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S1 XPS Results of Films 

Figure S1(a-d) shows XPS spectra of Zn 2p doublet bands in ZnO and FZnO films, C 1s core 

level electrons in ZnO and FZnO films, O 1s core level electrons in ZnO film and O 1s core 

level electrons in FZnO film. As can be seen in Fig. S1a, the peaks of the Zn 2p band shift 

towards higher binding energy in FZnO. This may be ascribed to the high electronegativity of 

fluorine atoms which pulls the electron cloud from the Zn atoms [S1]. Figure S1b shows the 

C1s core level electrons spectra from the ZnO and FZnO films. The spectra are generally 

similar in the two films, and consist of two bands at 285.6 and 289.7 eV, which may be 

attributed to sp3 electrons in C-C and C=O bonds [S2]. Figure S1c, d show the O 1s spectra 

collected from the surface (i.e., before sputter cleaning) of ZnO- and FZnO-films, respectively. 

The spectra can be deconvoluted into three bands with the same peak positions as in Fig. 1d, e 

corresponding to Oⅰ, Oii and Oⅲ [S3]. As seen, the highest energy band is proportionally much 

larger in FZnO relative to ZnO. This may be because the fluorine anions easily interact with 

hydrogen atoms to form hydroxyl. The fact that this band diminishes after surface cleaning 

(case of Fig. 1d) suggests that a large fraction of the hydroxyl groups exists on the surface, 

possibly resulting from increased interactions with atmospheric hydrogen and water molecules 

due to the presence of F, consistent with observations by Choi et al [S3]. The relative intensity 

of the middle band from oxygen vacancies is again higher in case of ZnO film relative to its 

FZnO counterpart, pointing to a larger number of oxygen vacancies.  
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Fig. S1 XPS spectra of a Zn 2p doublet bands in ZnO and FZnO films, b C 1s core level 

electrons on a surface of ZnO and FZnO films, and O 1s core level electrons on a surface of c 

ZnO film and d FZnO film.   

S2 Surface Characterization of Films 

To investigate the effect of the CF4 plasma treatment on the ZnO surface characteristics, contact 

angle and surface topography measurements are carried out. Figure S2a shows changes in water 

contact angle and root-mean-square, (RMS) surface roughness of ZnO films as well as in 

device efficiency and stability after different plasma treatment times. All films are hydrophilic 

(exhibiting a water contact angle below 90 degree), as seen in Fig. S1a. The CF4 plasma 

treatment decreases water contact angle on the surface suggesting the surface becomes more 

hydrophilic. This may be associated with the presence of a larger number of hydroxyl groups 

on the surface as suggested by the XPS results in Fig. S1c, d. Changes in RMS surface 

roughness after various durations of the plasma treatment as measured by Atomic Force 

Microscopy (AFM) are also shown in Fig. S2a. It can be seen that while 60 s of treatment gives 

the best device efficiency and stability, the device performance does not vary significantly for 

treatments between 30 and 120 s, which suggests that the stability enhancement is unlikely to 

be due to the changes in surface roughness or water contact angle. Figure S2c, d shows the 

AFM surface topography images of ZnO and FZnO films, respectively. The ZnO film has low 

RMS roughness of 1.1 nm. As fluorine exposure time increases, the RMS roughness becomes 

slightly higher but stays below 2.5 nm. The surface topography images show that the FZnO 

film surface has higher roughness evident in a larger z-range but overall comparable RMS 

value to the ZnO film. This may be due to c-axis orientation growth of ZnO crystal structure 

[S4] from fluorine bonding formation.  
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Fig. S2 a Sessile water contact angle on ZnO films surface, root-mean-square (RMS) surface 

roughness of ZnO films, device efficiency and device stability versus plasma treatment time. b 

and c AFM images of ZnO films before and after and 60s of plasma treatment respectively. 

S3 QD Exciton Lifetime in EODs, Steady State Photoluminescence Spectral 

Measurements on Films, and Capacitance-voltage (C-V) Measurements on 

the EODs 

Figure S3 shows TRPL data collected from ZnO-EOD and FZnO-EOD under various forward 

bias levels (i.e., ITO at a more negative potential relative to Al) and the PL spectra of QD films 

coated on glass, glass/FZnO and glass/ZnO. The PL decay rate becomes slower (i.e., τ1 

becoming larger, as seen also in Table S2) upon increasing bias in case of ZnO-EOD whereas 

it changes less and not monotonically (as seen in the initially decreasing and then later 

increasing τ1 values in Table S2) in case of FZnO-EOD. The differences point to variations in 

electron distributions. Figure S3c shows PL spectra collected from QD films coated on FZnO 

versus ZnO ETLs. Data from QD films coated on glass directly is also provided for comparison. 

While the PL intensity of the QD layer coated on either ETL is lower than that coated directly 

on glass as expected, it was higher in case of the FZnO in comparison to ZnO, further verifying 

the defect passivation effect of the CF4 plasma treatment. Figure S3d shows C-V characteristics 

of the EODs with ZnO and FZnO ETLs. Both devices show an increase in their capacitance 

values reaching a value around 1.8 nF which corresponds to the geometric capacitance across 

the CBP layer as the voltage increases before they start to decrease at higher voltages. This 

maximum capacitance is reached faster and at lower voltages in case of the FZnO-EOD 

pointing to higher electron concentration. (Note: The higher 0V capacitance of the EODs vs. 

the full QLEDs can be ascribed to the hold reverse bias conditions applied on the devices prior 

to the C-V scans which, unlike in the case of the full QLEDs, result in some electron injection 

from the LiF/Al contact in case of the EODs.) 
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Fig. S3 TRPL results of EODs with a ZnO and b FZnO with different bias. c PL spectra of QD 

films coated on glass, glass/FZnO, and glass/ZnO. d C-V characteristics of the EODs with ZnO 

and FZnO ETLs. 

S4 QD Exciton Lifetime in EODs with Reverse Bias 

Figure S4 displays TRPL data collected from ZnO-EOD and FZnO-EOD under various reverse 

bias levels. Unlike the case of forward bias, the PL decay rate does not change with reverse 

bias. This suggests that changes in TRPL signal observed under forward bias are induced by 

changes in carrier concentration (electrons) as opposed to by changes in electric fields. 

 

Fig. S4 TRPL results of EODs with a ZnO and b FZnO with reverse bias. 
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S5 Schematic Illustration Showing Changes in Charge Distribution and Its 

Effect on Photo-generated Excitons (Trion Formation) in Case of FZnO- vs. 

ZnO-EOD 

Figure S5 schematically depicts changes in charge distribution due to the passivation of oxygen 

vacancies in case of the FZnO ETL. The reduced oxygen vacancies lead to a higher electron 

concentration at the QD, leading to more trion formation under UV-excitation. Interactions 

between injected charges and photo-generated excitons lead to the changes in the QD exciton 

lifetime with forward bias observed in Fig. 4d. 

 

Fig. S5 Schematic images of exciton dynamics in EODs with a ZnO and b FZnO.  

S6 Schematic Illustration Showing Changes in Charge Distribution and Its 

Effect on Hole Accumulation at the QD/HTL Interface in case of FZnO- vs. 

ZnO-QLED 

Figure S6 schematically depicts changes in charge distribution due to the passivation of oxygen 

vacancies in case of the FZnO ETL. The reduced oxygen vacancies lead to a higher electron 

concentration at the QD/HTL interface, and thus reduces hole accumulation and as a result 

improves device stability [S5, S6]. 

 

Fig. S6 Schematic images of device operation in QLEDs with a ZnO and b FZnO.  
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Table S1 Comparison of the stability performance of the QLEDs reported here with other 

highly stable devices with CdSe QDs via ETL modifications [S5, S7-S17]. LT50s not reported 

in the original work are estimated using Eq. (5) and an acceleration factor 1.8 

 

The abbreviations in Table S1 

CBP: 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl 

TFB: Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine)  

ZnLiMgO@MgO: ZnLiMgO nanoparticles with magnesium oxide shells 

Spiro-OMeTAD: 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]10-9,9'-spirobifluorene 

TBS-PBO: tert-butyldimethylsilyl-poly(p-phenylene benzobisoxazole) 

Poly-TPD: Poly[N,N′-bis(4-butylphenyl) -N,N′-bis(phenyl)-benzidine] 

TCTA: tris(4-carbazoyl-9-ylphenyl)amine 

PMMA: Poly(methyl methacrylate) 

PEI: Polyethylenimine 

NPB: N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine 
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Table S2 τ and A components extracted from the tri-exponential decay curves. The first two 

rows correspond to the measurement under reverse bias 
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