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ABSTRACT: Strategies for protecting unstable semiconductors include
the utilization of surface layers composed of thin films deposited using
atomic layer deposition (ALD). The protective layer is expected to (1)
be stable against reaction with photogenerated holes, (2) prevent direct
contact of the unstable semiconductor with the electrolyte, and (3)
prevent the migration of ions through the semiconductor/electrolyte
interface, while still allowing photogenerated carriers to transport to the
interface and participate in the desired redox reactions. Zinc oxide
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(ZnO) is an attractive photocatalyst material due to its high absorption

coefficient and high carrier mobilities. However, ZnO is chemically unstable and undergoes photocorrosion, which limits its use
in applications such as in photoelectrochemical cells for water splitting or photocatalytic water purification. This article describes
an investigation of the band alignment, electrochemical properties, and interfacial structure of ZnO coated with Al,O; and SiO,
ALD layers. The interface electronic properties were determined using in situ X-ray and UV photoemission spectroscopy, and the
photochemical response and stability under voltage bias were determined using linear sweep voltammetry and
chronoamperometry. The resulting surface structure and degradation processes were identified using atomic force, scanning
electron, and transmission electron microscopy. The suite of characterization tools enable the failure mechanisms to be more
clearly discerned. The results show that the rapid photocorrosion of ZnO thin films is only slightly slowed by use of an Al,O;
ALD coating. A 4 nm SiO, layer proved to be more effective, but its protection capability could be affected by the diffusion of

ions from the electrolyte.
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1. INTRODUCTION

In order to mitigate global warming and control carbon
emissions, renewable energy sources have attracted a great deal
of attention, with solar water splitting to create hydrogen from
water as one promising approach to generate fuels. > In
photoelectrochemical cells, photons incident onto semi-
conductor photoelectrodes generate electron—hole pairs,
which are separated and used in water oxidation and reduction
reactions at solid—electrolyte interfaces. Materials used for
photoelectrochemical water splitting must have suitable band
edges that straddle both H*/H, and OH™/O, redox potentials,
enable a high reaction rate, and exhibit chemical stability in an
aqueous electrolyte.

Thus, far, most of the strategies for protecting unstable
semiconductors have utilized protective layers composed of
thin films deposited using atomic layer deposition (ALD), as
summarized in several recent reviews.”~ The protective layer is
expected to (1) be stable against reaction with photogenerated
holes, (2) prevent direct contact of the unstable semiconductor
with the electrolyte, and (3) prevent the migration of ions
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through the semiconductor/electrolyte interface, while still
allowing photogenerated carriers to transport to the interface
and participate in the desired redox reactions. ALD coatings of
amorphous TiO, have been the most commonly used
protective layers. Films as thin as 2 nm were shown to be
effective for protecting Si photoanodes, while thicker films (S
nm to >100 nm) have also been used.'”'" It is believed that the
thinner films act as tunneling barriers, whereas defect states or
pinholes facilitate charge transfer through the thicker films.
Zinc oxide (ZnO) is an attractive UV-light absorbing
photocatalyst material due to its high absorption coeflicient
and high carrier mobilities, but it suffers from corrosion
reactions with photogenerated holes. The energy level for the
photocorrosion reaction of ZnO'” (eq 1) falls in between the
conduction and valence band energy levels for ZnO. Hence, it

is thermodynamically favorable for photogenerated holes (h*)
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to oxidize ZnO rather than hydroxide ions, which is the desired
anodic half-reaction in water splitting (eq 2).

2Zn0 + 4h" = 2Zn** + 0,, E° = 0.85 V vs NHE

(1)

40H™ + 4h" - 2H,0 + 0,, E° =123V vs NHE

)

During the photocorrosion process, surface O>~ react with

holes and can become released from the electrode in the form

of O, accompanied by the dissolution of Zn>" into the
electrolyte (Figure 1A).13
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Figure 1. Light-induced processes at ZnO/electrolyte interfaces: (A)
Bare ZnO surface in which photocorrosion predominates; (B) ZnO
coated with an ALD layer, where photogenerated holes can oxidize
hydroxide ions to O,; (C) ZnO coated with metal co-catalyst particles
to form a metal-insulator-semiconductor (MIS) structure. In all cases,
photogenerated electrons (not shown) are collected at the back
contact.

TiO, has been investigated as the ALD protective layer for
ZnO photoanodes in several studies.'*”'° In the work by Liu et
al,” a 1 nm TiO, layer was said to be effective for protecting
~40 nm diameter ZnO nanowires from photocorrosion in a 0.1
M KOH electrolyte solution. Furthermore, the TiO, protective
layer also passivated the surface states on the ZnO nanowires
and removed deep hole traps, leading to an increase in the
photocurrent.

However, the use of TiO, as a protective layer for ZnO
photoanodes creates potential issues. Due to the lower hole
mobility of TiO, compared to ZnO,'”"® the TiO, layers have to
be very thin in order to take advantage of the good hole
transport properties of ZnO. Furthermore, the slightly lower
valence band maximum (VBM) of TiO, relative to ZnO makes
it more favorable for photoexcited holes to migrate toward the
ZnO, which could accelerate photocorrosion. Although this
effect might be negligible for thin TiO, layers, accelerated
photocorrosion was observed in ZnO nanowires coated with 5
nm of conformal TiO, ALD layers that were stored at ambient
conditions.'* In this case, void formation was observed,
initiating at the TiO,/ZnO interface. In contrast, Al,O;-coated
ZnO nanowires did not show the same kind of instability under
ambient storage, presumably because of the absence of
photogenerated holes originating from the wide band gap
Al)Oj; layer. The deleterious effect of photogenerated holes at
the interface between the ZnO and protective layer was
illustrated by Li et al,'” where ZnO nanowires were protected
with a 1.5 nm thick Ta,O5 ALD layer. Under AM 1.5
irradiation, the insulating Ta,Ojs acted as an effective protective
layer for the ZnO, with stability demonstrated for S h in a 0.1

M KOH electrolyte. However, when using UV illumination (4
<290 nm) so that the Ta,O5 (E; = 4.2 V) could also absorb
light, photocorrosion in the ZnO was observed after 2 h.
Similar to TiO,, the valence band of Ta,Oy is also lower than
that for ZnO, which means that photogenerated holes
originating from Ta,0; could contribute to the photocorrosion
of ZnO.

There has also been success in coating ZnO with other light
absorbing semiconductors”’ that can protect the ZnO from
photocorrosion by preventing direct contact with the electro-
lyte, while also creating tandem or composite structures with
improved charge separation. However, most of these other
materials had smaller band gaps than ZnO, which creates an
unfavorable light absorption configuration (since the wider
band gap semiconductor should usually be on the outermost
layer in tandem configurations).

For these reasons, we have chosen to study Al,O; and SiO,
as insulating protective layers for ZnO photoanodes. Both of
these materials are wide band gap insulators with valence band
energies much lower than that in ZnO. To our knowledge,
there have been limited studies on the use of Al,O; and SiO,
ALD coatings as protective layers for photoelectrodes. Al,O;
has been utilized mostly to passivate surface and defect states
on hi%h surface area electrodes, such as nanostructured
Fe,0,°" TiO, nanotubes,”” and WO, thin films,>* in order
to improve the photoelectrochemical performance. While
AL, O, is well-known for its instability in aqueous solutions,™*
the Al,O;/Fe,O; electrodes were stable in 1 M KOH for >30
min (applied bias of 1.03 V vs RHE under 1 sun illumination)'
and the Al,O,;/TiO, electrodes were stable for 500 s in 1 M
KOH (applied bias of 0.5 V vs Ag/AgCl, 300 W Xe lamp),*
which was sufficient to demonstrate an enhanced photocurrent.
However, the photocorrosion degradation mechanism was not
studied in detail. For SiO,, to the best of our knowledge, there
have not been detailed studies that have exploited it as a
protective layer, and it has not been used in combination with
ZnO photoanodes. However, several recent studies have
pointed to an important role for SiO, as an “interlayer”
between photoanodes and TiO, ALD protective layers in
affecting the charge transport to the electrolyte interface.”>™*

By using Al,O; and SiO, as insulating ALD surface layers,
charge transfer from the ZnO semiconductor to the electrolyte
must occur via uniform charge tunneling across the surface,
with hydroxide oxidation occurring near the surface of the ALD
layer at the interface with the electrolyte (Figure 1B). This is
different from electrodes coated with ALD layers decorated
with metal co-catalyst particles, as shown in Figure 1C. In this
scenario, the metal-insulator-semiconductor structure (MIS)
can enable the photogenerated carriers to tunnel through the
dielectric and accumulate at the co-catalyst particles where the
electrochemical reaction can take place.”” For an electrode
coated with an ALD layer that is not decorated with co-
catalysts, a pinhole or defect in the layer can act as a site for
corrosion to initiate; during extended photocatalytic activity,
the defect can quickly grow and cause exfoliation of the whole
layer. Therefore, it is important to employ various postmeasure-
ment analysis tools to monitor the damage of the ALD layers
and elucidate the photocorrosion mechanism.

This article describes an investigation of the interfacial
properties and photocorrosion mechanisms of ZnO when
coated with amorphous Al,O; and SiO, ALD layers. The films
were prepared using plasma enhanced atomic layer deposition
(PEALD), which is known to deposit films that are more
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uniform, dense, conformal, and free from pinholes or impurities
compared to layers produced by thermal evaporation or
thermal ALD.”” Model systems consisting of 20 nm ZnO
thin films were also deposited using PEALD, which facilitated
the investigation of the photocorrosion observations. The
electronic properties of the interface between the ZnO
electrode and the ALD layers were determined using in situ
photoemission spectroscopy in order to understand the band
alignment. The photoelectrochemical response and stability
were determined using linear sweep voltammetry (LSV) and
chronoamperometry (CA), while the degradation processes
were identified using atomic force, scanning electron, and
transmission electron microscopy.

2. EXPERIMENTAL SECTION

More detailed description of the experimental procedures can be
found in the Supporting Information. Two different ZnO photoanodes
were employed in this research: single crystal ZnO substrates and 20
nm ZnO layers that were deposited using PEALD onto n-type Si (n-
Si) or fluorine-doped tin oxide (FTO). The AL,O; or SiO, ALD layers
were deposited onto plasma-cleaned ZnO single crystal surfaces or
onto the PEALD ZnO surfaces using the same PEALD system.

In situ X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) were used to characterize the
surfaces. The full UPS spectra were recorded to establish the valence
band maximum (VBM) and vacuum level position from the low and
high binding energy cutofs, respectively. All measurements were made
relative to the system Fermi level. The band alignment of the ALD
coating was determined from the core level binding energies and the
valence band maximum position using an approach described by
Waldrop et al. and Kraut et al.*"**

Photoelectrochemical measurements were performed using the
ZnO sample as the working electrode, Pt wire as the counter electrode,
and a Ag/AgCl reference electrode. The electrolyte solution was 0.1 M
K;PO, with pH adjusted to 7 using H;PO, A 450 W Xe solar
simulator was used to achieve a light intensity of ~100 mW/cm?
Linear sweep voltammetry (LSV) with a 10 mV/s scan rate and
chronoamperometry (CA) were used to examine the photocurrent
response under chopped light and evaluate the durability of the ZnO
electrodes.

To explore the integrity of the SiO,, Al,Os, and ZnO layers after
photoelectrochemical measurements, the surface was investigated
using atomic force microscopy (AFM) and scanning electron
microscopy (SEM). The structure of the interface between the ZnO
layer and the ALD layer was examined using cross-sectional
transmission electron microscopy (TEM). Precision cross-section
samples were prepared with a focused ion beam (FIB) using the lift-
out technique.

3. RESULTS

3.1. Al,0;/ZnO and SiO,/ZnO Band Alignment. To
understand the band alignment at the interface between the
ALD coatings and ZnO, XPS and UPS measurements were
performed on the ALD coated, O-terminated, ZnO single
crystal substrates. The relevant scans are shown in Figures 2A
and 3. The as-received O-face of ZnO has adsorbed
hydrocarbon species and a bonded hydroxyl layer.”® Thus,
surface cleaning is crucial prior to the deposition of the
dielectric thin films. On the basis of a series of experiments, we
found that annealing at 310 °C in a He:O, mixed plasma
reduced the amount of surface hydroxyl groups and adsorbed
carbon.* Specifically, following the plasma clean, the O 1s
(Figure S1) and Zn 2p,), peaks (Figure 3A) increased in
intensity. The high energy shoulder of the O 1s peak was also
substantially reduced (Figure S1B), and the C 1s peak
disappeared (Figure 2B). These results are consistent with
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Figure 2. XPS spectra of ZnO single crystals (A) showing the Zn 2p;,

core level after Al,O; and SiO, deposition and annealing and (B) the
C Is core level after plasma cleaning and Al,O; and SiO, deposition.

removal of the carbon species and a reduction of the hydroxide
layer. In addition, after plasma cleaning, the Zn 2p;,, core level
and ZnO VBM shifted 0.2 eV to lower binding energy (Figure
3A), which indicated a reduction of the initial downward band
bending to essentially flat band conditions.

The band bending is attributed to a space charge layer due to
charges at or near the surface or interface. For the initial ZnO
substrate surface, the surface-adsorbed hydroxyl groups are
believed to act as donors and make the surface positively
charged, therefore causing the accumulation of free electrons
and downward band bending, as shown in Figure 4A. The small
change in work function from 4.3 to 4.5 eV after surface
cleaning may also be attributed to removal of the hydroxyl
groups.

The XPS and UPS data can be combined and used to draw
the band alignment for the heterostructures. The data from the
XPS core level (Zn 2p; 5, Al 2p, and Si 2p) peak positions and
UPS spectra (valence band maximum (VBM) and work
function) for ZnO, ALO; and SiO, following each clean,
deposition, and annealing step are shown in Figure 3 and are
included in Table S1. The deduction of the band alignments is
outlined in the Supporting Information. The change of band
bending during deposition is obtained from shifts of the Al and
Si core levels and VBM. After deposition of ~2.0 nm Al,O; or
SiO,, upward band bending was indicated in the ZnO, which
suggests the presence of negative charge in the PEALD films.
Presumably, the negative charge is due to the presence of
interstitial oxygen.’* Postdeposition annealing at 400 °C in
research grade N, gas apparently removes the oxygen from the
thin layers and thus reduces the upward band bending in the
ZnO. The band bending is also shown in Figure 4.
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Figure 3. XPS Zn 2p;,, Al 2p, or Si 2p core level and UPS spectra (A)
of as-received O-face of single crystal ZnO; (B) of as-deposited and
annealed AL,O; PEALD layer on ZnOj; (C) of as-deposited and
annealed SiO, PEALD layer on ZnO.

The band gap of amorphous PEALD Al,O; was determined
to be 6.7 eV from energy loss peaks near the XPS core level,*
and the reported band gap of amorphous SiO, is 8.9 eV.>* The
valence band offset of SiO,/ZnO was determined from eq 3,
where Eyy is the VBM binding energy, E; is core level binding
energy, and AE( is the difference between the core level
binding energies of the ALD layer and the ZnO.

AEyp = (E¢p — EVB)ZnO - (ECL - EVB)dielectric + AEc
(©)
The obtained experimental values of (Ec; — Evg)zno, (EcL —
Evp)sio, and AEc, were 10189, 982, and —920.7 eV,
respectively. Similarly, the values of (Ecp — Evg)znoy (EcL —
Eyp)a,oy and AEc; for AlLO;/ZnO were 1018.9, 70.7, and
—947.1 eV, respectively. The values of (Ec; — Eyg) for AL O;
and SiO, obtained here were similar to those reported in a prior
study.” The valence and conduction band offsets of the AL,O,/
ZnO heterostructure were 1.1 and 2.2 eV, and for SiO,/Zn0O,
they were 2.5 and 3.2 eV, respectively. The band offsets,
electron affinity, and work function are shown in Figure 4. The
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Figure 4. Band diagram of (A) O-face of ZnO single crystal: as
received and after plasma (He:O,) cleaning; (B) PEALD Al,O;/ZnO:
as-deposited and after annealing; (C) PEALD SiO,/ZnO: as-deposited
and after annealing. All energy values in the band diagrams are in eV.
Standard electrode potentials (vs NHE) for H*/H, (proton
reduction), ZnO/Zn** (ZnO corrosion), and H,0/0, (water
oxidation) are shown on the right as reference, with —4.5 eV vs
vacuum = 0 V vs NHE.

results show that, for both materials combinations, the band
offsets would require tunneling for photoexcited holes
originating in ZnO to transit the Al,O; or SiO, layer to the
electrolyte.

3.2. Photoelectrochemical Characterization of Al,O;
and SiO, ALD Coatings on PEALD ZnO. LSV and CA were
performed in order to characterize the anodic current resulting
from the transport of photogenerated holes from the ZnO to
the electrolyte, which could be a result of either a hydroxide
oxidation reaction (eq 2) or the undesired ZnO corrosion
reaction (eq 1). As shown in Figure SA, the bare ZnO PEALD
thin film showed an anodic photocurrent under LSV scanning.
CA was performed at a fixed potential of 0.3 V vs Ag/AgCl to
monitor the photocurrent generation over time. The CA test
on the bare ZnO film showed an increase in current when the
light was turned on, which quickly reached a maximum and
then attenuated close to zero within a few minutes (Figure SB).
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Photocurrent from CA stability test with voltage fixed at 0 V vs Ag/AgCl. (B, D) LSV measurements under chopped light.

The fast rise in photocurrent is attributed to the photo-
corrosion reactions related to the dissolution of the ZnO, with
the decrease in the photocurrent back to zero a result of the
removal of ZnO from the FTO substrate. These results indicate
that the photocurrent observed in the LSV measurement
(Figure SA) is likely from the photocorrosion of ZnO.

In order to mitigate the photocorrosion reaction, 4 nm layers
of either Al,O; or SiO, were deposited onto the ZnO. The LSV
results showed that the SiO,-coated sample had a slightly
higher photocurrent than the Al,O;-coated sample, and both of
the coated samples had lower photocurrents than the bare ZnO
(Figure SA). Under chopped light illumination, noticeable

16142

transient current spikes followed by decay to a steady state were
observed in the LSV plots of the coated ZnO films. Similar
“spike and overshoot” transients are commonly observed in
photoanodes such as hematite from recombination of carriers at
surface states.”*” It is not clear if the transient response in our
samples arises due to surface recombination (ie., at the
interface between the ALD layer and electrolyte) or due to
recombination at the interface between the ALD layer and the
ZnO. Regardless, since these transient peaks were less
pronounced in the bare ZnO electrodes, we use their
appearance as an indication of the presence of the ALD layer
on the electrode surface.
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When examining the coated ZnO films using the CA stability
test, the Al,O;-coated sample showed only a slight increase in
the current once the light was turned on (Figure SB). However,
the photocurrent increased quickly after 300 s and reached a
maximum at around 1200 s. As the measurement time
increased, the photocurrent started to decrease to zero. After
the test, the sample had the same appearance as a bare FTO
substrate, indicating that both the ALD layer and the ZnO film
had been removed. Hence, the increase and then decrease in
photocurrent in the CA results for the Al,O;-coated sample are
also attributed to the photocorrosion and removal of the ZnO,
indicating the inability of the Al,O; layer to sufficiently protect
the electrode. On the other hand, the sample coated with SiO,
maintained a relatively stable photocurrent for the entire
duration of the stability test (~1 h), and the color of the
substrate surface appeared unchanged after the test.

In order to characterize the electrodes after the CA stability
tests, LSV measurements were also performed afterward and
compared to the initial LSV curves (Figure SA). For the bare
ZnO and Al,Oj-coated ZnO electrodes, the photocurrent was
significantly smaller after the CA test, consistent with the
removal of the ZnO layer due to photocorrosion. In contrast,
the SiO,-coated sample displayed similar photocurrents before
and after the CA test and the transient peaks were observed in
both curves, suggesting that the SiO, layer was intact with the
ZnO layer underneath preserved. These results indicate that the
photocurrent observed in the LSV and CA curves for the bare
and Al,O3-coated ZnO electrodes were likely originating from
the photocorrosion reactions of the ZnO, while the SiO,
coating was more effective for preventing this process.

The effect of the SiO, thickness was also investigated (Figure
S3). Decreasing the thickness of the SiO, layer resulted in faster
photocorrosion. For a ZnO sample coated with 1 nm SiO,, a
decrease in the photocurrent was observed almost immediately
in the CA test (Figure S3A). This suggests that 1 nm of SiO,
was not sufficient to protect the ZnO surface, thus apparently
leading to the exposure of ZnO to the electrolyte and enabling
photocorrosion. A ZnO thin film sample coated with 2 nm SiO,
was stable for ~30 min before the current associated with ZnO
photocorrosion started to increase (Figure S3B).

To elucidate the effects of the ALD layers on surfaces with
reduced roughness, which could possibly reduce the likelihood
of pinhole formation, studies were also performed on ZnO
single crystals coated with the Al,O; and SiO, layers. The use
of single crystalline substrates could also eliminate the initiation
of photocorrosion at grain boundaries. However, due to the
increased thickness and light absorbance of the ZnO single
crystal, more photogenerated carriers would be produced under
light illumination, which could increase the photocorrosion
processes. As shown in Figure 6A,C, the LSV measurements on
the ZnO single crystals coated with 2 or 4 nm AL, O; or SiO,
showed much higher photocurrent compared to the scans for
the ZnO PEALD thin films (Figure SA). The CA stability test
was performed on the ZnO single crystal samples with the
potential set at 0 V vs Ag/AgCl for 1 h. As shown in Figure 6B,
the current continued to increase for both Al,O; thicknesses
and reached values of ~0.5 and ~0.4 mA/cm’, respectively,
after 1 h. Similar to the electrodes composed of ZnO thin films,
this current increase is attributed to the photocorrosion of the
ZnO. However, since the ZnO single crystals were much
thicker than the ZnO PEALD films, the drop in photocurrent
associated with the complete dissolution of ZnO from the
electrode was not observed, since the CA testing time was not

long enough for full dissolution of the sample. In contrast to
the AL, Oj-coated single crystal, the single crystal with 4 nm
SiO, coating exhibited very low charge transfer to the
electrolyte interface, resulting in very little current (Figure
6D). The sample coated with 2 nm SiO, exhibited a slightly
lower photocurrent in the LSV measurement after the CA
stability test (Figure 6C), but the stable photocurrent of ~0.215
mA/cm? in the CA measurement (Figure 6D) suggests that the
SiO, layer is still essentially intact. These results show that the
SiO, layer was effective as a protecting layer for ZnO for a
range of photocurrent densities.

3.3. AFM and SEM Characterization. In order to examine
the corrosion mechanism, the 20 nm PEALD ZnO thin films
deposited onto n-Si substrates were used, since the n-Si wafers
provided flat surfaces for AFM and SEM analysis. The AFM
data for the Al,O;-coated film before and after the CA stability
test are shown in Figure 7. The as-prepared Al,O;-coated
sample surface was flat, with roughness (~0.7 nm) similar to
the bare ZnO film (Figure 7A).

After CA testing, particles were observed on the electrode
surface in both AFM and SEM images, which were attributed to
the adhesion of potassium phosphate salts from the electrolyte.
Furthermore, pits of different sizes were observed on the
surface of the samples after CA measurements of different
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Figure 7. AFM and SEM characterization of 20 nm ZnO films
deposited onto n-Si and then coated with 4 nm Al,O;. AFM images
(A) before and (B) after the 7 min CA test and (C) after the 15 min
CA test. The height profile for each topography image is shown below.
(D) SEM image showing the surface morphology of the same sample
in (B) after the 7 min CA test. Black arrows indicate the degradation
pits.
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durations. The AFM scan showed tiny pits ~ 6 nm deep on the
surface after performing CA for 7 min, as shown in Figure 7B.
AFM imaging of the surface after the 15 min CA test showed an
increase in the width and depth of pits (Figure 7C). It is
evident from the SEM image (Figure 7D) that the ALO,
surface after the 7 min stability test experienced severe damage,
with many darker contrast areas present which corresponded to
the pits identified in the AFM scans. These results suggest that
the degradation of the Al,O; layer initiates from pinholes on
the surface that expanded into larger sized pits.

On the other hand, AFM observation of the ZnO thin films
coated with 4 nm SiO, did not show obvious signs of pitting in
the AFM scans, with the surface appearing smooth even after a
1 h CA measurement (Figure 8A,B). The SEM image of the
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Figure 8. AFM and SEM characterization of 20 nm ZnO PEALD films
deposited onto n-Si and then coated with 4 nm SiO,. AFM data for the
sample (A) as-prepared, and (B) after 1 h durability test. SEM image
after CA for (C) 7 min, and (D) 1 h stability test.

SiO,-coated sample after 7 min of CA testing (Figure 8C) is
notably different from the Al,O;-coated sample tested for the
same duration (Figure 7D), lacking the dark contrast features
associated with the pits. However, in the SiO,-coated sample
that underwent the CA test for 1 h, the SEM image revealed a
low density of dark circular patches up to 4 ym in diameter
with bright centers, as indicated by the black arrows in Figure
8D, which was further investigated using TEM.

3.4. TEM Characterization. In order to understand the
origin of the features observed in the AFM and SEM images,
TEM characterization was performed on cross-sectioned
samples to further investigate the failure mechanisms in the
AlL,O; and SiO, films. For the Al,Os-coated sample, a section
was obtained across a few pits so that the undamaged (Figure
9A) and degraded (Figure 9B) areas could be compared. The
~21 nm thick ZnO layer and ~3 nm Al,Oj; layer were observed
in the undamaged area and confirmed by energy-dispersive X-
ray spectroscopy (EDX). The ZnO layer was polycrystalline,
while the Al,O; layer was amorphous. A thin amorphous layer
was observed in between the Si substrate and ZnO thin film
and was attributed to the native silicon oxide. Figure 9B is an
example of a damaged area where the ZnO layer shows less

PEALD ZnO

21 nm

Figure 9. TEM cross-sectional image, from the (A) undamaged and
(B) damaged areas, showing the microstructure of samples comprising
20 nm ZnO thin films deposited onto n-Si and then coated with 4 nm
ALO; (after the 7 min CA stability test).

contrast and a reduced thickness. A contrast gradient was also
observed in the ZnO layer here, showing major ZnO loss near
the surface of the Si substrate.

Similar analyses were conducted on the sample coated with 4
nm SiO,. From the CA, AFM, and SEM results, this sample
displayed slower degradation and fewer dark contrast regions
compared to the Al,O;-coated sample. A TEM specimen was
prepared that included a damaged region from the sample that
had undergone CA testing for 1 h. Figure 10A shows an intact
area found where a 20 nm uniform layer of polycrystalline ZnO
was observed. The 4 nm SiO, layer could not be distinguished
from the amorphous carbon (deposited during TEM sample
preparation), and EDX was used to confirm the presence of the
SiO, layer. An EDX spectrum acquired from the ZnO layer of
the intact area showed a predominant Zn L peak and a
relatively smaller Si peak, while the spectrum acquired from
about 2 nm above the ZnO layer shows a much larger Si peak
from the ALD SiO,. The damaged area is also shown in Figure
10B and exhibited a much lighter contrast in the ZnO layer,
indicating a smaller thickness in the electron beam direction.
Different from the Al,Oj-coated sample, a relatively uniform
contrast in the ZnO was observed in this sample, suggesting a
different degradation mechanism which will be discussed in the
following section.

4. DISCUSSION

The failure mechanism of wide band gap protection layers is
attributed to three factors: (1) the deposition of a non-
continuous film on the unstable semiconductor, (2) the
presence of pinholes in the ALD layer, or (3) diffusion of
electrolyte species through the ALD layer to the interface.
From the aforementioned described photoelectrochemical
results and microscopic observations, it is evident that the
ALO; and SiO, ALD films display different properties as
surface layers on ZnO photoanodes.
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Figure 10. TEM cross-sectional image, from the (A) undamaged and (B) damaged areas, showing the microstructure of samples comprising 20 nm
ZnO thin films deposited onto n-Si and then coated with 4 nm SiO, (after the 1 h CA stability test). The inset in (B) shows the fast Fourier
transform (FFT) from the corroded ZnO layer. EDX results from the ZnO layer and the top surface of the undamaged area are also shown. The Pt
and Mo peaks in the EDX spectrum come from the process of TEM sample preparation using the FIB technique.

The increase in photocurrent for the Al,Oj-coated ZnO
samples (Figures SB and 6B) during the CA stability tests
indicates that degradation still occurs and clearly shows that
Al Oj; is not a suitable material to be used as a protective layer
for ZnO. The dissolution of Al,O; ALD layers when immersed
in water can cause the thinning of the whole film.*® The
analysis of the AFM and SEM scans shows that the Al,O;/ZnO
surface displays pits after the photoelectrochemical measure-
ments (Figure 7). This implies that pinholes and surface defects
in the AlL,O; layer, which may form due to its chemical
instability in water, can accelerate the photocorrosion of ZnO at
the interface with Al,O; and cause pitting. These pits can then
grow under photoelectrochemical activity and allow the
electrolyte ions to contact the ZnO, at which point the
photocorrosion reactions can occur (Figure 11A)

In contrast to Al,O;, SiO, showed better stability for the
same layer thickness and is more effective for preventing the
current increase due to photocorrosion during the CA
measurements. If the SiO, layer is too thin, then electrolyte
diffusion could enable ZnO photocorrosion and removal of the
SiO, layer. The 4 nm thick SiO, layer was more effective for
obtaining stable photocurrents in CA measurements, and AFM
and SEM characterization after photoelectrochemical tests
showed the surface was flat and lacked the same type of pits
observed in the Al,O;-coated samples (Figure 8).

However, the areas of light contrast observed in TEM images
(Figure 10B) and a pit-free surface in the AFM image (Figure
8B) implied that degradation of the underlying ZnO was
occurring without disturbing the surface of the SiO, layer. A
similar observation was made in a study by Tomkiewicz et al.,*’
where diffusion of the electrolyte through a 40 nm TiO,
passivation layer was proposed as the degradation mechanism
for the corrosion of the underlying GaAs substrate. In the case
of SiO,, the diffusion of hydroxide electrolyte species through a
SiO, layer to the interface with Si was studied with ion diffusion

field effect transistors (ISFETs).*” Hence, it is feasible for
hydroxide ions to diffuse from the electrolyte to the ZnO/SiO,
interface, which would facilitate the corrosion of ZnO. The
Zn*" and O, could also be released to the electrolyte through
this same diffusion process. Therefore, the degradation
mechanism of ZnO when covered with SiO, is different than
that when it is covered with Al,O;, as shown in Figure 11A,B.
The rate of ZnO corrosion when using SiO, ALD layers is
slowed due to the inhibition of the direct contact between the
ZnO and electrolyte liquid. Thus, the SiO, layer is better for
protecting the ZnO compared to Al,O;, but corrosion due to
the diftusion of ions through the SiO, is feasible.

In the TEM analysis of both types of samples, we also
observed evidence of reaction and delamination behavior at the
interface between the ZnO and n-Si substrate, particularly in
the areas where the most severe degradation was observed. We
suggest that this observation can be explained by the sample
geometry. Due to the wide band gaps of ZnO and the ALD
layers, high energy photons will be absorbed in the ZnO, while
the longer wavelength photons will excite carriers in the n-Si
substrate (Figure 11C). In this type of tandem configuration,
photogenerated electrons from ZnO could recombine with the
photogenerated holes from n-Si. However, it is also feasible for
the photogenerated holes from n-Si, in addition to the
photogenerated holes from ZnO, to participate in the
decomposition of ZnO at energy level Ey, as indicated by
the red solid arrows in Figure 11C. These two corrosion
processes, therefore, result in the thinning of the ZnO layer
from both sides, as illustrated in Figure 11A,B.

5. CONCLUSIONS

In summary, Al,O; and SiO, ALD layers were deposited onto
PEALD ZnO thin films and ZnO single crystals. The ZnO
samples coated with SiO, showed better stability than those
coated with Al,O;. With the aid of detailed electrochemical and
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Figure 11. Schematic of photodegradation mechanism (A). In ALO;-
coated ZnO, the chemical instability of Al,O; in water facilitates its
dissolution and enables pinholes to grow, allowing direct contact of
ZnO with the electrolyte and its photocorrosion. Zn*" ions from the
corroded ZnO can leave through the pinholes. (B) In SiO,-coated
ZnO, electrolyte ions diffuse through the SiO, layer and Zn** can
likely diffuse out. In both samples, photogenerated holes in the n-Si
substrate can also cause reactions at the n-Si/ZnO interface. (C)
Schematic of energy band diagram of the n-Si/ZnO/AL,O; sample (see
the Supporting Information) and the interface with the electrolyte.
Under light irradiation, photoexcited carriers (blue arrows) are
generated in both n-Si and ZnO. Green arrows indicate electron
drift and trapping and red dashed arrows indicate hole drift and
trapping. The red dashed arrow at the surface shows water oxidation
(at the standard electrochemical potential), and the red solid arrows
show processes that may lead to ZnO degradation and photo-
corrosion.

microscopic characterization, particularly TEM, the degradation
mechanisms were studied. The inability of the Al,O; layer to
protect ZnO from photocorrosion stems from its chemical
instability, which can lead to the formation of pinholes or
defects that grow under light irradiation to form corrosion pits
in the ZnO. Although the sample coated with 4 nm of SiO,
showed better stability, TEM analysis after photoelectrochem-
ical measurements suggested that diffusion of ions from the
electrolyte through the SiO, layer may contribute to corrosion
of the underlying ZnO layer. The importance of light
absorption by other layers in the sample was also discerned,
as light absorption by the n-Si substrate led to unintended
degradation at the interface with ZnO farthest away from the
electrolyte. The results presented here suggest the development
of wide band gap protective layers that are both stable in the
electrolyte and limit ion diffusion would be advantageous.
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