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Improved sensitization efficiency in Er3+ ions and 

SnO2 nanocrystals co-doped silica thin films 

Xiaowei Zhang,a,b Shaobing Lin,a Tao Lin,a,c Pei Zhang,a,d Jun Xu,*a Ling Xua and 
Kunji Chena 

Er3+ ions and SnO2 nanocrystals co-doped silica thin films are prepared by improved sol-gel 

spin-coating method. With increasing annealing temperature, the related 1.54 μm characteristic 

emission intensity from Er3+ ions is obviously enhanced by more than two orders of magnitude 

via SnO2 nanocrystals size control to boost the sensitization efficiency. Quantitative studies of 

steady-state spectroscopic data and fluorescence decay curves demonstrate that the related 

sensitization efficiency via size-tunable nanocrystals is increased from 0.14% to 1.3%. This 

improved sensitization efficiency is achieved by doping part of Er3+ ions into the SnO2 inner 

sites at high annealing temperature as revealed by high-resolution TEM, X-ray diffraction 

patterns and elemental mapping technique. Different sensitization mechanisms are also 

discussed separately according to the selective photoluminescence excitation measurements. 

All these results have not only explained the greatly improving sensitization efficiency 

resulting from SnO2 nanocrystals but also indicated that the development of Er3+ ions and SnO2 

nanocrystals co-doped silica thin film could be a promising high-performance near-infrared 

luminous material using broadband UV pumping. 

Introduction 

The design and fabrication of a Si-based light source, integrated 

with optical and electronic components on a single chip, is one 

of the main challenges in modern optoelectronics1-3. Among 

many emerging metal doped cluster-assembled Si-based 

materials4,5, Erbium (Er3+) ion has been considered as the most 

promising materials for developing Si-based light emitters since 

the unique 1.54 μm emission corresponded to the minimum 

absorption window of optical fibers6,7. However, due to the 

sharp absorption peaks of Er3+ ions, a small absorption cross-

section (~2×10-21 cm2) limits the realization of highly efficient 

Er3+ doped silica based photonic devices8. Over the past decade, 

the sensitizing effect of Si nanocrystals (Si NCs) to surrounding 

Er3+ ions offered a promising strategy to improve near-infrared 

emission intensity of Er3+ ions9,10. Unfortunately, the back 

energy transfer process from Er3+ ions to Si NCs inevitably lead 

to the low near-infrared emission efficiency due to the small 

band gap of Si NCs11. 

A proven more effective way is co-doping with wider band gap 

materials rather than Si NCs, such as zinc oxide nanocrystals 

(ZnO NCs)12, indium oxide nanocrystals (In2O3 NCs)13 or 

titanium dioxide (TiO2 NCs)14, taking full advantages of their 

sensitizing ability to enhance the 1.54 μm emission 

corresponding to 4I13/2 - 4I15/2 transition of Er3+ ions. Generally, 

these co-doped NCs have relatively large absorption cross-

sections to incident UV-light and can effectively improve the 

density of sensitizing rare-earth ions. In our previous work, the 

photoluminescence (PL) visible emission intensity at 613 nm 

from the 5D0 - 7F2 transition of Eu3+ ions was enhanced by 20 

times15 and the near-infrared emission intensity of Er3+ ions was 

enhanced by 100 times16 via co-doping 3 nm In2O3 NCs as 

sensitizers. Recently, we obtained the size-tunable tin oxide 

nanocrystals (SnO2 NCs) in the quantum confinement regime 

by precisely controlling the Sn concentrations17. Co-doping the 

size-tunable SnO2 NCs with Er3+ ions in silica thin films 

produced an enhancement of Er-related near-infrared emission 

by three orders of magnitude. However, as for the luminescent 

efficiency and UV excitation range, the overall performance of 

Er3+ ions and wide band gap NCs co-doped silica thin film still 

remains inferior to that of the best near-infrared light source 

due to the limited Er3+ ions’ solubility in wide band gap NCs18. 

On the other hand, up to now the fundamental question of 

whether sensitization mechanism of wide band gap NCs can be 

tuned by the photonic environment remains under debate19. The 

formation of metal oxide NCs in silica films and the elimination 

of -OH groups, as the commonest non-radiative recombination 

centre, are readily influenced by the annealing temperatures20. 

According to the thermo-gravimetric and differential scanning 

calorimetry (TG/DSC) testing21, above 400°C thermal process 

is an essential prerequisite for formation of silica films due to 

the pyrolysis of the residual carbide in TEOS. Here we report 

the near-infrared emission intensity from Er3+ ions/SnO2 NCs 

co-doped sample is enhanced by more than two orders of 

magnitude via size control to boost the sensitization efficiency 

with increasing annealing temperature up to 1000 °C. By 

combining the steady-state with time-resolved PL spectra 

excited separately under the 325 nm and 980 nm laser, we 

quantitatively evaluate the relationship between sensitization 

efficiency with annealing temperature. According to the high-

resolution TEM images, X-ray diffraction patterns and typical 
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analytical energy dispersive X-ray spectroscopy (EDS) 

mapping, we confirmed that part of Er3+ ions doped into the 

SnO2 NCs sites after annealing at 1000 °C, which results in the 

significant enhancement of sensitization efficiency. We 

anticipate that our results will be a starting point for the further 

research, leading to high-performance near-infrared emission of 

Er3+ ions for optoelectronics. 

Experimental 

Er3+ ions and SnO2 NCs co-doped silica thin films were 

prepared by using sol-gel method and spin-coating technique. A 

starting solution was obtained by hydrolysis of tetra-ethyl-

orthosilicate (TEOS 99.9%, Sigma-Aldrich) in ethanol and de-

ionized water. Hydrochloric acid (HCl 0.1mol/L) as a catalyst, 

was added drop-wise to the starting solution until the pH value 

of mixture solution reaches close to 2.0. Different amounts of 

tin tetrachloride (SnCl4 98%, Alfa Aesar) and erbium nitride 

(Er(NO3)3 99.9%, Sigma-Aldrich) salts were dissolved in the 

mixture solution to obtain desired concentration. In the present 

case, the amount of Er3+ ions added into the precursor solution 

was fixed at 5% (the molar ratio of Er molecules to Si 

molecules in the sol precursor, the same as follows) and the 

amount of Sn was fixed at 20%. Then the precursor was stirred 

vigorously at 60 °C to complete hydrolysis and gelation was 

done leaving the sealed container in a thermostatic chamber at 

25 °C for one day. Subsequently, the as-prepared gel was spin-

coated onto clean Si substrates to form silica thin films by post-

annealing treatments at different temperatures for 2 hours in N2 

flux to activate Er3+ ions. Simultaneously, the crystalline SnO2 

nanoparticles were formed during the post-anneal process by 

hydrolysis of SnCl4 salts. All chemical products are used as 

received without further purification.  

The phase identity and crystalline size of SnO2 NCs were 

determined using a 200 kV energy filtered field emission 

transmission electron microscopy (FEI, Tecnai-F20). The cross-

sectional samples for TEM observation were fabricated by 

mechanical grinding, polishing and dimpling, followed by Ar-

ion milling using a Gatan precision ion polishing system at 4.5 

kV with an incident beam angle of 6°. Bonding configurations 

were studied by Fourier Transform Infrared (FT-IR) spectra 

(Nicolet, Nexus 870 spectrometer).  

Steady-state PL and photoluminescence excitation (PLE) 

spectra were obtained by using a Horiba Jobin Yvon Fluorolog-

3 system equipped with a 325 nm He-Cd laser, 980 nm laser 

diode and a 450 W Xe lamp as the excitation light sources, 

separately. A Hamamatsu R 928 photomultiplier tube and a 

liquid-nitrogen-cooled InGaAs photo-detector with lock-in 

techniques were used during the measurements. Time-resolved 

PL spectra were measured by using Edinburgh Photonics FLS 

980 fluorescence spectrophotometer based on the time-

correlated single photon counting technology. All the spectra 

were measured at room temperature and corrected for the 

system response and sample thickness. 

Result and discussion 

Fig. 1(a) is the cross-sectional TEM image and the amorphous 

silica layer with smooth surface can be identified on Si 

substrate. Its thickness is around 110 nm. (b) - (d) are the high-

resolution TEM images of silica thin films annealed at different 

temperatures. All these SnO2 NCs show clear-cut crystalline 

features inside the nanoparticles and the measured inter-planar 

spacing is corresponding to the (110) facets of SnO2 NCs 

tetragonal phase. After annealing at 800 °C, quasi-spherical 

crystalline clusters with an average size of 2.5 nm in diameter 

can be seen discretely embedded in the amorphous silica thin 

film. The average size of SnO2 NCs increases to 5.2 nm with 

increasing annealing temperature up to 1000 °C. By precisely 

controlling annealing temperature, we can obtain the size-

tunable SnO2 NCs with controlled density embedded in 

amorphous silica thin film. As is well known, luminescent 

intensity or efficiency is principally governed by the 

concentration of non-radiative recombination centres mostly 

influenced by bonding configuration. Thus, we also compare 

the corresponding FT-IR spectra of amorphous silica thin film 

after different annealing temperatures from 600 °C to 1000 °C, 

as presented in Fig. 2. With increasing annealing temperature, 

the broad -OH groups stretching band centred at 3400 cm-1 

gradually diminishes in relative intensity with increasing 

annealing temperature and is absent after annealing at 900 °C. 

An identified mechanism for -OH groups’ removal is surface 

desorption of H2O, which is released upon reaction of surface 

silanol to form siloxane bridge structures with increasing 

annealing temperature10. 

 

 
 

Fig. 1 (a) shows the cross-sectional TEM image of Si/Silica 

thin film structure fabricated by spin-coating technique. (b), (c) 

and (d) are the typical high-resolution TEM images of SnO2 

NCs doped silica matrix after annealing at 800 °C, 900 °C and 

1000 °C, respectively. Insets show the corresponding particle 

size distribution histograms. 
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Fig. 2 FT-IR spectra of SnO2 NCs doped silica thin films after 

annealing at different temperatures ranged from 600 °C to 

1000 °C. 

 

The characteristic emission of Er3+ ions at 1.54 μm can be 

clearly observed in PL spectra both from only Er3+ ions doped 

and Er3+ ions/SnO2 NCs co-doped samples under the 325 nm 

excitation. As shown in the inset of Fig. 3, under the 900 °C 

annealing condition, co-doping SnO2 NCs with an average size 

of 4.3 nm into Er3+ ions embedded silica films produces an 

enhancement of 1.54 μm emission by more than three orders of 

magnitude. It can be attributed to the effect sensitization 

process from SnO2 NCs with suitable size and density17. In 

order to evaluate the sensitization efficiency from SnO2 NCs 

with adjustable size to Er3+ ions, we measure the changes of PL 

intensity at 1.54 μm as a function of annealing temperature 

ranged from 400 °C to 1000 °C for both only Er3+ ions doped 

and Er3+ ions/SnO2 NCs co-doped films as shown in Fig. 3. For 

only Er3+ ions doped silica thin film, the Er-related near-

infrared emission appreciably improves with increasing 

annealing temperature, until it reaches its maximum at 900 °C 

(red circles in Fig. 3). This increased emission intensity is 

attributed to elimination of non-radiative recombination centres 

-OH groups according to the FT-IR results. However, further 

increasing the annealing temperature to 1000 °C results in 

decrease of near-infrared PL emission intensity. It can be 

explained as the concentration quenching process of rare earth 

ions due to the elimination of -OH groups and aggregation of 

Er3+ ions22. However, the luminescence behaviour of Er3+ ions 

and SnO2 NCs co-doped samples is quite different (black 

squares in Fig. 3). The characteristic near-infrared emission 

intensity of the Er3+ ions from co-doping samples is obviously 

enhanced by a factor of ~ 62 with increasing annealing 

temperature from 400 °C to 1000 °C. This phenomenon 

indicates a more effective sensitization process from SnO2 NCs 

to the nearby Er3+ ions for co-doped samples, despite of the fact 

that the density of SnO2 NCs dramatically decreases with the 

increased annealing temperature. According to the theory of 

Förster resonance energy transfer23, the sensitization efficiency 

depends on two main physical parameters that can be grouped 

as follows: (a) the donor-to-acceptor (SnO2-to-Er3+) separation 

distance with an inverse 6th power law due to the dipole-dipole 

coupling mechanism; (b) The spectral overlap integral of the 

donor emission spectrum and the acceptor absorption spectrum. 

For Er3+ ions/SnO2 NCs co-doped films, the elimination of -OH 

groups in silica thin films, revealed by FT-IR results in Fig. 2, 

leads to the shrinking distance between SnO2 NCs and Er3+ ions 

with increasing annealing temperature. On the other hand, the 

redshifts of the SnO2 NCs excitation band due to the increased 

average size, revealed by high-resolution TEM images in Fig.1, 

leads to the slightly enlargement of spectral overlap integral 

with excitation level of Er3+ ions. Both shrinking separation 

distance and enlarged spectral overlaps may contribute to 

greatly improved sensitization efficiency with increasing 

annealing temperature for Er3+ ions/SnO2 NCs co-doped thin 

films. 

 

 
 

Fig. 3 The PL intensities for 5% Er3+ ions and 20% Sn co-

doped sample (black squares) and the PL intensities for Sn-free 

sample (red circles, multiplied by a factor of 1000 to allow the 

comparison) as a function of annealing temperatures. Inset 

shows the PL comparison of Sn-free and Er3+ ions/SnO2 NCs 

co-doped silica thin films annealed at 900 °C, respectively. All 

samples are excited by a 325 nm He-Cd laser. 

 

The PLE spectra are measured by keeping the detected 

wavelength at 1.54 μm as shown in Fig. 4. These only two 

sharp PLE peaks at 382 nm and 525 nm correspond to the direct 

transitions from 4I15/2 ground state to 4G11/2 and 2H11/2 excited 

states of Er3+ ions. Interestingly, besides the sharp excitation 

peaks from the Er3+ ions’ intra-4f transitions, there are two 

wider and stronger excitation bands located at the position of 

around 300 nm and 576 nm. The two excitation bands can be 

attributed to the band gap and the defect-states-energy-level of 

SnO2 NCs, respectively. These defect states may originate from 

the oxygen vacancies produced in the annealing process 

because the organic species, such as TEOS and ethanol would 

consume oxygen24. The silica layer around the SnO2 NCs could 

slow down the oxygen diffusion, which contributes to the 

recombination of photo-generated carriers trapped by interface 

states with deep trapped holes, leading to the strong excitation 

band centred at 576 nm. The redshifts of the excitation band 

from 293 nm to 322 nm with increasing annealing temperature 

from 800 °C to 1000 °C can be explained as the enlargement of 

average sizes of SnO2 NCs. Meanwhile, according to the 

effective mass theory25 and related excitation band positions, 

we calculate the average size of SnO2 NCs and demonstrate that 

the results are remarkably consistent with the TEM 
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observations (see supplemental discussion 1 and Table 1S† in 

the supporting information). It is found that the average sizes of 

SnO2 NCs increase from 2.92nm to 5.12 nm with increasing 

annealing temperature from 800 °C to 1000 °C. Herein, we 

infer two kind of possible channels for the Er3+ ions excitations 

based on the above measurement results. The several sharp 

excitation peaks indicate a direct excitation of the Er3+ ions 

from the ground state to the excited ones while the two wide 

excitation bands indicate an indirect sensitization mechanism 

through defect-states-energy-level to value band (VB) transition 

and band-to-band transition of the SnO2 NCs with specific size 

and density. Both sensitization processes may contribute to 

significant improvement of sensitization efficiency. 

As shown in Fig.5, one part of UV incident photons are 

absorbed by the SnO2 NCs and promotes the electrons through 

band-to-band transition. Due to the slightly spectral mismatch 

between the valence band of SnO2 NCs and the excitation level 

of Er3+ ions, most of the photo-excited electrons are 

subsequently trapped by the defect states through the non-

radiative decay process while a tiny fraction of energy is 

transferred to surrounding Er3+ ions via non-radiative 

recombination process. Simultaneously, the other part of UV 

excitation light is absorbed by the SnO2 NCs through 

promoting the electrons from valence band to defect-states-

energy-level transition. Because of the suitable spectral overlap 

between the defect-states-energy-level of SnO2 NCs and the 
2H11/2 excitation level of Er3+ ions, more effective sensitization 

process can occur according to the theory of Förster resonance 

energy transfer23, which induces the Er3+ ions-related excited 

electrons jumping from the ground state to the excited ones and 

then generates the high-performance near-infrared emission. 

 

 
 

Fig. 4 PLE spectra of co-doped samples with different 

annealing temperature from 800 °C to 1000 °C by detecting 

emission wavelength at 1.54 μm. Inset shows the possible 

mechanisms for Er3+ ions sensitization process by size-tunable 

SnO2 NCs. 

 
 

Fig. 5 General depiction of sensitization mechanism via size-

tunable SnO2 NCs under UV excitation. 

 

 
 

Fig. 6 Luminescence decay curves from time-resolved PL 

measurements of the Er3+ ions characteristic emission at 1.54 

μm with different annealing temperatures under 300 nm 

excitation. 
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Fig. 7 illustrates the (𝐼PL 𝜏dec⁄ ) vs. t plots under the different 

excited wavelength, 325 nm and 980 nm, respectively. 

 

To further evaluate the sensitization mechanism in co-doped 

samples, the time-resolved PL spectra are measured for samples 

after annealing at various temperatures as shown in Fig. 6. The 

mean decay lifetimes of the emission at 1.54 μm are obtained 

from the following equation,  

𝜏dec = ∫ 𝐼(𝑡) × 𝑑𝑡/𝐼max ,                      (1) 

where 𝐼(𝑡) is the time-dependent PL intensity at 1.54 μm and 

𝐼max is the maximal PL intensity at the initial time. Clearly, the 

lifetime of 1.54 μm emission (𝜏dec ) shows a monotonically 

increased from 0.36 ms to 4.15 ms, as annealing temperature 

increases from 600 °C to 1000 °C. The value obtained here are 

similar to those obtained before in samples with similar Sn 

excess26. The lengthening of the PL lifetime that results from 

increasing annealing temperature is related to the elimination of 

-OH groups on the SnO2 NCs surface. In a linear excitation 

regime, the PL intensity can be obtained from the following 

equation, 

                                𝐼PL~𝜑𝜎Er𝑁Er,act
𝜏dec

𝜏rad
 ,                       (2) 

where 𝜑 is the photon flux, 𝜎Er is the effective excitation cross-

section of activator Er3+ ions and 𝑁Er,act  is the density of 

activated Er3+ ions. 𝑁Er,act  includes two parts, activated Er3+ 

ions density by direct optically excitation and other one by 

sensitization of SnO2 NCs. 𝜏dec is the decay time and 𝜏rad is the 

radiative lifetime. After a simple transformation, Eq. 2 can be 

expressed as follow, 

                                 𝑁Er,act~
𝜏rad

𝜑𝜎Er

𝐼PL

𝜏dec
 .                                    (3) 

Assuming that 𝜎𝐸𝑟  and 𝜏𝑟𝑎𝑑  are annealing temperature 

independent27, the density of activated Er3+ ions should be 

proportional to the ratio of PL integral intensity to the 

corresponding decay time. Fig. 7 shows the results of 𝐼PL 𝜏dec⁄  
for co-doped samples after annealing at different temperatures 

under the 980 nm and 325 nm laser excitation, respectively. 

Note that the 980 nm line corresponds to the transition of Er3+ 

ions from 4I15/2 - 4I11/2 and cannot be absorbed by SnO2 NCs in 

silica thin films. That is to say, we can exclude the sensitizing 

effect of SnO2 NCs on Er3+ ions by using a 980 nm laser as an 

excitation light source. In this case, 𝐼PL can be expressed as Eq.  

2 and  𝑁Er,act should be modified to the density of Er3+ ions by 

direct optically excitation. Thus the ratio 𝐼PL 𝜏dec⁄  gives the 

evolution information on 𝑁Er,act  for samples under various 

annealing temperatures. The 𝐼PL 𝜏dec⁄  ratio is almost flat under 

the 980 nm laser excitation, which indicates this observed 

change in the PL intensity can be almost fully ascribed to the 

variety of the decay time and with no effect on 𝑁Er,act . 

However, the 𝐼PL 𝜏dec⁄  ratio under 325 nm laser excitation is 

higher than that under the 980 nm laser excitation. As discussed 

before, the SnO2 NCs in silica thin films can act as sensitizers, 

which absorb the incident photons and then excite the 

surrounding Er3+ ions via indirect sensitization process induced 

by defect-states-energy-level to value band transition and band-

to-band transition. The increase value of 𝐼PL 𝜏dec⁄  suggests that 

the more Er3+ ions can be activated in co-doped samples under 

325 nm laser excitation, which can be attributed to the effective 

sensitizing effect of SnO2 NCs. For estimating the sensitization 

efficiency of SnO2 NCs in co-doped samples, we calculates the 

density of activated Er3+ ions based on the method reported by 

B. Garrido et al.28 and define the sensitization efficiency (𝜂) as 

the fraction of the number of sensitizing Er3+ ions over the total 

Er3+ ions number in silica thin films.  

                     𝜂 =
𝑁Er,325nm−𝑁Er,980nm

𝑁Er
× 100% .                         (4) 

For the co-doped samples, the value of η increases from 0.14% 

to 1.3% with increasing annealing temperature from 600 °C to 

1000 °C. It is explained as shrinking separation distance and 

enlarged spectral overlaps. Another possibility is the fact that 

Er3+ ion enter into the SnO2 NCs, which induces the significant 

improvement of sensitization efficiency due to the occurrence 

of Dexter Energy Transfer (DET) process, or charge exchange 

mechanism instead of Förster Resonance Energy Transfer 

(FRET) process. It is also worth noting that the phonon energy 

of SnO2 NCs is quite small (~ 630 cm-1)29, which is lower than 

the one of amorphous silica (~ 1000 cm-1)30. Consequently, the 

non-radiative recombination rate corresponding to phonon-

assisted energy transfer to host vibrations is much lower if Er3+ 

ions are partially partitioned into SnO2 sites. Therefore, the 

sensitization efficiency is improved from 0.14% to 1.3% in co-

doped samples with increasing annealing temperature to 

1000 °C, which lead to the significant enhancement of near-

infrared emission of Er3+ ions.   

 

 
 

Fig. 8 (a) the cross-sectional dark-field STEM image. (b) and (c) 

Elemental mapping of the same region, indicating spatial 

distribution of Sn (green) and Er (yellow), respectively. 

 

Our present results indicate that parts of Er3+ ions remain in the 

amorphous silica matrix and the others are trapped in the SnO2 

NCs, similar to that of Eu3+ in SnO2 NCs reported before31. 

Generally, the Er3+ ions are very hard to dissolve in Sn4+ sites 

due to the large radius mismatch and the charge imbalance 

(0.088nm for Er3+ ions, 0.071 nm for Sn4+ ions). However, it 

has been reported that the Er3+ ions were successfully doped 

into SnO2 NCs with Er3+ doping concentration of 0.043 at.%32. 

Calculated from the high-resolution TEM images in Fig.1 (b)-

(c), the inter-planar spacing of the (110) plane increases from 

0.33 nm to 0.34 nm due to the lattice expansion. This slight 

increase reveals the fact that a small fraction of Er3+ ions get 

incorporated at the interstitial sites though most of them could 

be segregated to the surface of the SnO2 NCs. The X-ray 

diffraction patterns also confirm the formation of SnO2 NCs 

and doping of Er3+ ions due to the slight shifting (see 

supplemental discussion 2 and Fig. 1S† in the supporting 

information). We also use the TEM elemental mapping 

technique to characterize the element distribution. As seen in 

Fig. 8 (a)-(c), it is revealed contrast indicative of variations in 

the chemical composition. STEM energy-dispersive EDS 

mapping of the same nanocrystals region confirms the 

formation of SnO2 NCs and indicate parts of Er3+ ions remain in 

the amorphous silica matrix, and the others are trapped in the 

SnO2 NCs after thermal treatments at 1000 °C. Though the 

present results need to further investigation, we believe that the 

partial incorporation of Er3+ ions into the SnO2 sites plays a 
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significant role in the enhancement of sensitization efficiency in 

co-doped samples, especially for 1000 °C annealed samples.  

Conclusion 

In summary, amorphous silica thin films uniformly co-doped 

with size-tunable SnO2 NCs and Er3+ ions have been fabricated 

via a facile sol-gel method and spin-coating technique. With 

increasing annealing temperature, the characteristic emission of 

1.54 μm from Er3+ ions is obviously enhanced by more than 

two orders of magnitude due to the high-efficiency sensitization 

of SnO2 NCs. PLE results indicate that the UV incident photons 

are absorbed by SnO2 NCs through band-to-band transition and 

defect-states-energy-level to value band transition when Er3+ 

ions sensitization process occurs. The related sensitization 

efficiency is increased from 0.14% to 1.3% based on 

quantitative studies of steady-state and time-resolved 

spectroscopic data. Furthermore, high-resolution TEM images, 

X-ray diffraction patterns and EDS mapping results offer the 

direct experimental evidences for the partial incorporation of 

Er3+ ions into the SnO2 sites, which explains the greatly 

improving sensitization efficiency via size-tunable Sn NCs. The 

development of high sensitization efficiency of SnO2 NCs 

could open up potentials in improving spectral response of 

photovoltaic devices, boosting outputs of optical amplifiers or 

phosphors, and increasing photon up-conversion efficiency of 

bio-imaging. We envision that these and other applications may 

benefit from the improving Er3+ ions sensitization efficiency. 
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