populations of these two lower levels by radiative
transitions from *Fy/, can be almost ignored with respect to
those through cascade MPR from red state. Thereby, the
relatively weak NIR emission intensities indicate a large value of
N4 A much shorter value was achieved to be 353 ys compared
to that in another oxide Y,0;, which may be caused by the
longer RE-O bands and distinct coordination environments.
The final results are collected and listed in Table 1. Apparently,
14 reduced monotonously with the increase of phonon energy
of host matrix due to the accelerating of nonradiative transition
probability.

3.4. Energy Transfer Coefficient for ET3. As discussed
above, the upward transition (ET3) is the major excitation
mechanism for red level. Thereby, this process makes the
intensity of the red UC be proportional to the product of the

JL

(a) (b)*

4, 4,
Forz lisp2

e j 4 4 4 4

3 & L= iz l32=> l1srz

© by

= : /\'\ BGZ0:0.1%Er

2 -

7]

: 0
‘2 ex = 650 nm (c)e

R T
T esees

"

Y,0,:0.1%Er

Single Exponential Fit Curve

(d) o
ex =654 nm
em =680 nm

| T=82.67us

ex = 654 nm e
em = 680 nm

——BGZ0
2%Er 20%Yb

50 100 150 200 250 300 ©=64.38us

Time(us) o

/,
LI

L L} 1
625 675 725 900 1100 1300
Wavelength(nm)

L
1500 1700

Single Exponential Fit Curve
e+
Y2°3
©=2.366ms 2%Er 20%Yb
1=9.60us
ex =980 nm '§
em =1015nm A
!
2 4 6 8 10 by . ’
Time(ms) 0 50 100 150 200
Time(us)

Figure 5. (a) PL spectra of BGZ0:0.1%Er and Y,05:0.1%Er upon 650 nm excitation. The full spectra shapes of *Fo;, — *I;;/, transition are also
exhibited as red dashed lines. Two different detectors are employed to detect visible and NIR regions, as indicated by black dashed line, and the red
emission integrated intensities are normalized. The fluorescence decay curves of (b) *F,, level and (c) *I;,,; level in BGZO:0.1%Er sample. The
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Table 1. Parameters for Comparing Properties of Red Upconversion Emission

2%Er 20%Yb phonon energy (em™) 74 (us) 74 (us) N4 (%) Cygy (au) 74Ca4 (au)

p-NaYF, 360 1642.04 570.50 34.74 Co 0.35C,

BGZO 472 353.29 64.38 18.22 88.84C, 16.19C,

Y,0, 600 737.53 9.60 1.30 407.95C, 5.30C,
Yb***F; , population and the Er***I,;,, population based on the (@)

1,50 S L
theory of energy transfer.””" The proportlona}hty coeflicient is B-NaYF,0.1% Yb  ©=1.748ms
directly related to the energy transfer coefficient for the ET3 BGZO:04% Yb  ©=570.4 s
process. Here, we study the proportional relationships for these ——Y,0,:0.1% Yb ©=9201 ps
three samples in order to achieve their relative coefficients for p
ET3 to compare the probability of second step energy transfer N
from Yb*"’F; ), to Er’**1, , in three UCPs. For the sample with
ex = 980 nm

unit volume, the intensity of the red UC emission (I,) excited
by ET3 can be written as

I, = n,Cyyngn

where Cy, is the coefficient for ET3 from Yb** in its °Fs,
excited state to Er’* in its *I,3/, excited state and ny and n, are
populations of Yb*"’F;,, and Er'*‘l};,, respectively. With
consideration of excitation energy diffusion among Yb** ions,
the coefficient Cgy should be dependent on the Yb3*
concentration. However, if the Yb** concentration is much
higher than the Er’* concentration in the case of this work (20
at. %), rapid diffusion energy transfer takes place. Thus, the
coefficient Cgy is no longer dependent on the Yb**
concentration and takes nearly a constant value.”">*

The integrated intensities of Yb*>"*F;,, — °F;, emission (I;)
and Er’**l;;, — *Ij5/, emission (I;) can be employed to
represent ng and n; by 74l and 7, I;, respectively, with 74, and
7,, the radiative lifetimes of Yb**’F,, and Er’**I,;,,. Here, the
radiative lifetimes are considered as the fluorescence lifetimes
measured in 0.1%Yb singly doped and 0.1%Er singly doped
samples (Figure 6) because low doping concentrations and
large energy gaps enable the fluorescence lifetimes much close
to the radiative lifetimes. To obtain the dependence of I, on
N4ngn;, emission spectra upon 980 nm laser excitation with
different pump powers (ranging from 30—110 mW) were
measured, as shown in Figure 7. In the measurement, the
weights of powders in the sample holder were controlled to
make ensure that the identical total volumes of the particles
were excited by 980 nm laser for different materials. Meanwhile,
the thickness of the sample was as low as 0.1 mm for a uniform
excitation density inside the sample. The dependences of I, on
nangny for these three samples are plotted together in Figure 8,
and they all exhibit approximate linear relationships. The small
deviations may come from some other mechanisms reported
previously.”>>> 7>

It is obvious that the dependences are indeed satisfied with
proportional function as expected. The relative value of Cy, is
the slope of the straight line, as listed in Table 1. Clearly, Y,04
has the largest Cg,, which is about 408-fold larger than that in
P-NaYF,. It can be found that the coeflicient Cgy, increases
dramatically with the increase of phonon energy. It is well
understood that ET3 suffers from a large energy mismatch
(~1500 cm™') between the Yb***F;,, — ’F,, transition and
the Er**1,3,, — *Fy), transition. ET3 is therefore a phonon-
assisted energy transfer. A higher phonon energy enables a
smaller number of phonons to make up the energy mismatch,
and hence to speed up energy transfer. Although Y,0; has the
largest ET3 coeflicient among the three hosts, it also has the
shortest *F,, lifetime due to high phonon energy induced
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Figure 6. Time evolutions of (a) Yb**?F;, and (b) Er***I,3, levels in
different samples.

enhancement of nonradiative relaxation. Certainly, the higher
phonon energy also means the faster MPR of the *‘Fy, state
and it therefore lowers the UCQY of the red UC emission.*®’
Hence, the comprehensive results indicate that optimization of
phonon energy could be more profitable to find efficient red
UCPs in Er**/Yb** system.

The obtained result is similar to a previous report on the
energy transfer coeflicient in Tm3+/Yb3+—doped oxides and
fluorides by Mita and co-workers.’> They acquired the absolute
value of coefficient for only the first step energy transfer via the
dependence of Yb*"’F;), lifetime on donor concentration.
However, this method may not be applied to Er’*/Yb** system
or suitable to obtain accurate values other than the first step
energy transfer. Here, we use a spectroscopic method for
evaluating the relative value of second step energy transfer
coefficient in Er**/Yb*'-doped system. Moreover, our method
might be used in Tm?®'/Yb* and Ho®*/Yb*" systems for
comparing the second step energy transfer coefficients in
different host materials. Apart from the second step energy
transfer coeflicient and red emission efficiency, some other
factors such as absorption strength, quenching concentration,
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functions are also presented.

spectral overlap, and the population of the Er**I;;, level, may
also affect the Er’* red UC emission intensity, which are not
within the scope of this article.

4. CONCLUSION

Three kinds of efficient UCPs, f-NaYF,, BGZO, and Y,0;,
were synthesized by a traditional solid state reaction. In the
condition of the same doping concentration, they show the
same excitation mechanism but different output colors under
low density excitation. A spectroscopic method for evaluating
the relative second step energy transfer coeflicient is proposed.
It is revealed that the transfer coefficient in Y,O; is around 4.6-
fold and 408-fold larger than that in BGZO and f-NaYF,,
respectively, indicating a continuously enhanced excitation of
the red emission on increasing phonon energy. The phonon
energy dependent behavior essentially reflects the phonon-
assisted energy transfer excitation mechanism. This work
declares that effective excitation of the red UC requires high
phonon energy to make up a large energy mismatch (~1500

9616

cm™') for minimizing the phonon number. However, with
consideration of high phonon energy induced fast nonradiative
decay of the red emitting state, optimization of the phonon
energy is strongly encouraged for achieving outstanding red UC
phosphors based on the Er’ /YB3 system. Furthermore, the
Er’**Fy), radiative lifetime in the BGZO matrix is evaluated to
be 353 us for the first time. The research means utilized in this
work can be widely applicable rather than specific to these three
hosts, and we also believe that this spectroscopic method might
be extended to Tm*'/Yb*" and Ho®'/Yb** systems.
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