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Fig. S1  X-ray diffraction patterns of Y2O3 and β-NaYF4 with particular Er3+, Yb3+ 

doped or codoped concentration. The standard patterns are also presented as 
references. 
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Evaluating emission efficiency of 4F9/2 level and radiative lifetime in Ba3Y4O9.
The PL spectra of Ba3Y4O9 and Y2O3 with the singly 0.1%Er3+ doped 

concentration were recorded under 650nm excitation in Figure 5a, and the full 
spectra shape of red emission are also presented (red dashed line). We simplify the 
scheme of possible decay pathways by assuming that 4I9/2 level can rapidly and 
completely relax down to 4I11/2 level by multiphonon-relaxation (MPR) due to the 
small energy gap of ~2200cm-1. There is no MPR process from 4I13/2 level due to the 
large energy gap ~6500cm-1, which is five times larger than the maximum phonon 
energy in oxide hosts. According to the previously reported radiative branch ratios 
from 4F9/2 to various lower states of Er3+ in various hosts,1-15 4F9/2→4I15/2 is the 
dominant radiative transition with the branch ratio around 91% (β40≈0.91), while the 
others 4F9/2→4I13/2 (β41≈0.05) and 4F9/2→4I11/2 (β41≈0.04) can be nearly neglected. 
Under direct excitation to 4F9/2 at 650nm, the set of rate equations are expressed below 
using the model portrayed in Figure 5b:

                                         (S1)

dn4

dt
= σ4Φ650n0 - α4n4 - W4n4

                                            (S2)

dn3

dt
= α43n4 + W4n4 - W3n3

                                   (S3)

dn2

dt
= α42n4 + W3n3 - α2n2 - W2n2

                                   (S4)

dn1

dt
= α41n4 + α21n2 + W2n2 - α1n1

                                                       (S5)
1 =∑βij    (i > j)

                                                                    (S6)αij = αiβij

where ni is the population of level i, σ4 is the absorption cross section of 4F9/2, and 

Φ650 is the excitation photon flux. The βij is the branching ratio from the ith level to 

the jth level. The αi and Wi represent the radiative rate and MPR rate of ith level, 

respectively. Considering the low efficiency of red emission in oxide and the largest 

radiative branch ratios of 4F9/2→4I15/2 transition, the contribution of radiative 

transition from 4F9/2 to each intermediate states can be ignored. Furthermore, the PL 

spectra were measured by continuous wave (CW) excitation, thus the steady state 

equations are expressed as:

                                                   (S7)σ4Φ650n0 = α4n4 + W4n4
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                                                            (S8)W4n4 = W3n3

                                                  (S9)W3n3 = α2n2 + W2n2

                                               (S10)α1n1 = α21n2 + W2n2

The PL intensity (I) is proportional to the product of radiative rate and the population 

of emitting state:

                                                       (S11)Iij ∝ αijni

where Iij is transition integrated intensity from the ith level to the jth level. Further, 

the 4I13/2→4I15/2 and 4I11/2→4I15/2 transition intensity ratio can be expressed as: 

                    (S12)

I10

I20
=

(α21n2 + W2n2)

α20n2
× R1500/1000 = (β21

β20
+

W2

α2β20
) × R1500/1000

where,  is the coefficient for detector response and transition frequency ratio R1500/1000

of 1500nm to 1000nm. According to the theoretical calculation of different Er3+ 

doped hosts previously (Table S1), the branching ratio of 4I11/2 and 4F9/2 level in 

different host materials are approximately identical. Thus, we regard the average 

values of composite oxide as the branching ratio of 4I11/2 and 4F9/2 level in Ba3Y4O9. 

Taking Y2O3 sample as a reference, the evaluated radiative lifetime and luminescence 

efficiency of 4I11/2 level were obtained using the equation:

                                                   (S13)
ηi =

τi

τi r
=

αi

αi + Wi

where ηi is the luminescence efficiency of ith level, τi is the experimental lifetime (τexp) 

and τir is the calculated radiative lifetime (τcal) or evaluated radiative lifetime (τeva) . 

Moreover, the 4I11/2→4I15/2 and 4F9/2→4I15/2 transition intensity ratio can be expressed 

as: 

              (S14)

I20

I40
=

α20W4n4/(α2 + W2)

α40n4
R1000/650 =

W4

α4β40
× η2 × β20 × R1000/650

where  is the coefficient for detector response and transition frequency ratio R1000/650

of 1000nm to 650nm. Taking Y2O3 sample as a reference, the evaluated radiative 

lifetime and luminescence efficiency of 4F9/2 were obtained using Equation S13 and 

the detailed parameters are listed in Table S2,3. 
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Table S1. Comparison of branching ratio reported for 4I11/2 and 4F9/2 level of Er3+ 
in different host materials.

β21(%) β20(%) β43(%) β42(%) β41(%) β40(%) Ref

K2YF5 28.7 71.3 0.2 3.9 4.2 91.7 1
β-NaYF4 16.2 83.8 0.6 8.4 3.8 87.2 2
KPb2Cl5 18.4 81.6 0 3.8 4.2 92.0 3

CaGdAlO4 15.8 84.2 0.3 3.8 4.4 91.5 4
ErBa3B9O18 13 87 0 6 4 90 5

Y2O3 10.8 89.2 2.1 0.8 4.8 92.3 6
CaSc2O4 18.7 81.2 0.3 3.7 4.8 91.2 7
Gd2SiO5 16.1 83.9 0.2 3.8 4.8 91.2 8

KGd(WO4)2 20.4 79.6 0.7 5.7 5.5 88.1 9
Li2Gd4(MoO4)7 13.7 86.3 0.8 4.1 5.8 89.3 10

Sr3Y(BO3)3 21.6 78.4 0.2 2.8 4.5 92.5 11
Y2O2S 13.5 86.5 0.2 5.1 4.6 90.1 12
YAG - - 0.1 6.8 3.3 89.8 13

YAl3(BO3)4 12.9 87.1 0.2 4.1 4.5 91.2 14
YAlO3 14.5 85.5 0.2 4.3 4.0 91.5 15

Oxide mean 15.5 84.5 0.4 4.3 4.6 90.7

Table S2. The detailed parameters for evaluating radiative lifetime and 
luminescence efficiency of 4I11/2 level in Ba3Y4O9.

0.1%Er β21(%) β20(%)
τrad 

(ms)
τexp 
(ms)

I10/I20
τeva 

(ms)
η2(%)

Ba3Y4O9 ~15.5a) ~84.5a) - 1.852 1.29I1/2
b) 4.700 39.66

Y2O3 10.8 89.2 6.032 2.669 I1/2
b) - 44.25

a) Using the average values of composite oxide in Table S1.
b) I1/2 represents the 4I13/2→4I15/2 and 4I11/2→4I15/2 transition intensity ratio in 
Y2O3:0.1%Er3+
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Table S3. The detailed parameters for evaluating radiative lifetime and 
luminescence efficiency of 4F9/2 level in Ba3Y4O9.

0.1%Er β40(%) τrad (μs) τexp (μs) I20/I40 τeva (μs) η4(%)
Ba3Y4O9 ~90.7a) - 31.61 0.66I2/4

b) 879.28 3.595
Y2O3 92.3 737.53 20.33 I2/4

b) - 2.756
a) Using the average values of composite oxide in Table S1.
b) I2/4 represents the 4I11/2→4I15/2 and 4F9/2→4I15/2 transition intensity ratio in 
Y2O3:0.1%Er3+
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