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1. Preparation of QD arrays with controllable average size and number density

Cross-sectional TEM results characterization indicates the fact that the average size 

and number density can be effectively controlled by adjustments of metallic cations 

doping amounts in precursor and post-annealing temperature. According to our 

previous work by use of similar synthesis process, the average diameter of ZnO 

QDs[1], In2O3 QDs[2], and SnO2 QDs[3,4] can be controlled from ~2.0 nm to 11.0 nm 

with increasing annealing temperature from 400°C to 1000°C, respectively. Figure S1 

displays that the number density of crystalline SnO2 clusters inside the silica film 

increases from 3.0×1017cm-3 to 4.4×1018cm-3 with increasing doping amounts of 

metallic cations in precursor.

Figure S1. Typical cross-sectional high-resolution TEM images of SnO2 QDs doped 

silica matrix prepared with increasing metallic cations doping amounts from 5 mol% 

to 20 mol% in precursor.

2. Redshift of excitation band corresponding to Effective Mass Theory.

The redshifts of the excitation from band-to-band transition of SnO2 QDs can be 

explained as the enlargement of the average sizes with increasing annealing 

temperatures. Based on these excitation peaks, we also estimated the average 

size of SnO2 QDs by use of the Effective Mass Theory, [5]
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where is the band gap energy of SnO2 QDs,  is the average radius of SnO2  gE R 𝑅



4

QDs, is the band gap energy of SnO2 bulk materials and is the relative  gE R r

dielectric constant. and stand for the effective mass of an electron and a hole, *
em

*
hm

respectively. For SnO2 QDs,
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where stands for the free electron mass. Meanwhile, can be calculated as 0m  gE R

follows,
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where stands for the excitation peak from band-to-band transition of SnO2 exc

QDs. As shown in Table S1, it is found that the average sizes of SnO2 QDs with 

different annealing temperatures are consistent with previous TEM observations.

Table S1. Relationships between band gaps and average sizes of SnO2 QDs after 

annealing at different temperatures.

Annealing temperature / 

°C
800 900 1000

Bulk 

materials

/ nmexc 293 300 322 ~344

Band gap / eV 4.23 4.13 3.85 3.60

Average size / nm 2.92 4.22 5.12 —

3. Comparison of XRD spectra of pure and Er3+ ions doped SnO2 QDs samples

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). 
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However, it has been reported recently that the Er3+ ions were successfully doped 

into SnO2 QDs with Er3+ ions doping concentration of 0.043 at.% according to the 

experimental results using an Ultima2 ICP-OES (inductively coupled plasma optical 

emission spectrometer). [6] On the other hand, according to the quantitative studies 

of PL decay lifetime and photoluminescence temperature-dependence, our previous 

work[7] also indicated that parts of Er3+ ions remain in the amorphous silica matrix 

and the others may be trapped in the SnO2 QDs, similar to that of Eu3+ in SnO2 QDs 

reported before[8]. EDS elemental mapping 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 QDs. In order to further confirm the location of 

Er3+ ions, we also perform X-ray diffraction measurement as shown in Figure S3. The 

related XRD spectra express a slight shifting, revealing the fact that Er3+ ions may be 

very likely incorporated in the D2h lattice site of Sn4+. Though the present results 

need to further investigation, we believe that the partial incorporation of Er3+ ions 

into the SnO2 sites plays a significant role in the enhancement of sensitization 

efficiency.

Figure S2. (a) XRD pattern of SnO2 QDs doped SiO2 samples after annealing 1000°C. 

(b) Comparison of XRD spectra of pure and Er3+ ions doped SnO2 QDs samples.

4. Near-infrared electroluminescence of Er3+ ions sensitized by SnO2 QD arrays with 
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different average sizes.

Figure S3. Near-infrared EL emission spectra of Er3+ ions sensitized by SnO2 QD arrays 

with different average sizes. The forward voltage is kept at 7.5V.

5. Visible EL emission at the turn-on voltage 

Figure S4. Visible EL emission spectra of Er3+ ions at the turn-on voltage.

6. Descriptions of the carriers’ transport mechanism
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Figure S5. (a). Characteristics of current density-voltage (J-E) of the devices under 

the forward bias condition. (b) and (c). Fowler-Nordheim (F-N) tunneling plots based 

on the ln(J/E2)-E-1 relation and Poole-Frenkel (P-F) thermionic tunneling plots 

according to the ln(J/E)-E1/2 relation are investigated respectively for all samples. E is 

in MV/cm.

7. The estimations of detailed estimations of acceleration length and kinetic energy 

of hot electrons for pure amorphous silica matrix.

The acceleration length and kinetic energy of hot electrons can be calculated as 

follows. As shown in Figure 5e, for the SnO2-free sample, the electrical transport of 

carriers can be well explained by the power law of the space charge limited current 

(SCLC) mechanism. Due to the non-crystalline nature of silica matrix, the injected 

carriers from both top and bottom electrodes are instantly localized by the trap 

states existed in the silica films and the stored carriers can serve as a “reservoir” for 

carrier transport. Based on the SCLC mechanism, the J-E relations can be 

quantitatively descripted as the following equation,

,
2
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where is the permittivity of vacuum, and , , ,and are the relative dielectric 0 r  d s

constant, carrier mobility of amorphous silica thin film, thickness of silica film, and 

injecting electrode area, respectively. By linearly fitting the logJ-logE data as 

descripted in the black dot line of inset of figure 5e, the J-E relations present good 

linearity and carrier mobility can be calculated. The value of is mainly  

determined by the hopping processes. For pure silica film, the hopping processes 

only occur between trap states. The hopping-induced mobility can be evaluated by 

the following equation according to previous report (Please see Reference 30 in 

revised version),
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where is the charge of an electron, is the Boltzmann constant, is the absolute q 0k T

temperature, is the average separation in space, is the energy R  0~W k T

difference between the initial and final states involved in hopping, and is the a

localization length, respectively. According to the reference [9], we use the values of 

and s. As an estimation, we obtain the value of average (~ 1 )a nm 12 1(~ 10 )ph s 

separation in space is around 35 nm for trap defects existed in amorphous silica 

matrix.

In the absence of SnO2 QD arrays in silica thin films, as shown in Figure 5a, EL can be 

measured only when the applied voltage is larger than ∼12V. That is to say, the 

corresponding electric field is 1.2 MV/cm for the silica film with the thickness of 100 

nm. The average acceleration length is 35 nm (the average separation of traps) and 

the corresponding electric field is 1.2MV/cm for pure silica film. Hence, the electrons 

can gain average energy exceeding 4 eV before being localized by the traps, which 

will give rise to elevate the electrons to the conduction bands of silica.
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8. Flat-band energy level diagram of EL devices

Figure S6. Flat-band energy level diagram of EL devices.
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