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Abstract 

We have investigated effects of different tunnel oxide 

layers on the performance and light stability of tunnel ox-

ide/TiO2 stack electron-selective contacts on n-type Si. 

From the study, we found that although chemical SiO2 

and thermal atomic layer deposited AlOx tunnel layers 

show higher passivation performance, plasma-enhanced 

atomic layer deposited AlOx tunnel layers demonstrate 

light-enhanced τeff with an ITO capping layer as well as 

the highest light stability without an ITO capping layer. 

Meanwhile, the results of X-ray photoelectron spectros-

copy analysis demonstrate that ultrathin AlOx tunnel lay-

ers result in no change in the band alignment between 

TiO2/n-Si, compared to SiO2 interlayers. 

 

1. Introduction 

Recently, carrier-selective contacts (CSCs) for crystalline 

silicon (c-Si) photovoltaics (PV) have attract a tremendous 

amount of interest in academic and industrial photovoltaic re-

search areas. In this concept, a set of dopant-free carrier-se-

lective contacts (CSCs) is employed to separate and collect 

photogenerated free carriers in a cell structure [1]. Up to now 

carrier-selective contact materials such as metal oxides, fluo-

rides, and organic polymers have been studied and significant 

progress has been made [2]-[9]. Among the electron-selective 

transport materials described above, TiO2 is one of the few 

industrially matured materials and various fabrication tech-

niques have been developed to deposit TiO2 thin layers. 

    Meanwhile, it was reported that the band alignment 

of a TiO2 thin layers with a Si substrate is clearly affected by 

the presence of an interlayer between a TiO2 thin layer and a 

Si substrate [10]. In addition, it has been widely known that 

similar to ALD AlOx passivation layers, the passivation per-

formance of ALD TiO2 layers can be largely enhanced under 

light illumination due to a light-enhanced negative fixed 

charge density in TiO2 passivation layers [11]. However, the 

light stability of ultrathin electron-selective TiO2 contacts has 

not been evaluated.  

    Therefore, in this study, we have investigated effects 

of different tunnel oxide layers on the performance and light 

stability of the fabricated tunnel oxide/TiO2 stack electron-

selective contacts for developing high-performance light-sta-

ble electron-selective contacts. 

 

2. Experimental Details 

    Double-side shiny-polished n-type Fz Si wafers ((100)-

orientation, resistivity of 1-5 Ω·cm, thickness of 285 μm) 

were used to fabricate tunnel oxide/TiO2 stack-based elec-

tron-selective contact passivated samples. After wafer clean-

ing with the standard RCA procedure, ultrathin chemical SiO2 

tunnel layers with about 1.2 nm thickness and ultrathin 

plasma-enhanced ALD (PEALD) and thermal ALD (TALD) 

AlOx tunnel layers with sub-1 nm thickness were fabricated 

on the cleaned and HF-lasted Si wafers. Finally, ~3.5-nm-

thick TALD TiO2 electron-selective transport layers were de-

posited on the tunnel oxide passivated Si wafers. After the 

deposition, all fabricated samples experienced forming gas 

annealing (FGA). 

    Effective minority carrier lifetime (τeff) of the symmetri-

cally passivated samples was obtained by QSSPC measure-

ments with a Sinton WCT-120 photoconductance lifetime 

tester at high injection levels. The thickness and chemical 

composition of the prepared layers and their interface with a 

Si wafer were determined from ellipsometry measurement 

and X-ray photoelectron spectroscopy (XPS) measurement of 

single-side passivated samples, respectively. 

    For investigating light stability of the symmetrically pas-

sivated samples with/without ~100-nm-thick indium tin ox-

ide (ITO) capping layers fabricated by remote plasma depo-

sition (RPD) technique, we measured time-dependent 

changes of τeff of the prepared samples under AM1.5G illu-

mination at 1-sun intensity and 25±1 °C (STC) after a certain 

time interval. 

 

3. Results and Discussion 

    Fig. 1 shows the Si 2p peaks of SiO2 interlayers in the 

fabricated samples. The fitted Si 2p peaks show that the for-

mation of Si-O-Ti and Si-O-Al bonds as well as the formation 

of a thinner and lower quality SiOx interlayer in the sample 

with a TALD AlOx tunnel layer compared to the sample with 

chemical SiO2 and PEALD AlOx tunnel layers. Formation of 

a thinner and lower quality SiOx interlayer under an ultrathin 

TALD AlOx layer seems to be due to a small number of dep-

osition cycles and weak oxidizing power of H2O for a TALD 

process. From the results, we could conclude that chemical 

composition and thickness of SiOx interlayers seem to be sig-

nificantly affected by stack materials and/or fabrication pro-

cesses of tunnel oxide layers.  

    We investigated performance and light stability of the 

fabricated samples under AM1.5G illumination at 1-sun in-

tensity and 25±1 °C, respectively. After FGA processes the 

samples with PEALD AlOx tunnel layers demonstrate inferior 

passivation quality to other samples, and the samples with 

chemical SiO2 tunnel layers show the highest level of pas-

sivation quality among the samples, and J0 of ~12 fA/cm2, 

 PS-6-21 (Late News) Extended Abstracts of the 2019 International Conference on Solid State Devices and Materials, Nagoya, 2019, pp839-840

- 839 -



implied open-circuit voltage iVoc of ~689 mV, and implied 

fill factor iFF of ~81 % could be obtained from the samples 

with chemical SiO2 tunnel layers (data not shown here).  

Fig. 1 Fitted XPS spectra of Si 2p peaks measured from the sam-

ples with chemical SiO2 (top-left), PEALD AlOx (top-right), and 

TALD AlOx (bottom) tunnel layers, respectively. Si 2p1/2 peaks of 

Si0 peaks have not shown for simplicity. Si* peaks show the pres-

ence of Si-O-Ti bonds (top-left) and Si-O-Al bonds (top-right and 

bottom). 

 

    However, as shown in Fig. 2, the samples with PEALD 

AlOx tunnel layers show the highest light stability (e.g., deg-

radation of τeff < 20 %) compared to other samples (e.g., deg-

radation of τeff > 40 %) after 8000 min of illumination. Mean-

while, the samples with a chemical SiO2 tunnel layer and a 

TALD AlOx tunnel layer show similar degradation behavior. 

Such inferior light stability seems to be due to low UV-stabil-

ity of an ultrathin SiO2 tunnel layer under a thin TiO2 layer 

and an ultrathin lower-quality SiOx interlayer under a TALD 

AlOx layer with low film density, compared to a PEALD AlOx 

layer with high film density. Meanwhile, ~100-nm-thick ITO 

capping layers seem to enhance light stability of all ultrathin 

tunnel oxide/TiO2 stack-passivated samples though surface 

damage of the ultrathin tunnel oxide/TiO2 stack-passivated 

samples during an ITO deposition process cannot be fully re-

covered by FGA. In addition, although light-enhanced τeff of 

ultrathin tunnel oxide/TiO2 stack-passivated samples cannot 

be observed for all samples without an ITO capping layer, 

light-enhanced τeff can be observed from PEALD AlOx tunnel 

oxide/TiO2 stack-passivated samples only. However, the en-

hanced τeff also decreases eventually.  

Fig. 2 Time evolution of the effective minority carrier lifetime τeff of 

the fabricated samples under AM1.5G illumination at 1-sun intensity 

and 25±1 °C without (left) and with (right) ~100-nm-thick ITO cap-

ping layers. 

    Finally, we deduced the band alignment of the samples 

using by XPS and UV-Vis-NIR spectroscopy according to 

Kraut’s method (data not shown here) [10]. Chem. SiO2 and 

ALD AlOx tunnel oxide layers show no difference of band 

alignment and this could be due to the very low fixed charge 

density in ultrathin ALD AlOx tunnel oxide layers and/or the 

surface Fermi level strongly pinned by (plasma) damage on 

c-Si surfaces during ALD AlOx deposition processes. Higher 

light stability of PEALD AlOx tunnel oxide layers seems to 

be due to the high mass density and/or low hydrogen content 

of PEALD AlOx tunnel layers, which effectively protect 

Si/SiOx interfaces from light illumination. From the results, 

we could conclude that ultrathin sub-1nm-thick PEALD AlOx 

tunnel oxide layers could enhance light stability of TiO2 elec-

tron-selective contacts without a change of band alignment, 

compared to Chem. SiO2 tunnel layers. 
 

3. Conclusions 

   The passivation performance and light stability of elec-

tron-selective TiO2 contacts on n-type c-Si substrates with 

different ultrathin tunnel oxide interlayers have been investi-

gated. Ultrathin tunnel oxide/TiO2 stack electron-selective 

contacts show significant light instability. However, ~100-

nm-thick ITO capping layers could largely reduce light insta-

bility of the TiO2 electron-selective contacts. In addition, ul-

trathin sub-1-nm-thick PEALD AlOx tunnel layers could pro-

vide enhanced light stability of TiO2 electron-selective con-

tacts without a significant change of band alignment com-

pared to Chem. SiO2 and TALD AlOx tunnel layers. 
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