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Abstract 1 

The impact of hydrogen desorption on the electrical properties of TiOx on crystalline silicon (c-2 

Si) with SiOy interlayers is studied for the development of high-performance TiOx carrier-3 

selective contacts. Compared with the TiOx/c-Si heterocontacts, a lower surface recombination 4 

velocity of 9.6 cm/s and lower contact resistivity of 7.1 m·cm2 are obtained by using SiOy 5 

interlayers formed by mixture (often called SC2). The hydrogen desorption peaks arising from 6 

silicon dihydride (1) and silicon monohydride (2) on the c-Si surface of the as-deposited 7 

samples are observed. The 1 peak pressure of as-deposited heterocontacts with SiOx interlayers 8 

is lower than that of heterocontacts without a SiOy interlayer. Furthermore, the hydrogen 9 

desorption energies are found to be 1.76 and 2.13 eV for the TiOx/c-Si and TiOx/SC2-SiOy/c-Si 10 

heterocontacts, respectively. Therefore, the excellent passivation of the TiOx/SC2-SiOy/c-Si 11 

heterocontacts is ascribed to the relatively high rupture energy of bonding between Si and H 12 

atoms. 13 
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1. Introduction 1 

High-efficiency crystalline silicon (c-Si) solar cells are realized by implementation of carrier-2 

selective contacts (CSCs). CSCs can efficiently collect one type of photogenerated carrier in c-Si 3 

at the terminals owing to good passivation at the c-Si surface and an appropriate work function 4 

and band lineup for c-Si. The best type of CSC solar cell is Si heterojunction (SHJ) solar cells 5 

employing stacks consisting of intrinsic hydrogenated amorphous Si (a-Si:H) and doped a-Si:H 6 

on both the front and rear sides of c-Si [1–6]. The second-best type of solar cell uses tunnel oxide 7 

passivated contacts (TOPCon) [7,8] or polycrystalline Si (pc-Si) on oxide (POLO) junctions 8 

composed of stacks of doped pc-Si and ultrathin silicon oxide [9,10]. 9 

To obtain higher efficiency than high-efficiency solar cells such as SHJ, TOPCon, and POLO 10 

junction solar cells, new CSC materials have been intensively studied. In general, 11 

photogenerated carriers recombine in doped Si-based materials with high probability because of 12 

enhanced Auger recombination (often termed parasitic absorption), which leads to a decrease in 13 

the short-circuit current density (JSC), and hence a reduction in the power conversion efficiency 14 

[11–13]. In recent years, novel materials with a wider bandgap energy (Eg) have been studied to 15 

increase JSC by suppressing parasitic photon absorption. To date, transition metal oxides such as 16 

molybdenum oxide [14-19], tungsten oxide [17-20], and vanadium oxide [17,18,21] have been 17 

investigated as hole-selective contacts for CSC-based SHJ solar cells owing to their wider Eg and 18 

high work function.  19 

Titanium oxide prepared by atomic layer deposition (ALD) is a promising material for 20 

electron-selective contacts for use in SHJ solar cells. The Eg value of a few-nanometer-thick 21 

ALD-TiOx layer is 3.3 eV [22,23], and thus the parasitic photon absorption is lower than those of 22 
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both a-Si:H (Eg = 1.7 eV) [11–13] and doped pc-Si (Eg = 1.12 eV) [24]. Although the electrical 1 

and optical properties of TiOx depend strongly on the composition x [25-27], near-stoichiometric 2 

TiOx can be formed by ALD [23,28]. Furthermore, a small conduction-band offset (<0.05 eV) 3 

and large valence-band offset (>2.0 eV) are created at the ALD-TiOx/c-Si interfaces, enhancing 4 

carrier separation at the heterointerface [29,30]. Moreover, ALD is a self-limited film growth 5 

method and has the advantages of precise thickness control, large-area uniformity, and little 6 

deposition damage [31]. There are many reports that a thin ALD-TiOx layer can provide a high 7 

level of passivation of the c-Si surface after post-annealing [32-42]. Indeed, Yang et al. 8 

successfully fabricated c-Si solar cells by employing a TiOx/SiOx stack and thus achieved a 9 

conversion efficiency of 22.1% [43]. 10 

We previously reported that the improved passivation of the ALD-TiOx/c-Si structure after 11 

post-annealing originates mainly in desorption of hydrogen and hydrides such as water vapor 12 

from the ALD-TiOx/c-Si interface and subsequent formation of a silicon oxide (SiOy) layer [41]. 13 

Furthermore, a substoichiometric SiOy interlayer is formed by nitric acid (HNO3) at room 14 

temperature in the as-deposited state, and suggested that this SiOy interlayer is key to obtaining 15 

high-performance ALD-TiOx/SiOy stacks. This improvement in passivation is attributed mainly 16 

to enhanced diffusion of oxygen and titanium atoms from ALD-TiOx to SiOy during post-17 

annealing [42]. Therefore, the use of a SiOy interlayer with lower density to further enhance the 18 

diffusion is expected to further improve the passivation of ALD- TiOx. An ultrathin SiOy layer 19 

prepared by Standard Clean 2 (SC2, hydrochloric acid/hydrogen peroxide/deionized water = 20 

1:1:4) at 60 °C (SC2-SiOx hereafter) reportedly exhibits the lowest density in comparison with 21 

other SiOx layers formed by various wet chemical treatments [44,45]. 22 
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In addition, hydrogen atoms are thought to positively affect passivation [1-6]. Although 1 

hydrogen atoms play an important role in inhibiting passivation of ALD-TiOx/SiOy stacks, their 2 

effects are not fully understood. Thermal desorption spectrometry (TDS) is widely used to 3 

investigate the effect of hydrogen atoms on the physical properties of metals [46,47], 4 

semiconductors [48,49], insulators [50,51], complex hydrides [52], and so on. Furthermore, the 5 

Si–H bonding energy can be derived from TDS analysis, which can reveal the relationship 6 

between passivation and the presence of hydrogen atoms. 7 

In this study, we demonstrated that ALD-TiOx deposited on the SC2-SiOy interlayer can 8 

provide a high level of surface passivation on n-type c-Si. The compositional depth profiles of 9 

the heterojunctions were studied by high-resolution Rutherford backscattering (HR-RBS) and 10 

high-resolution elastic recoil detection analysis (HR-ERDA). The hydrogen desorption from the 11 

ALD-TiOx/SiOy/c-Si structures and its effects on the passivation were investigated using TDS.  12 

 13 

2. Material and Methods 14 

2.1. Sample preparation 15 

All the ultrathin TiOx layers were prepared by ALD (GEMStar-6, Arradiance) on both sides of 16 

double-side-polished, float-zone-grown n-type c-Si(100) substrates. The sample size, resistivity, 17 

and thickness were 3.0 × 3.0 cm2, 2.0–5.0 cm, and approximately 280 m, respectively. We 18 

fabricated the TiOx/c-Si and the TiOx/SiOy/c-Si heterostructures. The n-c-Si substrates were 19 

dipped in 5% HF for 30 s to remove native oxides on the c-Si and hydrogen-passivated c-Si 20 

surfaces. To form SiOy interlayers, some c-Si substrates were immersed in DIO3 water at room 21 
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temperature for 10 min, and SC2 solution (35 w/v% hydrochloric acid/30 w/v% hydrogen 1 

peroxide/deionized water = 1:1:4) at 60 °C for 10 min. Then, the samples were deposited with 2 

symmetric TiOx layers by ALD. The ALD-TiOx layers were deposited at 150 °C using 3 

alternating cycles of tetrakis(dimethylamido)titanium and water vapor. The total thickness was 4 

set to 4 nm; the layer thickness of TiOx was 4 nm for the TiOx/c-Si heterocontacts and 3 nm for 5 

the TiOx/SiOy/c-Si heterocontacts. We performed forming gas annealing (FGA) at 350 °C for 3 6 

min in a mixture of 97% Ar and 3% H2 to enhance the surface passivation [41,42]. 7 

2.2. Characterization 8 

The layer thickness was determined using a variable-angle spectroscopic ellipsometer (M-9 

2000DI, J. A. Woollam). The Tauc–Lorentz model [53] was used to model the dielectric function 10 

of the ALD-TiOx films, because transmission electron microscopy revealed that the ALD-TiOx 11 

was in the amorphous phase [42]. The silicon oxide interlayer with a thickness of ~1 nm was 12 

taken into account in the optical model of the TiOx/SiOy/c-Si heterostructure. The mean square 13 

error (MSE) values of all the spectroscopic ellipsometry analyses were smaller than 2.0, 14 

indicating that the optical model is suitable for measuring the layer thickness.  15 

To study the surface passivation performance of ALD-TiOx on the c-Si surface, the injection-16 

dependent effective lifetime (τeff) and the recombination current density (J0) were measured 17 

before and after FGA using a WCT-120TS lifetime tester (Sinton Instrument) at room 18 

temperature [54,55]. 19 

To measure the contact resistivity (c), samples were prepared using the same procedure as 20 

that for the lifetime samples. After oxides on the rear side were removed by 5% HF treatment, 21 

80-nm-thick antimony-doped gold was deposited on the rear side. Subsequently, six 80-nm-thick 22 
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aluminum dots with diameters of 0.2 to 1.0 mm were deposited on the TiOx side by thermal 1 

evaporation through a metal mask defined using the Cox–Strack method. FGA was performed 2 

using the same process as that for the lifetime samples to activate the passivation effect and 3 

contact properties on the rear sides. We performed current versus voltage (I–V) measurements 4 

and obtained the contact resistivity from the relationship between the resistance and contact area. 5 

The details and examples of the Cox–Strack method are given elsewhere [56–58]. 6 

The contents of silicon, titanium, oxygen, carbon, hydrogen in the heterojunctions were 7 

measured by HR-RBS and HR-ERDA (HRBS500, KOBELCO). The details of HR-RBS and 8 

HR-ERDA is given elsewhere [59,60]. For HR-RBS measurements, a beam of 450 keV He+ ion 9 

was produced by a 500 kV single-ended accelerator. The typical beam current was 30 nA. The 10 

samples were irradiated with the He+ ion beam in ultra-high vacuum chamber. To utilize 11 

channeling technique [60,61], the incident angle of 45 was used (Si<110> channeling direction).  12 

The scattered He+ ions from the samples at 55 were measured by a magnetic spectrometer. For 13 

HR-ERDA measurements, a collimated beam of 480 keV N+ ion was used as primary beam (the 14 

incident angle was 70). The typical beam current was about 0.2 nA. The recoiled H ions from 15 

the samples at 30 were measured by a magnetic spectrometer. 16 

The hydrogen desorption from the TiOx/c-Si and TiOx/SiOy/c-Si heterostructures was 17 

characterized by TDS using a quadrupole mass spectrometer as a hydrogen detector. The 18 

samples were heated to 800 °C at heating rates (HRs) of 200 to 600 °C/h. In the TDS 19 

measurements, the temperature and hydrogen partial pressure were recorded every 3 s. Before 20 

the samples were loaded in the chamber for TDS measurement, the H2 partial pressure was 21 

measured before every measurement and used as a background value. In addition, background 22 
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spectra of the measured samples were acquired using the same temperature range and heating 1 

range. 2 

 3 

3. RESULTS AND DISCUSSION 4 

Figure 1a-c shows the effective lifetime (τeff) of the TiOx/n-c-Si, TiOx/DIO3-SiOy/n-c-Si, and 5 

TiOx/SC2-SiOy/n-c-Si heterocontacts as a function of excess minority carrier density (MCD). 6 

Compared with TiOx/n-c-Si heterocontacts, good passivation was obtained in the TiOx/SC2-7 

SiOy/n-c-Si heterocontacts before and after FGA, whereas the TiOx/DIO3-SiOy/n-c-Si 8 

heterocontacts exhibited almost identical effective lifetimes. The surface recombination velocity 9 

(Ssurf) of symmetrically coated c-Si is defined as follows, 10 

1

𝜏eff
=

1

𝜏bulk
+

2𝑆surf

𝑊
        (1) 11 

where, τbulk and W are lifetime of bulk Si and wafer thickness of 2.8  10-2 cm, respectively. The 12 

τbulk is consisted of carrier lifetime determined by radiative recombination, Auger recombination 13 

and Schochly-Read-Hall (SRH) recombination in bulk c-Si. The average τeff at an excess MCD 14 

of 1.0 × 1015 cm−3 and calculated Ssurf from the τeff values for the heterocontacts without SiOy and 15 

with DIO3-SiOy, and SC2-SiOy, are summarized in Table 1. Here the τbulk is assumed to be 16 

infinite in the calculation, since high-quality Si substrates were used. Hence, the actual values of 17 

Ssurf are slightly low in comparison with the calculated values of Ssurf. The Ssurf significantly 18 

decreased by employing SC2-SiOy interlayer. On the other hand, the Ssurf for the TiOx/DIO3-19 

SiOy/n-c-Si heterocontacts was same order of that for the TiOx/n-c-Si heterocontacts. From these 20 

results, the surface passivation is significantly improved by the SC2-SiOy interlayer. 21 
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Recently, Sahasrabudhe et al. proposed that the formation of Si‒O‒Ti bonds at the TiOx/c-Si 1 

heterointerface is responsible for the outstanding performance of the heterojunction [37]. We 2 

previously performed a comparative study of TiOx/SiOy/n-c-Si and TiOx/n-c-Si heterocontacts 3 

using high-resolution transmission electron microscopy and electron energy loss spectroscopy 4 

[42]. In that paper, we remarked that the difference in the increase in τeff is due to the formation 5 

of Si‒O and/or Si‒O‒Ti bonds, which is caused by diffusion of Ti and O atoms from the ALD-6 

TiOx layer into the SiOy interlayer at low density [42]. The film density of SiOy layers formed 7 

using various chemicals was studied using glancing incidence X-ray reflectometry, and the SC2-8 

SiOy layer showed the lowest density [44,45]. Therefore, we speculate that diffusion of Ti and O 9 

atoms into the SC2-SiOy interlayer is enhanced in the SC2-SiOy interlayer with lower density, 10 

and thus significant improvement of Ssurf is realized. Silicon oxide is reportedly formed in 11 

TiOx/c-Si heterostructures after FGA [33,41]. On the other hand, it is reported that the DIO3-SiOy 12 

exhibits relatively high film density [44,45]. The FGA-induced SiOy/c-Si interface may be 13 

defective in comparison with DIO3-SiOy/c-Si and thus the TiOx/c-Si heterostructures showed 14 

poor passivation effect among them. Although the DIO3-SiOy interlayer slightly improve 15 

passivation effect, it may be enough dense to suppress diffusion of Ti atoms into the DIO3-SiOy 16 

interlayer and the formation of Si‒O‒Ti bonds. 17 

Figure 2a shows the I–V curves of the heterocontacts without SiOy and with DIO3-SiOy, and 18 

SC2-SiOy after FGA. The I-V curves of the TiOx/n-c-Si and TiOx/DIO3-SiOy/n-c-Si 19 

heterocontacts shows rectifying properties, while ohmic characteristic is observed for the 20 

TiOx/SC2-SiOy/n-c-Si heterocontacts. To obtain values from the rectifying I-V curves, an 21 

expanded Cox-Strack method is employed [62]. The total resistance (Rt) of a rectifying I-V curve 22 



   

 10 

was determined from Cheng method and then the Rt value was utilized in Cox-Strack method. 1 

The contact resistivity (c) values is calculated from the following equation, 2 

𝑅t − 𝑅s =
𝜌c

𝑆
+ 𝑅0        (2) 3 

, where Rs is spreading resistance, S is contact area and R0 is residual resistance. The details of 4 

the expanded Cox-Strack method is given in [62].  5 

Figure 2b show (Rt ₋ Rs) as a function of S-1. The c values of the heterocontacts are given in 6 

Table 1. The TiOx/SC2-SiOy/n-c-Si heterocontacts exhibit the lowest c value. On the other hand, 7 

c relatively large values were obtained in TiOx/c-Si and TiOx/DIO3-SiOy/n-c-Si heterocontacts. 8 

In general, c depends on the resistivity of the materials themselves, the similarity of the Fermi 9 

energy of Si and the work function of TiOx, and the presence of defects at the heterointerfaces. It 10 

is reported that the film density of SiOy layers depend on chemicals [44,45]. The film density 11 

would influence the resistivity of films and thus the I-V characteristics. Therefore, the obtained 12 

c values are probably affected by compactness of SiOy interlayer. In addition, the Fermi energy 13 

of Si is known to be pinned at the defect level at the interfaces; thus, the contact resistance 14 

become large. Hence, we consider that the low c value of the heterocontacts with SC2-SiOy 15 

interlayers can mainly be ascribed to the highly passivated interface, i.e., the lower interfacial 16 

defect density, which is supported by the Ssurf values in Table 1.  17 

Figure 3a-f shows the elemental depth profiles of the TiOx/n-c-Si, TiOx/DIO3-SiOy/n-c-Si, and 18 

TiOx/SC2-SiOy/n-c-Si heterocontacts before and after FGA. The dashed lines represent 19 

channeling coefficient. For all samples, carbon concentration at surface became higher possibly 20 

due to a carbon susceptor of the annealing furnace. The values of channeling coefficient are 100 21 
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in the TiOx regions, indicating the TiOx is amorphous structure before and after FGA. No 1 

significant difference in composition of TiOx was observed for all samples. For as-deposited 2 

samples, the titanium and oxygen concentration are about 32-33 at% and 64 at% in the TiOx 3 

regions, respectively. The Ti concentration were unchanged after FGA, while O concentration 4 

slightly increased up to about 65 at%. Furthermore, H contents in the TiOx region decreased from 5 

about 5 to 2 at% after annealing. The larger H content in TiOx layers before FGA possibly arose 6 

from hydroxyl groups in the oxide and the Ti precursor which contains many methyl groups. The 7 

smaller H content after FGA is the residual H species contained in the as-deposited samples and 8 

incorporated H atoms from forming gas. These results mean that hydrogen desorption at TiOx 9 

layer was induced by FGA and thus near-stoichiometric TiOx are formed after FGA, which is 10 

good agreement with the previous work [41,42]. 11 

As with the hydrogen in bulk TiOx, hydrogen at around the heterointerfaces was reduced after 12 

FGA. For as-deposited state, hydrogen concentration of the TiOx/c-Si heterointerface is higher 13 

than that of the TiOx/DIO3-SiOy/c-Si and the TiOx/SC2-SiOy/c-Si heterointerfaces. The higher H 14 

concentration is resulted from H-terminated Si surface by HF treatments. The H-terminated 15 

surface is partly replaced as O-terminated surface owing to oxidizing treatment, which leads to 16 

low concentration of hydrogen at TiOx/c-Si heterostructures with silicon oxide. To investigate 17 

hydrogen bonding states at the heterointerfaces, TDS measurements was carried out. 18 

Figure 4 shows the TDS spectra of the TiOx/SC2-SiOy/c-Si heterocontacts before and after 19 

FGA. The dotted lines indicate the background. Two hydrogen effusion peaks at around 350 20 

(1) and 600 C (2) are observed for the as-deposited sample. The lower- and higher-21 

temperature peaks represent the desorption from dihydrides and monohydrides, respectively [63–22 

65]. A larger H2 partial pressure is observed for the as-deposited sample. The large H content of 23 
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the sample before FGA is likely to originate in the Ti precursor, which contains many methyl 1 

groups. The decrease in H2 pressure after FGA indicates that most of the hydrogen atoms in the 2 

sample are desorbed after FGA, which is consistent with H concentration in Fig. 3. Furthermore, 3 

we previously performed TDS measurements of TiOx/c-Si heterocontacts and clarified that less 4 

hydrogen is incorporated into the TiOx/c-Si heterocontacts after FGA [41]. Consequently, 5 

hydrogen atoms in the heterocontacts are desorbed after FGA, which suggests that the hydrogen 6 

atoms in the TiOx/SiOy/c-Si heterocontacts before FGA would play an important role in the 7 

improved passivation. 8 

Figure 5a-c shows the TDS spectra of the TiOx/c-Si, TiOx/DIO3-SiOy/c-Si, and TiOx/SC2-9 

SiOy/c-Si heterocontacts at heating rates (HRs) of 200, 300, 400, and 600 C/h. The 1 and 2 10 

peaks are observed in Figure 5a,c, whereas these peaks are weak in Figure 5b. The H2 partial 11 

pressure became higher with increasing HR owing to an increase in the effusion rate of H2 at 12 

high HRs. For the same effusion rate per unit temperature, the effusion rate increase with the HR. 13 

Hence, a higher HR results in a higher H2 partial pressure. Note that FGA at 350 C for 3 min 14 

was required to improve the passivation. The position of the 1 peak is close to the FGA 15 

temperature; thus, we focused on the 1 peaks in the TDS spectra. The 1 peak pressure of the 16 

TDS spectra obtained at an HR of 600 C/h are 2.3 × 10−9, 5.4 × 10−10, and 1.8 × 10−9 Pa for the 17 

TiOx/c-Si, TiOx/DIO3-SiOy/c-Si, and TiOx/SC2-SiOy/c-Si heterocontacts, respectively. The lower 18 

1 peak pressures of the TiOx/DIO3-SiOy/c-Si and TiOx/SC2-SiOy/c-Si heterocontacts indicates a 19 

reduction in the number of Si–H2 bonds, which is probably attributable to presence of the SiOy 20 

interlayer. In the as-deposited state, some of the Si–H2 bonds formed by HF treatment were 21 

replaced with Si–O bonds by oxidizing treatments. Furthermore, the film density of DIO3-SiOy is 22 

reportedly larger than that of SC2-SiOy, indicating that a more compact SiOy film is formed by 23 
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DIO3 [44,45]. For the TiOx/DIO3-SiOy/c-Si heterocontacts, a significant number of Si–H2 and 1 

Si–H bonds were purged from the Si surface during oxidation, so they exhibited the lowest H2 2 

partial pressure.  3 

 In addition, the positions of the 1 and 2 peaks shifted to higher temperature with increasing 4 

HR. The activation energy of H2 desorption (Edes) can be calculated as 5 

ln (
𝑇p
2

HR
) =

𝐸des

𝑘B𝑇p
+ ln (

𝐸des

𝜎𝑘B
)        (3) 6 

where Tp, kB, and  are the temperature of the peak, the Boltzmann constant, and the steric 7 

factor, respectively [65-67]. Edes is determined from the slope of the plot of (Tp
2/HR) versus 1/Tp. 8 

Figure 6 shows the dependence of ln(Tp
2/HR) on 1/Tp, where ln(Tp

2/HR) increases monotonically 9 

with increasing 1/Tp. The τeff, c and Edes values are summarized in Table 1. The Edes values of 10 

the TiOx/DIO3-SiOy/c-Si heterocontacts cannot be obtained because the 1 peaks were not 11 

observed at HRs of 200, 300, or 400 C/h (as shown in Figure 5b). Stesmans reported that 12 

activation energy of passivation of defects at SiO2/c-Si interface with H atoms is about 1.5~1.6 13 

eV [68, 69], indicating the extracted Edes values are reasonable order of magnitude. Further 14 

studies are required to understand the elementary process from the absolute Edes values. The 15 

TiOx/SC2-SiOy/c-Si heterostructures have a larger Edes value than the TiOx/c-Si heterostructures, 16 

suggesting that the dihydride on the c-Si surface is less likely to be desorbed during FGA. 17 

Therefore, the excellent electrical properties of the TiOx/SC2-SiOy/c-Si heterocontacts results 18 

from the difficulty of hydrogen desorption. Note that the diffusion of Ti and O atoms into the 19 

SiOy interlayer could be responsible for the enhanced passivation [37, 42]. It is worth noting that 20 

RBS is impossible to distinguish between thin layer with high density and thick film with low 21 
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density, meaning Ti diffusion into SiOx may happen during annealing.  Therefore, the 1 

improvement in the passivation can be explained by both the preservation of hydrogen atoms at 2 

the c-Si surface and the diffusion of Ti and O atoms into the SiOy interlayers. Identification of 3 

the dominant mechanism is outside the scope of this study and is a subject for future research. 4 

 5 

4. CONCLUSION 6 

We studied the effect of hydrogen desorption on the electrical properties of ALD-TiOx on c-Si 7 

with various SiOx interlayers. The lowest Ssurf of 9.6 cm/s and lowest c of 7.1 m·cm2 were 8 

obtained using the SC2-SiOy interlayer, indicating that the TiOx/SC2-SiOy/c-Si heterocontacts 9 

exhibit good electrical properties. TDS measurements were performed to investigate hydrogen 10 

desorption from the TiOx/SiOy/c-Si heterocontacts. The H2 partial pressure decreased after FGA. 11 

The 1 peak pressures of the TDS spectra at an HR of 600 C/h were 2.3 × 10−9 Pa for the 12 

TiOx/c-Si heterocontact, 5.4 × 10−10 Pa for the TiOx/DIO3-SiOy/c-Si heterocontact, and 1.8 × 10−9 13 

Pa for the TiOx/SC2-SiOy/c-Si heterocontact. The heterocontacts with a SiOy interlayer had lower 14 

H2 partial pressures than the heterocontacts without SiOy interlayers, because some of the Si–H2 15 

bonds formed by hydrofluoric treatments were replaced with Si–O bonds by oxidation treatments. 16 

The hydrogen desorption energy of the TiOx/c-Si and TiOx/SiOy/c-Si heterocontacts are 1.76 and 17 

2.13 eV, respectively. The excellent passivation by the SC2-SiOy interlayer is attributed to a 18 

higher rupture energy of Si–H2 bonding.  19 

  20 
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Table 1. Effective carrier lifetime at MCD of 1 × 1015 cm−3, surface recombination velocity, 1 

recombination current density, contact resistance, and activation energy of H2 desorption from 2 

the TiOx/c-Si, TiOx/DIO3-SiOy/c-Si, and TiOx/SC2-SiOy/c-Si heterocontacts. 3 

Structure eff at 1 × 1015 

[ms]a) 

Ssurf 

[cm/s]a) 

J0 

[fAcm−2]a) 

c 

[mcm2]a) 

Edes 

[eV]b) 

TiOx/c-Si 0.496 28.2 40.0 32.6 1.76 

TiOx/DIO3-SiOy/c-Si 0.596 23.5 71.2 20.9 - 

TiOx/SC2-SiOy/c-Si 1.687 9.6 10.3 7.1 2.13 

a)after FGA, b)before FGA 4 

 5 

 6 

Acknowledgements 7 

This work was supported by the New Energy and Industrial Technology Development 8 

Organization (NEDO), MEXT; a Grant-in-Aid for Scientific Research on Innovative Areas 9 

“Hydrogenomics” (JP18H05514); and the Inter-University Cooperative Research Program of the 10 

Institute for Materials Research, Tohoku University (Proposal No. 18K0093). The authors thank 11 

H. Miura and A. Shimizu for their technical help. 12 

  13 



   

 16 

 1 

Fig. 1. Injection-dependent effective carrier lifetime of (a) TiOx/n-c-Si, (b) TiOx/DIO3-SiOy/n-c-2 

Si, and (c) TiOx/SC2-SiOy/n-c-Si heterocontacts before and after FGA. 3 
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 1 

Fig. 2. (a) Current–voltage characteristics of the heterocontacts without SiOy and with DIO3-SiOy, 2 

and SC2-SiOy after FGA.  (b) Total resistance minus spreading resistance as a function of 3 

reciprocal of contact area. 4 

  5 
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 1 

Fig. 3. Compositional depth profiles of (a, d) TiOx/n-c-Si, (b, e) TiOx/DIO3-SiOy/n-c-Si, and 3 (c, 2 

f) TiOx/SC2-SiOy/n-c-Si heterocontacts before and after annealing at 350 ◦C for 3 min. The 3 

dotted lines represent channeling coefficient. 4 
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 1 

Fig. 4. TDS spectra of the TiOx/SC2-SiOy/c-Si heterostructures before and after FGA. The dotted 2 

lines indicate the background spectra. 3 

  4 



   

 20 

 1 

Fig. 5. TDS spectra of as-deposited TiOx layers on n-c-Si (a) without a SiOy/interlayer and 3 with 2 

(b) DIO3-SiOy and (c) SC2-SiOy interlayers. The heating rate is varied from 200 to 600 ℃/h. 3 
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 1 

Fig. 6. ln(Tp
2/HR) vs. 1/Tp plots of the TiOx/c-Si and TiOx/SC2-SiOy/c-Si heterocontacts. 2 
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