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1. Introduction

The infrared-to-visible upconversion luminescence (UCL) of
crystals doped with rare earth (RE) ions has attracted much at-
tention during the past two decades, owing to its potential ap-
plications in display technologies, biological imaging, and sen-
sitive biological fluorescent labeling, and so forth.[1–3] In partic-
ular, imaging science and technology has actively used RE-
metal-doped crystals as imaging probes because of their weak
autofluorescence, deep penetration of noninvasive near-infra-
red (NIR) excitation, and low radiation damage.[3–5] However,
the overlapping emission bands of RE ions hinder the simulta-
neous tracking of multiple fluorescent probes, which requires
UCL to have a spectrally pure emission.[3, 4, 6] Among RE ions,
Ho3 + is one of the most important active ions, owing to its ex-
cellent green and red UCL.[7, 8] Combination of Ho3+ with Yb3 +

can further enhance the emission efficiency.[8] Ho3 +/Yb3+ com-
binations are recognized as excellent green UCL emitters
under the NIR beam issued from a 980 nm laser diode (LD) ex-
citation. The predominant green UCL of Ho3 + is usually ob-
tained in low phonon energy hosts, that is, fluorides.[9–12] It is
also strongly expected in oxide materials because of their
stable chemical and thermal properties.[13, 14] CaSc2O4 is a new
and promising oxide host, which exhibits an orthorhombic
CaFe2O4 structure that was firstly reported by Carter and
Feigelson in 1964.[15] It has the low phonon frequency of

540 cm�1. Our group have reported the intense UCL in
CaSc2O4 :Tm3+/Yb3 + samples, implying CaSc2O4 is an excellent
host material for highly efficient UCL.[16, 17] However, a detailed
study regarding the UCL properties of Ho3 +/Yb3 +co-doped
CaSc2O4 has not been provided yet.

In this work, the characterization of the structural and UCL
properties of CaSc2O4:Ho3 +/Yb3 + is detailed. The concentration
dependence of the spectral distribution from 450 to 1300 nm
is researched in detail. Concentration-optimized CaSc2O4:Ho3 +

/Yb3 + phosphor presents efficient Yb3 +!Ho3+ energy transfer
and perfect green monochromaticity. The UCL mechanism is
analyzed through spectral distributions, power dependences,
and lifetime measurements. The experimental results are in
good agreement with theoretical analyses. Discussions on the
optical properties of CaSc2O4:Ho3 +/Yb3 + are conducive to
broaden the understanding of this novel material as a promis-
ing oxide host for simultaneous tracking of multiple upcon-
verting probes.

2. Results and Discussion

2.1 Structure and Luminescence Spectroscopy of the
CaSc2O4:Ho3 +/Yb3 + Phosphor

Figure 1 shows the results of Rietveld refinement for
CaSc2O4 :0.2 %Ho3 + ,10 %Yb3+ sample. The initial structural
model was constructed with crystallographic data for CaSc2O4

(JCPDS 20-0234).[15] All observed X-ray diffraction (XRD) peaks
are obtained with the fit parameters of the profile R-factor
(Rp = 2.65 %) and the weighted profile R-factor (Rwp = 4.35 %),
indicating that a relatively pure phase was obtained. The inset
of Figure 1 shows the schematic crystal structure of CaSc2O4.
The coordination numbers for Ca2 + and Sc3+ are eight and six,
respectively. For Sc3+ , there are two coordinated sites in
CaSc2O4. The host lattice exhibits the space group Pnam (62),

The optical properties of a Ho3+/Yb3+ co-doped CaSc2O4 oxide
material are investigated in detail. The spectral properties are
described as a function of doping concentrations. The efficient
Yb3 +!Ho3+ energy transfer is observed. The transfer efficiency
approaches 50 % before concentration quenching. The concen-
tration-optimized sample exhibits a strong green emission ac-
companied with a weak red emission, showing perfect green

monochromaticity. The results of the spectral distribution,
power dependence, and lifetime measurements are presented.
The green, red, and near-infrared (NIR) emissions around 545,
660, and 759 nm are assigned to the 5F4 + 5S2!5I8, 5F5!5I8, and
5F4 + 5S2!5I7 transitions of Ho3+ , respectively. The detailed
study reveals the upconversion luminescence mechanism in-
volved in a novel Ho3 +/Yb3 + co-doped CaSc2O4 oxide material.
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with cell parameters : a = 9.4693(7) �, b = 11.1336(8) �, and c =

3.1500(8) �. The lattice parameters obtained in the doped
sample are slightly larger than those in the pure phase, indicat-
ing that the Yb3 + ions with a larger ionic radius (0.868 �)
occupy the Sc3+ (0.745 �) sites.[20]

The room-temperature visible luminescence spectra of
CaSc2O4 :0.2 %Ho3 + , 10 %Yb3+ excited at 454 and 980 nm are
shown in Figure 2. Following 980 nm excitation (bottom), the

spectrum exhibits three UCL emissions, peaked around 545,
660, and 759 nm, which are assigned to the 5F4 + 5S2!5I8, 5F5!
5I8, and 5F4 + 5S2!5I7 transitions of Ho3+ , respectively. Under
454 nm excitation (top), the red (660 nm) emission, corre-
sponding to the direct excitation of Ho3 + :3K8, disappears and
only the green (545 nm) and NIR (759 nm) emissions are ob-
served. The intensity ratio of green-to-NIR emission does not
vary with the excitation wavelength.

2.2 Concentration Dependence of the Emission Spectra

The UCL spectra of CaSc2O4 :xHo3+ ,10 %Yb3 + (x = 0.05, 0.1, 0.2,
0.4, 0.8, 1.2, and 1.6 %) under 980 nm excitation are presented
in Figure 3 a. For a fixed Yb3+ concentration at 10 %, the stron-
gest green UCL is observed for a Ho3 + concentration around
0.2 %. For Ho3 + concentrations over 0.2 %, the intensity begins
to diminish because of the cross-relaxation processes of
Ho3 + .[14, 21] Figure 3 b shows the relative intensity of the red
emissions, which have a slight enhancement as the Ho3+ con-
centration is increasing. The intensity ratio of green-to-NIR

Figure 1. Experimental, calculated, and difference results of the XRD refine-
ment for CaSc2O4:Ho3 +/Yb3 + .

Figure 2. Room-temperature emission spectra of CaSc2O4 :Ho3+/Yb3+ , excited
at 454 nm (top) and 980 nm (bottom).

Figure 3. a) UCL spectra, b) UCL spectra normalized to the green emission,
and c) UCL spectra normalized to the infrared emission for CaSc2O4 :
xHo3 + ,10 % Yb3 + (x = 0.05, 0.1, 0.2, 0.4, 0. , 1.2, and 1.6 %) under 980 nm
excitation.
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emissions does not vary with Ho3+ concentration. Figure 3 c
shows the infrared emission spectra from 1000 to 1300 nm of
the same samples. The spectra show typical Yb3 + :2F5/2!2F7/2

emissions around 1050 nm and Ho3+ :5I6!5I8 emissions around
1200 nm. As the Ho3 + concentration is increasing, the Yb3 +

emission at 1050 nm exhibits a monotonic decline. It is consid-
ered an indication of efficient Yb3 +!Ho3 + energy transfer. The
Ho3 + emission at 1200 nm reaches a maximum when x = 0.4 %.
For higher Ho3 + concentrations, the intensity declines as
a result of the self-absorption of Ho3+ .[22]

The UCL (450–800 nm) and infrared (1000–1300 nm) emis-
sion spectra of CaSc2O4 :0.2 %Ho3 + ,yYb3+ (y = 1, 2, 6, 10, 14, 18,
22, and 26 %) are presented in Figure 4. For the optimal Ho3 +

concentration of 0.2 %, the green emission exhibits the stron-
gest luminescence when the Yb3 + concentration is 10 %. In the
infrared region, the Ho3+ emission at 1200 nm reaches a maxi-
mum when y = 14 %. The optimal Yb3 + concentration for green
UCL (10 %) is lower than that for the 1200 nm emission (14 %)
of Ho3 + , owing to Ho3 +!Yb3+ back-energy transfer
process.[17, 23, 24]

2.3 Pump-Power Dependence of Emission Intensities

The 980 nm pump-power dependence of the Yb3 + :2F5/2!2F7/2

(1050 nm), Ho3+ :5I6!5I8 (1200 nm), 5F5!5I8 (660 nm),
5F4 + 5S2!5I7 (759 nm), and 5F4 + 5S2!5I8 (545 nm) emissions
were measured and plotted in double logarithmic scales, as
shown in Figure 5. The focus area of the pumping beam was

fixed at about 80 mm2. The number of 980 nm photons re-
quired to absorb for emitting one given photon is denoted n.
Due to the competition between linear decay and upconver-
sion of the excited state, the experimental n value becomes
smaller than the theoretical one.[25] The linear decay is domi-
nant under low pump-power density, which is used in our ex-
periment. The n value for the five emissions is 1, 1, 1.6, 1.85,
and 1.85, which indicates the number (1, 1, 2, 2, 2, respectively)
of pump steps that is required to populate the corresponding
emitting level. The population saturation is not found for the
Ho3 + :5I6 level. The same n value of both the 545 and 759 nm
emissions reflects that they originate from the same excited
state (5F4 + 5S2), which is confirmed in the spectrum distribution
because the intensity ratio of the two emissions does not vary
with the excitation wavelengths or the doped concentrations.
The n value for the 660 nm red emission is smaller than that
for 545 nm green emission. The 5F5 level generating red emis-
sions is predominately populated through other mechanisms,
rather than nonradiation from the upper (5F4 + 5S2) states.

2.4 Lifetime Measurements

The time evolutions of the green (545 nm), red (660 nm), and
NIR (759 nm) UCL emissions under pulsed 980 nm excitation in
CaSc2O4 :0.2 %Ho3 + ,10 %Yb3+ are presented in Figure 6. Each
transient exhibits a typical rise and decay. This is a clear indica-
tion of the energy-transfer process. It is worth noting that the
green and NIR emissions have a similar rise and decay process.
The red emission has a slower rise and decay. The simplified
model predicts that the time dependence of the UCL emission

Figure 5. Pump-power dependence of emission intensities in
CaSc2O4 :Ho3+/Yb3+ under the 980 nm pump.

Figure 4. a) UCL spectra and b) infrared emission spectra of CaSc2O4:
0.2%Ho3 + ,yYb3 + (y = 1, 2, 6, 10, 14, 18, 22, 26 %) under 980 nm excitation.
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intensity, I(t), can be proposed after a short pulse of excitation
[Eq. (1)]:[26]

IðtÞ ¼ Aðe�t=td � e�t=tr Þ ð1Þ

in which A is an emission intensity factor and tr and td repre-
sent the rise and decay times of the transient, respectively. The
decay times for the green, red, and NIR emissions are calculat-
ed by integrating the area under the corresponding decay
curves with the normalized initial intensity, reaching td = 249,
397, and 253 ms, respectively.

The best fit for the green and red emission achieve tr values
of 61.5 and 77.3 ms, respectively, as shown in the inset of
Figure 6. The short tr is decided by the self-decay of level. The
long td may depend mainly on the lifetimes of the Yb3+ :2F5/2

level and intermediate states of Ho3 + in the CaSc2O4 host. The
slower decay for red emission is due to its intermediate state
(5I7), which is more stable than that of the green emission (5I6).

2.5 UCL Mechanism

By combining the spectrum distribution, slope n, and decay
curves, the upconversion pathways in CaSc2O4 :Ho3 +/Yb3+ can
be demonstrated schematically, as shown in Figure 7. Through
two successive Yb3+ to Ho3+ energy-transfer steps,
Yb3 + :2F5/2 + Ho3 + :5I8!Yb3 + :2F7/2 + Ho3 + :5I6 and Yb3 + :2F5/2 + Ho3 +

:5I6!Yb3 + :2F7/2 + Ho3 + :(5F4+
5S2), the (5F4 + 5S2) levels are popu-

lated. The green and NIR emissions are found by 5F4 + 5S2!5I8

and 5F4 + 5S2!5I7, respectively. The red emission is from the
Ho3 + :5F5 level. The 5F5 state is populated through 5I6!5I7 non-
radiative relaxation and subsequent Yb3+ :2F5/2 + Ho3 + :5I7!Yb3 +

:2F7/2 + Ho3 + :5F5 energy transfer. The 5I7 level has a long life-
time,[27] exhibiting remarkable saturation on its power depend-
ence.[28] It is easy to reach saturation for the red emission,
which shows a smaller n value than the green emission.

According to upconversion pathways, the steady-state rate
Equations are given by Equations (2)–(6):

dn1

dt
¼ Wn21n2 þW41n4 �

n1

t1
� C2N1n1, ð2Þ

dn2

dt
¼ C1N1n0 �Wn21n2 �

n2

t2
� C3N1n2, ð3Þ

dn3

dt
¼ C2N1n1 �

n3

t3
, ð4Þ

dn4

dt
¼ C3N1n2 �

n4

t4
, ð5Þ

dN1
dt
¼ sIN0 � C1N1n0 � C2N1n1 � C3N1n2 �

N1

tYb
: ð6Þ

in which s is the absorption cross section of the Yb3 + ion, I is
the incident pumping power, Ni is the population of ith level of
Yb3 + , ni is the population of ith level of Ho3+ involved in the
upconversion process, Ci represents the Yb3+!Ho3+ energy-
transfer coefficient for steps i = 1, 2, 3, Wij and Wnij represent
the radiative and nonradiative rate between i and j levels of
the Ho3 + ion, respectively, ti is the measured lifetime of the ith

level of Ho3 + , and tYb is that of the Yb3+ :2F5/2 level. For samples
with a very low Ho3 + concentration, the cross relaxation of
Ho–Ho interaction is assumed to be negligible.[7] The excita-
tions of Ho3 + by energy transfer to higher levels are neglected
due to the weak pump in our experiment. According to the
faint emission of 5F4 + 5S2!5I7 shown in the UCL spectra, the 5I7

population is mostly from the nonradiative transition of 5I6.
Considering the small branching ratio of the Ho3 + :5I6!5I7 tran-
sition[27] and the intense 5I6!5I8 emission around 1200 nm in
the infrared spectra, the Ho3+ :5I6 level is depopulated by 5I6!
5I8 radiative transition, rather than alternative 5I6!5I7 nonradia-
tion.

According to Equations (2) and (3), a general physical de-
scription of the intensity ratio (I2/I1) of the Ho3+ :5I6 to Yb3+ :2F5/2

emission can be derived by using Equation (7):

I2

I1
¼ g2n2

g1N1
¼ C1g2n0

g1t�1
2 þ C3g1N1

ð7Þ

in which Ii and gi represent the emission intensity and radiative
rate, respectively, for the Yb3+ :2F5/2, Ho3 + :5I6, 5F5, and (5F4 + 5S2)

Figure 6. Time evolutions of the green (545 nm), red (660 nm), and NIR
(759 nm) emissions under pulsed 980 nm excitation in CaSc2O4 :Ho3 +/Yb3 + .
Inset : an expansion of the green and red initial rise processes.

Figure 7. Energy-level diagrams and energy-transfer pathways in
CaSc2O4 :Ho3+/Yb3+ .
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levels. The gi values are constants. Figure 8 a shows that the
I2/I1 value exhibits a proportional relationship with the Ho3 +

concentration (n0). The t2 of Ho3+ :5I6 is almost fixed, owing to
the faint nonradiation relaxation. It indicates that the energy-
transfer coefficient C1 is constant when the Yb3 + concentration
is fixed. The I2/I1 also exhibits linear dependence with the Yb3 +

concentration, as shown in Figure 8 b. Because the Ho3+ con-
centration is very low (0.2 %), few excited Yb3+ ions are within
the critical transfer distance of Ho3 + . In such a situation, Yb3 +

!Ho3 + energy transfer is the diffusion-limited relaxation pro-
cess.[23, 29] The nearest distance of Yb–Yb is only 3.19 � in the
CaSc2O4 sample.[16] As the Yb3 + concentration increases, the
energy migration among Yb3 + ions gradually enhances, speed-
ing up the Yb3 +!Ho3+ energy-transfer process. As it is affect-
ed by the migration of Yb3 + ions, the energy-transfer coeffi-
cient C1 exhibits a linear dependence on the Yb3+

concentration.

As demonstrated by Equation (5), the green emission inten-
sity can be obtained by I4 =g4n4 = C3g4t4I1I2 and, because the
cross relaxation of the Ho–Ho interaction is not considered,
the lifetime, t4, is a constant for fixed Yb3+ concentrations. t4

is measured to be 54.5 ms (�5 %) in CaSc2O4 :0.2 %Ho3 +

,10 %Yb3+ . I4 can be calculated according to the infrared emis-
sion spectra in Figure 3. The calculated I4 values at various
Ho3 + concentrations are presented in Figure 9, scaled to the
maximum. For comparison, the I4 values obtained directly from
the UCL emission spectra are also detailed. The calculated and
experimental I4 trends are consistent with each other, demon-
strating the validity of both the theoretical analyses and exper-
imental data.

The decay curves of Yb3 + :2F5/2!2F7/2 emission in
CaSc2O4 :xHo3+ ,10 %Yb3 + (x = 0, 0.05, 0.1, 0.2, 0.4, and 0.8 %) are
shown in Figure 10. The Yb3+ singly doped CaSc2O4 sample ex-
hibits a single exponential decay. When Ho3 + is co-doped, the
decays rapidly speed-up, reflecting efficient Yb3 +!Ho3 +

energy transfer. The energy-transfer efficiency (hET) can be cal-
culated by hET = 1�tYb/tYb0, in which tYb0 and tYb represent the
lifetime of Yb3+ :2F5/2 in Yb3 + singly doped CaSc2O4 and Ho3 +

/Yb3 + in co-doped CaSc2O4 samples, respectively. The inset
shows that hET increases, before finally reaching a saturation
state. The hET approaches 50 % for the concentration-optimized

sample, that is, CaSc2O4:0.2 %Ho3 + ,10 %Yb3 + . Considering the
limit of our lifetime-measurement equipment, of which the re-
sponse is insensitive to NIR emissions, the real hET is larger
than the experimental data.

Figure 11 shows the Ho3+ concentration dependence of the
5I6-level lifetime under the pulsed 980 nm excitation. The long-
lived 5I6 level exhibits a single exponential decay, indicating no
back-energy transfer from Ho3 + to Yb3+ . The lifetime decreases
from 1049 to 825 ms with increasing Ho3 + concentration, sug-
gesting that the multiphonon relaxation rate, Wn21, rises slight-
ly. According to Equations (2)–(4), the intensity ratio (I3/I4) of
red-to-green emissions can be expressed by Equation (8):

I3

I4
¼ g3n3

g4n4
¼ C2g3t3Wn21

C3g4t4t�1
1 þ C3C2g4t4N1

ð8Þ

It shows I3/I4 is proportional to Wn21. The enlarged Wn21

makes the relative intensity of red emission increase slightly as
Ho3 + concentration increasing in Figure 3 b.

Figure 8. Evolution of intensity ratio I2/I1 as a function of a) Ho3 + and
b) Yb3+ concentration.

Figure 9. Calculated and experimental green emission intensities (I4) at vari-
ous Ho3 + concentrations. The intensities are scaled to the maximum.

Figure 10. Decay curves of Yb3 + :2F5/2!2F7/2 in CaSc2O4 :xHo3+ ,10 %Yb3 +

(x = 0.05, 0.1, 0.2, 0.4, and 0.8 %) under pulsed 980 nm excitation. Inset :
Yb3 +!Ho3 + energy-transfer efficiency (hET) with different Ho3 + concentra-
tions.
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2.6 Monochromaticity

The concentration-optimized sample has a strong green emis-
sion accompanied with a weak red emission, showing perfect
green monochromaticity. Figure 12 shows the normalized UCL

spectra of typical doped oxide and fluoride materials under
980 nm excitation. CaSc2O4 :Ho3+/Yb3 + exhibited the least-red
component in the series of spectra. To compare the spectral
purity quantificationally, we introduced a parameter, Sgr, ac-
cording to the definition in Ref. [9] [Eq.(9)]:

Sgr ¼
Ag � Ar

Ag þ Ar
ð9Þ

in which Ag and Ar are the integrated areas of the green emis-
sion from 500 to 600 nm and the red emission from 600 to
700 nm, respectively. The pure green emission corresponds to
Sgr = 1. The commercial NaYF4:Er3+/Yb3 + sample, recognized as
one of the most efficient green UCL materials, exhibits weaker
green monochromaticity (Sgr = 0.52), owing to two dominant
green and red emission peaks of Er3 + . The estimated Sgr value
of Y2O3:Ho3 +/Yb3 + , as good pure green UC emitter, is only
about 0.74.[30] The CaSc2O4:Ho3 +/Yb3 + sample gives rise to the
purest green emission, Sgr = 0.85, which is close to the highest
value for NaYF4 :Er3 +/Pr3+ (Sgr = 0.88).[3] The spectrally pure
green emission of the CaSc2O4 :Ho3+/Yb3 + sample suggests
that it is a promising candidate for biological imaging and flu-
orescent labeling with multiple upconverting probes.

3. Conclusions

The optical properties of CaSc2O4:Ho3 +/Yb3 + have been inves-
tigated as a function of doping concentration. The
CaSc2O4 :0.2 %Ho3 + ,10 %Yb3+ sample was optimized for the
strongest green UCL, and it presents perfect green monochro-
maticity as Sgr = 0.85, which approaches the highest reported
value Sgr = 0.88 for NaYF4:Er3+/Pr3 + . Efficient Yb3 +!Ho3 +

energy transfer was observed, and the hET reached 50 % for
CaSc2O4 :0.2 %Ho3 + ,10 %Yb3+ .

The studies of spectral distribution, power dependence, and
lifetime measurements revealed the UCL mechanism involved
in CaSc2O4 :Ho3+/Yb3 + . The intensity ratio of green-to-NIR emis-
sion did not vary with the excitation wavelengths or doping
concentrations. Both emissions exhibited the same time evolu-
tions and pump power dependency under 980 nm excitation.
We concluded that the green and NIR emissions came from
the same upper levels (5F4 + 5S2). The evolution of the green in-
tensity by experimental methods was in good agreement with
the theoretical calculation based on infrared spectral distribu-
tions, illustrating it is populated through the Yb3 + :2F5/2 + Ho3 +

:5I6!Yb3 + :2F7/2 + Ho3 + :(5F4+
5S2) pathway. The red emission oc-

curred from the Ho3 + :5F5 level. The 5F5 state was populated
through 5I6!5I7 nonradiative relaxation and subsequent Yb3 +

:2F5/2 + Ho3 + :5I7!Yb3 + :2F7/2 + Ho3+ :5F5 energy transfer. The slope
n of the red emission was smaller than that of the green emis-
sion with long-lived 5I7 as its intermediate level. The relative in-
tensity of red-to-green emissions was dependent upon the
multiphonon relaxation rate, Wn21, of 5I6!5I7, which experien-
ces a slight enhancement with increasing Ho3 + concentration.
The results obtained could be well-understood by theoretical
analyses based on steady-state rate equations.

Experimental Section

Sample Preparation

The series of samples with the general formula CaSc2�x�yO4 :xHo3 +

,yYb3 + (0.05 %�x�1.6 %, 1 %�y�26 %) were prepared through
a solid-state reaction.[18] The constituent carbonate or oxides CaCO3

(99.9 %), Sc2O3 (99.99 %), Yb2O3 (99.99 %), and Ho2O3 (99.99 %) were
employed as the raw materials, which were mixed homogeneously

Figure 11. Decay curves of Ho3 + :5I6!5I8 in CaSc2O4:xHo3 + ,10 %Yb3+ (x = 0.05,
0.1, 0.2, 0.4, 0.8, 1.2, and 1.6 %) under pulsed 980 nm excitation. Inset: con-
centration dependence of 5I6 lifetime.

Figure 12. Normalized UCL spectra of a number of typical oxide and fluoride
materials doped with Yb3+ , Ho3+ , or Er3 + ions, under 980 nm excitation.
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by an agate mortar for 30 min, placed in a crucible with a lid, and
then sintered at 1500 8C for 4 h.

Measurements and Characterization

Powder XRD data was collected by using CuKa radiation (l=
1.54056 �) on a Bruker D8 Advance diffractometer. The Rietveld re-
finement of the XRD pattern was implemented by using the
Fullprof program.[19] The measurements of UCL and infrared spectra
were performed by using a Triax 550 spectrometer (Jobin–Yvon),
pumped with a power-controllable 980 nm laser diode. In fluores-
cence lifetime measurements, an optical parametric oscillator
(OPO) was tuned to 980 nm as an excitation source, and the sig-
nals were detected by using a Tektronix digital oscilloscope
(TDS 3052).
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