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ABSTRACT  1 

This study describes the fabrication of silicon nanocrystals (Si NCs) in silicon oxide layers, which 2 

led to high-performance passivation and enhanced carrier transport in crystalline silicon (c-Si) 3 

solar cells. These Si NCs comprised nanocrystalline transport pathways in ultra-thin dielectrics for 4 

reinforced passivating contact structures (NATURE contacts). The Si NCs were formed in silicon 5 

oxide layers by depositing hydrogenated amorphous silicon oxide (a-SiOx:H) with different 6 

oxygen concentrations, followed by post-deposition annealing (PDA). Based on microscopic 7 

images, the silicon oxide layer was maintained after PDA, and the Si NCs were formed in the 8 

silicon oxide matrix, leading to a relatively low recombination current (178.8 fA/cm2) compared 9 

with simple a-SiOx:H layer structures. Furthermore, the contact resistivity for the NATURE 10 

contact was 13.1 m∙cm2, which was comparable to that of a single a-SiOx:H layer with low 11 

oxygen concentration. The developed NATURE contact structure expands the design flexibility 12 

scope for various functional devices containing a passivation contact layer. It allows for production 13 

of c-Si solar cells with passivating contacts using thicker dielectric layers for improved reliability 14 

and long-term stability. 15 
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INTRODUCTION 1 

Recently, carrier-selective contacts have been studied intensively for their potential to improve the 2 

performance of crystalline silicon (c-Si) solar cells.1 Solar cells containing a stack of doped 3 

polycrystalline silicon (poly-Si) and ultra-thin silicon oxide (often called a tunnel oxide passivating 4 

contact (TOPCon) or polysilicon on oxide (POLO) junction) exhibit conversion efficiencies 5 

exceeding 25%, owing to their high passivation performance and low contact resistance.2-4 In 6 

general, a thick SiOx film provides excellent passivation5-7 and is therefore preferable in terms of 7 

long-term stability. It is reported that the metal-oxide-semiconductor field-effect transistor 8 

(MOSFET) device using thicker silicon oxide than 4 nm suppresses time-dependent dielectric 9 

breakdown.8 This result suggests that solar cells using thicker silicon oxide are more reliable in 10 

practical operation. However, the film thickness of the SiOx in TOPCon and POLO junction solar 11 

cells is limited to 1–2 nm to enable the extraction of carriers from crystalline Si because the 12 

resistivity of SiOx is extremely high.9 The transport of carriers in the poly-Si/SiOx stack is 13 

commonly modeled as tunneling transport10 or pinhole transport.11-12 The formation of a carrier 14 

pathway (i.e., pinholes) relies on a high-temperature annealing process (above 750 °C), which 15 

changes (i) the crystallinity of doped poly-Si, (ii) the dopant diffusion from doped poly-Si, (iii) the 16 

bulk lifetime, and (iv) the areal density of the pinholes.13 The trade-off relationship between 17 

surface passivation and carrier transport determines the layer thickness of the insulating SiOx in 18 

TOPCon and POLO junction solar cells. The conductivity of thick SiOx is beneficial for releasing 19 

the solar cells from such a conventional trade-off relationship. Oxygen-alloyed poly-Si passivating 20 

contacts have been developed, which achieve good electrical and optical properties.14-16 Although 21 

the oxygen-alloyed poly-Si passivating contacts contain silicon nanocrystals (Si NCs) in the SiOx 22 

matrix, the size of the Si NCs was almost left to nature. Furthermore, the possibility to add 23 
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conductivity to thick SiOx has not been explored. Thick SiOx may enhance the flexibility of solar 1 

cell fabrication through engineered dopant diffusion from doped poly-Si to c-Si by controlling the 2 

thickness of the SiOx and the annealing conditions. Therefore, we propose that the application of 3 

a silicon oxide layer containing embedded Si NCs will simultaneously allow high passivation 4 

performance and low contact resistivity. Such a NAnocrystalline Transport path in Ultra-thin 5 

dielectrics for REinforcing passivating contact (NATURE contact) is illustrated conceptually in 6 

Figure 1a, wherein the Si nanocrystals comprise the main carrier transport pathway.  7 

In this paper, we describe the fabrication of multi-stacked structures consisting of hydrogenated 8 

amorphous silicon oxide (a-SiOx:H) films with various oxygen concentrations and post-deposition 9 

annealing (PDA) conditions.17-19 The schematic flow to fabricate the NATURE contact is shown 10 

in Figure 1b. During annealing, nearly-spherical silicon crystallites are formed in the silicon-rich 11 

layers according to phase separation theories for a multi-stacked system.20-22 Under optimized 12 

annealing conditions, the diameter of the Si nanocrystals corresponds to the layer thickness.20,23 13 

Overall, the formation of Si NCs could be controlled by the film thickness, the oxygen 14 

concentration in the a-SiOx:H film, and the annealing conditions, and Si NCs in a thick SiOx layer 15 

were prepared via PDA of a 3-layer structure of a-SiOx:H. This type of structure was expected to 16 

improve the conductivity and passivation performance of thicker SiOx because the carrier transport 17 

properties depended on the Si NCs in SiOx. In this study, we fabricated the proposed structure and 18 

investigated its passivation performance and contact resistivity.  19 

 20 
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Figure 1. (a) Schematic illustration of the NATURE contact realized by silicon nanocrystals 2 

embedded in silicon oxide. (b) The simplified procedure for fabrication of the NATURE contact. 3 

 4 

Figure 2. Schematic diagrams of (a) SRO junction, (b) ORO junction and (c) NATURE contact 5 

structures. 6 

 7 
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RESULTS AND DISCUSSION 1 

Figures 2a-c show the schematic structures of single a-SiOx:H layer (silicon-rich oxide (SRO) 2 

junction) structures, single a-SiOy:H layer (oxygen-rich oxide (ORO) junction) structures, and 3-3 

layer structures (NATURE contact). The detailed information about their respective fabrication 4 

methods is given in Experimental Methods. The transmission electron microscopy (TEM) images 5 

in Figs. 3a and 3b show cross-sections of the SRO and ORO junctions, respectively, after PDA at 6 

750 °C. A lattice fringe was observed in the n+-a-Si:H layers, indicating that these layers were 7 

partially crystallized after PDA. The crystallization of the a-SiOx layer was observed at the a-8 

SiOx/c-Si interface (Figure 3a), while no crystallization of the a-SiOy layer is seen in Figure 3b. 9 

Therefore, the a-SiOy layer suppressed the crystallization from the c-Si substrate. The distinct 10 

tolerances to crystallization characteristics of these structures were caused by their different 11 

oxygen concentrations.24 Cross-sectional TEM images of the NATURE contact before and after 12 

PDA at 750 °C are shown in Figures 3c and 3d, respectively. Figure 3e shows a magnification of 13 

the sample around the NATURE contact after PDA at 750 °C. No lattice fringe is observed in 14 

Figure 3c, indicating that the 3-layer structure was amorphous before PDA. However, a lattice 15 

fringe was observed in the n+-a-Si:H layers and a-SiOx layer, indicating that these layers were 16 

partially crystallized. From the diffraction pattern (inset in Figure 3e), the lattice parameter was 17 

calculated to be 3.12 Å, which is close to Si(111) spacing. The Si crystals formed in the a-SiOx 18 

layer were nearly spherical and a few nanometers in diameter. This confirmed that Si NCs were 19 

successfully generated after annealing the 3-layer structure at 750 °C.  20 

 21 
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 1 

Figure 3. Cross-sectional TEM images of the (a) SRO junction and (b) ORO junction after PDA 2 

at 750 °C. Cross-sectional TEM images of the NATURE contact (c) before annealing and (d) after 3 

PDA at 750 °C. (e) A magnification of the sample around the NATURE contact after PDA at 4 

750 °C (inset shows the electron diffraction pattern of a Si nanocrystal in the NATURE contact). 5 

Yellow lines are guides to the eye for the layered structures. 6 
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The injection-dependent effective lifetime (τeff) curves of the SRO junction, ORO junction, and 8 

NATURE contact before and after PDA are presented in Figures 4a and 4b. For as-deposited 9 

samples, the τeff values at the injection level of 1.0×1015 cm-3 were 1497.3 µs and 369.4 µs for the 10 
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SRO junction and ORO junction, respectively. It has been demonstrated that the number of voids 1 

in a-SiO:H increases with increasing oxygen content, thus weakening the passivation effect.25,26 2 

The τeff of the SRO junction at 1.0×1015 cm-3 decreased to 332.8 µs after PDA, whereas that of 3 

the ORO junction did not change after annealing relative to the as-deposited sample. The degraded 4 

passivation performance of the SRO junction was caused by the crystallization of the a-SiOx layer 5 

(Figure 3a). Accordingly, the maintained passivation of the ORO junction could be attributed to 6 

the prevention of crystallization (Figure 3b). Indeed, it has been reported that the crystallization of 7 

a-Si:H reduces the passivation performance.27,28 For the NATURE contact, the τeff at 1.0×1015 cm-8 

3 decreased slightly from 727.4 µs to 643.9 µs after PDA. Since no crystallization was observed in 9 

this case (Figure 3d), this reduction was likely caused by hydrogen effusion from the bulk a-SiO:H 10 

layers and the a-SiO:H/c-Si heterointerface. The thermal equilibrium recombination current 11 

density (J0) values were obtained using Eq. (1), 12 
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where τbulk represents the lifetime of Shockley-Read-Hall recombination in bulk c-Si, ND is the 16 

donor concentration, q is the elementary charge, ni is intrinsic carrier density, and w is the wafer 17 

thickness.29,30 Here, J0 was calculated using the τeff at the injection level of 1.0×1015 cm-3. The J0 18 

values for the SRO junction, ORO junction, and NATURE contact were 345.9, 311.6, and 178.8 19 

fA/cm2. The lowest J0 value was observed for the NATURE contact, which indicated that this 20 

structure should function well as a passivation layer, owing to its suppression of crystallization. 21 

The higher J0 observed for the SRO junction can be explained by the generation of crystallization 22 

(Figure 3a). The J0 value for the ORO junction is likely related to voids in the silicon oxide; as 23 
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mentioned previously, the voids in an a-SiO:H layer tend to increase with increasing oxygen 1 

content, and this facilitates the recombination of photogenerated carriers.25,26 It is important to note 2 

that the hydrogenation process was not carried out for the NATURE contact. In general, 3 

hydrogenation processes, such as remote hydrogen plasma treatment, can be used to enhance the 4 

passivation performance because hydrogen is desorbed during PDA, thus reducing the passivation 5 

effect.31-33 The obtained passivation performance of the NATURE contact could be explained by 6 

weakened field-effect passivation as well. Kale et al. mentioned that the thick silicon oxide layer 7 

reduces field-effect passivation.9 Dopant diffusion in the NATURE contact during PDA seems 8 

complicated since the diffusion coefficients in Si and silicon oxide are different. This difference 9 

possibly leads to local dopant diffusion and a nonuniform distribution of the in-plane doping 10 

concentration. Although the J0 value of the NATURE contact was still low compared to the 11 

conventional TOPCon and POLO junction,34,35 the τeff of the NATURE contact was higher than 12 

that of a heterostructure using a 1-nm-thick SiOy layer after PDA at 750 °C (Figure S1). This 13 

difference might be caused by suppressed dopant diffusion from n+-poly-Si to c-Si. Therefore, the 14 

NATURE contact can contribute to improving the passivation performance. Further investigation 15 

is necessary to clarify the passivation mechanism. 16 

Figure 5 shows γ-ray yield curves as a function of the incident 15N2+ ion energy (hydrogen depth 17 

profiles) measured by nuclear reaction analysis (NRA) from the NATURE contact before and after 18 

PDA at 750 °C for 30 min. The vertical black dotted lines in Fig. 5 indicate the surface and 19 

heterointerface positions, which were determined from the layer thicknesses obtained in the SE 20 

measurements. The inset on the upper part shows the schematic illustration of the samples. In NRA, 21 

the NRA γ-ray yield (Y) and 15N2+ ion energy are correlated to the hydrogen concentration (CH) 22 

and to the depth in the sample, respectively. The details of the NRA technique are given 23 
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elsewhere.36-39 The CH of the NATURE contact was about 7-8 × 1021 cm-3 before PDA and fell to 1 

the order of 1019 cm-3 after PDA. The NRA depth profiles revealed that hydrogen was significantly 2 

effused out after the PDA, which is responsible for reducing of the passivation performance of the 3 

NATURE contact. 4 

 5 
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Figure 4. Effective carrier lifetime of SRO junction, ORO junction, and NATURE contact 7 

structures (a) before and (b) after annealing, as a function of the minority carrier density (MCD).  8 
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 1 

Figure 5. NRA γ-ray yield curves of the NATURE contacts before and after PDA at 750 °C as a 2 

function of 15N2+ ion energy. The vertical black dotted lines indicate the surface and heterointerface 3 

positions as determined from the layer thicknesses obtained in SE measurements. The inset on the 4 

upper part shows the schematic illustration of the samples. 5 
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Figure 6a shows a schematic diagram of the NATURE contact prepared for I-V measurements. 7 

Aluminum dot electrodes with different diameters were deposited on one side, and a full-area Al 8 

electrode was evaporated on the opposite side. Figure 6b illustrates the linear I-V relationships for 9 

the SRO junction and the NATURE contact, and the non-linear I-V relationship exhibited by the 10 

ORO junction. The total resistances in the SRO junction, ORO junction, and NATURE contact 11 

structures were 1.33 Ω, 4.32 Ω, and 1.42 Ω, respectively. The resistance determined for the ORO 12 

junction was extracted in the region from –0.1 to 0.1 V. The higher resistance of the ORO junction 13 
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was likely due to the relatively high O content in its a-SiO:H layer. The contact resistivity (ρc) 1 

values were obtained by applying the Cox-Strack method and using Eq. (2),40 2 
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where Rt is the measured total resistance, Rc is the contact resistance, Rs is the spreading resistance, 6 

R0 is the back-side resistance, ρ is the bulk resistivity, d is the diameter of the metal pad, and t is 7 

the layer thickness. The ρc value was extracted from the slope of a plot of (Rt–Rs) as a function of 8 

the inverse electrode area (S-1). Figure 6c shows such a plot for the NATURE contact, and the ρc 9 

values of the SRO junction, ORO junction, and NATURE contact were 11.9, 45.6, and 13.1 10 

mΩ‧cm2. The SRO junction had the lowest ρc, and the ORO junction had the highest ρc. The lower 11 

value obtained for the SRO junction was attributed to this structure’s enhanced carrier extraction 12 

caused by the disruption of the a-SiOx, and the higher ρc value for the ORO junction was a result 13 

of the greater resistivity of a-SiOy. Based on Figure 3b, the a-SiOy/c-Si interface was maintained 14 

in the ORO junction, forming an a-SiOy layer with relatively high O content, which led to high 15 

contact resistivity. The ρc of the NATURE contact was similar to that of the SRO junction, possibly 16 

because of the formation of Si NCs in the a-SiOx. 17 
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 1 

Figure 6. (a) Schematic illustration of the top-view (left) and whole structure (right) of the 2 

NATURE contact as prepared for I-V measurements. Aluminum electrodes were thermally 3 

evaporated using the Cox-Strack method. (b) I-V characteristics of the SRO junction, ORO 4 

junction, and NATURE contact, and (c) Rt–Rs as a function of S-1 for the NATURE contact. 5 
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The impact of the PDA temperature (Tanneal) is shown in Figure 7. Figure 7a shows the 7 

dependence of τeff in the NATURE contact on different Tanneal at the injection level of 1.0 × 1015 8 

cm-3. As a rough trend, an increase in the Tanneal tends to decrease the τeff, and it was maximized at 9 
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a Tanneal of 750 °C. Relatively higher τeff values were observed for the samples with 4-nm-thick 1 

bottom a-SiOy:H at Tanneal = 800 °C, suggesting dopant diffusion into c-Si was suppressed by 2 

thicker silicon oxide as mentioned above. The τeff of samples annealed at high temperatures above 3 

900 °C was significantly lower and nearly constant, since the increase in PDA temperature 4 

promoted crystallization of the bottom a-SiOy:H layer as shown in Fig. 7e. The average τeff value 5 

of 624 μs was obtained in the sample with the bottom a-SiOy layer thickness of 1 nm and at the 6 

PDA temperature of 750 °C due to suppressed crystallization of the bottom a-SiOy layer. 7 

Figures 7b and 7c show the dependence of J0 and ρc in the NATURE contact with 1-nm-thick 8 

bottom a-SiOy layer on different Tanneal. The J0 and ρc values were determined from Eq. (1), and 9 

Eq. (2), respectively. An increase in the PDA temperature increases the J0, which was minimized 10 

at a Tanneal of 750 °C. The average J0 value of 184.3 fA/cm2 was obtained in the sample at the 11 

annealing temperature of 750 °C. The ρc decreased with increasing annealing temperature. These 12 

results can be explained by the promoted crystallization of the silicon oxide layer, formation of the 13 

n+-poly-Si layer, increase in activated phosphorous in the n+-poly-Si, and dopant diffusion into c-14 

Si. The ρc of the sample annealed at 750 ºC was 13.1 mΩ·cm2. The value is high in comparison 15 

with conventional TOPCon and POLO junctions.35,35  16 

Further improvement of the passivation performance of the NATURE contact can be realized 17 

by a hydrogenation process after PDA. The τeff at 1.0×1015 cm-3 increased from 643.9 µs to 1649.1 18 

µs by hydrogen plasma treatment (HPT) at 400 C for 30 minutes (Figure S2). The J0 and ρc values 19 

of the NATURE contact before and after the hydrogen plasma treatment are summarized in Table 20 

S1. Improved J0 and no significant increase of ρc is observed for HP-treated NATURE contact, 21 

indicating passivation performance improvement without depression of the carrier transport, 22 
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possibly due to hydrogen termination of Si dangling bonds in the NATURE contact. The details 1 

of the hydrogenation process applied to the NATURE contact will be reported in the near future. 2 

 3 

Figure 7. (a) Effective carrier lifetime of the NATURE contact with different thicknesses of the 4 

bottom a-SiOy:H lauer as a function of annealing temperature. Influence of PDA temperature on 5 

(b) recombination current density and (c) contact resistivity of the NATURE contact with a 1-nm-6 

thick bottom a-SiOy:H layer. (d) Cross-sectional TEM images of NATURE contact after PDA at 7 

950 °C. Yellow lines are guides to the eye to highlight the layered structures. 8 
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CONCLUSIONS 10 

We fabricated unique NATURE contacts to enhance the conductivity of nanolayered silicon oxide 11 

structures. The Si nanocrystals in the oxide layer create carrier transport pathways in the silicon 12 

oxide, and cross-sectional TEM images confirmed that the silicon nanocrystals were formed after 13 

PDA at 750 °C. The TEM results also revealed that no crystallization occurred at the a-SiOy:H/c-14 

Si interface along with the formation of Si NCs. Furthermore, relatively low values of 15 
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recombination current density J0 and contact resistance ρc (178.8 fA/cm2 and 13.1 m·cm2, 1 

respectively) were obtained for the NATURE contact, in comparison to other test structures. This 2 

demonstrates good passivation performance and conductivity for the relatively thick silicon oxide 3 

in the NATURE contact. We propose that further improvements can be attained by implementing 4 

a post-PDA hydrogenation process, which would consequently also lead to silicon solar cells with 5 

enhanced performance. 6 

 7 

EXPERIMENTAL METHODS 8 

Czochralski (CZ) silicon wafers, phosphorus-doped (n-c-Si), 3.1 Ω·cm, 200-μm-thick, polished 9 

double sides with surface-oriented (100) was used in this study. All samples were prepared on c-10 

Si substrates via plasma-enhanced chemical vapor deposition (PECVD, ULVAC Inc., CME-200J) 11 

with a frequency of 27.12 MHz followed by PDA. The simplified procedure for fabricating Si NC-12 

embedded silicon oxide is shown in Figure 1b. Prior to the deposition of silicon oxide layers, the 13 

substrates were cleaned using Semicoclean-23 (Furuuchi Chemicals Co.) for 6 minutes in an 14 

ultrasonic bath. The native oxide on the substrates was removed by immersing the substrates in 15 

2.5% HF for 1 min and then dipping them into ozonized, deionized water (DI-O3) for 10 minutes 16 

to clean their surfaces and form a protective oxide layer. Subsequently, the protective oxide layer 17 

was stripped off by immersing the material in 2.5% HF for 1 min, after which the substrates were 18 

quickly loaded into the PECVD chamber. The a-SiOx:H was deposited on c-Si substrates using 19 

silane (SiH4) and carbon dioxide (CO2) gases. The deposition temperature, total pressure, and radio 20 

frequency power density were 180 °C, 25 Pa, and 32.5 mW/cm2, respectively. Two types of a-21 

SiOx:H were deposited: Si-rich a-SiOx:H layers and O-rich a-SiOy:H layers (x < y). The gas flow 22 
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rates of SiH4 and CO2 for a-SiOx:H were 10 and 10 sccm, respectively, and those for a-SiOy:H 1 

were 6 and 50 sccm, respectively (sccm = standard cubic centimeters per minute). Subsequently, 2 

30-nm-thick n-type hydrogenated amorphous silicon (n+-a-Si:H) was deposited using SiH4, 3 

hydrogen (H2), and phosphine (PH3) gases with flow rates of 40, 400, and 20 sccm, respectively. 4 

Three types of samples were fabricated: single a-SiOx:H layer (silicon-rich oxide (SRO) junction) 5 

structures, single a-SiOy:H layer (oxygen-rich oxide (ORO) junction) structures, and 3-layer 6 

structures (NATURE contact), which are depicted in Figure 2a-c. The thickness of the a-SiOx:H 7 

(SRO junction) layer and the a-SiOy:H (ORO junction) layer were 8 nm. For the NATURE contact, 8 

the thickness of the bottom a-SiOy:H, the middle a-SiOx:H, and the top a-SiOy:H layer were fixed 9 

at 1 nm, 5 nm, and 2 nm, respectively. The gas flow rates of SiH4 and CO2 were changed without 10 

interruption to form the 3-layered structures. The layer thickness was controlled by changing the 11 

deposition time of a-SiOx:H and a-SiOy:H.  Forming gas annealing was carried out at 750 °C for 12 

30 min to form n+-poly-Si and silicon nanocrystals in the a-SiOx layer using a lamp furnace 13 

(ADVANCE RIKO Inc., MILA-5050). For electrical measurements, aluminum electrodes were 14 

deposited on the SRO junction, ORO junction, and NATURE contact via vacuum evaporation. 15 

To determine the passivation performance of these materials, the τeff was measured using quasi-16 

steady-state photoconductance (QSSPC; Sinton Instruments, WCT-120TS) in the generalized 1/1 17 

and 1/64 modes at room temperature.41 Their contact resistivity (ρc) and total resistance were 18 

evaluated with I-V measurements using the Cox-Strack configuration.40,42 The thickness of the 19 

layers in each sample was measured using variable-angle spectroscopic ellipsometry (SE; J. A. 20 

Woollam, M-2000DI), and the cross-sections of SRO junction, ORO junction, and NATURE 21 

contact structures were observed by TEM. Hydrogen depth profiles were measured by NRA via 22 

the resonant 1H(15N,αγ)12C reaction. The 15N2+ ion beam of 20-35 nA was generated by the MALT 23 
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van de Graaff tandem accelerator at the University of Tokyo. The NRA γ-ray yield (Y) was 1 

calibrated to hydrogen concentration (CH) in a sample by measuring a Kapton reference with a 2 

density of 1.45 g/cm3, a H-concentration of 2.28 × 1022 cm-3, and a stopping power (STP) of 1.2879 3 

keV/nm, which results in a sensitivity constant α = 1.89 × 10-19. CH values were calculated from 4 

as CH = Y × STP/α. The STP values of 1.4538 keV/nm was used by assuming the films are 5 

crystalline Si, meaning the CH and the positions of the heterointerfaces were roughly estimated. 6 

 7 
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