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Abstract. A TiOx layer is well known as an electron-selective contact material because of its asymmetric band offsets with 

respect to c-Si. When applying TiOx layers as passivating electron-selective contacts, forming sub-stoichiometric TiOx is 

important to obtain a low contact resistivity because oxygen vacancies increase the conductivity of TiOx and provide n-

type doping effects. In this work, oxygen vacancies at SiOx/TiOx interfaces are investigated by atomic depth profiling of 

XPS measurements. Three kinds of TiOx layers are studied grown by either e-beam evaporation, atomic layer deposition 

or sputtering on c-Si. In all three TiOx samples, a resulting stack of c-Si/SiOx/TiOx could be noticed XPS measurements 

that show SiOx peaks near the c-Si/TiOx interface. Moreover, clear TiO2 peaks, which can be measured at the surface of all 

three TiOx layer types, gradually change to Ti or TiSi2 peaks near the SiOx/TiOx interface. This indicates that many oxygen 

vacancies seem to exist at the SiOx/TiOx interface. This TiOx reduction may contribute to the formation of a dipole and 

increased downward band bending resulting in a lower contact resistivity in the electron-selective contacts. As a result, 

hetero-junction solar cells with i-a-Si:H/TiOx/Ca/Al contacts exhibit a significant series resistance reduction of about 40 % 

compared to solar cells with i-a-Si:H/Ca/Al contacts. 

INTRODUCTION 

 One way of further increasing the conversion efficiency of solar cells is to introduce carrier-selective contacts in 

the device architecture. Typically, carrier selective contacts in silicon solar cells can be formed in three ways: (1) via 

doping in c-Si, (2) via an external band bending source, or (3) via a band offset using metal oxide layers [1,2]. For the 

third approach, titanium oxide (TiOx) is a very interesting material due to its large ∆EV offset and small ∆EC offset to 

silicon [3]. Since TiO2 is too resistive, sub-stoichiometric TiOx is used which includes oxygen vacancies, typically 

prepared by annealing with metals (e.g., Al and Ti [4–6]), or by only Ca deposition on TiOx without annealing [7]. 

Moreover, an interfacial SiOx layer has been found at the Si/TiOx interface on c-Si [8] or on a-Si:H [9]. As to solar 

cells, high efficiencies above 20 % have been reported using SiOx/TiOx as an electron selective contact [10,11]. 

However, so far not much information is known about the nature of the SiOx/TiOx interface.  

For these reasons, we investigated the stoichiometric evolution of TiOx layers deposited by e-beam evaporation, 

atomic layer deposition (ALD) and sputtering. Moreover, the benefits of using TiOx in ATOM (i-a-Si:H/TiOx/Low 

work function metal) contacts will be discussed. 

EXPERIMENT 

One-side-mirror-polished n-type Cz wafers (1 Ω·cm, 730 μm thickness) were used to study the Si/TiOx interfaces. 

After HF-last cleaning, TiOx layers were deposited by e-beam evaporation, ALD and sputtering. For e-beam 

evaporated TiOx, TiO2 pellets with O2 flow were used to obtain stoichiometric TiO2 [12] and, for ALD-TiOx, 
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Ti(OCH3)4 and H2O were used as precursors [13]. Since process condition of the sputtered TiOx was not found in the 

literature, the detailed process conditions used here were sputtering of a Ti target with Ar gas flow of 105 sccm, O2 

gas flow of 45 sccm, pressure of 3 mTorr and power of 2000 W.  

After TiOx layer deposition of about 10 nm thickness, a part of the samples were annealed in forming gas (FGA:  

10 % H2 in N2) at 450 oC for 30 minutes. X-ray photoelectron spectroscopy (XPS) was used to characterize the TiOx. 

By using the Ar plasma, the atomic concentration was measured as a function of the depth from the top surface. A 

separate sample for a sputtered-TiOx layer of 3 nm thickness was prepared to measure TEM to see the presence of 

interfacial SiOx. 

As to devices, front-junction silicon hetero-junction solar cells were prepared on Cz wafers (3.2 Ω·cm, 165 μm 

thick, textured on the front, polished on the rear). After i/p-a-Si:H stack on the front and i-a-Si:H deposition on the 

rear, TiOx layers were deposited on the rear. Then, front side ITO was deposited by sputtering. A silver grid was 

printed only on the front for the test group while Ag was printed on both sides for the reference contact (i/n-a-

Si:H/ITO/Ag). All cells were annealed at 175 ˚C using a belt furnace. For test structure groups, Al or Ca/Al was 

thermally evaporated. Therefore, three different solar cell structures were prepared(see, Figure 1). Detailed fabrication 

steps for making these silicon heterojunction (SHJ) solar cells can be found in [14]. Illuminated IV characteristics of 

these solar cells were measured with a solar simulator under standard conditions (AM1.5g, 1000 W m-2, 25 °C). 

 

 

FIGURE 1. Schematic cross-sectional structures for the different solar cells with different electron-selective contacts [14]. 
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RESULTS 

Test Sample Results 

 

 

FIGURE 2. Atomic depth profile comparison of (a) e-beam evaporated-, (b) ALD- and (c) sputter-TiOx before and after  FGA. 

 

Figure 2 shows the depth profiles of the different TiOx layers before and after FGA. There is no significant 

difference in the XPS measurements before and after FGA. The total required  Ar sputter etching time was shorter for 

the e-beam evaporated TiOx compared to ALD- and sputter-TiOx likely due to a thinner starting layer. Regarding the 

atomic profile of TiOx before and after FGA, all three layers retain an atomic Ti:O ratio of about 1:2 near the top TiOx 

surface. In case of the e-beam- and the ALD- TiOx (see, Figure 2. (a) and (b)), there is a region where there is more 

Ti than O in Si while there is no such region in the sputtered TiOx (see, Figure 2. (c)). Less diffusion of Ti into c-Si in 

the sputtered TiOx might come from the thick diffusion barrier of SiOx. Because the sputtered TiOx has a larger gap 

at the right side of falling edge between of the Ti and of the O. A SiOx thickness can be inferred based on this difference 

because of the high atomic concentration of Si and O in that region.   
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When zooming into the c-Si/TiOx interface, the peaks in the XPS results (square marked area in Figures 3 (a) and 

(b)) indicate the presence of interfacial SiOx at this interface for all three TiOx deposition methods. For the sputter-

TiOx, with the highest Si-O peaks, the presence on an interfacial SiOx layer of 1.4 nm (see, Figure 3 (c)), is confirmed 

by TEM. The TEM was not measured for the other layers, but it could be expected that a thinner SiOx layer was 

formed underneath the TiOx layer.Therefore, we actually fabricate SiOx/TiOx stacks during the TiOx depositions.  

 

FIGURE 3. (a), (b) XPS results showing evidence of SiOx formation at the Si/TiOx interface before and after FGA (c) Cross-

section TEM image of 3 nm thick TiOx grown by sputtering (before FGA). 
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FIGURE 4. XPS peaks related to Ti measured at the  TiOx top surface (red) and  near the Si/TiOx interface (blue) before (a, b, c) 

and after FGA (d, e, f) using e-beam evaporated-(a, d), ALD (b,e) and sputter-TiOx (c,f). Binding energy positions of TiO2, Ti or 

TiSi2 are marked in (a).  
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As can be seen in Fig. 4., the evolution of the Ti peak is very similar in all three TiOx layers, and all peaks are at 

the same positions after forming gas anneals. At the surface, stoichiometric TiO2 peaks are observed. However, as 

sputter etching time increases, the shape of the peaks gradually changes to that of TiOx and eventually turns into the 

shape of Ti or TiSi2 peaks (see, TABLE 1.). 

TABLE 1. Binding energies of Ti, Ti-O, Ti-O2 and TiSi2.[15,16] 

Bond Ti2p1/2 [eV] Ti2p3/2 [eV] 

Ti 459.9 453.8 

TiO 462.4 456.5 

TiO2 464.8 458.1 

TiSi2 459.3 453.2 

 

Since the peak positions of Ti and TiSi2 are very close each other, it is very difficult to determine the resulting 

chemical bond. This peak shift from TiO2 to Ti or TiSi2 implies that TiOx near SiOx could contain many oxygen 

vacancies which induce a doping effect by defect formation near the conduction band of TiOx [17]. Moreover, it could 

be indirect evidence of dipole formation by the oxygen diffusion from TiOx to SiOx proposed by Kita et al. [18].  

Cell Results 

TABLE 2. Illuminated I-V parameters of champion cells with different electron-selective contacts. All SHJ cell data is from [14] 

except the result of the contact containing e-beam TiOx. 

Electron contact structure 
JSC 

[mA/cm2]
VOC [mV] FF [%] η [%] RS [Ω·cm2]

i-a-Si:H / Ca / Al [14] 35.2 666.3 70.9 16.6 3.2 

i-a-Si:H /e-beam-TiOx / Ca / Al (ATOM) 34.8 674.1 71.8 16.9 1.8 

i-a-Si:H /ALD-TiOx / Ca / Al (ATOM) [14] 35.1 710.8 72.9 18.2 2.0 

i-a-Si:H / n-a-Si:H / ITO / Ag  

(conventional SHJ) [14] 
36.0 734.0 76.4 20.2 1.7 

 

In the past, we achieved a reduction in contact resistivity of a-Si:H/Ca contacts by inserting a thin TiOx layer 

between a-Si:H and Ca (the so-called ATOM (i-a-Si:H/TiOx/Low work function metal) contact) [9]. This contact 

resistivity can be originated from several simultaneous influences; (1) The TiOx reduces the pinning of the metal Fermi 

level thanks to a MIS (Metal-Insulator-Semiconductor) contact structure. In combination with (2) the low work 

function of the Ca, this reduces the Schottky barrier and so the contact resistivity. From the XPS study above, we learn 

that an SiOx layer is formed in this ATOM contact between the TiOx and the a-Si:H which might also assist in lowering 

the contact resistivity by (3) oxygen vacancy doping and (4) a dipole increasing the downward band bending. 

While in [9] only contact resistivity structures where reported, here full cells with the ATOM structure are realized. 

Hence, the fill factor (FF) of the solar cells with ATOM contacts are higher than those of cells with i-a-Si:H/Ca/Al 

contacts thanks to a lower RS (see, Table 2.), as determined by the Bowden method [19]. Since sputtering induces 

damage in the a-Si:H layer and results in a relatively thick interfacial SiOx layer compared to the other two growth 

technique (see, Fig. 3), sputtered TiOx was not integrated into the devices. 

Although the conventional electron contact of silicon hetero-junction (SHJ) solar cells still outperforms our ATOM 

contact, our cell results are in the 2nd top ranked so far for cells with an electron-selective contact based on a-Si:H/TiOx, 

most likely due to the low contact resistivity of the ATOM contact [20–23]. Currently, our solar cell efficiency is 

limited by the JSC and the FF. Therefore, parasitic absorption in a-Si:H and ITO needs to be minimized, and further 

optimization of the electron selective contact is required to achieve a low RS and an efficiency above 20%. 
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CONCLUSIONS 

XPS and TEM measurements confirmed interfacial silicon oxide formation between silicon and TiOx. Regardless 

of the TiOx deposition technique, XPS measurements showed for all test samples Ti or TiSi peaks near the SiOx/TiOx 

interface while TiO2 peaks were observed at the TiOx surface. The Ti or the TiSi peaks near the SiOx/TiOx interface 

might be indirect evidence for oxygen movement which creates a dipole resulting in increased downward band 

bending at the contact. It is believed that in MIS contact structures with TiOx, these dipoles and oxygen vacancies in 

TiOx contribute to a RS reduction of solar cells.  This study may help to broaden the understanding about the nature 

of the Si/TiOx interface.  
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