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Fig. S1 Absorption spectra of the CaTi0;:0.2 mol% Ni codoped with different mol% of Er.
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Fig. S2 Time decay profiles of the Ni** emission at 1400 nm (3’T,—3A, transition) with variable Er** doping
concentrations (excited at 1180 nm).Solid black lines are the results of fitting using the equations mentioned below.

Inset shows the comparison of decay time, Ni—Er ET extents and Ni—Er ET efficiencies.
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The time decay profiles of the Ni** emission at 1400 nm for the Ni-only doped sample was compared with those
for the Er, Ni codoped sample. The measured time-dependent intensity of the Ni-only doped sample was fitted by

a bi-exponential function,
T ionty (1) = @ €Xp E t/tl) ]+ by exp E t/td ], ......... (1)

and the Ni?* lifetime zy; was determined by the equation (2) below for the Ni-only doped samples,
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The zy; value of the CaTi0;:0.2 mol% Ni?" sample is 0.93 ms, which is comparable with the values previously
reported for other oxide host materials. !

By introducing the Er’* acceptors, the Ni?" emission intensity declines rapidly because of the energy transfer
from the Ni?* donors to the Er3* acceptors. The life time of Ni-emissions in the Ni, Er codoped samples (zy; g, value)
were also estimated (inset of Fig. S2), which is equals to the time when Ni-emission intensity decreased to 1/e of
the initial intensity. It showed that with increasing Er3* concentration Ni>* emission life time reduced sharply. The
impact of the energy transfer on the time-dependent emission intensity of the Ni*" donors is expressed by an
exponential function exp [— Wi Er t] when energy migration among the donors are significant, -'° whereas it is
described as exp [— Y NisEr Ji } for negligibly weak migration %2, The experimental data were well fitted by the latter

better than the former, i.e.,

]Ni’Er )= expl_» ¥ NisEr \/;JlNi_only @), e (3)

using a fitting parameter jqi_g: With the previously determined Iyi.ony (¢). This is consistent with the facts that the
Ni concentration was quite low (0.2 mol%) and the energy transfer was completed rapidly within sub-milliseconds.

The energy transfer efficiency 7i_g Was derived as follows,

Mot = 1= [ D () ] [ T () e @)

using the two functions in equations (1) and (3). The 7k, increased with the Er concentration reaching near to
unity above 10 mol% Er. It confirmed that almost all the energy absorbed by the Ni*" get transferred to the Er**
emission centers. This value is higher compared to the previously reported CaZrO;:Er,Ni upconverter where ~86%

energy transfer efficiency was observed even at high Er concentrations. '3
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Fig. S3 UC emission spectra of the CaTiy403:15 mol% Er codoped with different mol% of Ni excited at (a) 1180

nm, (b) 1490 nm, and (c) absorption spectra. Inset in Fig. (c) shows the enlarged view of selected area.
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Fig. S4 Effects of the NiO doping concentrations on (a) the XRD peaks positions of CaTiO; phase and (b)

variation of lattice parameters.
In the CaTiO5 host, addition of Er3* (ionic size =~ 1.06 A) and Ni?* (ionic size =~ 0.69A) ions are expected to

substitute the Ca?* (~1.12A) and Ti** (~0.605A) sites because of their comparable ionic radii.'# Substitution of Ca* sites



with Er** ions has been confirmed in the CaZrOs:Er,Ni upconverters.'> Here substitution of Ti*" with the Ni?* ions was
confirmed from the XRD data of the various moles of Ni-substituted samples as shown in Fig. S4, where increased lattice
parameters and cell volume was observed when bigger Ni* ions substitutes the smaller Ti*" ions. If the Ca?* ions were
substituted by the Ni?* ions (quite smaller compared to the Ca?" ions), drastic decrease in cell volume and lattice
parameters would be expected. The increased cell parameters further suggests that the Ni ions stabilize as Ni?* (ionic size
~ 0.69A) not Ni* (ionic size = 0.59A). If Ni ions would stabilize as Ni** cell parameters should remain constant due to

same size of Ni*" to that of Ti*".

1 (@) Ti-stoichiometry compositions 0.50 - (b) u peak@47 (CT0.90)  mpeak@47 (CT1.00)
_ peak@26 (CT0.90) peak@26 (CT1.00)
| le—l .6 nAlol% o h §
040
Nb=1.2 mol% ]
Akl A =
~ O
; = 0.30 A
5 [Ne=0.8 mol% A 5
= =
Z |Nb=0.4 mol% ¥ 020 1
= 2
INb=0 mol% Z.
-~ ~0.10 A
ICaTiO;-pdf |
22 27 32 37 42 47 R 0.80

Diffraction angle (26°) Nb concentratlon (mol%)

Fig. S5 Effect of the Nb,Ojs concentration on (a) the XRD peaks of CaTiO; phase and (b) increased peak intensity
at the NbOj peaks positions at 26.2 and 47.6 degree compared to the CaTiO; peak intensity at 33 degree, where
NbO, peak was absent.

NbO, peaks at 20 equals 26.2 and 47.6 degree, which overlap with the CaTiO; host peaks, remarkably
increased with the Nb doping concentrations at and above 1.2 mol% indicating segregation of the NbOy phase in
the Ti-stoichiometric samples (CT;,0O), whereas they were almost unchanged for the Ti-deficit (CT,0) samples

up to 1.2 mol% Nb doping.

(a) ——1.10Ti host only 100
0.14 ——1.00Ti host only )
0.12 . ——0.90Ti host only 80
Defect absorption & ”
F
g g 60
g 5
= =
2 5
< g 40
2.0
0.0 T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800 100 200 300 400 500 600 700 800 900 1000
Wavelength (nm) Temperature (‘C)

Fig. S6 (a) Absorption spectra of the CaTiO; host with different Ti-compositions, and (b) weight gain of the

respective samples with rising of temperature in air flow.
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Fig. S7 (a) XANES spectra of TiO,, Ti,Os, CaTi; (O3, CaTiyoO3 and (b) bonding length of Ti-O bond in compounds
mentioned in (a).

The X-ray absorption near edge structure (XANES) spectra of the Ti-deficit and Ti-stoichiometric samples compared
with the standard TiO, and Ti,O; samples were measured to identify the valence of Ti in the CaTiO; samples.!>!® The
absorption edge of the Titanium atoms in both of the Ti-defict and Ti-stoichiometric samples are very close to that of the
TiO, standard sample (marked by the dotted circle in Fig. S7 (a)) confirming that the Ti-atoms existed as Ti*" ions
irrespective of small variation in Ti-compositions. We also tried to figure out the valance of the nickel ions in the
CaTiOs:Er,Ni upconverters comparing with the standard Ni*" and Ni3*" samples using fluorescence X-ray absorption fine
structures (XAFS), however, due to close absorption edge energies of the Er-L3 edge and Ni-K edge and very small
doping concentrations of the Ni (0.2 mol%) compared to Er (15 mol%), it was not possible to extract Ni contribution in
the Er, Ni codoped samples.

We also determined the Ti-O bond length from Extended X-ray Absorption Fine structures (EXAFS) for those
samples and compared with each other and the results are presented in Fig. S7(b). The Ti-O bond becomes shorter for
the Ti-deficit (CaTig90;) sample compared to in the Ti-stoichiometric (CaTi; ¢O;) sample. It suggests that the Ti-O bonds

are stronger in the Ti-deficit compositions compared to that in the Ti-stoichiometric compositions.
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Fig. S8 XRD patterns of CaTiO;:15%Er, 15% Li, 0.2% Ni, 0.4% Nb with various Ti-compositions.

It is obvious that above the solid solubility limit, added TiO, remained as unreacted phase, clearly observed in

the Ti-excess compositions, which is remarkably increased at 0.15 mole Ti-excess composition. On the other hand,



in the Ti-deficit compositions, Er,Ti,0; phase was detected and its amount gradually increased with the increasing
Ti-deficiency. Er,Ti,O; phase is a prototype of the Ca,Nb,O; pyrochlore phase and consume lower equivalent of
Ti*" ions. Thus, to compensate the Ti-deficiency, more and more Er,Ti,O, phase was formed. There is no change in
the B-site cations coordination in both perovskite structure and pyrochlore structures and form regular TiOg

octahedra in both cases.
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Fig. S9 Absorption spectra of (a) Ti-stoichiometric and (b) Ti-deficit CaTiO;:15 mol% Er, 0.2 mol% Ni codoped

with various concentrations of Nb** as a charge compensator.

35 (@) Ti-stoichiometric " (930-1030)nm integrated (b) Ti-deficit 3 §950-1050) nm integrated
——1.2mol% Nb e 700 1—0.8 mol%Nb 525
301 —0.8 mol% Nb E15 600 __g-‘z‘ mo}gﬁ) EE é 21
595 |~ 16mol%Nb £ _ o emone 515 -
37 | —0.4mol% Nb £ =500 4 0 mol% Nb 1
> — 8 5 | g 2
4(.-;; 20 4 0.2 mol% Nb E 5 %\400 i §0_5 4
5 —0 mol% Nb ] =
E 15 4 0 T T T T i) 300 1 0O +—F—"7—""
0 04 08 12 1.9 K= 0 02 04 06 08
Nb concentration (mol%) Nb concentration (mol%)
10 A 200 1
57 100 -
0 f T T T 0 T Y T
900 950 1000 1050 1100 900 950 1000 1050 1100
Wavelength (nm) Wavelength (nm)

Fig. S10 UC emission spectra of the CaTiO;:15 mol% Er, 0.2 mol% Ni codoped with various concentrations of

Nb°* as a charge compensator. Inset figures show the integrated UC intensity variation with the Nb>* concentrations.
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Fig. S11 (a) Comparison of the absorbance in the NIR range for the CaTiO;:15 mol% Er, 0.2 mol% Ni codoped
with the CaZrO;:15 mol% Er, 0.2 mol% Ni and corresponding UC emission spectra excited at 1490 nm. The dotted
lines represent the absorption spectra while the solid lines are the UC emission spectra. (b) Comparison of the UC

emissions intensities for the Er-only doped CaTiO; and CaZrO; upconverters exhibiting pronounced emission in

more distorted CaTiO; host.
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Fig. S12 Experimental setup for the internal quantum yield measurements of the UC emission.
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Fig. S13 (a) Reflected laser emission at 1488 nm for a reference cell compared with the CaTiOs:Er,Ni sample and

(b) UC emission profile at 950-1050 nm for a CaTiOs:Er,Ni sample compared with the reference cell.

Internal quantum yiled (QY) is defined as the ratio of the number of photons emitted to the absorbed ones.
Thus, the number of photons emitted and absorbed should be evaluated precisely to determine the QY of
upconverters. An integrating sphere conntected with a spectrophotometer is generally employed to evaluate the
photons numbers participated in the UC process. The sketch of the the QY measurement setup is presented in Fig.
S12. A blank sample holder (quartz glass) is located at the bottom of the integrating sphere. Excitation light of 1490
nm were incident from the entrance port to be precisely focused on the sample holder. A convergent lens was used
to focus the excitation light from the laser diodes. The spectroscopic data were recorded and corrected with the
spectral response of the integrating sphere and spectrophotometer. Then, the sample holder was replaced with the
sample using the identical holder. The spectra were again recorded and similarly corrected. Then, the QY value (1)

is derived using the following equation.!”-18

number of photons emitted I (sample UC)

n = number of photons absorbed — E (reference) — E (sample) ... ... (5)

Where, I(sample UC) is the integrated UC emission photon number of the sample, E(reference) and E(sample) are
the integrated photon numbers of the excitation laser light reflected (not absorbed) by the reference holder and
sample, respectively. Typical experimental resluts are presented in Fig. S13. For the optimized sample, namely
CaTiy903:15% Er, 0.2% Ni, 15%Li, 0.4%Nb, the UC QY was estimated to be ~2.53% under the 1490 nm laser of
1000 W/m? irradiation whereas it was only ~0.86% for the 1180 nm laser irradiation of very similar power density.
Less than 10% error arising from the reabsorption of the emitted photons at the excitation wavelength of 1490 nm

was possible because it was omitted during the QY determination due to neglegible emission peak intensity.
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