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otoelectrochemical instability of
amorphous TiO2 layers quantified by spectroscopic
ellipsometry†

H. Kriegel, a J. Kollmann, a R. Raudsepp, a T. Klassen ab and M. Schieda *a

Amorphous TiO2 films deposited by Atomic Layer Deposition (ALD) are recently being employed as

corrosion protection coatings for photoanodes and photocathodes. However, these protective films are

not immune to degradation. We have applied spectroscopic ellipsometry to quantify the loss of material,

and the corresponding etch rates, for amorphous TiO2 in photoelectrochemical cells under a wide range

of conditions, at open- and short-circuit, in darkness and under illumination with different wavelength

ranges. In 0.5 M sulfuric acid, we found corrosion to proceed via two routes: a chemical process, with an

activation energy of 57 kJ mol�1, and photoelectrochemically, once excess generated charge carriers are

extracted. Compared to the dark condition, the combined degradation rate is more than doubled under

illumination at 100 mW cm�2 and at pH 0.3–2. The observed etch processes are highly dependent on

the acidic pH values and largely suppressed at pH > 4. This has important implications for the selection

of operating conditions for practical photoelectrochemical cells using amorphous TiO2 protective coatings.
Introduction

In the pursuit of efficient and stable photoelectrodes for solar
water splitting, protective layers of ALD-grown, amorphous TiO2

have had a large impact on recent and current research strate-
gies in stabilizing efficient but intrinsically unstable absorber
materials.1 A number of groups have demonstrated the poten-
tial of thin layers of TiO2 to extend the lifetime of photoanodes
and photocathodes based on silicon,2–4 GaAs,5 CdTe,6 CZTS7 and
Cu2O8 under PEC (Photoelectrochemical Cell) conditions.
Because TiO2 is intrinsically a poor catalyst for hydrogen or
oxygen evolution, such protected electrodes are commonly
decorated with an additional catalyst like platinum or nickel.
The metal serves to adjust the Fermi-level of the layered system,
extracts and stores charge carriers and facilitates charge trans-
fer for the desired reaction. This also reduces the available
charge carriers for the electrochemical corrosion pathways of
TiO2 under reducing or oxidizing conditions. The protected
systems have shown remarkable photocurrents over hours and
days of measurement but oen fail aer extended testing due to
a loss of catalyst8–10 or pinhole enabled etching of the under-
lying absorber.11
Materials and Coastal Research GmbH,

many. E-mail: mauricio.schieda@hzg.de

elmut-Schmidt-University, Holstenhofweg

tion (ESI) available. See DOI:

f Chemistry 2020
Crystalline TiO2 in the anatase phase has been debated to be
either benecial12 or detrimental10 for the electrode function-
ality, but is accepted to be more stable than amorphous coat-
ings.3,10,13 Studies on RF magnetron sputtered TiO2 on the other
hand highlighted the etchability of amorphous titania14,15 in
warm sulphuric acid or phosphoric acid mixed with hydrogen
peroxide. Once crystallized, the etch rate was shown to be more
than 20 times lower at 95 �C.14 Furthermore, recent thermody-
namic investigations have determined for amorphous TiO2 in
acidic conditions at 25 �C a solubility three orders of magnitude
higher than for the crystalline phases.16,17

Even though decoration with electrocatalysts limits their
degradation,18,19 in the long term the stability of amorphous
TiO2 protective layers in PEC devices will be determined by their
intrinsic behaviour in the corresponding chemical and photo-
electrochemical environments. Nevertheless, there seem to be
no published systematic studies of etch rates or stability
windows under operating conditions for these coatings.

In this work, we have evaluated the corrosion of amorphous
ALD-grown TiO2 layers on highly doped silicon in a PEC device,
in the dark and under illumination, with focus on 0.5 M sul-
phuric acid (H2SO4) as the electrolyte. Etch rates were deter-
mined from residual layer thicknesses modelled by ellipsometry
data measured ex situ. The impact of the resulting cell
temperature, as well as the inuence of the incident illumina-
tion wavelength on the etch rate was studied by employing
optical lters during the corrosion experiments. In addition, the
contribution of photoelectrochemical corrosion could be
differentiated from chemical corrosion by careful selection of
experimental parameters.
J. Mater. Chem. A, 2020, 8, 18173–18179 | 18173
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Fig. 1 (a) X-ray diffractogram and (b) Raman spectrum of TiO2 films
grown at 100 �C and 300 �C to yield amorphous or crystalline layers
respectively. For the amorphous films, even the strongest signals
indicating anatase at 25.3� and 140 cm�1 cannot be distinguished from
the noise or fluorescent background.
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Experimental
Sample preparation

Amorphous TiO2 lms were grown on highly doped silicon wafers
(5 mohm cm) by plasma assisted Atomic Layer Deposition (ALD).
Substrates were cleaned in buffered oxide etch (1 : 6 HF : NH4F)
prior to loading in the ALD reactor (Oxford Instruments FlexAL).
The depositions were performed at 100 �C, using tetrakis(dime-
thylamido)titanium (TDMAT) and oxygen plasma. The steps con-
sisted of 0.8 s precursor dose, 6 s Ar purge, 1 s pre-plasma gas
stabilisation, 3 s plasma with RF power of 300 W and 4 s post-
plasma purge. 900 cycles were used to obtain 68 nm TiO2 lm
thickness at a growth rate of 0.77 Å per cycle. For comparison,
crystalline lms were grown with the same parameters at 300 �C,
resulting in 60 nm lms of TiO2 in anatase phase.
Characterization

Raman spectra of as-grown lms were measured with a WITec
confocal Raman-microscope (alpha300 R) using a 633 nm laser.
X-ray diffractograms were acquired with a Bruker D8 diffrac-
tometer under grazing incidence angle of 1.0� using a Cu K-
a source.

The (photoelectro-)chemical corrosion experiments were
conducted in a commercial PEC cell (Zahner-Elektrik) with
a quartz window for illumination and the exposed sample area
dened by a 5 mmO-ring. Illumination was supplied by a 300W
xenon lamp (LOT-Oriel) tted with an AM1.5 global lter
(Fig. S1†). Additional adjustment of the wavelength range was
achieved using optical lters (Thorlabs). Experiments were
performed under open-circuit conditions or in “zero resistance
ammeter” (ZRA) mode with a Versastat 4 potentiostat (PAR/
Ametek). Unstirred 0.5 M sulphuric acid was used as the elec-
trolyte if not stated otherwise.

The residual layer thickness was determined by spectro-
scopic ellipsometry on a J.A. WoollamM-2000 ellipsometer with
wavelengths in the range of 245 to 995 nm, at 75� angle of
incidence. The thickness of the remaining TiO2 layer was
modelled with the Cauchy20 relation for wavelengths >400 nm
and with dispersions of Cody–Lorentz21,22 and Tauc–Lorentz.23

In general, the results of tting ellipsometry data to the various
models were in close agreement. In all cases with 15 nm ormore
remaining, the residual lm thickness can be determined to
within �0.3%. The homogeneity of the residual TiO2 layer
thickness in the area of the sample exposed to the electrolyte
was veried by ellipsometric mapping, on a J. A. Woollam RC2
ellipsometer tted with focusing probes, at 60�, 65� and 70�, in
a wavelength range of 210 to 2500 nm. For the full experimental
and tted ellipsometry data see ESI, Fig. S4–S7.† Tabulated
optical data for the silicon substrate and a SiO2 interlayer were
taken from Herzinger et al.24
Results and discussion
Film properties

The as-grown TiO2 layers on silicon were characterized by
gracing incidence X-ray diffraction (GIXRD), Raman
18174 | J. Mater. Chem. A, 2020, 8, 18173–18179
spectroscopy, atomic force microscopy (AFM) and spectroscopic
ellipsometry (SE). Fig. 1 shows the diffractogram and Raman
spectrum of the samples studied in this work, compared to
a 300 �C grown lm, highlighting the absence of any signicant
amount of crystalline TiO2 in the 100 �C deposition. AFM
topography (Fig. S2, S3 and Table S1†) shows sub-nm surface
roughness for the lms and is bare of the typical hillocks
observed for (partially) crystalline coatings.25,26 Spectroscopic
ellipsometry was used to determine the lm thickness at 68.1 �
0.5 nm with a roughness of approximately 2 nm. Modelling the
SE data with a Tauc–Lorentz dispersion for the TiO2 layer yields
an optical band gap of 3.30–3.45 eV (details in ESI, Fig. S4–S6†),
which is in agreement with the amorphous nature of the
material.

Corrosion at open-circuit in the dark and under different
illumination conditions

Fig. 2 shows the residual lm thicknesses aer exposing the
samples to a strongly acidic electrolyte (0.5 M H2SO4) for 2–60 h
and the respective average etch rates, both in the dark and
under illumination with 100 mW cm�2. It shows the steady
decrease in lm thickness over time, which is enhanced when
the samples are illuminated. The average etch rates are 0.39–
0.55 nm h�1 in the dark and up to 2.1 nm h�1 under illumi-
nation (Fig. 2b).

To study the impact of incident wavelength, optical lters
were used for experiments of 15 h etching under illumination.
Using a longpass UV-lter with a 400 nm cut-on (Thorlabs
FGL400) and considering that the band gap of TiO2 is >3 eV,
exclusion of UV light should minimize photochemical or pho-
toelectrochemical etching (any carriers generated by absorption
in the degenerately doped silicon substrate are rapidly lost to
recombination). The resulting etch rate was 1.4 nm h�1, close to
the rate at full illumination. Using other lters, i.e. an UV-vis
bandpass lter (Thorlabs FGS900, 900 nm cut-off) and an UV-
passing lter (Thorlabs FGUV, transmission 325–385 nm &
700–900 nm) showed etch rates of 1.0 and 0.7 nm h�1, respec-
tively, with no apparent inuence of the chosen wavelength.
Fig. 3a summarizes the average rates with several of the
employed lters for experiments of 15 h etching duration at
open-circuit (black frames).
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Residual thickness and (b) etch rate of TiO2 in 0.5 M H2SO4

over time in the dark (red) and under 100mW cm�2 illumination (blue).

Fig. 3 (a) Average etch rate over 15 h under full or partial illumination
in 0.5 M H2SO4. FGL400, FGS900 and FGUV denote various filters to
remove UV- and IR contributions from incoming light (L400/S900) or
limit excitation to UV only (FGUV). “sc” indicates that the cell was wired
directly to the Pt counter electrode to allow free transfer of photo-
generated charge carriers. Due to higher etch rate, data for fully illu-
minated, short-circuited sample was determined after 4 hours of
etching. (b) Arrhenius plot of TiO2 etch rate based on warming up of
the PEC cell under illumination using various filters. The blue star
indicates heating up of the cell, sample and electrolyte externally but in
the dark (see text for details). All temperatures in the graph were
measured within the electrolyte, close to the sample. With a slope of
�6.873 � 103 K�1, resulting in Ea ¼ 57 kJ mol�1.
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A warming up of the PEC cell under constant illumination
was noted and the electrolyte temperature in the cell was
measured with a Pt-100 resistance thermometer, both in close
proximity to the sample, with the sensor tip illuminated, and
more remotely with the sensor not exposed to light. Without any
lters, the measured temperatures rose to 38 �C and 41 �C with
the sensor shadowed and exposed respectively (Fig. S8†). The
surface temperature of the sample may even exceed those values
but could not be determined directly.

The observed increased etch rates under illumination with
and without various lters, indicated a temperature dependent
etching rate, which was conrmed by performing experiments
in the dark with a heated cell (approx. 38 �C electrolyte). In this
case, the observed rate of 1.5 nm h�1 was comparable to the
previously described experiment with the UV lter, for which
a similar temperature was measured.

To verify the inuence of temperature increase and stabi-
litzation during the early stage of continuous illumination, the
TiO2 thickness was determined in a series of repeated 1 h inter-
vals under illumination, showing an etch rate of 1.10 nm h�1

(Fig. S9†). A second series of measurements was performed at
This journal is © The Royal Society of Chemistry 2020
intervals of 2.8 h, each time allowing the cell to approach its
saturation temperature, resulting in an etch rate of 1.63 nm h�1.
As the reproducibility of the etch rates over 24 hours and 27 nm
for the onset illumination conditions further shows, the slow
initial corrosion rates are not linked to differences in the TiO2

lm surface related to deposition conditions.
From the respective electrolyte temperatures determined

under (partial) illumination and the resulting etch rates, an
Arrhenius plot was constructed (Fig. 3b) which yields an acti-
vation energy of 57 kJ mol�1 for the dissolution of amorphous
TiO2, comparable to the values reported for anatase-rutile
particles in HF–HCl mixtures.27
Corrosion under short-circuit conditions

With the working electrode at open-circuit, electrochemical
corrosion is expected to occur only if signicant inhomogenei-
ties are present. Such inhomogeneities, e.g. in the form of
pinholes to the substrate or considerable phase differences,
could present a difference in electrochemical potentials and
divide the surface locally into microscopic anodic and cathodic
regions that facilitate oxidation and reduction reactions. In our
experiments, however, degradation proceeds isotropically, as
evidenced by atomic force microscopy and spectroscopic
ellipsometry mapping (Fig. S2 and S7†). On such a homogenous
surfaces, the electrochemical anodic or cathodic corrosion
would lead to a build-up of charges that result in an electro-
chemical potential that opposes further corrosion. Connecting
the sample in short-circuit to a counter electrode or using
a potentiostat in zero resistance mode, allows these charges to
be extracted and the study of the inuence of (photo-)electro-
chemical corrosion without applied bias.

Results from the additional short-circuit experiments are
included in Fig. 3a and highlighted by red frames. Under dark
conditions but with the TiO2 electrode connected externally to
the Pt counter electrode, the etch rate over 15 hours was largely
unaffected and remained <0.5 nm h�1, while under full illu-
mination, a corrosion of >4.0 nm h�1 was determined. Conse-
quently, under short-circuit conditions and illumination, the
etch process is acceleratedmore than 2-fold with the free ow of
excess charge carriers to the counter electrode.

The importance of wavelength can herein be highlighted, as
the use of the 400 nm cut-on lter during short-circuit experi-
ments resulted in an etch rate of 1.2 nm h�1, comparable to the
open-circuit conditions, and no apparent enhancement from
extracting excess charge.

Considering the mechanism of photoinduced corrosion,
with light dependent generation of reactive holes in the valence
band that provide potential either for water oxidation or
oxidation of the semiconductor, it is apparent that the increase
in lm removal under full illumination is related to excitation
by photons of UV wavelength and energy greater than the band
gap of the amorphous TiO2. The anodic decomposition poten-
tial of TiO2 is less positive than the potential at its valence band
maximum (VBM), and more positive but close the redox
potential of the oxygen evolution reaction (OER).28,29 With an
intrinsically low activity towards water oxidation and immense
J. Mater. Chem. A, 2020, 8, 18173–18179 | 18175
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overpotentials for oxygen evolution, the kinetic stability against
photocorrosion, as was pointed out by Gerischer,30 and Bard,31

is overcome for these amorphous lms.
Corrosion at different pH values

Studies for PEC absorber materials, catalysts and protection
schemes are most commonly conducted in either very alkaline
or very acidic electrolyte, due to the high conductivity of these
solutions and oen superior activity of the catalysts at the edges
of the pH range.32

In our experiments we have similarly observed signicantly
less degradation of the lms at pH ¼ 7 and even pH ¼ 4, with
a change in lm thickness of <1 nm over 15 h of corrosion at
open-circuit or 4 h allowing charge extraction. Instability in
amorphous TiO2 lms has also been reported for alkaline
environments.33 In 1 M KOH or NaOH, the degradation of our
samples proceeds inhomogeneously and is not easily deter-
mined through ellipsometry. It is uncertain at this point, if this
is based on non-uniform degradation of the TiO2 layer or
related to a pinhole induced photocorrosion process of the
underlying substrate, as proposed by Didden et al. for thin lms
of TiO2 on CdS.11

In the range of pH ¼ 0.3 to pH ¼ 4, we determined the
corrosion rates at OCP in the dark and under illumination and
in zero resistance ammeter mode under illumination. Fig. 4
shows the resulting rates and highlights the pH inuence for all
measurement conditions. In the dark, corrosion rates drop
from 0.51 nm h�1 at pH ¼ 0.3 to 0.05 nm h�1 at pH ¼ 2–3 and
from 1.92 to 0.13 nm h�1 under illumination. With charge
extraction, the corrosion rates remain higher by a factor of 2.5 to
4 compared to open-circuit but decrease rapidly with increasing
pH value.

These ndings agree well with Pourbaix diagrams that
account for hydrated species of TiO2 and allow for TiO2+ or
TiO2

+ species at low pH.34,35 The common transitions here are
the reduction to Ti3+ at potentials more favourable than proton
reduction and oxidation towards a TiO2

2+ species approximately
700 mV more positive than the thermodynamic potential of
Fig. 4 Etch rate dependence on the pH value of electrolyte (H2SO4 +
K2SO4, 0.5 M SO4

2� total) at open-circuit conditions (OCP) and in zero
resistance ammeter mode (ZRA). Data for OCP experiments all after
15 h, ZRA data for 4 or 8 h experiments due to higher etch rates.

18176 | J. Mater. Chem. A, 2020, 8, 18173–18179
oxygen evolution. Similarly, Knauss et al. have shown the
hydrolysis of TiO2 even in rutile phase at elevated temperature
to proceed through Ti(OH)4 to Ti(OH)3

+ and Ti(OH)2
2+ in acidic

media or to Ti(OH)5
� in alkaline environment.36
Short comparison to other TiO2 thin lms

The ALD growth of crystalline TiO2 proceeds through an initial
amorphous thin lm until achieving a critical thickness upon
which fully crystalline lms are generally observed.37,38 In the
early growth phase, e.g. up to tens of nm – dependent on growth
parameters – the amorphous layer hosts the seeds of crystal-
lites, which progressively grow as anatase throughout the lm
both by continuous epitaxial growth at the exposed surface and
crystallization through the lm, consuming the amorphous
TiO2.26

The electrodes of the multi-crystalline lms referenced for
comparison in Fig. 1, that were grown at 300 �C and consist
predominantly of anatase phase, exhibit no apparent corrosion
even during extensive electrochemical testing. Other lms,
grown also at 300 �C but below the thickness threshold for full
crystallisation show the degradation of the amorphous material
only, while the embedded crystallites become successively more
exposed39 which is in agreement with ndings by other groups
regarding the greater intrinsic stability of crystalline grown
lms.8

The solubility of Ti generally increases at pH values further
from the point of zero charge (PZC) but the results show that
this parameter is not an adequate indicator for comparing
different phases.40 The PZC of amorphous TiO2 is commonly
found to be more acidic (4.0–4.6)41,42 than either that for anatase
(5.2–6.2)41,43 or rutile (5.4–6.0)43,44 and to change during aging
and crystallisation.41

Structurally, amorphous TiO2 is more similar to anatase than
rutile but the disorder in the chains of octahedra and the broad
dispersion of bond lengths give rise to weak links in form of
elongated Ti–O bonds with 1/2 to 1/3 of the bond-strength of the
crystalline counterpart.45 Stability is additionally decreased by
the lower average coordination numbers (CN) of oxygen and
titanium (avg. CNTi ¼ 5.49) in the amorphous phase compared
to the crystalline phases (CNTi ¼ 6).45

Sputtering proles of XPS measurements (Fig. S10†) reveal
low percentage impurity levels of carbon and nitrogen
throughout the lms originating from incompletely removed
precursor ligands during the plasma-assisted deposition
process. All lms were exposed to atmosphere and show high
contamination at the surface. The low temperature deposition
at 100 �C results in higher levels of Nitrogen and Carbon
contamination around 4 and 5 at%, in comparison to elevated
deposition temperatures of 300 �C with impurity levels <1 at%.

The similar corrosion behaviour in 100 �C and 300 �C grown
amorphous material points to a more dominant inuence from
the phase of TiO2, compared to the incorporation of N or C.
Photoelectrochemically, our electrodes containing amorphous
TiO2 commonly exhibit a reduction feature at 0.15 V vs. SHE
(Fig. 5). This is only present aer anodic polarization beyond
a specic potential under illumination and has similar
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Electrochemical equivalent circuits used for modelling EIS
data, (b) capacitive element in parallel (C1) in the dark and (c) main
resistance element under illumination.
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characteristics to a peak observed by Bertoluzzi et al. for Fe2O3.46

Their study attributes these peaks to the forced surface oxida-
tion and the formation of traps, with further arguments towards
a slow detrapping mechanism. For the TiO2 electrodes in this
work, the appearance of reduction peaks coincides with the
amorphous phase and instability of the material.

Preliminary insights from EIS

The study of electrochemical impedance spectroscopy (EIS) can
shed further light on bias dependent capacitances and resis-
tances in the electrochemical system. Models treating the
charge transfer either directly from the bands or via surface
states47,48 may help to identify bottlenecks, but were a poor
approach to tting the experimental data for our (partially)
corroding electrodes. Instead, we focussed on simple equivalent
circuits (Fig. 6a) for a blocking layer (dark) or single Randles
circuit both containing one constant phase element (CPE) to
account for inhomogeneity or mixed processes that cannot at
this stage be fully unravelled.

The potential dependent analysis of the separate elements
(Fig. 6b and c) reveals several features that can be linked to the
CV scans (Fig. 5):

(1) The pure capacitance C(1) encountered in the model in
the dark exhibits a dip at the exact potential of the reductive
peak in the CV (0.15 V), or a local maximum at 0.25 V (Fig. 6b).

(2) The CPE based capacitance and resistance sharply change
in parallel with the onset of reductive current (<0.2 V).

(3) Under illumination, the dominant capacitance (derived
from the CPE), though generally an order of magnitude larger,
has a minor peak at 0.15 V and a maximum of resistance at
0.25 V vs. SHE (Fig. 6c).

In line with any modelling of complex data, the analysis of
electrochemical impedance spectroscopy offers numerous pitfalls
and is susceptible to assumptions in selecting an appropriate
electrochemical equivalent circuit. In order to justify a more
comprehensive model, systematic variations of the layer studied
and the overall electrochemical system are required to attribute
physical signicance to any selected element. In a comprehensive
study currently ongoing, we expect to shed light on the contributing
factors to the chemical and photoelectrochemical corrosion, as well
Fig. 5 Cyclic voltammogram (CV) of amorphous TiO2 on n++Si in the
dark and under 100 mW cm�2 illumination.

This journal is © The Royal Society of Chemistry 2020
as a link to the intricate interplay of deposition parameters in lm
growth by ALD. This could help identify the optimal deposition
pathway to stable protective coatings for photoanodes and cath-
odes, as well as provide means to identify weak points in electro-
chemically exposed layers.

Conclusions

The corrosion of ALD-grown, amorphous TiO2 lms in 0.5 M
sulfuric acid (pH ¼ 0.3) was studied by spectroscopic ellips-
ometry. At open-circuit potential the etch rate in the dark is
0.5 nm h�1. Under 100 mW cm�2 illumination, the etch rate
increases to 2.1 nm h�1, which can be attributed to the
temperature change of the photoelectrochemical cell under
continuous illumination from room temperature to 41 �C. By
using cut-on and cut-off lters to remove different fractions of
the spectrum (e.g. UV or IR), it could be shown that excitation
wavelength is not responsible for an increase in etch rates but
rather the different cell temperatures resulting from illumina-
tion. The corresponding activation energy of the TiO2 dissolu-
tion is 57 kJ mol�1.

Controlling the ow of excess generated charge carriers in
short-circuit conguration, as opposed to open-circuit condi-
tions, furthermore revealed a photoelectrochemical corrosion
contribution dependent on UV excitation, increasing etch rates
more than twofold. In agreement with recently published
Pourbaix diagrams that account for hydrated TiO2, the degra-
dation is strongly pH dependent and becomes negligible at pH
¼ 4 in the time frames investigated. Consequently, in order to
ensure long term stability, for PEC devices operating in acidic
electrolyte, and incorporating amorphous TiO2 coatings which
are at least partially in contact with the electrolyte, the opera-
tional conditions should be limited to pH > 4.
J. Mater. Chem. A, 2020, 8, 18173–18179 | 18177
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In comparison to the stable, crystalline counterpart anatase,
amorphous TiO2 shows a photoinduced reduction peak near
0.2 V vs. SHE that can be linked to features in the EIS analysis.
Ongoing comprehensive studies in this direction may be help-
ful to identify the exact origin of the instability in TiO2 lms,
their dependence on synthesis parameters and electrochemical
contribution in the overall system.

Altogether, the results show that for PEC systems a study of
the electrodes without added catalyst or enabled photoreaction
can reveal underlying stability limitations.
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