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ABSTRACT: Thin (10 nm) films of manganese oxide have been deposited by atomic 20H 0,+2H’
layer deposition (ALD) onto n-type silicon and onto degenerately doped p-type silicon.
The photoelectrochemical properties of the resulting semiconductor/metal-oxide
structures were evaluated in contact with aqueous 035 M K,Fe(CN)—0.05 M
K;Fe(CN),, 1.0 M KOH(aq), as well as in contact with a series of nonaqueous one-

electron, reversible, outer-sphere redox systems. Under simulated air mass (AM) 1.5
illumination in contact with 0.35 M K Fe(CN)¢—0.05 M K;Fe(CN)4(aq), MnO-coated Silicon
n-Si photoanodes displayed open-circuit voltages of up to 550 mV and stable anodic
currents for periods of hours at 0.0 V versus the solution potential. In contact with 1.0 M
KOH(aq), at current densities of ~25 mA cm™2, MnOISi photoanodes under 100 mW cm™ of simulated AM 1.5 illumination
yielded stable oxygen evolution for 10—30 min. Variation in the thickness of the MnO films from 4 to 20 nm indicated the
presence of a series resistance in the MnO film that limited the fill factor and thus the solar energy-conversion efficiency of the
photoelectrodes. Open-circuit photovoltages of 30 and 450 mV, respectively, were observed in contact with cobaltocene*’° or
ferrocene™® in CH;CN, indicating that the energetics of the MnO-coated Si surfaces were a function of the electrochemical
potential of the contacting electrolyte solution.

B INTRODUCTION low current densities (~1 mA cm™) by NiO films that were
deposited using sol—gel techniques.”' Si photoanodes have also
shown enhanced stability for water oxidation in a wide pH
range by use of atomic layer deposition to produce a thin film
of TiO, (2 nm) followed by electron-beam evaporation of a
thin film of Ir (3 nm).

Producing high-quality thin films that reduce or halt
photocorrosion without attenuating charge transport remains
challenging. Dielectric layers that are sufficiently thin to allow
for appreciable tunneling currents generally have a thickness of
<2 nm.>*** For such ultrathin films, nonuniformity over large
areas, as well as cracks and pinholes, may present a challenge in
achieving long-term stability of the photoelectrode. The
deposition of noble metals in conjunction with growth of
metal oxide protective overlayers does not rule out stabilization
Thin inorganic films that have been examined as protective of the phog(izrigde bYA the noble metal,‘rather than by theA metal
coatings on semiconductor electrodes include Fe,Oy>° oxide film.”"™"” In this work, we have investigated the utility of
MgO,”® Ti0, "3 SrTiO,'**15 PdIMnO, PtMnO, %7 thicker (>2 nm) protective metal oxide films that are capable of
$n0,, 12131819 Ni/Ni0,2°?! $n—In,0,222 BP,** metal transporting holes via state-mediated transport. The goal of the
18,20,28-31 work was to assess whether deleterious corrosion and/or
passivation processes can be suppressed while simultaneously

Stabilization of semiconductor surfaces is important for a
variety of applications, including photoelectrochemical (PEC)
devices. The group IV, III-V, and II-sulfide semiconductors
can be produced with excellent electronic quality but are
chemically unstable under photoanodic water oxidation
conditions." Conversely, many metal oxides are stable under
such oxidizing conditions but thus far lack the electronic
properties required to produce efficient solar-driven water-
splitting devices.

One approach to enhancing the stability of covalently
bonded, small band gap (<2 eV) photoanodes involves coating
such materials with thin films that allow interfacial transfer of
photogenerated minority carriers while chemically protecting
the electrode surface from photocorrosion or photopassivation.

silicides,”” and a variety of metals. Specifically, iron
oxide films have been deposited onto n-Si by reactive
evaporation® and by CVD.>* Si and GaAs photoanodes have

been stabilized by manganese oxide films that were grown by Received: November 12, 2012
chemical bath deposition on thin Pd and Pt layers.''” More Revised:  January 18, 2013
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maintaining high rates of interfacial charge transfer, and thus
minimal resistance losses, in an operational semiconductorl
liquid junction device. Accordingly, we describe the behavior of
n-type Si photoanodes coated with thin films of MnO that have
been grown by atomic layer deposition (ALD).

B EXPERIMENTAL SECTION

Chemicals/Materials. All experiments employed either n-
type (phosphorus doped, 2 Q cm resistivity, Silicon Quest
International) or degenerately doped p-type (boron doped,
resistivity <0.005 Q cm, Silicon Quest International) (100)-
oriented, single-side polished Si wafers. The ALD precursor
bis(diethylcyclopentadienyl) manganese, (Et,Cp),Mn, (Strem)
was used without further purification, and H,O >18 MQ cm in
resistivity was obtained from a Barnsted Nanopure system.

For the photoelectrochemical experiments, acetonitrile
(99.8% anhydrous, Sigma-Aldrich) was dried by use of a
column of activated AlL,O, and lithium perchlorate (Sigma
Aldrich, battery grade) was used as received. Ferrocene (Cp,Fe,
bis(cyclopentadienyl)iron, 99%, Strem), octamethyl ferrocene
(MegCp,Fe, bis(tetramethylcyclopentadienyl)iron, Sigma Al-
drich, 98%), and cobaltocene (Cp,Co, bis(cyclopentadienyl)-
cobalt(Il), 98%, Strem) were individually purified by
sublimation. Ferrocenium tetrafluoroborate (Cp,Fe*BF,”, bis-
(cyclopentadienyl)iron(III) tetrafluoroborate, technical grade,
Sigma-Aldrich) was recrystallized from a diethyl ether (ACS
grade, EMD)/acetonitrile (ACS grade, EMD) mixture and was
dried under vacuum. Octamethylferrocenium
(MegCp,Fe*BF,”, bis(tetramethylcyclopentadienyl)iron(III)
tetrafluoroborate) was synthesized by chemical oxidation of
octamethylferrocene® and was purified by recrystallization.
Cobaltocenium hexafluorophosphate bis(cyclopentadienyl)-
cobalt(IlI) hexafluorophosphate, 98%, Sigma-Aldrich), was
recrystallized from an ethanol (ACS grade, EMD)/acetonitrile
(ACS grade, EMD) mixture and was dried under vacuum.
Potassium hydroxide (semiconductor grade, Sigma-Aldrich),
K Fe(CN), and K;Fe(CN)4 (99.0%, Sigma-Aldrich) were used
as received.

Atomic Layer Deposition. MnO films were deposited
onto Si wafers by use of a Cambridge Nanotech $S200 ALD
system. The Si wafers were freshly etched with HF(aq)
(Transene, Inc.) and were maintained at 150—200 °C during
the ALD process. Following literature procedures, a single ALD
cycle consisted of a 0.5 s pulse of (Et,Cp),Mn, a 20 s purge, a
0.015 s pulse of H,0, and a 20 s purge under a continuous flow
of research-grade N,(g) at a flow rate of 20 sccm.*

Electrode Preparation. Ohmic contact to the electrodes
was formed by scratching In—Ga eutectic into the unpolished
side of a Si wafer. Ag paste (SPI Supplies) was then used to
attach a tinned-Cu wire to the sample. Electrodes were then
encapsulated in epoxy (Hysol 1C).

Instrumentation. X-ray photoelectron (XP) spectra were
obtained using a Surface Science Instruments M-Probe system
previously employed for characterizing oxidation and passiva-
tion of silicon surfaces.’’” XP spectra were collected for the Si
2p, C 1s, O 1s, and Mn 2p regions with a pass energy of 50 eV
for the collected photoelectrons and a base pressure <2 X 107°
Torr. XPS data were evaluated using a custom LabVIEW
software package. Spectroscopic ellipsometry data for MnO
were acquired using a J.A-Woolam alpha SE system, and the
data were fit using a Cauchey model.

Electrochemical data were obtained using a Princeton
Applied Research Model 2273 or a Gamry Reference 600
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potentiostat. A Pt wire reference electrode (0.5 mm diameter,
99.99% trace metals basis, Sigma-Aldrich) and a Pt gauze
counter electrode (100 mesh, 99.9% trace metals basis, Sigma-
Aldrich) were used for nonaqueous photoelectrochemical
measurements. For each nonaqueous redox couple, the
Nernstian cell potentials were quantified by cyclic voltammetric
scans versus a Ag/Ag’ reference electrode prior to and
following the addition of a ferrocene standard. All acquired
cell potentials were referenced to the potential of the saturated
calomel electrode, SCE, by the conversion E°(Cp,Fe*?) =
+0.311 V versus SCE for Cp,Fe*’? in 1.0 M LiClO,—CH;,CN,
with E° the formal potential of the redox system of interest.*®
Data for oxygen evolution in 1 M KOH(aq) were collected in a
three-compartment cell that was equipped with the Si
photoelectrode, a Ag/AgCl reference electrode, a Pt mesh
counter electrode, and a NeoFox fluorescence in situ O,
detection system. No supporting electrolyte was used in
conjunction with measurements involving the K,Fe(CN),—
K;Fe(CN)g (aq) redox couple.

For both aqueous-phase and nonaqueous photoelectrochem-
ical experiments, illumination was provided by an ELH-type
tungsten—halogen lamp. Light intensities were calibrated with a
Si photodiode (Thor Laboratories) that was placed at the same
location in the cell as the photoelectrodes with the Si diode
calibrated relative to a secondary standard photodetector that
was NIST-traceable and calibrated at 100 mW cm ™2 of AML.5
illumination. Measurment of photoelectrodes with metallocene
redox couples was collected with and without 100 mW cm™ of
ELH-type tungsten—halogen illumination in a stirred glass
electrochemical cell placed in an Ar-filled drybox that contained
<0.5 ppm of O,(g).

B RESULTS

Physical Characterization. X-ray photoelectron spectros-
copy (XPS) on Si electrodes that had been functionalized with
2.5 nm thick MnO films (25 ALD cycles, ~1 A per growth
cycle) showed a peak in the Si 2p region at 102.2 eV binding
energy, indicating the presence of an interfacial SiO, layer
(Figure S1, Supporting Information). Spectroscopic ellipso-
metric data indicated that 100 ALD cycles produced 10 nm
thick MnO films. The XP spectra (Figure S1, Supporting
Information) from 10 nm thick MnO films yielded signals from
Mn, O, and C, but no Si 2p signal was observed from such
samples.

Photoelectrochemistry with 1 M KOH. Figure 1A
presents the current density versus potential (J—E) data for
bare n-Si, MnO-coated (10 nm) n-Si (MnOlIn-Si), and MnO-
coated p*-Si (MnOlp*-Si) photoelectrodes in contact with 1.0
M KOH(aq) under simulated 1 Sun illumination. As expected,
bare n-Si photoanodes passivated rapidly.** In contrast, the
MnOlIn-Si electrodes were stable for >20 J—E scans that passed
illumination-limited current densities of ~28 mA cm™ at
potentials >500 mV versus an Ag/AgCl reference potential.
The MnOIn-Si electrodes exhibited an onset potential of
photoanodic current at a potential that was ~50 mV negative of
the calculated formal potential for water oxidation (E°(O,/
H,0) = 230 mV versus Ag/AgCl at pH 13.6). In the absence of
illumination, MnOlp*-Si electrodes exhibited an anodic current
onset at ~+600 mV versus Ag/AgCl Illuminated MnOIn-Si
electrodes exhibited a current density of 10 mA cm™2 at 290
mV versus Ag/AgCl, whereas MnOlp*-Si required 790 mV
versus Ag/AgCl to yield 10 mA cm™ of anodic current density.

dx.doi.org/10.1021/jp311207x | J. Phys. Chem. C 2013, 117, 4931-4936
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Figure 1. Photoelectrochemical behavior in 1.0 M KOH(aq) under
100 mW cm™ of simulated solar illumination. (A) J—E data for n-Si
photoelectrodes coated with 10 nm MnO. The vertical black line
represents the calculated water oxidation potential (+0.230 V versus
Ag/AgCl) in 1 M KOH(aq) at atmospheric pressure. (B)
Chronoamperometry of a MnO-coated n-Si sample under illumination
at 0.600 V versus Ag/AgCL

Hence, under these conditions the illuminated MnOIn-Si
electrodes produced a photovoltage of ~500 mV.

Figure 1B displays chronoamperometric data for MnO-
coated Si photoelectrodes at 600 mV versus Ag/AgCl (Figure
1B) in contact with 1 M KOH(aq) under simulated 1 Sun
illumination. Uncoated n-Si electrodes displayed negligible
photocurrent, whereas MnOlIn-Si electrodes displayed stable
photoanodic current for 10—30 min at this potential. During
passage of anodic current, bubbles were visible on the electrode
and the spikes in current density values in Figure 1B are
attributable to bubble formation followed by rapid, periodic
detachment from the photoelectrode surface. Additionally, the
O, concentration, measured by the fluorescent O, probe,
increased linearly with time. However, all of the electrodes
eventually passivated and exhibited very small currents after
sufficiently long time periods.

Photoelectrochemistry with K,Fe(CN);—K;Fe(CN)g
(aq). Figure 2 displays the photoelectrochemical behavior of
bare versus MnO-coated (10 nm) n-Si(100) photoanodes in
contact with 0.35 M K,Fe(CN),—0.05 M K;Fe(CN),(aq).
Under simulated 100 mW cm™ of AM 1.5 illumination, MnOl
n-Si photoelectrodes exhibited open-circuit photovoltages of up
to 550 mV and light-limited current densities of 36 mA cm™.
When poised at the Nernstian potential (E(A/A7)) of the
solution, MnOIn-Si electrodes exhibited stable photocurrents
for several hours, whereas bare n-Si (100) surfaces quickly
passivated and then exhibited low photovoltages and negligible
photocurrents.>
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Figure 2. Photoelectrochemical behavior in 0.35 M K,Fe(CN)4—0.05
M K;Fe(CN)4(aq). (A) Current density versus potential (J—E) data
for n-Si photoelectrodes with 10 nm MnO films in the dark and under
100 mW cm ™2 simulated solar illumination. (B) Chronoamperometry
of bare n-Si and MnO-coated n-Si samples under illumination at 0 V
versus solution potential.

Figure 3A shows the dependence of the short-circuit
photocurrent density, J, and V. of Si photoanodes on the
thickness of the ALD-grown MnO films. At small thicknesses
(40 ALD cycles, ~4 nm), small and unstable photocurrents and
photovoltages were observed. In contrast to the response of n-
Si with thin MnO layers, thicker films (>80 ALD cycles)
yielded stable J;. and V,_ values with V. decreasing slightly and
Js decreasing rapidly as the number of ALD cycles increased
from 80 to 200. The resistance of the interfacial SiO, and MnO
films was calculated by subtracting the solution resistance and
the resistance of the Si wafer from the observed total resistance
that was derived from analysis of the J—E data. The remaining
resistance in the circuit, a series combination of the resistance
due to the SiO, and MnO layers, increased linearly with the
MnO thickness. As demonstrated in Figure 3B, with
thicknesses less than S nm higher resistances were observed
than with MnO thicknesses greater than S nm. Furthermore,
for films <5 nm in thickness, the resistance was not stable and
increased with time, possibly indicating further oxidation of the
underlying Si surface.

Photoelectrochemistry with Metallocene Redox Cou-
ples in CH;CN. Figure 4 compares the open circuit
photovoltage for illuminated MnO-coated n-Si photoelectrodes
in contact with nonaqueous solutions of Cp,Co*’°,
MeyCp,Fe™®, and Cp,Fe”® in CH;CN.** In contact with
Co(Cp),"”°~1.0 M LiClO,—CH;CN, the MnOln-Si photo-
electrodes exhibited V. = 30 mV under ELH-type simulated 1
Sun illumination. In contact with MegCp,Fe"/°~1.0 M
LiClIO,—CH;CN, V,. = 400 mV, and in contact with
Cp,Fe"/°~1.0 M LiClO,—CH,CN, V,_ = 450 mV.

dx.doi.org/10.1021/jp311207x | J. Phys. Chem. C 2013, 117, 4931-4936
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Figure 3. MnO-thickness dependent photoelectrochemical behavior
measured under 100 mW c¢m™ simulated solar illumination in 0.35 M
K,Fe(CN)(—0.05 M K;Fe(CN)4(aq). (A) Open-circuit voltage (V,.)
and short-circuit (J,.) current density as a function of the thickness of
the MnO. (B) Area-specific resistance as function of the thickness of
the MnO.
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Figure 4. Open-circuit voltage (V,.) for MnOln-Si photoelectrodes
under 100 mW cm™> white light illumination in various metallocene
redox couples. Devices were measured in an Ar-filled glovebox with 1.0
M LiClO, in CH;CN along with the stated redox couple.

B DISCUSSION

Photoelectrode Stability. The enhanced stability ob-
served for MnO-coated Si photoanodes relative to HF-etched
Si(100) electrodes in contact with (aq)-0.35 M K,Fe(CN)4—
0.05 M K;Fe(CN), indicates that ALD-grown films can provide
a useful strategy for the reduction of passivation or corrosion
processes on photoelectrode surfaces. The MnO-coated Si
surfaces are apparently more stable in contact with this aqueous
reversible couple than has been reported for a CH;-terminated
Si(111) surface, qualitatively attesting to the high degree of
protection provided by the ALD layer.*' When MnOln-Si
photoanodes were used to oxidize water, the ALD-grown MnO
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films also produced a significant decrease in, but not complete
elimination of, the formation of a passivating oxide on the Si
electrode surface.

The eventual passivation of the MnO-coated Si photo-
electrodes during oxygen evolution in 1 M KOH(aq) is
consistent with expectations based on the electron conduction
mechanism of MnO and redox cycling of Mn species at the
MnOlsolution interface. MnO films exhibit large resistivity
values, consistent with low carrier mobilities that are character-
istic of highly localized charge carriers.” Also, surface Mn
species are expected to be driven to high oxidation states during
oxygen evolution.*** Assuming an octahedral coordination
environment, the structural changes that are associated with the
redox cycling of Mn will result in changes in the ionic radius
from approximately 82 pm (2*) to 65 pm (3*) to 54 pm (4*).*
These changes may induce porosity that will eventually lead to
permeation of the electrolyte into the MnO film, followed by
oxidation of the underlying Si. Consistently, anodization of
metal films and metal oxide films has been shown to lead to
structural changes, inducing porosity."” An induced porosity
that occurred over the entire exposed electrode surface is
consistent with the observation that the failure of the MnO-
coated Si photoelectrodes during oxygen evolution occurred
suddenly, rather than gradually. This behavior may also explain
the electrode failure that has been previously observed when n-
Si was coated with a thin film of NiO.*!

Electrical Properties of n-Si/MnO Junctions. The
variation in photovoltage that was observed for MnOlIn-Si
photoanodes as E(A/A”) was changed is consistent with a
change in the effective barrier height in the semiconductor as a
function of the electrochemical potential of the contacting
phase. Hence, in contrast to metallsemiconductor contacts or
semiconductor p—n junctions*® for which the photovoltage is
determined predominantly by the energetics of the metal-
lurgical contact, the Fermi level of the MnOlIn-Si photo-
electrodes is not pinned, and different barrier heights are
obtained when the value of energetics of the contacting liquid
phase are varied. This behavior could be explained by pinholes
in the ALD film, which induce locally high or low barrier
heights, or by the equilibration of the MnO layer with the
solution phase, which will, in turn, influence the barrier in the
n-Si.

The junction energetics are less well-defined for MnOlIn-Si
photoanodes in contact with 1.0 M KOH(aq), because the
Nernst potential of such solutions is not defined by a kinetically
rapid, reversible, one-electron charge-transfer process. Silicon
and many other semiconductors are often dismissed as
candidates for photoanodic water oxidation because of a lack
of chemical stability and/or inappropriate band energetics. The
data presented herein indicate that oxygen can be evolved in
contact with 1 M KOH(aq) solutions at illuminated MnOln-Si
photoanodes with operation at potentials that are more
negative than those required to produce O, in the absence of
illumination on MnOlIp*-Si electrodes and that are more
negative than E°'(O,/H,0). Indeed, two-electrode measure-
ments with a dark, frit-isolated Pt counter electrode exhibited
the same negative shift in J—V data for MnOIn-Si photoanodes
relative to MnOlp*-Si electrodes as was observed in three-
electrode J—E measurements (Supporting Information, Figure
S2).

During oxygen evolution, the J—E behavior of the MnOISi
system was shifted by —500 mV (ie, a bias reduction)*
between MnOlp*-Si and illuminated MnOIn-Si photoelectrodes

dx.doi.org/10.1021/jp311207x | J. Phys. Chem. C 2013, 117, 4931-4936
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(Figure 1). Consistent with other reports of modified Si
photoelectrodes used for oxygen evolution, most of the
photovoltage produced by the Si photoanode is used to
overcome the sluggish kinetics for water or hydroxide
oxidation.>”*' This observation is attributed to the accompany-
ing large (300—500 mV) overpotential requirements that are
associated with driving the oxygen-evolution reaction at current
densities of ~10 mA cm™? coupled with the modest
photovoltages produced by Si photoelectrodes (V,. = 500—
600 mV). Thus, a photocathode that produced current
densities of ~10 mA cm™ at potentials of ~1.2 V versus
E”(H*/H,) would be required to achieve unassisted water
splitting in a two-electrode cell that utilized a MnOln-Si
photoanode. This behavior highlights the need for active
catalysts for both the oxygen-evolution and hydrogen-evolution
reactions, as well as the need to obtain an increase in open-
circuit photovoltage, optimally approaching the estimated limit
of (V. = (Eg/ q) — 400 mV) for semiconductor absorbers.

Series Resistance in Si/MnO Photoelectrodes. The
linear increase in resistance of the MnOISi electrodes with
increases in the thickness of the MnO layer indicates that the
dominant resistance is ascribable to the MnO film. The
significant resistance of thin, ALD-grown, MnO is consistent
with the low conductivity associated with MnO as well as with
other Mott insulators.**

The trade-off between film conformality, corrosion/passiva-
tion protection, and electrical conductivity is clearly an
important consideration for the beneficial use of ALD-grown
films to protect photoelectrodes. MnO films that were
sufficiently thin to produce acceptably low ohmic resistance
drops (<20—30 mV of voltage drop at a current density of 20
mA cm™?) did not provide optimal enhancements of the
stability of the Si photoanodes toward oxide growth, whereas
thick films provided improved chemical protection but
introduced large series resistances that degraded the solar
energy-conversion properties of the resulting photoelectrodes.
Films that fulfill these requirements simultaneously would be
ideal for long-term, robust stabilization of photoanodes for
water oxidation applications.

B CONCLUSIONS

ALD-derived thin films can be used to enhance the stability of
nonoxide semiconductor surfaces under otherwise chemically
reactive conditions. Thin MnO films have been shown to
stabilize n-Si photoelectrodes in contact with aqueous electro-
Iytes that contain a reversible redox couple, and photovoltages
of up to 550 mV were observed for protected n-Si in contact
with aqueous 0.35 M K,Fe(CN)¢—0.05 M K;Fe(CN), A
similar photovoltage was inferred by the shift in the J—E data
between illuminated MnOIn-Si photoelectrodes and unillumi-
nated MnOlp*-Si photoelectrodes in 1.0 M KOH, where O,
evolution was observed. The photovoltage generated by MnOI
n-Si photoelectrodes was a function of the electrochemical
potential of the contacting phase. Future challenges include
simultaneously increasing the conductivity and stability of the
protective layer.

B ASSOCIATED CONTENT

© Supporting Information

XP spectra and additional current density versus potential data
are available. This material is available free of charge via the
Internet at http://pubs.acs.org.
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