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Isolation of CsPbBr; quantum dots. The as-synthesized CsPbBr; quantum dots (QDs) were
precipitated by adding 200 ml MeOAc (the ratio of reaction solution:MeOAc is 1:3) and
centrifuged at 8000 rpm for 5 min. The pellet in the centrifuge tube was dispersed in 3 ml hexane
and 3ml MeOAc, and then centrifuged at 8000 rpm for 2 min. The CsPbBr; QDs were dispersed

again in 20 ml hexane and centrifuged at 4000 rpm for 5 min to remove excess Cs-oleate and
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Pbl,. The CsPbBr; QDs were kept under dark at 4 °C for 48 h. For device fabrication, CsPbBr;

QDs were dissolved in toluene at a concentration of 15 mg ml-!.

TEM images of the TNPs and LiTNPs.

Figure S1 (a) TEM with its corresponding HRTEM images (Inset) of LiTNPs and (b) TNPs.

XPS spectra of the TNPs and LiTNPs.
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Figure S2 XPS spectra of TiO, and Li-doped TiO, nanoparticles in (a) Li 1s region and (b) O 1s

region.



XPS Spectra of CsPbBr; QDs

The chemical composition and the detailed chemical bonding status of the CsPbBr; are

analyzed using XPS measurement (Figure 4). The peaks for Cs 3ds/,, Cs 3d3/, in the Cs 3d

spectrum are observed at 725.20 eV and 739.15 eV, respectively. In the Pb 4f spectrum, peaks at

138.80 eV, 143.65 eV indicate the existence of Pb 4f;,, and Pb 4f5,,. The peaks at 68.3 eV, 69.4

eV belongs to Br 3ds, and Br 3ds); in the Br 3d spectrum.[1, 2]
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Figure S3 (a) Cs 3d, (b) Pb 4f, and (c) Br 3d XPS spectra of the CsPbBr; QDs.

Calculation of photoluminance quantum yield of the CsPbBr; QDs

The quantum yield (®) of the CsPbBr; QDs was calculated using rhodamine 6G, which has a

known QY of 0.95, as the standard. The ® was calculated by the following equation [3]
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Where @, I, n and A are the quantum yield, integrated emission intensity, refractive index
of the solvent and optical density of the standard rhodamine 6G (S) and the CsPbBr; QDs (X).

The calculated ® value of the as-synthesized CsPbBr; QDs is 78%.

In order to accurately measure the absolute photoluminescence quantum yield (PLQY) of
the CsPbBr3 QDs thin films, we have adopted an integrated monochromatic excitation light
source integrating sphere-based detection system without using any reference sample. The
excitation power density was kept constant (at 50 mW/cm?) for all these samples deposited on a
cleaned quartz substrate. The films PLQY were calculated and found to be 36%. The PLQY of
this film is slightly decreased to 34.5% when methanol was spin coated as like TNPs thin film is

deposited, is due to the anti-solvent degradation effect.

TEM images of the CsPbBr;

Figure S4 TEM and the corresponding HR-TEM (inset) images of the CsPbBr; QDs.

ETL thickness optimization and characterization

In order to optimize the TNPs/LiTNPs layer thickness, we fabricated inverted QLED devices and

measured their EL as shown in the Figure S5(a). We found the optimized thickness of the oxide based
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ETL is 90 nm. As can be seen, for the thinner (<90 nm) the luminance was significantly lower as well as
for the thicker (>90 nm) the brightness started to decrease. This might be due to the well-balanced carriers

injection into the QDs layer by the 90 nm thick ETL.
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Figure S5 (a) Luminance versus voltage characteristics of the QLEDs based on varied ETL thickness. (b)

Current density and luminance versus driving voltage characteristics of the controlled devices.

Besides, we fabricated control devices in the inverted structure having 45 nm TPBi and 90 nm thick TNPs
electron transporting layers. The luminance and current density versus driving voltage was measured as
shown in the Figure S5(b). The TNPs based QLED device has higher luminance and lower current
density than the TPBi based QLED device. The higher luminance is the result of the better carriers
recombination inside the QDs layer due to the better hole blockage by the TNPs ETL. Whereas the TPBi
based device has higher current density which is most probably due to the higher leakage current caused
by the low-lying HOMO Ilevel of the TPBi and hence the injected hole are not efficiently confined inside
the QDs layer. This lower confinement of holes into the QDs layer causing the higher current density and
lower luminance. In addition, the TPBi layer consisting device have rather lower operating voltages (<2.5
V) which is might be due to the charge accumulation assisted Auger recombination at either of the

interfaces.

PL quenching analysis



In order to explain the charge interaction between the ETL and QDs layer, we performed a series of
experiments to investigate the energy transfer analysis between these layers, TNPs and LiTNPs films
were deposited on HTL/QDs films. These semi-devices (Poly-TPD/CsPbBry/TNPs and Poly-
TPD/CsPbBr;/LiTNPs) under excitation with the 380 nm source, exhibited similar photoluminescence
(PL) emissions but different intensities, as shown in Figure S6. Specifically, the PL intensity of the device
with the TNPs layer was decreased by 20% in comparison with the device having the LiTNPs layer. The
electron-hole dissociation takes place and the generated electrons are efficiently transferred to TNPs layer
due to the larger energy offset compared to the LiTNPs layer. Hence, the TNPs layer is more favorable

for the exciton quenching resulting into the decreased PL.
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Figure S6 Photoluminance quenching of the poly-TPD/QDs/ETLs devices.
Mobility measurement of the ETL

In order to study the effect of annealing temperature on the mobility of TiO, NPs, thin-film transistors
(TFTs) were fabricated using TNPs/LiTNPs as the channel materials at constant annealing time of 30
minutes. The charge-carrier mobility in the TFTs was extracted from their transfer characteristics (see
Figure) using the following relationship between the saturated drain current /pg, and the gate voltage Vg:
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where L is the channel length, W is the channel width, u is the mobility, C is the gate capacitance per unit
area, and V7 is the threshold voltage. The electron mobility was observed to continuously increase with an
increasing annealing temperature of these NPs. The carrier mobility in undoped TNPs when annealed at
100°C was found to be 1.6x10* cm? V-! s7! which is comparable to previously reported values.[4] The
carrier mobility further increased as the annealing temperature increased to 150°C achieved the value of
Uemax = 2.8x10* cm? V-! sl Similar trend has been observed for the Li doped TNPs when annealed at
different temperatures. LiTNPs thin films had electron mobilities of 4.1x10* and 5.7x10-3 when annealed
at 100°C and 150°C, respectively. As a result of this enhanced electron mobility, the conductivity of these
thin films also increased with increasing annealing temperature (Table 1). Electrical characterization of
these TFTs was performed using a semiconductor parameter analyzer (HP 4155C) in a nitrogen

atmosphere where gate voltage was varied at the rate of 0.1 V at the constant source-drain voltage of 30 V.
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Figure S7 Field-effect transistor (FET) characteristics of the TNPs/LiTNPs films fabricated on a Si/SiO,

substrate. Inset: Schematic diagram of the TFT structure.

Table 1. Electrical properties of TiO, and Li-TiO, nanoparticles.
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Parameters TNPs @100°C TNPs @150°C LiTNPs @100°C  LiTNPs @150°C
Sheet resistance (2.cm)  7.35+0.01 7.27 0.1 7.22 +0.15 7.12 £0.02
Conductivity o (Q.cm?)  6.22+0.6 - 881+0.5 -

Mobility u (cm?V-!s!) 1.6x104+0.02

2.8x104+0.01

4.1x10340.05

5.7x103+0.05

Contact resistance (u€2) 486 £5 370 £1 245 £5 13343
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