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Abstract

Metal oxide protection layers for photoanodes may enable the development of large-scale solar
fuel and solar chemical synthesis, but the poor photovoltages often reported to date will severely
limit their performance. Here we report a novel observation of photovoltage loss associated with
a charge extraction barrier imposed by the protection layer, and by eliminating it, achieve
photovoltages as high as 630 mV, the maximum reported to date for water-splitting silicon
photoanodes. The loss mechanism is systematically probed in MIS Schottky junction cells
compared to buried junction p*n cells, revealing the need to maintain a characteristic hole density
at the semiconductor/insulator interface. A leaky capacitor model related to dielectric properties
of the protective oxide explains this loss, achieving excellent agreement with the data. From these
findings, we extract design principles for simultaneous optimization of built-in field, interface
quality, and charge extraction to maximize the photovoltage of insulator-protected water splitting

devices.

Introduction
Splitting water into hydrogen and oxygen is a key component of clean fuel and chemical synthesis
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from solar energy. Water splitting using a photoelectrochemical junction was first demonstrated
by Fujishima and Honda in 1972, and has since progressed significantly'’. Metal-insulator-
semiconductor (MIS) technology, a key materials driver of the information age®, and the even
simpler semiconductor-liquid junction are promising candidates for these applications, but the best
materials have suffered from a lack of simultaneous efficiency and stability. In 2011, Chen et al.
first used ultrathin (1-2 nm) ALD-TiO; to protect silicon anodes where conduction was limited by
carrier tunnelling®. In 2013, Scheuermann et al. studied amorphous, as-deposited ALD-TiO films
up to 12 nm in thickness, finding bulk-limited conduction with a modest Ohmic loss, ~21 mV/nm
of extra oxide, for p*Si anodes oxidizing water in the dark®. A hole conduction model was
proposed involving tunnelling through the ultrathin SiO» and hopping via traps in the TiO>. More
recently, Hu et al.}* fabricated ALD-TiO, protected devices with similar conditions to those
employed previously®!° coated with a nickel catalyst. They investigated thicker TiO2, including
films > 100 nm, and observed a photocurrent onset voltage during water oxidation that was
essentially TiO2 thickness-independent!!. If the conduction mechanism is the same, as was
proposed by Hu, the hole conductivity must be at least 4 orders of magnitude higher than in
reference 10. The same group has also recently used ~ 1 nm ALD-TiO; to protect CdTe!? and

BiVO4!.

Despite enhanced TiO2 conductivity, the silicon photovoltages achieved in those works!!*® are
~400 mV or less, far below the theoretical maximum for silicon photovoltaics of 700-800 mV**,
the 740 mV record achieved with HIT (heterojunction with intrinsic layer) cells®®, or the highest
MIS-water oxidation photovoltage of 550 mV?®. Silicon is considered to be nearly ideal for the

bottom-cell of a tandem device combined with a large band-gap (~1.8 eV) top cell'®. However,



the silicon must provide >600 mV of photovoltage to be viable. Even with a perfect fill factor, the
silicon photovoltages reported to date using highly-conductive TiO2!! fall far short. Additionally,
it remains unclear if the reported influence of nickel coatings is generally applicable to ensuring

high hole conductivity in TiO.

There is a need, therefore, to understand fundamental aspects of leaky protection layers as they
pertain both to photovoltage and conductivity for the ultimate optimization of cell efficiency.
Herein, we show why relatively insulating (capacitive), as distinct from highly conductive, oxide
protection layers promote higher photovoltages, and present what we believe is the first report on
insulator protection-layer thickness scaling on photovoltage. Based on the use of a buried p™n
silicon structure we demonstrate that the insulator thickness dependence of the photovoltage is
removed and accomplish the highest photovoltage for a water oxidation silicon photoanode
reported to date ~630 mV making the TiO2 protected silicon cell viable for a tandem device.
Finally, we show how these observations suggest general design principles for maximizing

photovoltage in any insulator-protected architecture.

Results

Photovoltage loss in ALD-TiO2 protected nSi MIS photoanodes

Three junction-types have been examined to date for water-splitting photoanodes: a)
semiconductor-liquid junctions (SL, herein referred to as Type 0) requiring a stable
semiconducting metal-oxide in contact with water; b) Schottky junctions either with a direct metal
contact to the semiconductor!’'® or with an interposed protective metal-oxide layer forming a

metal-insulator-semiconductor (MIS or Type 1) structure®**; and c) buried pn junctions (Type 2),



which likewise may!! or may not!® incorporate additional protective oxides. The fabrication
complexity increases, in general, from Type 0 to 1 to 2 and as this report details, the extraction
barrier induced by protection layers can be made to decrease accordingly for each type for the

same insulator layers.
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Figure 1 | Three junction types showing the extraction barrier imposed by the protection
layer illustrated with silicon water-oxidation photoanodes. Three types of photoanode
junctions have been employed in the literature, the Type 0 Semiconductor-Liquid (SL), Type |
MIS Schottky, and Type Il MIS p*n junction. Here, each junction configuration is shown for a
silicon cell protected by TiO»2. The insulators introduce a series resistance, which when located
inside the junction constitutes an extraction barrier. Therefore, the density of holes at the interface
and the density of states of the contact play a key role. In Type 0 cells, holes will be accumulated

at the semiconductor/insulator interface during current flow, and charge transfer may still be



significantly limited due to a low density of states in the contact. Such a situation may arise from
using electrolytes as well as non-metallic catalysts as the hole conduction mediator. In Type 1
cells, moderate hole accumulation is sufficient to efficiently extract minority carriers, but the
photovoltage suffers a linear loss to accumulate those holes. In Type 2 cells, the p* region ensures
a high hole concentration at the interface that is independent of illumination and bias resulting in
no barrier to hole extraction. As a result, these cells exhibit no dependence of inferred photovoltage
on the insulator thickness and accomplish record photovoltages at all oxide thicknesses and pH

values studied.

Beginning in the 1970’s, Green and coworkers discussed the utility of an inversion layer in so-
called Conductor-Insulator-Semiconductor (CIS) solar cells (similar to the MIS structures
discussed here) where an ultrathin insulator provides ideal passivation while being thin enough to
allow unimpeded tunnel conduction®®?,  Maintaining a high charge density at the
semiconductor/oxide interface is desirable for all CIS cells: electrolyte-gated EIS cells (Type 0),
metal-gated MIS cells (Type 1 and Type 2), and for semiconductor-gated cells (SIS) in which a
degenerate semiconductor acts as the contact, as would be the case for a highly conductive (e.g.
defect doped) TiO2-nSi junction. The photovoltage produced by such junctions is controlled by
the built-in voltage, which is calculated as the difference between the gate work function (whether
electrolyte, metal, or degenerate semiconductor) and the work function of the base semiconductor
modified by the presence of charges and interface fields?3. The inversion layer’s function in these
cells was to screen states at the oxide/silicon interface?® as well as facilitating minority carrier
transport across the insulator. Green and colleagues specifically used minimally defective

insulators of 1 to 3 nm, providing both near ideal surface passivation and narrow tunnel barriers?-



24 In the present context, however, leaky insulators of much greater thickness are of interest as

protection layers®, motivating further study.

The original report of Type-1 nSi ALD-TiO> protection achieved good photovoltage with a tunnel
oxide MIS®. The more recent reports with highly conductive TiO2 may describe SIS junctions
incorporating a Ni OER (oxidation evolution reaction) catalyst, the degenerate (defective) TiO2,
and an interfacial SiOx!'. Prior literature shows that large insulator trap densities can reduce MIS
solar cell efficiency®. McDowell et al. have recently reported on highly conductive TiO2 deposited
by various methods with photovoltages between 150 and 350 mV?’. They suggest that an nSi-
TiO2 SIS junction is formed, rather than a catalyst/oxide/silicon MIS junction. A highly conductive
TiO2 layer would screen the influence of the Ni catalyst workfunction!!, preventing it from setting
the photovoltage. The workfunction of degenerate n-type TiO2 will lie near the TiO> conduction
band and is therefore unlikely to form a high photovoltage junction with nSi. Recent work by Mei
et al.?® also shows that a Ti metal layer between the TiO2 and Si creates a highly conductive
structure, perhaps by utilizing conduction band states directly, but the disadvantage to Type 1
voltage is the same, if not worse. Further, the Ti/Si interface is not stable, requiring precise high

temperature annealing to avoid a resistive silicide>°,

In an effort to achieve good voltage and stability, a series of nSi photoanodes (Type 1) were
fabricated with the 1Ir/ALD-TiO2/SiO./Si layer sequence, independently varying the somewhat
resistive TiO2 and tunnel oxide SiO> independently. Iridium is chosen as the catalyst providing
low water oxidation overpotential, stability at all pH, a high work function for optimal built-in

voltage, and high density of states for optimal charge transport. Previous work®!! has



demonstrated that numerous other OER catalysts also exhibit advantageous work functions and
high density of states for this Type 1 cell’®. The photovoltage, herein defined as the difference
between the overpotential to drive 1 mA/cm? through the illuminated nSi photoanode and dark
p*Si anode®, is represented by the yellow, two-sided arrow in Figure 2-a. The thinnest as-
deposited TiO> coatings yield photovoltages of 500-550 mV (Fig. 2-b). This value is between 150
and 400 mV higher than reported for highly-conductive TiO, protection layers on nSitt 27,
However, the inferred photovoltage decreases with increasing TiO> thickness to the point where
it becomes negative (Fig. 2-c). By referencing the nSi (light) to the p*Si (dark) overpotential for
the same TiO: thickness, the oxide series resistance is removed, emphasizing that this component

of the photovoltage loss is not due solely to Ohmic loss in the oxide.
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Figure 2 | Photovoltage loss in ALD-TiO2 protected nSi MIS anodes. a — Water oxidation

overpotential at 1 mA/cm? current density i.e. the potential w.r.t. to the thermodynamic potential
E%(H20/0>) at a pH of 14, 7, and 0 respectively. Device results are plotted as a function of TiO:

thickness in Ir/TiO2/SiO2/p*Si anodes in the dark compared to Ir/TiO2/SiO2/nSi photoanodes



under 1 sun illumination. The trends converge showing a decreasing photovoltage that starts, b,
at a value > 500 mV and ends, c, with negative apparent photovoltages. Side panels are both for

water oxidation in pH = 0 acid solution.

This thickness-dependent photovoltage loss is on order three times higher than the Ohmic loss in
the reference p*Si structure. To better understand this loss insulator fixed charge and Shockley-
Read-Hall (SRH) recombination were investigated, two common factors affecting voltage. For
fixed charge, a set of matching p-type MIS capacitors were fabricated (see supplementary Figure
S1). Bulk positive or negative insulator charge can be observed as a parabolic shift of the flat
band voltage (Vrg) with insulator thickness in either p-type or n-type silicon in capacitance-
voltage (CV) analysis. When probing TiO2, p-type silicon is the better candidate as lower
leakage gives a more robust Vs analysis. Figure S1 shows reasonable VVrg with no oxide
thickness dependence, suggesting that fixed insulator charge is negligible and unchanging.
Additionally, p*Si anodes were measured electrochemically in dark and light to detect any light-

induced charging. As shown (S2), no charging under illumination is observed.

To investigate SRH recombination, the reverse dark current was measured. An increase in the
density of recombination-generation (R-G) centers will increase the rate of thermal generation of
minority carriers increasing reverse saturation current, lo. The measured reverse dark currents do
not correlate with the low photovoltage devices, however. Rather, lo decreases with insulator
thickness showing Ohmic behaviour with decreasing hole conductivity (Supplementary S3).
Thus, neither of these factors, fixed charge in the oxide nor an increasing density of SRH

recombination centers, is consistent with the observed decreasing photovoltage with increasing



oxide thickness.

Photovoltage loss also observed with interlayer SiO2

Different SiO; interlayer thicknesses were also probed for photovoltage-dependence using slot-
plane-antenna (SPA) plasma oxidation previously shown to give high quality tunnel oxide layers
with precise thickness control®234, Figure 3 shows the photovoltage-dependence with SiO;
thickness both with and without ALD-TiO>. In both cases, the photovoltage decreases with

oxide thickness.
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Figure 3 | Photovoltage loss observed with increasing thickness of the SiO2 interlayer with
and without TiO2. The photovoltage decreases with thickness of the SiO» both with protective
TiO2 (blue) and without (orange). Anodes with less than 2 nm of SiO2 and no protective TiO>
(hollow orange markers) are highly unstable and the results are subject to error. It is possible that
these devices have already degraded leading to an underestimation of the photovoltage loss with
respect to thickness for Ir/SiO2/nSi photoanodes (see Fig. S4). In all cases, the photovoltage
decreases rapidly with SiO; interlayer thickness and, similar to the TiO2 case, with a linear

dependence on thickness, although the slope is much greater.



Simple metal / SiO2 / Si devices also exhibit decreasing photovoltage with increasing oxide
thickness. The ALD-TiO> used in this study is less resistive than the tunnel oxide SiO2, but
more resistive than the TiO2 reported in reference 11. The fact that adding a second insulator
(Ti0O2) inside the junction increases the photovoltage loss at an equivalent SiO> thickness
suggests the source of the photovoltage loss: a charge extraction barrier where greater voltage is
required at greater oxide thicknesses to extract the same current from the device. This effect
should be independent of any catalyst with a similar density of states, indicating that this loss is
of general concern for MIS Type 1 photoelectrodes both those with and without additional

protection layers.

Such a charge extraction barrier also relates to the observation that Type 0 liquid-junction cells
capped with thicker oxides, where the charge must move into the electrolyte directly (as shown
in Figure 1), also exhibit very low photovoltage. Type 0 TiO2/SiO2/nSi and SiO2/nSi
photoelectrochemical cells with a high work function electrolyte, ferri/ferrocyanide, exhibit
essentially no photovoltage (Supplementary Fig. S5). The effect of decreasing photovoltage with
electrical impedance within the junction is thus applicable to Type 0 and Type 1 cells alike with

an increased penalty for a low density of states contact as in the Type 0 case.

Capacitor Model for Voltage Loss and Record Photovoltages with p*n Buried Junctions
Previous work on MIS photovoltaics showed that inversion layer n-type MIS junctions could
perform as well as p*n buried junctions principally due to surface state screening®®-2?°. In that

work, the insulator was believed to promote ideal Schottky behaviour, which required only very
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thin insulating layers with no benefit from thicker layers. To study this new regime where
thicker layers provide benefit for device stability, Sentaurus®® modelling software was used to
simulate band diagrams of Schottky (Type 1) and p*n (Type 2) photoanodes®’. The Type 1 cell
contains a surface inversion layer as result of the high workfunction catalyst, but the hole density
is less than in a Type 2 cell, and is more sensitive to illumination and current flow.
(Supplementary Fig. S6). The implanted p* region maintains high hole density on the interface,
and the deeper it is placed, the more the interface charge is unaffected by operating conditions.
However, if buried deeper than the minority carrier diffusion length (approximately 1 um3¢- for

degenerate boron-doping ~10%° cm) recombination will increase again.
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Figure 4 | Simulated band diagrams reveal differences between Type | Schottky junction
structures and Type 2 p*n buried junction structures. Band diagrams are simulated under 1
sun of AM 1.5G illumination and device operation at 1 mA/cm? for a, the Type 1 MIS Schottky
and b, the Type 2 buried junction case. Ec and Ev denote the conduction band and valence band.
Ern and Erp denote the quasi-electron and quasi-hole Fermi levels under illumination. The high
work function metal creates a thin inversion layer of holes in the Type 1 nSi structure reaching
3e17 cm™ at the interface, but it is insufficient to maintain a high hole density at the interface

regardless of operating conditions compared to a 5e19 cm™ implanted p* region. The optical
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generation is shown here in arbitrary units. Full details and the integrated photogeneration can

be found in Supplementary S7.

From this modelling, buried junction p*nSi substrates were prepared with a high implantation
dose ~5e19 cm=and junction depth below the 1 um minority carrier diffusion length. The depth
was characterized from an etched bevel and by SEM cross-section imaging, both methods
yielding approximately 450 nm (S8-S9). Equivalent insulator layers and catalyst metal were
deposited on these substrates, p*Si, and nSi to compare the photovoltage-dependence of Type 1
and Type 2 structures. Capacitance-voltage analysis was carried out on these devices and on
those in Figure 2, confirming that the nSi Type 1 structure does display an inversion layer at zero
applied bias (Supplemental Information S10). As in Fig. 2, a large photovoltage loss relative to
the p*Si sample was observed with increasing TiO> thickness for Type 1, but Type 2 showed no
loss relative to the p*Si sample. Furthermore, record photovoltages were achieved across the

thickness range studied.
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Figure 5 | Charge extraction photovoltage loss eliminated and record photovoltages achieved
with Type 2 p*n buried junction cells. Electrochemical performance of Ir / ALD-TiO2 / SiO2 /
Si anode in ferro/ferrocyanide for a, p*Si reference substrate b, nSi Type 1 MIS junction under 1
sun illumination and ¢, p*nSi Type 2 buried junction under 1 sun. A large, asymmetric loss
(asymmetric stretch out of the CV) is observed for Type 1 nSi MIS structures, compared to the
p*Si reference, that is eliminated in the Type 2 p*n Si structure. d, This translates to a near constant
photovoltage for Type 2 cells (m) compared to steep losses when increasing TiO2 (m) or SiO2 (m)
in the Type 1 cell. e, For water oxidation, the same effect is observed where the Type 2 p'nSi leads
to a constant overpotential shift with respect to the p*Si (dark) reference, corresponding to record
photovoltages of 550 mV to > 600 mV at all pH values. In the Type 1 nSi cell, the inferred
photovoltage goes from positive (]) 500 mV to negative (1) 200 mV. f, 4 nm TiO water oxidation
cyclic voltammetry showing ~ 100 mV photovoltage shift in the nSi MIS compared to ~ 600 mV

shift for the equivalent p*nSi MIS.
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Cyclic voltammetry data for ferri/ferrocyanide (FFC) redox clearly show large asymmetric losses
at positive potentials for the Type | nSi structure corresponding to the extraction barrier to holes
(Fig. 5-b versus to Fig. 5-a). The p*nSi series, alternatively, shows nearly identical
ferri/ferrocyanide peak shapes as shown by p*Si but shifted by large photovoltages that are
independent of protective insulator thickness. Figure 5-d shows the improvement obtained with
p'nSi compared to Type 1 nSi, eliminating the loss and achieving photovoltages of over 600 mV
versus both the ferri/ferrocyanide Nernstian cell potential and for water oxidation calculated as
the shift between the p*Si reference and photoanode at approximately zero current
(Supplementary S14). The highest value is 607 mV in FFC and 630 mV in pH 7 solution with 8
nm of TiO2. Similar values of 550 mV to >600 mV are achieved for all thicknesses and pH
(Supplementary Table S15). The previous record for silicon water oxidation was 550 mV set
with ultrathin TiO2 on nSi using a post-ALD forming gas anneal®. Other leading results for
stable MIS photoanodes include 410 mV with highly conductive TiO2 on nSi and 520 mV on
p*nSitt, 500 mV with Ni catalyst protecting nSit’, and 500 mV with Ir/IrOx or NiOx protection
of p*nSit®1% Another recent report using a p-type transparent oxide NiCo204 as the protection
layer with the valence band aligned for hole transport achieves a photovoltage shift at 1mA/cm?
of 506 mV vs the p*Si reference, modelling a theoretical open circuit voltage of ~650 mV from
the p*n junction.®® The record photovoltages obtained in this report using p*nSi junctions stand in
contrast to the negative apparent photovoltages for nSi MIS photoelectrolysis with protective

layers of identical thickness.

These findings support the hypothesis that a charge extraction barrier introduced by interposed
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insulators introduces the loss and that achieving a characteristic hole interface density for a given
current density at the silicon/insulator interface is required. This is a requirement of Gauss’ Law.
A given hole interface density in the semiconductor Qs; sets the surface field in the
semiconductor Es. This field in turn sets the field in the insulator Ei which controls the leakage
current through the insulator. Therefore, a given insulator leakage current density requires a
characteristic interface charge density:

Qsi = —€o&sEs = —&p&iE; (2)
Equation 2 holds true assuming negligible fixed charge at the interface where g is the
permittivity of free space, and &i and &s are the relative permitivities of the insulator and
semiconductor. If, in general Type 1 structures, the surface charge is insufficient to achieve the
needed photocurrent, a photovoltage penalty AV is incurred to increase the charge an amount AQ
for a given insulator thickness ti as given by equation (3) where A is the area:

AQ AQ

AV = — = t: 3
C  geA™" )

This predicted linear relationship between photovoltage loss and insulator thickness agrees with
our results. Further, the constant of proportionality depends on the dielectric properties of the
insulators. By considering a bilayer TiO2/SiO> structure, the model can be extended. Figure 5-d
shows the empirical scaling of the photovoltage-dependence for TiO2 and SiO: individually.
These trends intersect representing the same device and necessarily the same surface charge.
Taking the ratio of the partial derivatives about this shared point (Supplementary S16) yields

equation (4), where m denotes the slope of the photovoltage loss (dV/dt;):
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Equation (4) states that the ratio of the photovoltage losses for Type 1 junctions as a function of
TiO2 and SiO» thickness, mTio2 and msio2, respectively, is equal to the inverse ratio of the
insulators’ dielectric constants. For ferri/ferrocyanide redox, the bilayer photovoltage-
dependence w.r.t. SiOz is ~ 449 mV/nm and w.r.t. ALD-TiO2 is ~ 54 mV/nm. We assume
dielectric constants of 3.9* for SiO, and 32*? for TiO, as previously measured for similar
amorphous ALD-TiO>. Predictions of the capacitor model and the observed empirical
photovoltage scalings with TiO2 and SiO2 thickness are in excellent quantitative agreement

(Table I).

Table I. Photovoltage loss and inverse dielectric constant ratios for TiO2/SiO2 Type 1 anodes

System Photovoltage trend ratio Inverse dielectric constant ratio
1.5 nm TiO, / *x’ nm SiO, 49mV/nm _ o 32 o5
‘X’ nm TiOz / 1.3 nm SiO; S4mV /nm 3.9

These results indicate the necessity of maintaining high minority-carrier interface charge density
for efficient MIS operation with thicker protective insulators. This effect is not restricted to
silicon as the semiconductor, and should not only be generally applicable to various metal-
insulator-semiconductor systems, but also to electrolyte-insulator-semiconductor (EIS) and
semiconductor-insulator-semiconductor (S1S) systems whenever conduction through thicker
insulators is required. Consideration of these design principles allows one to understand the
surprising result that record photovoltages in Type 2 p*nSi structures and negative inferred
photovoltages in Type 1 nSi structures are observed for identical insulator layers and OER
catalyst.
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Conclusions

In this report we have observed and quantified the photovoltage loss associated with insulator
extraction barriers in MIS water-splitting cells based on n-type silicon, proposed a general model
to understand and predict these losses, and fabricated cells using a p™n silicon anode structure that
overcomes this loss realizing record photovoltages at all insulator thicknesses studied, with a
maximum of 630 mV. Understanding the protection layer’s relationship to built-in field, interface
quality, and charge extraction suggests a set of general design principles: 1 - Balance minimal
insulator losses with a high quality interface to ensure high built-in field and low
recombination. High interface trap densities approaching ~1%, or ~10'% cm states, may pin the
Fermi level®. Alternatively, degenerate doping of an insulator changes the device to an SIS
architecture, which can only achieve ideal built-in fields if the doped insulator maintains a high
work function. Less defective insulators can provide ideal surface passivation and allow the high
work function contact to set the field. For the nSi case, this report demonstrates photovoltages of
550 mV with an MIS, compared to ~400 mV photovoltage with highly conductive TiO,. 2 -
Minimize charge extraction barriers to insure high photovoltage during current operation.
This can be accomplished by (a) reducing the insulator resistance within the junction or by (b)
separating the insulator layers from the junction and keeping the interface charge density high
using a Type 2 p'n anode structure. Reducing insulator resistance must not compromise
chemical, electrical, and thermal stability or diminish voltage. Further study is needed for generic
and well-understood methods here. Keeping the interface charge density high promotes facile
extraction across insulators. A Type 2 junction depth of ~450 nm with 5e10'° cm™ hole
concentration was sufficient to recover all photovoltage lost by corresponding Type 1 cells. The

junction depth should not exceed the minority carrier diffusion length.
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Materials and Methods

Heavily boron-doped (100) p-type silicon wafers (p=0.001-0.002 Q-cm, thickness 505-545 um)
were used as conductive silicon substrates to study water oxidation in the dark. Moderately
phosphorous-doped (100) n-type silicon wafers (p=0.14-0.24 Q-cm, thickness 450 um) were used
for Type | MIS Schottky junction photoanodes. Buried junction devices were made with n-type
silicon wafers and were subjected to a standard clean using a Semitool Spray Acid: first the wafers
are subjected to ozone and DI water, then NH4OH (2000:1) is added to help remove particles and
organics, and lastly ozone, DI water, and HF (1150:1) are used to etch the chemical oxide and
regenerate the surface oxide also removing any metallic species. The implant is performed with a
4 x 10% cm? dose of boron at 15 keV. Following the implantation, the samples were annealed at
950°C for 40 minutes. The junction depth was characterized in two ways. First the surface was
bevelled at a known angle through the p* surface region and the nSi was stained allowing for an
optical measurement to determine the depth. This resulted in a calculated depth of 448 nm.
Secondly, the p* region was preferentially etched using a HNO3:HF solution and scanning electron
microscopy (SEM) was utilized to directly measure a junction depth of ~460 nm. ALD-TiO>
layers were deposited amorphous as deposited as detailed previously**. More details are also given
in the supplementary.

Devices for SiO> thickness experiments were fabricated by slot-plan antenna (SPA) plasma
oxidation. Before SiO> growth, prime grade Si (100) wafers were prepared using a three part clean:
10 minutes at 50°C in 5:1:1 H>0:H202:NH4OH to remove trace organics, 10 minutes at 50°C in
5:1:1 H20:H202:HCI to remove trace metal ions, and then 30 seconds in 2% HF to remove the

silicon dioxide layer. The SiO2 layer is regrown with precise thickness control using the slot plane
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antenna (SPA) method, which utilizes radical oxidation to grow ultrathin oxide layers with
reproducibility equal to or greater than that of thermal oxidation, and at significantly lower
temperatures, achieving 0.7 to 1.0 % thickness non-uniformity for films of 1.5 nm to 10 nm
thickness at temperatures as low as 400°C3234,

Device simulations were performed using Synopsys Sentaurus (Version 1-2013.12-
SP1). Default material properties, found within the software, were used for both silicon and
SiO2. Doping densities and junction depths were set to the material values reported in the main
body of the manuscript and supplementary for the silicon actually used. The material TiO2 is not
found within the Sentaurus default material database and therefore its material properties were
added manually. Moderate n type doping of 1 x 10*” cm™ was assumed. For the TiO2 band
structure we assumed an electron affinity of 4.2 eV* relative to vacuum and a bandgap of 3.2
eV*®, Optical constants for TiO2 were incorporated over the desired spectral range from previous
literature values*’. The default Sentaurus parameters were used for the Shockley-Read-Hall
lifetimes of 10 us and 3 ps for electrons and holes respectively. The front and back contact
metals were iridium and aluminum respectively again reflecting the actual devices fabricated in
this study. Modelling of the electrodes consisted of defining the work functions of each contact.
We assumed a work function of 5.1 eV and 4.1 eV for iridium and aluminum respectively based
on ranges for values of 5.0-5.67 eV and 4.06-4.26 reported in the literature*®. Surface
recombination velocities of 2.57 x 10° cm/s and 1.93 x 10° cm/s were assumed for electrons and
holes respectively at the iridium-TiO: interface. This interface is modeled using the Schottky
contact physics model built into Synopsys Sentaurus. For all materials we assume the presence
of both SRH and radiative recombination defined by the models present in the Synopsys

Sentaurus™ Device User Guide using the specified material properties listed above and those
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included as default parameters in Synopsys Sentaurus material database. Optical generation was
modelled using the Transfer Matrix Method (TMM) using a representative version of the
AM1.5G spectrum. Description of optical generation models used by Sentaurus can be found
within the Sentaurus™ Device User Guide.

Further details are given in the Supplementary Information.

Acknowledgements

We thank T. Carver for metal e-beam evaporation and all the members of the RENEW
collaboration—in addition to the authors: Martyn Pemble, Andrew Mills, lan Povey, Jan Kegel,
Karim Cherkaoui, Scott Monaghan, David Hazafy--as well as Alec Talin from Sandia for their
insightful discussions. T. Burke is also acknowledged for insightful discussions on solar cell
physics. A.S. would like to thank R. Long, E. Newton, P.F. Satterthwaite, D.Q. Lu and
O.Hendricks from the Mclintyre and Chidsey groups for their support and insights throughout this
work. We also thank K. Tang, L. Zhang, and M. Kitano for their help in building and maintaining
the ALD chambers. This work was partially supported by the Stanford Global Climate and Energy
Project and National Science Foundation program CBET-1336844. A.S. graciously acknowledges
financial support from a Stanford Graduate Fellowship and a National Science Foundation
Graduate Fellowship. The authors from Tyndall National Institute acknowledge the financial
support of Science Foundation (SFI) under the US-Ireland R&D Partnership Programme - Grant
Number SFI1/13/US/12543. The Tyndall silicon fabrication facility is acknowledged for the p*n

silicon junctions used in this study.

Author Contributions

A.S. and J.L. prepared all samples and performed all measurements for the initial TiO>

20



photovoltage series first observing the photovoltage loss. A.S. prepared all samples and performed
all measurements for the SiO2 photovoltage series, capacitance voltage measurements, and buried
junction p*nSi experiments. A.W. prepared all p*n buried junction substrates and performed all
physical characterization of these junctions. K.K. performed Sentaurus modelling for light
absorption in Type | and Type Il cells as well as simulating band diagrams. A.S. and K.K.
maintained the ALD chamber for TiO2 depositions and A.S. qualified and performed the runs.
A.S., C.E.D.C. P.H. and P.C.M. designed the experiments and developed the solid state capacitor

model to explain the loss. All authors helped in the preparation of the manuscript.

Additional Information
Supplementary Information accompanies this paper at (attached).

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article:

References

1) Fujishima, A., Honda, K. Electrochemical photolysis of water at a semiconductor
electrode. Nature 238, 37-38 (1972).

2) Heller, A. Conversion of sunlight into electrical power and photoassisted electrolysis of
water in photoelectrochemical cells. Acc. Chem. Res. 14(5), 154-162 (1981).

3) Bard, A. J. & Fox, M. A. Artificial photosynthesis: solar splitting of water to hydrogen
and oxygen. Acc. Chem. Res. 28 (3), 141-145 (1995).

4) Turner, J. A. A realizable renewable energy future. Science 285 (5428) 687-689 (1999).

5) Gratzel, M. Photoelectrochemical cells. Nature 414, 338-344 (2001).

6) Lewis, N. S. Light work with water. Nature 414, 589-590 (2001).

21



7) Lewis, N. S. & Nocera, D. G. Powering the planet: Chemical challenges in solar energy
utilization. Proc. Natl Acad. Sci., USA 103, 15729 — 15735 (2006).

8) Bassett, R.K. To the Digital Age: Research Labs, Startup Companies, and the Rise of MOS
Technology (John Hopkins University Press, Baltimore, MD, 2007).

9) Chen, Y. W., Prange, J. D., Duehnen, S., Park, Y., Gunji, M., Chidsey, C. E. D., Mcintyre,
P. C. Atomic layer-deposited tunnel oxide stabilizes silicon photoanodes for water
oxidation. Nature Mat. 10, 539-544 (2011).

10) Scheuermann, A.G., Prange, J.D., Gunji, M., Chidsey, C.E.D., Mcintyre, P.C. Effects of
catalyst material and atomic layer deposited TiO2 oxide thickness on the water oxidation
performance of metal-insulator-silicon anodes. Energy Environ. Sci. 6, 2487-2496
(2013).

11) Hu, S., Shaner, M. R., Beardslee, J. A., Lichterman, M. F., Brunschwig, B. S., Lewis, N.
S. Amorphous TiO2 coatings stabilize Si, GaAs, and GaP photoanodes for efficient water
oxidation. Science 344, 10051009 (2014).

12) Lichterman, M.F., Carim, A.l., McDowell, M.T., Hu. S., Gray, H.B., Brunschwig, B.S.,
Lewis, N.S. Stabilization of n-cadmium telluride photoanodes for water oxidation to O2(g)
in aqueous alkaline electrolytes using amorphous TiO2 films formed by atomic-layer
deposition. Energy Environ Sci. 7, 3334-3337 (2014).

13) McDowell, M.T., Lichterman, M.F., Spurgeon, J.M., Hu. S., Sharp, I.D., Brunschwig, B.S.,
Lewis, N.S. Improved stability of polycrystalline bismuth vanadate photoanodes by use of
dual-layer thin TiO2/Ni coatings. J. Phys. Chem. C. 118, 19618-19624 (2014).

14) Green, M.A. Limits on the Open-Circuit Voltage and Efficiency of Silicon Solar Cells

Imposed by Intrinsic Auger Processes. IEEE Transcations ED-31, 671-678 (1984).

22



15) Green, M. A., Emery, K., Hishikawa, Y., Warta. W. Dunlop, E.D. Solar cell efficiency
tables (version 45). Prog. Photovolt. 23, 1-9 (2015).

16) Hu, S. et al. An analysis of the optimal band gaps of light absorbers in integrated tandem
photoelectrochemical water-splitting systems. Energy Environ. Sci. 6, 2984-2993 (2013).

17) Kenney, M.J., Gong, M., Li, Y., Wu, J.Z., Feng, J., Lanza, M., Dai, H. High-performance
silicon photoanodes passivated with ultrathin nickel films for water oxidation. Science.
342, 836-840 (2013).

18) Mei, B., Seger, B., Pedersen, T., Malizia, M., Hansen, O., Chorkendorff, I., Vesborg,
P.C.K. Protection of p'nSi photoanodes by sputter-deposited Ir/IrOx thin films. J. Phys.
Chem. Lett. 5, 1948-1952 (2014).

19) Mei, B., Permyakova, A.A., Frydendal, R., Bae, D.; Pedersen, T., Malacrida, P., Hansen,
O., Stephens, I.E.L., Vesborg, P.C.K., Seger, B., Chorkendorff, I. Iron-treated NiO as a
highly transparent p-type protection layer for efficient Si-based photoanodes. J. Phys.
Chem. Lett.5, 3456-3461 (2014).

20) Green, M.A., Godfrey, R.B. MIS solar cell—General theory and new experimental results
for silicon. Appl. Phys. Lett. 29, 610-612 (1976).

21) Green, M. A. Effects of pinholes, oxide traps, and surface states on MIS solar cells. Appl.
Phys. Lett. 33, 178-180 (1978).

22) Godfrey, R.B., Green, M.A. 655 mV open-circuit voltage, 17.6% efficient silicon MIS
solar cells. Appl. Phys. Lett. 34, 790-793 (1979).

23) Singh, R., Green, M.A., Rajkanan, K. Review of conductor-insulator-semiconductor (CIS)
solar cells. Solar Cells 3, 95-148 (1981).

24) Green, M.A., Blakers, A.W. Advantages of metal-insulator-semiconductor structures for

23



silicon solar cells. Solar Cells 8, 3-16 (1983).

25) Grauvogl, M., Hezel R. The truncated-pyramid MIS inversion-layer solar cell: a
comprehensive analysis. Prog. Photovolt. Res. Appl. 6, 15-24 (1998).

26) By maintaining an inversion layer of minority carriers, interface traps, particularly mid-
gap states, are constantly filled so that they do not act as recombination-generation centers
for photogenerated carriers. See reference 20, 21, 23, and 24 in particular.

27) McDowell, M.T. Lichterman, M.F., Carim, A.l, Liu, R., Hu, S., Brunschwig, B.S., Lewis,
N.S. The influence of structure and processing on the behavior of TiO2 protective layers
for stabilization of n-Si/TiO2/Ni photoanodes for water oxidation. ACS Appl. Mater.
Interfaces 7, 15189-15199 (2015).

28) Mei, B., Pederson, T., Malacrida, P., Bae, D., Frydendal, R., Hansen, O., Vesborg, P.C.K.,
Seger, B., Chorkendorff, I. Crystalline TiO2: A generic and effective electron-conducting
protection layer for photoanodes and -cathodes. J. Phys. Chem. C.
(2015) DOI: 10.1021/acs.jpcc.5b04407.

29) Levy, D., Ponpon, J.P., Grob, A., Grob, J.J., Stuck, R. Rapid thermal annealing and
titanium silicide formation. Appl. Phys. A. 38, 23 (1985).

30) Mann, R.W., Clevenger, L.A., Agnello, P.D., White, F.R. Silicides and local
interconnections for high-performance VLSI applications. IBM J. Res. Develop. 39, 403
(1995).

31) A standard of one sun of AM 1.5 illumination is used everywhere in this study. This
spectrum corresponds to 1.5 atmospheres of air mass attenuating the solar illumination or

an equivalent zenith angle of 48.2° used to match the realistic illumination at major

24



population centers. The reference spectra are kept by NREL available here
<http://rredc.nrel.gov/solar/spectra/am1.5/ASTMG173/ASTMG173.html>.

32) Sekine, K., Saito, Y., Hirayama, M., Ohmi, T. Silicon nitride film growth for advanced
gate dielectric at low temperature employing high-density and low-energy ion
bombardment. J. Vac. Sci. Technol. A, 17, 3129-3133 (1999).

33) Sugawara, T., Matsuyama, S., Sasaki, M., Nakanishi, T., Murakawa, S., Katsuki, J., Ozaki,
S., Tada, Y., Ohta, T., Yamamoto, N. Characterization of ultra thin oxynitride formed by
radical nitridation with slot plane antenna plasma. Jpn. J. Appl. Phys., 44, 1232 (2005).

34) Scheuermann, A.G., Lu, D.Q., Ito, T., Chidsey, C.E.D., Mcintyre. P.C. The effect of SPA-
SiO2 tunnel oxide thickness for metal-insulator-silicon photoelectrochemical cells. ECS
Transactions, 64, 265-276 (2014).

35) The OER catalyst alone has been used to at least temporarily promote stability (nickel'’,
nickel oxide?®, and iridium oxide'®). Even if the need for additional oxide protection is
lessened, an interfacial layer of SiO> remains for silicon substrates. Etching with HF(aq)
leaves a hydrogen passivated surface, which is not ideal for subsequent film nucleation,
often leading to islanded film growth and some SiO» regrowth. Further, it is difficult to
completely remove SiO2. Oxygen scavenging using reactive metal layers can decompose
the SiO; layer®®, but some remains®. Thus, native oxides, in addition to protective oxides,
play an important role in determining this photovoltage loss.

36) Sentaurus is a modeling software developed by Synposys Inc. Technical details are given
in the methods section.

37) Hand drawn band diagrams are typically plotted with a convenient linear scale, where the

metal and oxide layers are drawn to one scale, and the semiconductor junction is drawn on

25



a compressed linear scale so the band bending can be seen. These band diagrams are drawn
correctly with a logarithmic x-axis, which makes the band bending appear to have an
inflection point, but on a linear scale, the curvature is smooth and extended.

38) Alamo, J.A., Swanson, R.M. Modelling of minority-carrier transport in heavily doped
silicon emitters. Solid-State Electronics 30, 1127-1136 (1987).

39) Tyagi, M.S., Van Overstraeten, R. Minority carrier recombination in heavily-doped silicon.
Solid-State Electronics. 26, 577-597 (1983).

40) Chen, L., Yang, J., Klaus, S., Lee, L.J., Woods-Robinson, R., Ma, J., Lum, Y., Cooper,
J.K., Toma, F.M., Wang, L., Sharp, I.D., Bell, A.T., Ager, J.W. p-Type Transparent
Conducting Oxide/n-Type Semiconductor Heterojunctions for Efficient and Stable Solar
Water Oxidation. J. Am. Chem. Soc. DOI: 10.1021/jacs.5b03536 (2015).

41) Sze, Simon Min. Semiconductor devices: physics and technology. John Wiley & Sons,
2008.

42) Swaminathan S., Mcintyre, P.C. Titania/alumina bilayer gate dielectrics for Ge MOS
devices: frequency- and temperature-dependent electrical characteristics. Electrochem.
Solid-State Lett. 13, G79-G82 (2010).

43) Bard, A.J., Bocarsly, A.B., Fan, F.R.F., Walton, E.G., Wrighton. M.S. The concept of fermi
level pinning at semiconductor/liquid junctions. Consequences for energy conversion
efficiency and selection of useful solution redox couples in solar devices. J. Am. Chem.
Soc. 102, 3671-3677 (1980).

44) Scheuermann, A.G., Lawrence, J.P., Gunji, M., Chidsey, C.E.D., Mcintyre, P.C. ALD-
TiO2 preparation and characterization for metal-insulator-silicon photoelectrochemical

applications. ECS Transactions. 58, 75-86 (2013).

26



45) Fuke, N. et al. Influence of TiO2/electrode interface on electron transport properties in back
contact dye-sensitized solar cells. Solar Energy Materials and Solar Cells 93, 720-724
(2009).

46) Pattantyus-Abraham, A. G. et al. Depleted-heterojunction colloidal quantum dot solar
cells. ACS Nano 4, 3374-3380 (2010).

47) Devore, J.R. Refractive index of rutile and sphalerite. JOSA 41, 416-417 (1951).

48) CRC Handbook of Chemistry and Physics (eds. Haynes, W. M., Bruno, T. J. & Lide, D.
R.) 95" edition, 12-124 (2014).

49) Kim, H., Mcintyre, P.C., Chui, C.O., Saraswat, K.C., Stemmer. S. Engineering chemically
abrupt high-k metal oxide/silicon interfaces using an oxygen-gettering metal overlayer. J.

Appl. Phys., 96, 3467-3472 (2004).

50) Seo, K.I., Lee, D.1., Pianetta, P., Kim, H., Saraswat, K.C., Mclintyre, P.C. Chemical states
and electrical properties of a high-k metal oxide/silicon interface with oxygen-gettering

titanium-metal-overlayer. Appl. Phys. Lett., 89, 142912 (2006).

27



