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The upconversion properties of Tm3þ and Yb3þ codoped CaSc2O4 phosphor excited at 980 nm are

reported. The blue emission of Tm3þ:1G4 ! 3H6, red emission of Tm3þ:1G4 ! 3F4, near-infrared

emissions of Tm3þ:3H4! 3H6 (800 nm) and 3F4! 3H6 (1600 nm) are observed when excited

Yb3þ:2F5/2 level. The spectral properties of Yb3þ:2F5/2 and Tm3þ:3F4, 3H4, 1G4 levels are described

in detail as a function of Yb3þ and Tm3þ concentrations. By the trends of intensity ratios of

Tm3þ:3F4 to Yb3þ:2F5/2 and Tm3þ:1G4 to 3H4 with the doped concentrations, upconversion

dynamics is analyzed in Tm3þ and Yb3þ codoped CaSc2O4 material. The concentration dependent

lifetimes of Yb3þ:2F5/2 and Tm3þ:1G4, 3H4 levels measured prove the existence of the efficient

Yb3þ!Tm3þ energy transfer and followed Tm3þ!Yb3þ back-energy transfer processes,

respectively. The energy transfer efficiency is up to 70% before concentration quenching

occurrence. The back-energy transfer process is evidenced by the presence of the

Yb3þ:2F5/2! 2F7/2 in the emission spectrum excited Tm3þ:1G4 level at 466 nm. The detailed

spectroscopic study conduces to understand the upconversion dynamics process in Tm3þ and Yb3þ

codoped excellent CaSc2O4 oxide material. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4810898]

I. INTRODUCTION

The upconversion luminescence (UCL) properties of rare

earth (RE) doped materials have been studied extensively

over the past few decades because of the interesting physics

research1–3 as well as the potential applications in solid-state

lasers, biological labeling, and infrared imaging.4–6 The

upconversion efficiency has been improved used fluorides as

host materials due to the lower phonon frequency, but appli-

cations are restricted because of the poor chemical and ther-

mal stability.7,8 Oxide materials have high chemical

durability and thermal stability which are significant for prac-

tical application. Some oxides also possess a relatively low

phonon frequencies, which make it possible to obtain highly

efficient UCL, such as silica-based,4 bismuth-lead,9 yttrium,10

germanate11 oxide materials. CaSc2O4 is a promising oxide

host for achieving highly efficient up/down-conversion

luminescence.12–15 Tm3þ is an excellent RE ion for the very

strong UCL around 800 nm where the biological tissue has

the minimum absorption,5,16 and considerably strong 480 nm

(blue), 660 nm (red), and 360 nm (near-ultraviolet) UCL

emissions.10,11 The Tm3þ sensitized by Yb3þ is known as

one of the most common combinations for efficient UCL.

The upconversion characteristics of Tm3þ in Yb3þ sensitized

crystals have been studied as early as 1970s.1–3 Since then,

the UCL properties of Tm3þ and Yb3þ ions have been

reported in a range of host materials, such as glasses,9,17,18

fluoride crystals,19–22 and oxide materials.4,23,24

In our previous work, we demonstrated that doped con-

centration optimized CaSc2O4:Tm3þ, Yb3þ shows stronger

UCL than doped concentration also optimized typical oxide

upconverting phosphor Y2O3:Tm3þ, Yb3þ which has

received great attention for exhibiting the efficient UCL

under 980 nm excitation. The UCL enhancement is due to a

large absorption cross section at 980 nm of Yb3þ and a large

Yb3þ!Tm3þ first step energy transfer coefficient.12

However, the UCL properties as a function of Tm3þ and

Yb3þ concentrations in CaSc2O4:Tm3þ, Yb3þ have not

been studied in detail yet.

The doped RE concentrations of materials usually play

an important role in the UCL properties which must be

optimized to achieve highly efficient luminescence.18 Mita

et al.25 discovered energy transfer in oxide hosts have the

stronger dependence on the doped concentrations than

other hosts, such as fluorides. Recently, Etchart et al.24

have reported the concentration dependent UCL properties

of Tm3þ and Yb3þ codoped Y2BaZnO5 host. In the present

work, we research doped concentration dependence of

spectral distribution from 400 to 1750 nm and discuss

the upconversion dynamics in Tm3þ and Yb3þ codoped

CaSc2O4 material. The physical analysis of UCL process is

carried out, by the trends of intensity ratios of Tm3þ:3F4 to

Yb3þ:2F5/2 and Tm3þ:1G4 to 3H4 with the doped concentra-

tions. The experimental results are in good agreement with

theoretical analysis. The results of concentration depend-

ent lifetime measurement are exhibited. The highly effi-

cient energy transfer from Yb3þ to Tm3þ is proved. The

obvious back-energy transfers from Tm3þ to Yb3þ are

observed.
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II. EXPERIMENTAL

A. Sample preparation

The series of samples investigated in this work with the

general formula CaSc2-y-xO4:yTm3þ, xYb3þ (1%� x� 30%,

0.1%� y� 2%) was prepared by a solid-state reaction.15

The constituent carbonates or oxides CaCO3 (99.9%), Sc2O3

(99.99%), Yb2O3 (99.99%), and Tm2O3 (99.99%) were

employed as the raw materials, which were mixed homoge-

neously by an agate mortar for 30 min, placed in a crucible

with a lid, then sintered at 1500 �C for 4 h.

B. Measurements and characterization

Powder X-ray diffraction (XRD) data were collected

using Cu Ka radiation (k ¼ 1.54056 Å) on a Bruker D8

advance diffractometer equipped with a linear position-

sensitive detector (PSD-50 m, M. Braun), operating at 40 kV

and 40 mA with a step size of 0.01� (2h) in the range of

15�–75�. The measurements of UCL emission spectra were

performed by using a Triax 550 spectrometer (Jobin-Yvon)

pumped with a power-controllable 980 nm diode laser. In

fluorescence lifetime measurements, an optical parametric

oscillator (OPO) was used as an excitation source, and the

signals were detected by a Tektronix digital oscilloscope

(TDS 3052). The emission spectrum under direct excitation

was measured using a FLS920 spectrometer (Edinburgh

Instruments, UK).

III. RESULTS AND DISCUSSION

The structures characterized by the XRD patterns are

shown in Figure 1 for phosphors with the nominal composi-

tions of CaSc2O4:0.2%Tm3þ, xYb3þ (x¼ 5%, 10%, 20%,

30%). The pure phase CaSc2O4, in agreement with JCPDS

card 20–0234, was synthesized without any impurity phase.

The host lattice exhibits an orthorhombic CaFe2O4 structure

with the space group Pnam (62). In this structure, Ca2þ is

eightfold with the large effective ionic radius (1.12 Å) and

Sc3þ sixfold with the small radius (0.745 Å).26 The XRD

peaks are observed to shift to smaller angles with increasing

Yb3þ concentration, indicating that Yb3þ ions with larger

ionic radius (0.868 Å) occupy Sc3þ (0.745 Å) sites in

CaSc2O4 to expand the lattice cell volume. Yb3þ substitution

for Sc3þ was also reported by Gaume et al. in Yb3þ singly

doped CaSc2O4 sample.27

Figure 2 displays the UCL spectrum of CaSc2O4:

0.4%Tm3þ, 10%Yb3þ under 980 nm excitation with output

power density of 7 mW/mm2. The strong emission bands

centered around 480, 660, and 800 nm are attributed to the

4f-4f electronic transitions of Tm3þ:1G4! 3H6, 1G4! 3F4,

and 3H4! 3H6, respectively.3 The emission band around

680–720 nm is ascribed to the Tm3þ:3F2,3! 3H6 transition.20

The weaker emission around 530–565 nm is from 5F4 þ 5S2

! 5I8 transition of trace impurity Ho3þ ions. It is confirmed

by the UCL spectrum of CaSc2O4:Ho3þ, Yb3þ (supplemental

material28). The RE elements are indeed chemically related;

it is therefore difficult to separate them from each other

thoroughly.29

In order to describe the population mechanism in Tm3þ

and Yb3þ codoped CaSc2O4 material exactly, the depend-

ence of spectral distribution on the Yb3þ and Tm3þ concen-

trations has been studied in detail. Figure 3 shows the

infrared emission spectra from 1000 nm to 1750 nm of

CaSc2O4:0.2%Tm3þ, xYb3þ (x ¼ 1%, 5%, 10%, 15%, 20%,

25%, 30%). Due to the strong self-quenching of Tm3þ ions,3

the Tm3þ concentration is fixed at a low value of 0.2%.

In the Tm3þ and Yb3þ codoped samples, 980 nm photon

excites Yb3þ:2F7/2! 2F5/2 which exhibits fluorescence at

1000–1200 nm that excites Tm3þ ions into 3H5 level through

a nonresonant phonon-assisted energy transfer process.

Tm3þ ions in 3H5 level decay nonradiatively to 3F4 level,

then radiatively to the ground state emitting the photon

around 1600 nm. The 1600 nm band detected corresponds to

the higher energy side of Tm3þ:3F4! 3H4 transition.23,30 Its

maximum emission is usually found around 1800 nm, which

is out of the range of our study owing to the InGaAs detector

used that has a cutoff wavelength of 1650 nm. The spectra in

Figure 3 have been normalized as the maximum intensity of

FIG. 1. XRD patterns for phosphors with the nominal compositions of

CaSc2O4:0.2%Tm3þ, xYb3þ (x ¼ 5%, 10%, 20%, 30%).

FIG. 2. UCL spectrum of CaSc2O4:0.4%Tm3þ, 10%Yb3þ under 980 nm

excitation with a low pump density of 7 mW/mm2.

223507-2 Li et al. J. Appl. Phys. 113, 223507 (2013)
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Yb3þ emission. The left column value represents the

enlargement factor of spectrum to the maximum. It

shows Yb3þ emission reaches the maximum when Yb3þ con-

centration reaches to 5% then decreases quickly. The

Tm3þ:3F4! 3H6 emission around 1600 nm is enhanced by a

factor shown on the right in comparison with that in doped

5%Yb3þ concentration sample. Combined the two column

values, one can find that Tm3þ:3F4 emission gradually

enhances when Yb3þ concentration increases from 1% to

15%, subsequently begins decreasing. The distances of Yb-

Yb and Yb-Tm pairs decrease with Yb3þ concentration

increasing, then the enhanced energy migration among Yb3þ

ions speeds up energy transfer from Yb3þ to Tm3þ. It leads

to the population of Yb3þ:2F5/2 level decrease. Due to the

quenching of Tm3þ by Yb3þ ions,3 the emission of

Tm3þ:3F4! 3H6 reaches a maximum, then drops down. The

relative intensity of Tm3þ (1600 nm) to Yb3þ emission

stands a rapid enhancement with Yb3þ concentration

increasing. The x dependence of the intensity ratio (R1) of

Tm3þ:3F4! 3H6 to Yb3þ:2F5/2! 2F7/2 obtained from emis-

sion spectra is plotted in a logarithmic diagram shown in

Figure 4. The slope is found around 2, indicating R1 is pro-

portional to the square of Yb3þ concentration. Figure 5

shows the infrared emission spectra of CaSc2O4:yTm3þ,

10%Yb3þ (y ¼ 0.1%, 0.2%, 0.4%, 0.6%, 1%, 1.4%, 2%).

With Tm3þ concentration increasing, Yb3þ emission has a

monotonic decline. It can be considered as the indication of

efficient Yb3þ!Tm3þ energy transfer. The Tm3þ emission

gradually increases as Tm3þ concentration increasing from

0.1% to 1%. As Tm3þ concentration over 1%, the intensity

declines slightly as result of the self-absorption of Tm3þ.31

Figure 6 illustrates a linear dependence of R1 on the Tm3þ

concentration.

Figure 7 shows the effect of Yb3þ (a) and Tm3þ (b) con-

centrations on the blue (480 nm) and near-infrared (800 nm)

emissions. For fixed Tm3þ concentration at 0.2%, 480 nm

and 800 nm emissions present the same trend with the Yb3þ

concentration increasing. The optimized Yb3þ concentration

is 10%. For fixed Yb3þ concentration at 10%, the strongest

FIG. 3. Infrared spectra for CaSc2O4:0.2%Tm3þ, xYb3þ (x ¼ 1%, 5%, 10%,

15%, 20%, 25%, 30%) under 980 nm excitation. Spectra are normalized to

the maximum intensity of Yb3þ emission.

FIG. 4. Evolution of intensity ratio R1 as a function of Yb3þ concentration.

FIG. 5. Infrared spectra for CaSc2O4:yTm3þ, 10%Yb3þ (y¼ 0.1%, 0.2%,

0.4%, 0.6%, 1%, 1.4%, 2%) under 980 nm excitation.

FIG. 6. Evolution of intensity ratio R1 as a function of Tm3þ concentration.

223507-3 Li et al. J. Appl. Phys. 113, 223507 (2013)
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emissions are observed at Tm3þ concentration around 0.4%.

When Tm3þ concentration exceeds 0.4%, 480 nm emission

undergoes the faster descent compared with 800 nm. Figure 8

shows the evolutions of 480 nm to 800 nm intensity ratio (R2)

with the doped concentrations. In Figure 8(a), R2 grows up

until it reaches the maximum when x¼ 5%. Subsequently, it

falls down. The value of R2 decreases regularly as Tm3þ con-

centration increasing, as shown in Figure 8(b).

The pump power dependences of Yb3þ:2F5/2 ! 2F7/2

and Tm3þ:3F4 ! 3H6, 3H4 ! 3H6, 1G4 ! 3H6 are measured

under 980 nm excitation and plotted in a double logarithmic

scales in Figure 9. The focus area of pumping beam was

fixed about 80 mm2. In the low pump power density, the

slope n values for the four emissions are 1, 1, 2, and 3,

respectively. It represents the number of pump step required

to populate the corresponding emitting state. Due to

upconversion becomes dominant at the high pump power, all

slopes gradually reduce to 1.32 As the upconversion mecha-

nism shown schematically in Figure 10, the energy transfer

process is as follows:3

The first step:

Yb3þ:2F5/2þTm3þ:3H6! Yb3þ:2F7/2 þTm3þ:3H5

Tm3þ:3H5! Tm3þ:3F4 multiphonon process

The second step:

Yb3þ:2F5/2 þ Tm3þ:3F4! Yb3þ:2F7/2 þ Tm3þ:3F2,3

Tm3þ:3F2,3! Tm3þ:3H4 multiphonon process

The third step:

Yb3þ:2F5/2 þ Tm3þ:3H4! Yb3þ:2F7/2 þTm3þ:1G4

To verify and make a theoretical interpretation of UCL

results mentioned above, we utilize the simplified steady-

state equations

dn0

dt
¼ 0; (1)

dn1

dt
¼ C1N1n0 �

n1

s1

� C2N1n1; (2)

FIG. 7. Dependence of the blue (1G4! 3H6) and near-infrared (3H4! 3H6)

UCL intensity on the concentration of Yb3þ (a) and Tm3þ (b) ions in

CaSc2O4 material.

FIG. 8. Evolutions of intensity ratio R2 as a function of Yb3þ (a) and Tm3þ

(b) concentration.

FIG. 9. Pump power dependences of emission intensities in CaSc2O4:

0.4%Tm3þ, 10%Yb3þ under a 980 nm excitation.

FIG. 10. Energy level diagrams and dominant upconversion mechanisms in

CaSc2O4:Tm3þ, Yb3þ following 980 nm excitation.

223507-4 Li et al. J. Appl. Phys. 113, 223507 (2013)
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dn2

dt
¼ C2N1n1 �

n2

s2

� C3N1n2; (3)

dn3

dt
¼ C3N1n2 �

n3

s3

; (4)

dN1

dt
¼ rIN0 � C1N1n0 � C2N1n1 � C3N1n2 �

N1

sYb
; (5)

where r is the absorption cross section of Yb3þ ions, I is the

incident pumping power, Ni is the population of ith level of

Yb3þ, ni is the population of ith level of Tm3þ involved in

the upconversion process, si is the measured lifetime

of the ith level of Tm3þ and sYb is the measured lifetime

of Yb3þ:2F5/2 level, Ci represents the coefficient for the ith
step energy transfer, and energy transfer rate Wi is the Wi

¼Cini-1.33 The validity of this expression in our experiment

will be discussed later.

A number of approximations have been made in our

equations. The population of the intermediate states (3H5,
3F2,3) is neglected due to the multiphonon decay fast to the

lower levels. According to the faint emission of 1G4 ! 3F4

in Figure 3 (third step UCL), the population of Tm3þ:3F4 is

mostly from the first step energy transfer. The equations

neglect excitation from 1G4 to higher Tm3þ levels by energy

transfer due to the weak pump in our experiment.

According to Eqs. (1)–(5), we can derive a general phys-

ical description of intensity ratios R1 and R2

R1 ¼
c1n1

cYbN1

¼ C1c1n0

cYbs1
�1 þ C2cYbN1

; (6)

R2 ¼
c3n3

c2n2

¼ C3c3N1s3

c2

; (7)

where ci represents the radiative rate of ith level of Tm3þ and

cYb is the radiative rate of Yb3þ:2F5/2 level, which are

constant.

Figure 6 shows R1 well satisfies a proportional relation-

ship with the Tm3þ concentration (n0). The s1 of Tm3þ:3F4

level is fixed due to a low up converted rate under weak

pump.3 On the basis of Eq. (6), C1 is a constant. The result is

consistent with theoretical premise, meaning the validity of

theoretical analysis and experimental data. When n0 is fixed,

R1 exhibits the quadratic dependence on Yb3þ concentration

in Figure 4. The energy transfer rate W1 can be simply written

as W1¼C1n0(N0)2. The observation may suggest the presence

of three-body energy transfer process in Tm3þ and Yb3þ

codoped CaSc2O4 samples.34,35 As reported by Fong et al.,34

many-body energy transfer process is important when the

overlap between donor emission and acceptor absorption

spectra is negligible. In Tm3þ and Yb3þ combination, the

energy mismatch for the first step between Yb3þ:2F5/2 and

Tm3þ:3H5 levels is 1650 cm�1,3 while the cutoff phonon fre-

quency of CaSc2O4 host lattice is only 540 cm�1.12 The

ground state splitting of Yb3þ can reach 1008 cm�1 in

CaSc2O4.27 With the help of ground state Yb3þ ions,

Yb3þ!Tm3þ energy transfer can be more effective. The

three-body energy transfer of (Yb3þ:2F5/2-Yb3þ:2F7/2)

! (Tm3þ:3H6-Tm3þ:3H5)þ (Yb3þ:2F7/2(lowest)-Yb3þ:2F7/2(upper))

is easier to occur in samples with higher Yb3þ concentra-

tion.34 This explanation requires evidence given by further

study in the future.

Equation (7) exhibits R2 is dependent on the N1 and s3.

For fixed Tm3þ concentration at 0.2%, N1 and R2 both reach

the maximum when x ¼ 5%, as shown in Figures 3 and 8(a).

When Yb3þ concentration is unchanged, N1 and R2 decrease

regularly with Tm3þ concentration increasing, as shown in

Figures 5 and 8(b). It indicates N1 is responsible for R2.

Furthermore, with Tm3þ concentration increasing, Tm-Tm

distance decreases, leading to the strong cross relaxation

(CR) of Tm3þ ions. The following four resonant ion-pair CR

processes can result in the decline of intensity ratio R2, dis-

played in Figure 10.

1G4 (Tm3þ)þ 3H6 (Tm3þ)! 3H4 (Tm3þ)þ 3H5 (Tm3þ),3,24

1G4 (Tm3þ) þ 3H6 (Tm3þ)! 3F3 (Tm3þ) þ 3F4 (Tm3þ),3

1G4 (Tm3þ)þ 3H6 (Tm3þ)! 3H5 (Tm3þ)þ 3H4 (Tm3þ),3,24

1G4 (Tm3þ) þ 3H6 (Tm3þ)! 3F4 (Tm3þ) þ 3F2 (Tm3þ).3

FIG. 11. Decay curves of Yb3þ:2F5/2! 2F7/2 in CaSc2O4:yTm3þ, 10%Yb3þ

(y¼ 0%, 0.1%, 0.4%, 1%, 2%). Inset presents the calculated lifetime and

energy transfer efficiency (gET) of sample with different Tm3þ

concentration.

FIG. 12. Dependence of Tm3þ:3H4 and 1G4 intrinsic lifetimes on Yb3þ con-

centration in CaSc2O4:0.2%Tm3þ, xYb3þ (x¼ 0%, 1%, 5%, 10%, 15%, 20%).

223507-5 Li et al. J. Appl. Phys. 113, 223507 (2013)
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Figure 11 shows the decay curves of Yb3þ:2F5/2 ! 2F7/2

emission in CaSc2O4:yTm3þ, 10%Yb3þ (y ¼ 0%, 0.1%, 0.4%,

1%, 2%). As Tm3þ concentration increasing, the decays rap-

idly speed up, confirming remarkable Yb3þ!Tm3þ energy

transfer. The lifetime sYb0 and sYb of Yb3þ in singly and dou-

bly doped samples are calculated by integrating the area under

the corresponding decay curves with the normalized initial in-

tensity. The lifetime of Yb3þ:2F5/2 level decreases rapidly with

Tm3þ concentration increasing as shown in Figure 11 (inset).

The Yb3þ!Tm3þ energy transfer efficiency (gET) can be cal-

culated by gET ¼ 1-sYb/sYb0. For the concentration optimized

sample with y ¼ 0.4%, gET is up to 70%. Furthermore, decay

curves of Yb3þ are all single-exponential, indicating a much

faster energy migration among Yb3þ ions than Yb3þ ! Tm3þ

energy transfer. In this case, the Yb3þ ! Tm3þ energy transfer

rate always keeps at its initial decay rate, which is proportional

to the acceptor concentration.33 The energy transfer rate Wi is

simply written as Wi ¼ Cini-1.

Figure 12 shows the Yb3þ concentration dependence of

the intrinsic lifetimes of Tm3þ:3H4 and 1G4 levels in

CaSc2O4:0.2%Tm3þ, xYb3þ (x ¼ 0%, 1%, 5%, 10%, 15%,

20%). The lifetimes of 3H4 (s2) and 1G4 (s3) levels both

decrease quickly with increasing Yb3þ concentration. It indi-

cates the existence of considerable back-energy transfer

(B-ET) between Tm3þ and Yb3þ through cross pathways

described by (Tm3þ:3H4, Yb3þ:2F7/2)! (Tm3þ:3H6, Yb3þ:2

F5/2),3,21 (Tm3þ:1G4, Yb3þ:2F7/2)! (Tm3þ:3H5, Yb3þ:2F5/2)

or (Tm3þ:1G4, 2Yb3þ:2F7/2)! (Tm3þ:3H6, 2Yb3þ:2F5/2)3 in

Figure 10. The back-energy transfer efficiency (gB-ET) can be

calculated by gB-ET¼ 1–si/si0 where si0 and si is lifetime of

Tm3þ in singly and doubly doped samples, respectively. The

gB-ET of Tm3þ:3H4 and 1G4 level is about 37% and 35% for

sample with Yb3þ concentration at 10%, respectively. It can

be seen that gB-ET from Tm3þ to Yb3þ is quite high and grad-

ually increases with Yb3þ concentration increasing.

Especially for Tm3þ:1G4 level, gB-ET is higher than the val-

ues in previous reports.17,21 The emission spectrum from

600 nm to 1700 nm of CaSc2O4:0.2%Tm3þ, 10%Yb3þ

excited at 466 nm corresponding to the absorption of

Tm3þ:1G4 level is shown in Figure 13. Besides emissions of

Tm3þ, Yb3þ:2F5/2 ! 2F7/2 emission has as well appeared,

which proves the presence of B-ET from Tm3þ:1G4 to

Yb3þ:2F5/2. Because of inevitable B-ET process for high

Yb3þ concentration,17 the optimized Yb3þ concentration for

the 480 nm and 800 nm emissions (10%) is lower than that

for 1600 nm (15%).

IV. CONCLUSION

Upconversion properties of Tm3þ and Yb3þ codoped

CaSc2O4 oxide material in the visible and infrared regions

have been investigated in detail. The efficient Yb3þ!Tm3þ

energy transfer process is confirmed. The gET reaches up to

70% for the concentration optimized CaSc2O4:0.4%Tm3þ,

10%Yb3þ sample. The physical analysis of upconversion

mechanism in CaSc2O4 system gets the following results:

(1) The intensity ratio R1 satisfies a proportional relationship

with the Tm3þ concentration. When Tm3þ concentration

is fixed, R1 exhibits the quadratic dependence on Yb3þ

concentration. The first step energy transfer rate W1 is

written as W1 ¼ C1n0(N0)2. The observation indicates the

presence of three-body energy transfer process among

Tm3þ and Yb3þ ions in CaSc2O4 host.

(2) The intensity ratio R2 exhibits the same trend with N1.

For fixed Tm3þ concentration, N1 and R2 reach the maxi-

mum at the same Yb3þ concentration (x¼ 5%). When

Yb3þ concentration is unchanged, N1 and R2 decrease

regularly with Tm3þ concentration increasing. It indi-

cates N1 is responsible for R2. The CR processes

occurred in Tm3þ:1G4 can further impact the intensity

ratio R2.

(3) The obvious back-energy transfer from Tm3þ to Yb3þ is

proved in CaSc2O4 host by the Yb3þ concentration

dependence of the intrinsic lifetimes of Tm3þ:3H4 and
1G4 levels. The Yb3þ:2F5/2! 2F7/2 emission is also

found when excited Tm3þ:1G4 level at 466 nm.

Our results reveal the UCL properties of

CaSc2O4:Tm3þ, Yb3þ as a highly efficient and stable UCL

oxide material for its diverse application. This will be of

help in finding the new and efficient upconversion materials.
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