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ABSTRACT

Passivating contacts, featuring dual function of defect passivation at the semiconductor surface
and extracting one type of charge carrier, are recognized as the key enabler in achieving high-
efficiency Si solar cells. In particular, a dopant-free and full-area passivating hole contact is critical
to replace the conventional rear structure that features a partial Si-metal contact design with
insulator interlayers. Herein, titanium oxide (TiOx) nanolayers (~5 nm) grown by atomic layer
deposition over the full area of Si surface followed by metal capping such as Ag are shown to
provide efficient passivation and hole extraction with high optical reflectivity at the rear of Si solar
cells. The proof-of-concept solar cells with either p- or n-Si absorber demonstrate ~20% efficiency
exhibiting higher infrared response compared with the conventional rear structure.
Photoluminescence and electrical measurements on different TiOx/metal bilayers revealed that the
field-effect passivation mechanism plays a major role in device performance, exploiting the high-
concentration negative charge (>10'? q cm™) at the Si/TiOx interface and the high work function
(~>4.6 eV) of the capping metal. The developed contact offers great potential for boosting the

efficiency and simplifying manufacturing of commercial Si solar cells.

1. Introduction

Photovoltaic power is recognized as one of the major renewable energies and a key enabler
for the energy transition towards carbon neutral society. Currently, photovoltaic panels based on
crystalline Si solar cells account for ~95% of the global solar generation market share (1), and this

situation is expected to continue in the next few decades. The mainstream technology today is



known as the passivated emitter and rear cell (PERC) (2,3) architecture. It features passivation of
the rear surface of a p-type Si (p-Si) absorber by dielectric layers such as Al2O3; and SiNx. Due to
their electrically insulating characteristics, local metallization via contact holes through the
dielectric layers is necessary to collect photogenerated carriers (holes) from the p-Si absorber to
the rear electrode. Although PERC is an established technology, the device performance is
essentially limited by the charge carrier recombination at the metallized area where the surface
defects remain electrically active. Such an unpassivated area of Si is responsible for the relatively
low open-circuit voltage (Voc) in PERC solar cells. Thus, a functional interlayer material called
“passivating contact” is highly desirable to enable efficient passivation and hole extraction
simultaneously (4). So far, Si-based passivating contacts, such as hydrogenated amorphous Si (a-
Si:H) (5-7) and ultrathin SiO2/polycrystalline Si (SiO2/poly-Si) (8,9) have been successfully
implemented to demonstrate conversion efficiencies above 25%. The drawbacks of these Si-based
passivating contacts are the use of relatively costly deposition tools for thin-film Si deposition, the
sensitivity of a-Si:H to moderate temperatures, and the lack of a highly passivating and hole-
selective SiO»/poly-Si contact. In fact, the SiO»/poly-Si contacts have been mostly applied as an
electron-selective passivating contact.

Recently, non-Si hole contact materials are emerged featuring high-work function metal
oxides, e.g., MoOx (10,11), WOy (11,12) and V.0« (12,13), and organic materials such as
PEDOT:PSS (14). A 23.5% efficient cell has been demonstrated using a MoOx hole contact (15).
However, due to its relatively poor passivation capability, a buffer layer such as an intrinsic a-Si:H
layer is still necessary prior to the deposition of the metal oxide layer, which is less attractive from
an industrial perspective. Recently, we have developed a titanium oxide (TiOx) nanolayer grown

by atomic layer deposition (ALD) that uniquely acts as a hole-selective passivating contact in Si



solar cells (16,17), which is opposite from the previous understanding that TiOx is an electron
selective material with respect to various solar cell absorbers including Si (18,19), III-V (20) and
perovskite (21,22). Using our TiOx as a front hole contact, 21.1% efficiency has been demonstrated
without using any buffer layer (17). Although the light-induced degradation caused by the UV
illumination remains a challenge to overcome, such degradation is not present if the TiOx is applied
to the unilluminated rear surface. This is particularly interesting for its application to PERC Si
solar cells.

In this paper we apply our hole selective TiOx nanolayer to the rear surface of Si solar cells
in order to exploit its potential for a full area rear contact instead of the conventional partially
contacted scheme. We demonstrate proof-of-concept p- and »-Si solar cells exhibiting efficiency
of ~20%, and compare them with the benchmarking Si heterojunction (SHJ) hole contact (i-p a-
Si:H layers stack) in terms of passivation, hole selectivity and optical reflection. We show the
importance of the work function of the capping metal layer deposited on top of the TiOx layer to
make it an efficient hole-selective passivating contact. The mechanism behind the unique feature

of our TiOx contact is discussed based on various characterization results.

2. Results and discussion

Device structures fabricated in this study using p- and n-Si absorbers are schematically
depicted in Figures la and 1b, respectively. All the solar cells have textured surface on the front
side while the rear surface remains planar. As a hole contact, TiOx layer with a thickness of ~5 nm
was deposited on the rear surface of Si by thermal ALD, and it was subsequently treated with a
hydrogen plasma (17). Then, the TiOx layer was capped with a metal over the entire area. To

investigate the impact of capping metal on the device performance, we deposited various metal



thin layers with a thickness of ~50 nm followed by a thick Ag layer (~700 nm). The electron
contact was formed on the front textured side using an i-n a-Si:H stack. On top of the » a-Si:H
layer, an indium-tin oxide (ITO) layer and an Ag grid were deposited by sputtering. The layer
stack configuration is the same regardless of p- or n-Si substrate. The cell area was defined by the
electrode area of the emitter side. Namely, the ITO front electrode for p-Si and the metal rear
electrode for n-Si. For current density-voltage (J-V) measurements, a black shading mask was used

to define the illumination area of 1.045 cm? which is smaller than the electrode area of the emitter

(1.12 cm?).
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Figure 1. Schematic illustrations of (a) p-Si and (b) n-Si solar cells and the corresponding photos
of solar cells in a Si substrate taken from the front (without shading mask) and the rear side. The
electrode for the emitter side (front ITO for p-Si and rear metal for n-Si) was patterned to define
the device area. The surface of Ag layers was coated with thin ITO layers (20 nm) for protection.

The impact of varying capping metal on the device performance is shown in Figure 2. Here
we employed seven different metals: Al, Ti, Cu, Ag, Au, Ni and Pt, which were chosen to examine
a range of work functions (WF) of metals. Due to the techniques available on the deposition

systems, Cu and Ag were deposited by DC magnetron sputtering while the other metals were



deposited by electron-beam evaporation. We note that the influence of using different deposition
methods is minor as will be discussed later. As shown in Figures 2a-d, the device performance
does not depend much on the absorber polarity, whereas it is significantly influenced by the choice
of capping metal deposited on top of the TiOx layer. Higher short-circuit current density (Jsc) is
obtained for Al, Cu, Ag and Au which are the typical metals exhibiting high optical reflectivity in
the near infrared. By comparing the external quantum efficiency (EQE) spectra of solar cells, as
shown in Figure 2e, it is evident that the Js is determined by the infrared response (>900 nm) of
solar cells. This can be attributed to the reflectivity of the metals used, as the incident light for
>900 nm is not fully absorbed by Si before reaching the rear contact and thus the optical reflection
at the rear contact contributes greatly to enhancing the infrared response. The choice of Cu, Ag
and Au results in almost the same Jsc and infrared response, as the reflectivity of these metals
exceeds 95% for >900 nm (23). On the other hand, we find that the WF of the capping metal plays
a decisive role in the Vo which is a measure of both the passivation capability and the hole
selectivity (24). Here, WF values were obtained from Ref. (25) with the exception of Ag for which
the reported WF of ~4.2 eV is too low to explain the tendency. In fact, it deviates substantially in
various reports and depends on the crystallographic orientation (26,27) and the oxygen adsorption
(28)/incorporation (29). If we took the WF of Ag as ~4.7 eV from Ref. (28-30), a critical WF is
found at 4.3-4.6 eV below which an abrupt decrease in Vo occurs. On the other hand, relatively
high V. can be obtained regardless of the capping metal if WF> 4.6 eV. The fill factor (FF) is less
dependent on the choice of the capping metal, except for Ti, Cu and Ag, which will be discussed
below. Overall, the efficiency is predominantly determined by V... The highest efficiency is

obtained for Ag due to the superior FF among the capping metals investigated.



Figure 2f shows a cross-sectional high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) image of the p-Si solar cell with a TiOx/Ag rear contact.
The corresponding elemental maps and line scans analyzed by the energy-dispersive x-ray
spectroscopy (EDX) are shown in Figures 2g and 2h. An abrupt TiO/Ag interface is identified
without any detectable Ag penetration to the Si surface, indicating that the charge carrier transport
takes place through the semiconducting TiOx layer. A ~1.5 nm-thick spontaneous intermixing
layer consisting of Ti, O and Si atoms is created at the Si/TiOx interface similar to previous work
(17). An enhanced hydrogen incorporation was observed in this intermixing layer particularly after
hydrogen plasma treatment (HPT) and the subsequent annealing, by which the surface passivation
and hole selectivity were effectively improved (17). The hole selectivity of our TiOx has been also
associated with the specific chemical composition in the intermixing layer (17). Here, we clarify
that the capping metal plays an additional important role in this unique functionality of the TiOx

as a hole-selective passivating contact.
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Figure 2. (a)-(d) J-V parameters of p-Si (green circles) and n-Si (cyan triangles) solar cells with
various metals (Al, Ti, Cu, Ag, Au, Ni and Pt). The WF of Ag referred to Ref. (28-30) while those
of the rest of metals referred to Ref (25). (¢) EQE spectra of solar cells with different metals (Al
Ti, Cu, Ag, Au, Ni and Pt) on top of the TiOx layer at the rear of p-Si solar cells. (f) HAADF-
STEM cross-sectional image of p-Si solar cell that has a TiOx/Ag rear contact. (g) EDX elemental
maps and (h) line scans of Ti, O, Si and Ag. Note that the width of EDX maps was reduced to 25%
for presentation.



To elucidate the origin of the dependence of V.. on the WF of metal, we applied
photoluminescence (PL) imaging to the working devices. High PL intensity originates from the
radiative recombination of photogenerated electron-hole pairs in Si absorber, which decreases
when the rate of the non-radiative recombination dominates via bulk or surface defects. In Figure
3, the PL image and its intensity strongly depend on what metal is deposited on top of the TiOx
layer. By using a quasi-steady-state photo-conductance (QSSPC) technique (31), we confirmed
high effective minority carrier lifetime (ter >2 ms for p-Si and >5 ms for #-Si at an injection level
of 10! ¢m™) and high implied open-circuit voltage (iVoc>0.715 V for both p-Si and #-Si) for all
samples prior to metal capping. Thus, the passivation of Si rear surface is altered by the capping
metal. Almost no PL signal is observed for Al and Ti contacted cells, indicating that lifetime of
excess photogenerated carrier is markedly lowered when applying low-WF (<4.3 eV) metals. In
particular, by looking at the PL images for the #n-Si solar cells for which the rear metal contacts
are patterned, it is clear that the PL intensity is lowered only for the metallized area. This provides
evidence that metal-induced degradation in the passivation occurs. By comparing these PL images
with the J-V parameters shown in Figure 2, we conclude that V. is dominated by the level of rear
surface passivation and it is significantly impacted by the WF of the capping metal. Meanwhile,
brighter PL images can be seen for the solar cells with high-WF (>4.6 eV) metals. In particular,
PL intensities for Ag, Cu and Au are higher than for Ni and Pt because the luminescent emission
is enhanced by light reflection at the rear metal layer. A slightly lower PL intensity for Au than for
Ag and Cu is possibly attributed to the different deposition method used (i.e., electron-beam
evaporation for Au and sputtering for Ag and Cu). Although it is a minor effect in this study, the
radiation damage in Si caused by heat and/or high-energy photons/reflected electrons during the

electron-beam evaporation is a plausible explanation for the slightly lower Vo for Au, Ni and Pt



than for Ag and Cu, as shown in Figure 2(b). Nevertheless, this effect is negligible when comparing
the effect of WFs for Al and Au, as the electron-beam energy needed for Al evaporation is lower
than for Au. It should be added that the Ag formation by other thermal evaporation method results
in the similar passivation performance (e.g., Voc) with the cell by sputtered Ag. However, we find
that FF depends slightly on metallization method (sputtering vs. evaporation) and condition (e.g.,
sputtering power). The optimization of the metallization method and condition is a technical issue

to be addressed for further improvement.
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Figure 3. PL images of the p-Si (upper row) and n-Si (lower row) solar cells with different metals
(Al, Ti, Cu, Ag, Au, Ni and Pt) deposited on top of the TiOx layer at the rear of solar cells.
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To gain insight into the mechanism behind TiOx passivation and its dependence on the WF
of the capping metal, we performed conductance-voltage (G-V) measurements on the n-
Si/TiOx/metal stack with thermally evaporated Al and Au. We chose G-V instead of capacitance-
voltage measurement (16) since the conductive nature of the nanolayer dielectric prevented
meaningful capacitances from being measured in this structure. This is expected when the metal-
insulator-semiconductor is built to function as a highly conductive contact. Example capacitance
measurements are included in Supporting Information Figure Sla. We complemented the G-V

measurements by conducting Kelvin Probe measurements of contact potential difference (CPD) in
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the n-Si/TiOx structure prior to metal deposition. The resulting G-V characteristics are illustrated
in Figure 4a. The level of conductance observed (>mS) originates both from interface states and
charge carriers injected across the TiOx layer. The conductance signal arising from interface states
is due to the capture and emission of carriers at the surface, which is a function of the surface
carrier concentration, and has typical values in the range of 1-100 pS. The large observed
conductance is hence primarily given by the transport of charge carriers across the TiOx rather than
inter-band transitions, and thus it is not possible to apply Nicollian and Goetzerber method (32) to
elucidate the concentration of interface states. Here instead we have modelled the interface carrier
concentration as a function of (i) an assumed interface state density function and capture cross
sections, (ii) a concentration of fixed interface charge (Qr) inferred from CPD measurements of
the n-Si/TiOy interfaces, and (iii) the value of WF expected for each metal. For this we have
followed the modelling procedure and adapted the parameters reported in Ref. (32-34). Figure 4a
shows the presence of an onset of conductance across the TiOx layer, labelled by the shadowed
region, occurring for more positive voltages. In the dark, maximum conductance only occurs when
the surface becomes electron rich since this is #-Si, which occurs under the positive applied voltage.
We have therefore used the value of gate voltage at which the onset of conductivity occurs as an
indication of the condition for flat band in the structure. Figure 4a bottom shows the absolute value
of charge concentration at the surface, when fitted to the onset of conductivity chosen here at 2
mS. The fitting values of WF and Qr used to model such curves are included in the plot. These
calculations indicate that the TiOx layer presents a large concentration of negative charge whether
Al or Au are deposited as top contact, which is in agreement with our previous work (16). We have
confirmed the presence of negative charge using CPD measurements in a Kelvin Probe instrument

as presented in Figure 4b. CPD is a measure of the surface potential on the structure referred to
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the local ground electrode in the instrument. Surface potential includes the effects of
semiconductor doping, surface space charge regions, and any charge either at interfaces or on the
surface of dielectric coatings (36). CPD can be measured both in the dark and under illumination,
and the surface photovoltage calculated as the CPDgark — CPDiignt, which shows a positive value
for the TiOx samples in this work. Positive surface photovoltage was inherently observed in our
TiOx samples for all steps of the processing (Supporting Information: Figure S2). This indicates
the presence of negative charge of at least 10'? q cm inside the dielectric nanolayer, comparable
to that observed in Si/AlOs (Supporting Information: Figure S1b) or super acid passivation
schemes (37), and only possible for negatively charged dielectric films following the models
reported in Ref. (36, 38-40). It is also evident that metals with larger WF such as Au produce a
larger amount of hole accumulation at the surface, thus requiring a larger gate voltage to achieve
the flat band regime in n-Si. For Au, flat band is achieved for gate voltages in the order of 0.9 V.
In contrast, the flat band onset occurs at a gate voltage of 0.3 V for an equivalent sample with an
Al metal contact. In absence of any applied voltage, such Al metal gate reduces the field effect
mechanism provided by the negatively charged TiOy, reducing the hole concentration and leading

to higher recombination from the higher presence of electrons at the surface.
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Figure 4. (a) Conductance-voltage measurements of metal-Si-TiOx-Al and metal-Si-TiOx-Au
structures, using planar (100) 2 Qcm #-Si, and including modelled dependence of the surface
charge concentration as a function of the metal and internal dielectric-Si interface charge. (b)
Contact potential difference measurements using Kelvin Probe, indicating a positive value of
surface photovoltage (CPDdak-CPDiight) in correspondence to a negatively charged dielectric
nanolayer.

From the PL, G-V, and CPD measurements, we conclude that the field-effect passivation
is a major mechanism at the Si/TiOx interface due to the presence of the high concentration of
negative fixed charge. Such negative fixed charge induces carrier accumulation or inversion at the
Si/TiOx interface for p-Si and n-Si, respectively. The presence of the fixed charge hence provided
both functions of field-effect passivation and hole selectivity. From our experimental results, such
carrier profile can be preserved if the WF of the capping metal is higher than >4.6 eV.

Next, we studied the device performance of p- and n-Si solar cells featuring TiOx/Ag
bilayer rear contact which showed the highest efficiency among the solar cells investigated. The
results of the best performing p- and #-Si solar cells are summarized in Table 1. For comparison,
the results of solar cells that have SHJ rear structure (i.e., i-p a-Si:H hole contact) with and without
an ITO interlayer between p a-Si:H and Ag layers are included. Furthermore, those without any
passivating hole contact at the rear (i.e., direct metallization on Si rear surface) are also included
to exemplify the extreme recombination case. In both the p- and n-Si solar cells, the TiOx/Ag
contact shows as good performance as the conventional SHJ hole contact with an ITO interlayer.
They outperform the SHJ hole contact that has no ITO interlayer, offering an opportunity for this
new TiO/Ag contact to act as an ITO-free rear contact in SHJ solar cells (41). EQE spectra show
the greater infrared response for TiOx/Ag compared to the SHJ hole contact especially for that with

an ITO interlayer, as shown in Figures 5a and 5b. This demonstrates that TiOx/Ag bilayer provides

a superior optical reflector compared to ITO/Ag. A slightly lower FF is found for n-Si than for p-
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Si, regardless of the hole contact structure, and is attributed to our unoptimized rear junction device
design. Meanwhile, the solar cell without a passivating hole contact results in very poor
performance. In such devices, it is noteworthy that the solar cell performance reductions depend
largely on the Si polarity, i.e., decreasing Jsc for p-Si but deceasing Vo and FF for n-Si. EQE
spectrum of the p-Si solar cell shows markedly low response for wavelengths >900 nm. As solar
cell is a minority carrier device and the minority carriers generated in the absorber are collected
by the emitter, the solar cell performance is influenced differently by the rear surface
recombination depending on the emitter position (front or rear). In p-Si, minority carrier electrons
are collected by the front emitter (i-n a-Si:H) in our device configuration. If the rear surface is
strongly recombination active without a back surface field, the rear surface recombination prevents
electrons from diffusing towards the front emitter, explaining the decrease in the long wavelength
response. In n-Si, on the other hand, minority carrier holes are collected by the rear emitter (TiOx)
in our device configuration. Even if the rear surface is unpassivated, the rear surface recombination
does not inhibit hole diffusion towards the rear emitter. Thus, Jsc and the long wavelength response
are not decreased much. However, due to the lack of the induced junction formation (band
bending) in n-Si, Vo and FF are markedly low. These results manifest the important role of well-

designed carrier-selective passivating contacts in maximizing Si solar cell performance.
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Table 1. J-V parameters of p-Si and n-Si solar cells with different hole contact structures.

Hole Capping Device Jse Voc Eff.
Absorber contact layer # (mA cm?) (mV) FF (%)
TiO« Ag A 38.4 686  0.772 20.3
a-Si:Hi-p  ITO/Ag B 38.4 697  0.772 20.7
p-Si
a-Si:H i-p Ag C 38.2 683  0.740 19.3
- Ag D 353 574 0.791 16.0
TiO« Ag E 38.4 693  0.722 19.2
a-Si:Hi-p  ITO/Ag F 37.7 708  0.742 19.8
n-Si
a-Si:H i-p Ag G 37.9 694  0.716 18.8
- Ag H 37.0 127  0.427 2.0
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Figure 5. EQE spectra in the infrared wavelengths (900-1200 nm) of (a) p-Si and (b) n-Si solar
cells with different hole contacts (blue: TiOx/Ag, dark red: i-p a-Si:H/ITO/Ag, pink: i-p a-Si:H/Ag,
black broken: Ag).

Overall, these results demonstrate that TiOx functions as an efficient hole-selective

passivating rear contact, as high performing as an i-p a-Si:H stack. Nevertheless, the efficiencies
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attained in this work are still at around 20% which is primary limited by the lower Jsc (~38 mA
cm2) compared with that of the conventional PERC cells (41-42 mA c¢m) (2). The lower J in
our devices can be mainly attributed to the parasitic absorption loss caused by both the unoptimized
i-n a-Si:H contact layers and the transparent conductive oxide (TCO) electrode at the front. A fine
tuning of the thicknesses of i-n a-Si:H layers results in marginal gains in Jsc and efficiency (e.g.,
J5c=38.8 mA cm?, efficiency=20.1% for n-Si). Thus, it is expected that much higher efficiency can
be achieved by applying TiOx/Ag bilayer to the PERC structure where neither a-Si:H nor TCO
layer is used. Replacing the typical AlOx/SiNx/Al layers stack employed in PERC architecture with
the TiOx/metal bilayer offers several advantages: First, it is possible to eliminate Si-metal contact
completely at the rear, which can essentially improve the rear surface passivation. Second,
TiOx/metal bilayer can be deposited entire area of the rear surface instead of the point contact
design, which can reduce the process complexity. From an electrical point of view, an ideal one-
dimensional hole transport is realized from Si absorber to the rear electrode through the TiOy layer,
instead of the two-dimensional transport towards the Si/metal point contact, which can decrease
the electrical path length and thus the series resistance. Finally, the use of Ag and Cu rear electrode
instead of Al increases the optical reflectivity at the rear, which can improve the infrared response.

Nevertheless, there still remain several challenges in industrial application of the
TiOx/metal bilayer. The use of Ag is not economically favourable and should be replaced with the
cheaper metal. However, the minimum required thickness of Ag should be thinner than 50 nm and
the metal layer can be thickened by depositing different metal such as Al over the Ag layer.
Replacing the Ag by Cu is another option. Currently, however, we have seen that the use of Cu
results in lower FF as shown in Figure 2(c). We found that post annealing after Cu sputtering

decreases FF substantially. In fact, an initial efficiency of 19% was attained which is as high as
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the case of Ag in the initial state (Supporting Information: Figure S3). Although no notable
difference is found in STEM and EDX analysis on TiOx/Cu interface (Supporting Information:
Figure S4) in comparison with that on TiOx/Ag interface, it is speculated that some chemical
reaction occurs at the TiOx/Cu interface during the annealing. A similar annealing-induced FF
degradation was observed in TiOx/Ti contact for n-Si. The origin of these degradation phenomena
remains unclear and needs further investigation. Another challenge is that the high temperature
thermal budget would influence the passivation properties of the Si/TiOy interface, as the process
temperature used in this study (<300 °C) is much lower than that used in PERC solar cell
production which generally involves high temperature firing process during metallization.
Although this temperature issue has not been examined in this study so far, the new process flow
in which a high-temperature process used for the front followed by low-temperature process for
the rear would be a possible solution.

Finally, we address the possibility of the TiOx for multijunction device applications.
Replacing the capping metal with the TCO layers such as ITO provides the transparent hole-
selective passivating contact. Fortunately, the WFs of these conductive metal oxide materials are
as high as Ag. In fact, the solar cell featuring TiOx/ITO front contact works with >21% efficiency
(17). This offers the opportunity of combining the low-cost Si solar cells such as PERC with the
perovskite solar cells via the transparent passivating contact between the top and bottom cells. The

research is ongoing and will be presented in the near future.

3. Conclusions

We have demonstrated that the TiOx/metal bilayer applied at the rear of Si solar cell

performs as efficient hole-selective passivating contact as i-p a-Si:H layer stack. We found that the
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high-WF (>4.6 e¢V) of the capping metal is one of the keys in attaining the carrier accumulation
and inversion in the p- and n-Si absorbers, respectively, providing multiple functions including
field-effective passivation, hole selectivity and optical reflector. This all-in-one function of the
TiOx allows full area rear passivating contact. The results obtained in this work offer the
opportunity of replacing the conventional point contact design with dielectric interlayers (e.g.,
AlO3/SiNy) which is most widely used in the Si solar cell industries. The technique developed

here would also enable the integration such commercial Si cell architecture into tandem solar cells.

4. Experimental Section
ALD and HPT processes for TiOx layers:

TiOx layers were deposited by an ALD system (FlexAL, Oxford Instruments) at a substrate
heater temperature of 260 °C using titanium tetraisopropoxide (TTIP) and H>O vapor as source
gases (17). By repeating ALD cycle for 128 times, ~5 nm-thick TiOx layer was deposited. The
layer thickness was characterized by in situ spectroscopic ellipsometry (J.A. Woollam). Then,
samples were subjected to an HPT by using a remote inductively-coupled plasma (17). To shorten
the HPT time, a DC bias voltage (~30 V) was applied to the substrate by using another rf excitation

source.

Solar cell fabrication:

In this study, n- and p-type crystalline Si wafers (float zone, 2-3 Qcm, (100) orientation,
280 um thick) were used. The front-texture and rear-planar structure was prepared by the following
process step. Firstly, a SiNy layer was deposited on the single side of the Si wafer by plasma-
enhanced chemical vapor deposition (PECVD). This SiNx served as a protection layer during the

following etching process. Then, random pyramidal textures were formed on the uncoated front
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side by wet-chemical etching in a KOH-based solution (Hayashi Pure Chemical, Pure Tech). The
SiNx layer was stripped by immersing the wafer in a diluted HF solution.

The single-side-textured wafers were cleaned in our standard cleaning processes (42).
Undoped (i-type) and phosphorous-doped (n-type) a-Si:H layers were deposited on the front
textured side of the Si wafers by PECVD (42). TiOx layer was deposited by ALD on the rear planar
side of the Si wafers. As a reference, a standard SHJ solar cell was prepared by depositing i-type
and boron-doped (p-type) a-Si:H layers on the rear instead of TiOx layer. After that, the rear surface
was entirely metallized by magnetron sputtering or electron beam evaporation, which was
described in detail in the main text. For textured side, ITO layers (~70 nm) were formed by a DC
magnetron sputtering and then annealed at 180 °C under a low vacuum (17). Finally, Ag-grid

electrodes were sputtered on top of the ITO layers.

Characterization:

The 1er and 1V, of solar cells before metallization were measured using a QSSPC setup (Sinton
Instruments, WCT-120). After metallization, the J-V parameters of solar cells were measured at
25 °C under illumination (air mass 1.5 global, 100 mW cm) using a dual-light source WACOM
sun simulator. The illumination area (1.045 cm?) was defined by using a black shading mask whose
aperture area was slightly smaller than that of the electrode on the emitter side. EQE spectra were
measured with a Bunkou-Keiki CEP-97 setup under a modulated monochromatic light
illumination superimposed on a DC white bias light. As the illumination area of the EQE
measurement is larger than the cell area, the black shading mask was used same as the J-V
measurement. The PL measurement was carried out in an ITES PVX1000+POPLI-A system. The

samples were homogeneously illuminated by an excitation laser with a wavelength of 850 nm
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through a beam expander and a PL signal was recorded in a Si charge coupled device (CCD)
camera with a cut-on wavelength of 990 nm. STEM and EDX measurements were performed at
JFE streel Inc. Japan. Cross-sections of the samples were prepared by a focused ion beam milling
technique and observed by STEM equipped with a HAADF detector combined with EDX
spectroscopy at an acceleration voltage of 200 kV (JEOL JEM-ARM?200F). To avoid the electron-
beam induced degradation of the samples, the EDX scanning was done under the minimum
irradiation condition. G-V measurements were carried out using a Keysight E4980A precision
LCR Meter at a frequency of 1 kHz. The top contact was made by thermally evaporated Al or Au
(~100 nm) through a metal mask. The back contact was created by evaporating a blanket Al layer
directly onto the n-Si substrate using thermal evaporation. Kelvin Probe (KP) measurements were
conducted in a Scanning KP020 instruments by KP Technologies, and were used to acquire the
CPD of the samples without metallization and both in the dark, or under halogen lamp illumination

with an intensity ~50 mW cm™ at the sample’s surface.
y p

Supporting information

Capacitance-voltage measurements for various test frequencies for metal/n-Si/TiOx/metal
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measurements at all stages of TiOx processing; J-V parameters of p- and n-Si solar cells featuring
a TiOx/Cu rear contact; HAADF-STEM cross-sectional image and EDX analysis of a p-Si solar

cell that has a TiO«/Cu rear contact.
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