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Introduction 

Passivating contact crystalline silicon (c-Si) solar cells have been developed and achieved significant 
progress because of their high open-circuit voltage (Voc) and power conversion efficiency (PCE). 
Silicon heterojunction (SHJ) solar cells employ stacks of intrinsic and doped hydrogenated 
amorphous silicon (a-Si:H) to achieve outstanding surface passivation and carrier transport, with a 
record PCE of 27.3%. Tunnel oxide passivated contact (TOPCon) solar cells use ultrathin oxide and 
doped polycrystalline silicon (poly-Si) as the passivation and carrier transport layers, with a high PCE 
of 26.89%. However, the relatively narrow bandgap of Si-based films induces a certain level of 
parasitic absorption loss. Meanwhile, the a-Si:H film relies on capital-intensive deposition equipment 
and lacks thermal stability and the poly-Si films need a high processing temperature.[1] 

To address these problems, cost-effective non-Si wide-bandgap semiconductors have been 
investigated to substitute doped Si layers. However, relatively poor passivation limits the cell PCE, 
thus it is necessary to investigate passivation buffer layers (such as SiO2 and Al2O3) before the 
deposition of these materials. Researchers have reported that TiOx films grown by atomic layer 
deposition (ALD) contain negative fixed charge (Qf),[2] which may support hole transport in c-Si solar 
cells. Matsui et al.[2] have employed TiOx films as a full-area hole-transport layer and achieved PCEs 
over 20%. However, the fill factors (FF) were less than 80% due to the relatively poor conductivity. 

In this work, a nanolayer ALD-deposited TiOx film is investigated as the passivation layer for the rear 
contact in p-type c-Si (p-Si) solar cells and its contribution to hole selectivity is systematically 
investigated. The mechanism behind the hole selectivity improvement of TiOx is discussed based on 
theoretical calculations and experimental results, and attributed to negative Qf and interfacial traps 
arising from the oxygen vacancy (VO) in the ultrathin TiOx film. By modulating the content of VO, the 
desired passivation quality and high hole-selectivity of solar cells are obtained. Moreover, the TiOx 
passivation interlayer is combined with a MoOx hole transport layer in p-Si solar cells, resulting in a 
high PCE of 21.3% along with improved stability. Our work advances the current understanding of 
TiOx for boosting hole selectivity and shows the potential benefits of exploring new features of 
functional materials.[3] 

Results and Discussion 

The 2-inch Cz p-Si sample (boron diffusion, ~2 Ω·cm, 300 µm) with symmetrical TiOx passivation 
demonstrates a higher effective lifetime (τeff) than an unpassivated sample (Fig. 1a), where the τeff is 
indicated for excess carrier density of 1 × 1015 cm-3. Note that the thickness of the TiOx film is only 
~0.45 nm (10 ALD cycles). It is well-known that Si–O–Ti bonds are inevitably formed on the c-Si 
surface during the deposition of TiOx to provide sufficient chemical passivation.[4] Besides, the ALD-
deposited TiO2 film was reported to have negative charges,[2] which causes the upward band bending 
of the Si surface, improving field-effect passivation. To investigate the negative Qf in TiOx, we 
performed the surface photovoltage (SPV) by using Kelvin Probe. According to the theory of SPV 
technology, the electron-hole pairs generated by light affect the distribution of surface potential, thus 
the positive SPV value corresponds to the negative Qf in the film, and vice versa.[5] From Fig. 1b, a 
positive SPV value is obtained for the ultrathin TiOx film on the p-Si substrate, indicating the negative 
Qf in the TiOx film.  

To gain insight into the origin of the negative Qf in TiOx films, we also conducted electron 
paramagnetic resonance (EPR) measurements and obtained an indicator g value of 2.004 (Fig. 1c), 
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corroborating the presence of VO in the TiOx lattice.[6] Besides, using the Vienna Ab Initio Simulation 
Package (VASP), a theoretical calculation is then performed by density functional theory (DFT) on 
the stoichiometric TiO2 with a cell of 24 Ti and 48 O atoms. As shown in Fig. 1d, the creation of a VO 
on the surface reduces the stoichiometry of TiOx to x = 1.96, which corresponds to a cell of 24 Ti and 
47 O atoms. From the calculated energy band and density of states (DOS) of TiOx (Fig. 1e), the 
introduction of VO at the TiOx surface leads to a shallow state (enlarged inset). This phenomenon 
comes from the significant contribution of Ti 3d states with minimal hybridization from O 2p states,[7] 
which primarily results in excess electronic charges localizing on the closest neighbor Ti atoms (as 
shown by the partial charge density in Fig. 1d). Furthermore, we modelled and calculated the 
interfacial characteristics of the Si/TiOx contacts with two TiOx states, i.e., without Vo (labelled as 
perfect) and with Vo (Fig. 1 f, g). A supercell with periodic boundary conditions is constructed that 
composes of one 2 × 2 × 1 Si slab and one 1 × 3 × 1 TiOx slab, where the lattice mismatches for the 
parameters a and b are 4.7% and 4.2%. After removing some oxygen atoms at the Si/TiOx interface, 
the charge density difference (Δρ) becomes more negative on the Si side while it is more positive on 
the TiOx side, implying partial electron transfer from Si to TiOx. Therefore, it is concluded that the 
negative Qf in the TiOx film originates from the VO in the lattice. 

 

Fig. 1. a) τeff of p-Si samples. b) CPD of TiOx in the dark and under illumination. c) EPR of the 
TiOx film. d) Crystal structure and e) DOS of anatase TiOx with VO on the surface. The 
deformation charge density and ∆ρ of the (f) Si/TiO2 (perfect) and (g) Si/TiOx (VO). The areas 
shaded in yellow and blue refer to the accumulation and depletion of electrons, respectively. 

 

The presence of negative Qf motivates us to explore TiOx as a passivation interlayer in hole-selective 
contacts for c-Si solar cells. Fig. 2a illustrates the schematic structure of p-Si solar cells (3.45 × 3.85 
cm2, ~2 Ω·cm, ~175 µm) featuring a full-area rear TiOx/Ag contact. The textured front surface was 
doped with liquid phosphorous oxychloride (POCl3) through thermal diffusion to form an n+ layer, and 
n++ selective emitters were realized by laser doping. Then a double-layered SiNx (10/70 nm with 
refractive indices of 2.3 and 2.0 at 600 nm, respectively) was deposited as the passivation and 
antireflection coating. After that, the silver paste was screen-printed followed by a fire-through 
process. The photovoltaic parameters of solar cells with different TiOx thicknesses are compared in 
Fig. 2b. An optimal PCE is achieved when the TiOx film is ~0.45 nm. The TiOx significantly increases 
Voc thanks to the improved surface passivation. Although increasing the thickness of TiOx benefits 
the improvement of Voc, it hinders the transport of photogenerated holes due to the large valence 
band offset (low fill factor, FF).  
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Fig. 2. a) Schematic and b) photovoltaic parameters of the p-Si solar cells.  

 

On this basis, forming gas annealing (FGA) was conducted to improve surface passivation, and the 
optimal PCE was achieved at 300°C for 10 min (Fig. 3a, b). The low temperature or short duration 
cannot efficiently activate the hydrogen, while high temperature or long duration causes the TiOx 
crystallization and hydrogen out-diffusion.[8] By depositing the both-side 10-cycle TiOx film, the p-Si 
 x i i       i   r τeff than the bare p-Si wafer (8.9 vs. 24.8 µs), while FGA  ur   r         τeff (51.2 
µs). The FGA treatment can provide sufficient hydrogen atoms to saturate the dangling bonds on 
the Si surface. We also found that FGA can modulate the content of VO in TiOx, as evidenced by X-
ray photoelectron spectroscopy (XPS) and EPR measurements. The variation of VO can be 
visualized by the O/Ti ratio of TiOx films from XPS (Fig. 3c), where FGA leads to a lower O/Ti ratio 
than the pristine one (1.892 vs 1.973, quantified through relative atomic sensitivity factors). Since 
the contribution from the Ti3+ oxidation state is rather weak in XPS, we also performed EPR 
measurements to explore changes in VO. From Fig. 3d, the higher peak intensity of the TiOx film with 
FGA implies a higher content of VO in TiOx,[9] which confirms the reduction of TiOx after FGA. 
Therefore, the FGA treatment can form more VO in TiOx (increased negative Qf), further boosting 
field-effect passivation. The higher SPV value of TiOx after FGA (Fig. 3e) can support the 
enhancement of field-effect passivation as well. Meanwhile, field-effect passivation leads to a larger 
upward band bending of Si and holes will accumulate at the interface, which results in a reduction of 
the contact resistivity ρc (Fig. 3f), so more holes can transport through trap-assisted tunneling (TAT).  
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Fig. 3. a) Cell PCE versus anneal time and temperature. b) J–V curves of solar cells. c) XPS 
and d) EPR spectra of the TiOx films with different treatments. e) SPV of TiOx with different 
treatments. f) RT as a function of 1/d of different contacts.  

 

As an extension, we applied a MoOx hole transport layer in p-Si solar cells with the TiOx passivation 
interlayer to improve cell performance. The TiOx interlayer significantly boosts the cell performance 
since it can prevent the interfacial reaction between MoOx and p-Si. A 10-cycle TiOx film can increase 
τeff and reduce J0 and ρc of the MoOx/Ag contact. Moreover, given the superior optical properties of 
Ag and the high WF of Au, a stacked Au/Ag electrode was employed to obtain further improvement 
in cell properties. Notably, high-conductivity Au can reduce the contact resistance for higher effective 
hole extraction and its chemical stability can restrain the elemental diffusion between MoOx and Ag. 
The highest PCE (21.3%) was achieved for solar cells with the p-Si/TiOx/MoOx/Au/Ag contact, and 
the photovoltaic parameters of solar cells can be seen in Table 1.  

Table 1 The photovoltaic parameters of solar cells with different rear contacts 

Rear contact structure Jsc (mA/cm2) Voc (mV) FF (%) PCE (%) 

p-Si/MoOx/Ag 38.9 620.6 81.1 19.6 
p-Si/TiOx/MoOx/Ag 39.6 631.2 83.1 20.8 
p-Si/TiOx/MoOx/Au/Ag 40.0 636.9 83.5 21.3 

 

Conclusion 

In summary, we studied the electrical properties of ultrathin TiOx films and explored their potential in 
p-Si solar cells. Based on theoretical calculations and experimental results, we conclude that the 
most critical factor contributing to enhanced surface passivation is the VO in the nanolayer TiOx, 
which can assist hole tunneling and form negative Qf to induce field-effect passivation. As a strategy 
for VO modulation, FGA can be utilized to tune the properties of TiOx and adjust the passivation 
quality. This work demonstrates novel strategies to incorporate ultrathin TiOx films in dopant-free c-
Si solar cells and advances the current understanding of TiOx for boosting hole selectivity. 

References 

[1] M   k n , J ,      , 2018, P   iv  in  c n  c     r cry     in   i ic n     r c    :  r m c nc p   
 n  m   ri       pr  p c    IEEE J. Photovolt. 8  2 , p373  
[2] M   ui,   ,      , 2022, Fu    r   p   iv  in       c n  c  in  i ic n     r c      n       y   
 i x/m      i  y r  ACS A  l. E er y Mater. 5  1  , p127 2  
[3] W n  Y ,      , 2024,  xy  n v c ncy m  u   i n    n n   y r  i x    impr v           c iv  
p   iv  in  c n  c     r cry     in   i ic n     r c      J. Mater. Chem. A  D I: 1  1 3 /       3    
[ ] Y n  X ,      , 2016, Hi   p r  rm nc   i 2          c r n     c iv  c n  c     r cry     in  
 i ic n     r c      Adv. Mater. 2 , p   1  
[ ] B ni    R    , 2022, M     in     K  vin pr     ur  c  v        n  p    v       in  i   c ric 
  mic n uc  r in  r  c    Mater. Res. Ex ress  , p     1  
[6] F   C ,      , 2021, C  r c  ri   i n     xy  n     c    n  ni r   n impuri i   in  i 2 
p    c    y    u in  v ri       mp r  ur  X r y p    r  i  r c i n  Nat. Commu . 12, p661  
[7] V  i  p u  u, M ,      , 2014, A  mic   y r   p  i      uminum  n  zirc nium  xi      r  ur  c  
p   iv  i n     i 2 in  i      ici ncy  r  nic p    v    ic   Adv. E er y Mater. 4  1  , p1   21   
[ ]        , M  M ,      , 2024, A  r   in          i i y c     n        i x       p   iv  in  
c n  c     r  i      ici ncy c  i     r c      J. Mater. Chem. A  12  1  , p  26  
[ ] Liu X ,      , 2023, Fu    r   i    i:H/A  /M     c r n     c iv  c n  c     r  i ic n     r c      
ACS A  l. E er y Mater. 6, p   6  


