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A new in situ ultra-high vacuum (UHV) electrochemical cell containing a liquid electrolyte solution and Ti working electrode was
designed and constructed to perform Rutherford backscattering spectrometry (RBS), under controlled electrochemical potentials. The
depth resolution of RBS allowed for the determination of depth profiles for Ti, O, and other key transported species, in the electrode
and in near-surface regions. Upon biasing the Ti electrode, subsequent RBS spectra releveled the time evolution of elemental depth
profiles, characteristic of anodization, with Ti, O and Cl being mobile species. The differences between in situ and ex situ RBS
measurements are emphasized. This work demonstrates the potential for in situ RBS to become a powerful tool for the investigation
of a wide range of electrochemical processes including oxidation, electromigration, and deposition in batteries and other devices.
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Developing corrosion resistant films and materials is grounded in
a description of the fundamental mechanisms of oxidation, at the level
of individual ionic species and their transport mechanisms. To gain
insight into electrochemical processes on the atomic scale, it is nec-
essary to create flexible, high-resolution, depth profiling techniques,
which probe the fundamental constituents and describe their interac-
tions with the greatest fidelity. Reactive metals such as Ti are of special
interest, since, when exposed to oxygen rich environments, they spon-
taneously form oxides that are thermodynamically stable and highly
insoluble, and hence provide excellent oxidation resistance in most
media.!

While some physical properties of materials can be inferred from
electrochemical measurements during anodization, many properties
must be directly determined by in situ techniques, which probe the
electrode, polarized at a controlled potential. In situ experiments
are challenging to design, due to the liquid nature of the elec-
trolyte solution. However, these in situ methods should (a) provide
a range of surface-compositional and structural information, on a
time scale that is commensurate with the electrochemical process,
and (b) be compatible with geometric constraints of the process
and the required temperatures and pressures. Ideally, these meth-
ods should also be non-destructive and have a high sensitivity. The
development of numerous in situ electrochemical diffractometric
and spectroscopic techniques®* has expanded our understanding of
the electrode-electrolyte interface. Techniques such as in situ X-ray
diffraction (XRD) allow for the detection of crystalline phases,’ in situ
Fourier-transform infrared spectroscopy (FTIR)® and in situ X-ray
photoelectron spectroscopy (XPS)’ can provide information on chem-
ical bonding, and in situ scanning tunneling microscopy (STM), can
provide topographical information about an electrode’s surface.’

As a complement to the abovementioned techniques, it is
important to determine depth distributions of key major and minor
elements present in the electrode and at the electrode/electrolyte in-
terface. Rutherford backscattering spectrometry (RBS) is a rapid, non-
destructive technique® in which a beam of mono-energetic ions is in-
cident on a target, resulting in a small fraction (~ 0.01%) of those
ions undergoing elastic collisions, due to repulsive Coulombic inter-
actions with atomic nuclei. A fraction of these ions will backscatter
in the direction of the detector, where the energy distribution of the
backscattered ions is analyzed.

*Electrochemical Society Member.
“E-mail: mbrockle @uwo.ca

There are three properties of ion-matter interactions, which make
RBS useful for quantitative depth profiling, yielding elemental areal
density as a function of depth.'® First, by assuming the collision be-
tween the incident ion and target atom is elastic, and by evoking con-
servation of energy and momentum, the energy of the backscattered
ion (i.e. after the collision), is a function of the target atom’s mass and
the scattering angle (the latter is fixed by the detector’s position). From
this mass-dependence of the backscattered ion’s energy, we can infer
the element of the target atom. Second, the backscattering intensity,
associated with a given element, is a linear function of the density of
scattering centers, of that given element in the target (accuracy up to
3-5%) and so the integrated intensity of elemental RBS spectra can be
used to infer elemental areal density. Third, for any given combination
of incident ion, incident energy, and target composition, there will be
a characteristic rate at which ions lose energy, as they penetrate, a
given depth, into a target. By using this characteristic energy loss, one
can convert measured energy losses experienced by the incident ions,
into a corresponding depth penetrated. It is from this last property,
that the widths of elemental RBS spectra can be used to infer into film
thicknesses.

RBS can be used to determine the average stoichiometry over a
depth of several hundred nanometers, with a fair depth resolution
(~10 nm in the near surface region). This potentially allows for mea-
surements of the areal density of elements in electrical double layers
and near-surface layers of electrodes, formed during anodization.

RBS requires an ultra-high vacuum (UHV), which may confound
the interpretation of some ex situ measurements, as transfer of elec-
trodes from ambient conditions to UHV may result in compositional
changes.!' For example, the outermost layer may dehydrate; different
intermediate phases may decompose, causing hydroxides to become
oxyhydroxides and oxyhydroxides to become oxides;'? or perhaps
film thickness might be modified, due to these and related processes.
For in situ RBS to be utilized to study electrochemical interfaces un-
der potentiostatic control, it must overcome the challenges of working
with a liquid electrolyte solution in UHV.

In situ RBS requires the use of an electrochemical cell that sep-
arates the liquid electrolyte solution from the UHV. This cell is
placed in the UHV, and incident ions penetrate through a thin or
ultra-thin window'>!® (of Si or SiN, for example), to reach a metal
electrode that has been deposited on the front of the window, which
is in contact with the liquid electrolyte solution in the cell. If we
bias the metal with respect to a reference electrode embedded in the
cell, the deposited metal film serves as a working electrode to drive
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electrochemical reactions, such as anodization. During anodization,
incident ions backscatter from the metal/oxide and oxide/electrolyte
interfaces and then pass (back out) through the SiN window, to reach
the detector. Through changes in subsequent RBS spectra, the time
evolution of the metal film’s composition can be observed. Thin and
ultra-thin Si and SiN windows are used due to the low atomic num-
ber (low-Z) of the element from which the window is composed
and available through well-established fabrication procedures, using
anisotropic chemical etching.!”

In situ RBS was originally demonstrated by Kotz et al. who used
2.5-3MeV He* beams passing through ~1.2 wm Si windows.'* Kotz
emphasized the need for low-Z elemental windows, to avoid overlap
of the signal originating from the electrode/electrolyte interface, and
that originating from the Si window. In RBS, the probability of an inci-
dent ion backscattering from an atom is known as the scattering cross
section and is proportional to Z2 of the target atom. If the elements of
interest are of lower-Z than Si (e.g., O), and if the widow is thick, the
peaks corresponding to the element of interest will be obscured by the
larger backscattering intensity of the substrate. Secondly, the authors'*
highlighted the phenomena known as energy straggling, whereby inci-
dent ions stochastically lose energy as they penetrate a target, resulting
in a broadening of the (once) monoenergetic beam, and point out that
this leads to degradation in depth resolution. These challenges can be
overcome by minimizing the low-Z window’s thickness or by using
a single crystalline window through which the incident ions can be
channeled.

Other in situ RBS studies have been performed with different win-
dow thickness to study various electrochemical systems. Forster et
al. used ~1 wm thick Si'®> windows and Morita et al. report using a
Si thickness of 5.5 um.'® Most recently, Hightower et al. performed
in situ RBS on 10 nm polycrystalline Au electrodes, deposited on a
150 nm thick SizN, windows.!* They reported the ability to measure
the diffuse double layer, electrode surface and near surface regions,
and upon application of a negative polarization, they witnessed the
formation of an iodide layer and the dissolution of the Au electrodes.

Previously reported in situ backscattering designs incorporated Si
windows with thicknesses between 1 and 3.5 pm. Until now, the
thinnest window reported for in situ RBS, by Hightower et al., was
150 nm thick. We used 100 nm-thick SiN windows to reduce the en-
ergy straggling and decrease the backscattering signal from the win-
dow. Thinner SiN windows were tested and were found not suitable
for our studies, due to poor mechanical strength and a high failure rate.
Additionally, most previous studies used larger energies, between 2
and 3 MeV. These high energies were necessary to penetrate the large
thicknesses of the windows reported. In RBS, the scattering cross sec-
tion has an E,~2 dependence (where E, is the incident ion energy)
and the 1 MeV we used for in situ RBS is advantageous to maximize
the scattering cross sections and minimize the acquisition time for
each consecutive RBS scan. By maximizing the number of scans in a
given time interval, we intended to enable observation of more subtle
changes to the electrode structure.

Experimental

The design of the electrochemical cell for in situ RBS analysis
is shown in Figure 1. Design drawings were created in SolidWorks,
and Western University Physics and Astronomy Machine Shop fabri-
cated the cell. The area analyzed was limited by the dimensions of the
He't beam, which was collimated by adjustable beam slits to 0.5 x
0.1 mm? or slightly smaller. The size of the SiN window was chosen
to be of comparable dimensions. The 0.5 x 0.5 mm?, 100 nm-thick
SiN window, was centered on a 5 x 5 mm?, 200 wm-thick, Si wafer.
The windows are commercially available from Norcada and manu-
factured using standard etching techniques. The SiN window must be
thin enough to allow the He™ beam to traverse it entirely with minimal
energy straggling and thick enough to withstand the pressure differ-
ence between the electrolyte in the cell and the UHV. The window and
surrounding components must be composed of low-Z elements to pre-
vent their backscattering intensity from obscuring the signal from the
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Figure 1. a) An exploded view of the electrochemical cell for in situ RBS.
The Si frame with a 0.5 x 0.5 mm?, 100 nm thick SiN window and a 60 nm
thick layer of Ti deposited on it was centered inside the cell, b) the assembled
view of the cell, from the top and c) the experimental geometry of the cell in the
UHYV system showing the direction of the incident ions (0°), and the scattering
angle (6 = 170°).

elements in the films below them (i.e., the oxide, metal, and electrolyte
solution).

The working electrode was a 40 — 60 nm-thick Ti layer that was
magnetron sputtered onto the SiN window and is easily replaced after
each experiment. The cell body and lid were constructed from poly-
tetrafluoroethylene (PTFE), because of its UHV compatibility and
low-reactivity with the potentially corrosive electrolyte. The liquid
electrolyte solution was contained within the cell body and sealed by
the first silicone O-ring. The Si wafer was placed between the first and
second silicone O-rings to minimize stresses introduced by clamp-
ing the cell together. The PTFE lid and polyethylene (PE) mask were
screwed into the cell with sufficient pressure to seal the first O-ring,
without mechanically stressing or shattering the Si wafer. The PE mask
was used as an aperture to further collimate the beam and prevent any
contributions to the RBS spectra from the Si wafer. Electrochemical
experiments employed three electrodes, with the Ti deposited on the
window acting as the working electrode (WE), a Pt wire as the counter
electrode (CE), and an AgCl-coated Ag wire as the reference electrode
(RE). The RE and CE were embedded into the electrochemical cell
body and sealed with Torrseal.

To facilitate data interpretation for the functional cell, prelimi-
nary simulations of the expected RBS spectra of the assembled cell
(SiN/Ti/H,0) were performed and are presented in Figure 2 (1 MeV
He™ ions, an incident angle of 0°, and detector angle 6 = 170°).
Cl and Na were included because they were present at a concentra-
tion of 0.3 M in the electrolyte solution. Note that the cross section
of H is too small for RBS to be sensitive to it. Before anodization
(Figure 2a), 1 MeV He™ ions are sufficiently energetic to provide good
separation between elements, despite them having to pass through the
entire 100 nm SiN window to reach the Ti. There is a degree of overlap
between the backscattering signal from N in the window and O in the
electrolyte solution, but the &~ 30% larger cross section of O, tends to
dominate. In Figure 2b, 50% of the Ti is oxidized, and this is reflected
in the movement of the low-energy Ti edge position, toward lower
energy, and a simultaneous decrease in backscattering yield from Ti
in the oxide, given the linear proportionality between yield and ele-
mental areal density. The thickness of 60 nm of Ti was chosen because
thicker Ti films would lead to more overlap between the Si signal (from
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Figure 2. SIMNRA simulation of the expected RBS spectra associated with
the assembled cell using 1 MeV He ions, incident angle of 0°, and 6 = 170°,
a) before anodization and b) after 50% of the Ti is oxidized.

the window) and the Ti signal from the oxide as it thickened during
anodization.

The linear tandem accelerator at the Tandetron Lab at Western
University (1.7 MV, High Voltage Engineering Europa) was used to
produce the He™ ions for RBS. The backscattered He™ energy distri-
bution was measured with a surface barrier silicon detector (Ortec).
The detector was located at a scattering angle of 6 = 170° with respect
to the direction of the incident beam, in “Cornell” geometry. The en-
ergy resolution of the detector was 12 keV, with a detector aperture
of 2.0 mm x 6.1 mm. Simulated RBS energy distributions were gen-
erated using SIMNRA 6.06'® software. The ion dose (in wC) was
measured using a Faraday cup, which was moved periodically (1 s for
every 4 s interval), to block the beam and probe the ion beam current.
A high-precision 4-axis manipulator allowed for x-y translations of
the samples in the RBS chamber within &= 0.05 mm. Consecutive x-y
RBS scans were used to align the beam, normal to the SiN window
surface. Electrochemical potential differences were applied, and cur-
rents were measured, with an AFCBP1 bipotentiostat (Pine Instrument
Company), working in single potentiostat mode.

Results

Figure 3a shows the evolution of the RBS spectra when the Ti was
biased potentiostatically at +2 V with respect to the Ag/AgCl RE in
a 0.3 mol/L NaCl electrolyte. Individual RBS spectra were acquired
using a 1 MeV He™ beam, with a total dose of 0.25 wC per spectrum.
Given the fluctuations in the beam current, the acquisition times varied
between 5 and 6 min (300-360 s) per spectrum. The vertical dashed
lines represent the high-energy edge position of the indicated element,
which corresponds to the depth into the target that that element is
initially found, before bias is applied. For example, for Ti this would
be the Ti/SiN interface, at 629 keV. In RBS, the width of the spectral
feature is linearly proportional to the physical thickness of the film
and so the width of the Ti peak is consistent with the deposited Ti film
thickness.
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Figure 3. The time evolution of RBS spectra acquired with 1 MeV He™ when
Ti is biased at +2 V vs. Ag/AgCl (3 M C17), for the times: a) 0 s (before bias),
b) 2240 s, ¢) 3910 s. Horizontal lines represent the vertical offsets and dashed
vertical lines represent the energy corresponding to the indicated element’s
initial edge position before polarization is applied, d) oxide thickness as a
function of time for the Si oxide growing at the SiN/vacuum surface and the
Ti oxide growing on the Ti electrode.

Experimental RBS spectra are convolutions of individual elemental
spectra. By fitting the spectra in Figure 3 using SIMNRA, the contri-
butions from each individual element can be isolated. Breaking the
target into a series of sublayers, whose composition and thickness can
be controlled, allows one to simulate RBS spectra, until the simulated
and experimental spectra match, within experimental uncertainty. In
Figure 4, the depth profiles used to simulate the RBS spectra for the
times a) 0 s, b) 2240 s, and c¢) 3911 s are shown, and the resultant
time evolution of the respective Cl, O and Ti elemental spectra are
presented in Figure 5. In Figure 4, the break in the horizontal axis was
included because this is the location of SiN, where the concentration
of the indicated elements is zero. The O profile at the surface is part of
a SiO; layer at the vacuum/SiN interface and the O at greater depths
represents the growing TiOy layer.

In RBS, the characteristic signs of Ti anodization (oxidation) in-
clude a decrease in Ti intensity at the low-energy Ti edge and simulta-
neously, an increase in O intensity at the high-energy O edge. As the
oxide thickens, the width of the O feature grows monotonically toward
lower energies (with an intensity that reflects O’s stoichiometry in the
oxide), and the width of RBS feature corresponding to the metallic Ti,
becomes increasingly narrow, while the feature corresponding to Ti in
the oxide, grow monotonically toward lower energies (with an inten-
sity that reflects Ti’s stoichiometry in the oxide). These effects can be
observed in the sequence of RBS spectra shown in Figures 3-5. From
378 s to 2240 s, there is a decrease in Ti intensity around 589 keV and
below, which occurs because the RBS yield is linearly proportional
to the number of scattering centers of a given element, and the drop
in Ti intensity corresponds to the lower Ti areal density in the oxide,
relative to metallic Ti. Figure 5d shows that the total integrated Ti areal
density remains relatively constant, indicating no significant Ti disso-
lution into the electrolyte solution (the lower Ti areal density at longer
time scales will be addressed later). There is a concomitant increase
in O at 267 keV, corresponding to oxide growth at the metal/oxide
interface. From 2240 s to 3911 s, the growth of the O feature appears
to increase to both higher (~357 keV) and lower energy (287 keV and
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Figure 4. The depth profiles used to simulate the spectra in Figure 3: a) O's,
b) 2240 s, ¢) 3911 s. The black line corresponds to Cl, the red to Ti, and the
blue to O mole fraction. The depth axis has different scales before and after
the break. The resultant individual elemental RBS spectra derived from these
profiles are presented in Figure 5.

below) and the Ti signal is distributed over increasingly wider depths
(toward lower energy relative to its positions at 330 s). The evolution
of these two features corresponds to the continual growth of the Ti
oxide over time.

With no bias applied, the passive oxide is free of chlorine but at
1283 s, the presence of Cl in the oxide adjacent to the Ti metal can
be clearly observed, and the CI concentration increases monotonically
over time. At 3911 s the Cl is distributed throughout the entire Ti oxide
film, with the highest concentration in the region adjacent to the ox-
ide/solution interface. Growth of the oxide layers both at H,O/TiO,/Ti
interfaces and SiN/SiO,/vacuum regions will be discussed in detail in
the discussion section below.

In order to see what changes might occur in the films upon their
transfer from ambient conditions to vacuum, the sample oxidized in
situ was removed from the cell and measured with RBS using 2.5 MeV
He**, with the TiO, layer now facing the beam. A higher energy was
selected to separate the Ti and Cl peaks. Figure 6a displays the ex situ
RBS spectrum of an as-deposited 60 nm Ti film on 100 nm SiN and
Figure 6b shows the spectrum of the Ti anodized at 42 V with respect
to the RE. Note that the orientation of the Ti/SiN layers with respect
to the incident beam was reversed for these spectra compared to those
shown in Figures 3 — 5. Figure 6¢ shows the same experimental data as
in b) but overlaid with the simulated spectrum that was used to fit the
in situ spectrum from 3911 s, using the same experimental parameters
as in a) and b).

Discussion

The RBS spectrum of the unoxidized sample in Figure 6a was fit by
an integrated Ti areal density of (2.5 £ 0.1) x 10'7 atoms/cm?, and the
anodized sample in Figure 6b was fit by an integrated Ti areal density
of (2.7 £ 0.1) x 10" atoms/cm?. They agree within 9%, which is
lower than the uncertainty associated with determination of the areal
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Figure 5. The time evolution of the spectra of individual elements a) Ti, b) O,
and c) CI, for the period O s - 3911 s, after simulating data with SIMNRA, '8 d)
shows the total areal density of each element as a function of anodization time.

density (10%). However, the in situ Ti RBS spectra in Figure 4a were
fit with (1.7 £ 0.1) x 10'7 atoms/cm? at 378 s, which decreases to
(1.4 £ 0.1) x 10'7 atoms/cm? at 3911 s. As shown in Figures 6c, this
is a significant decrease in Ti areal density relative to the ex situ RBS.
Much of this difference is probably due to an imperfect alignment of
the 0.5 x 0.5 mm? SiN window with respect to the incident beam when
the cell is assembled. If the beam is not properly aligned relative to
the SiN surface, then the Ti intensity will be adversely affected. The
spectra in Figures 6a and 6b were taken with a beam incident on Ti
that had been deposited over the entire 5 x 5 mm? SiN surface, and
as such suffers no alignment problem.

The Pilling-Bedworth ratio, i pp, is the ratio of the volume of the
oxide, to the volume of the metal consumed in its production.!® The
distance that the metal/oxide interface moves inward (also the thick-
ness of the metal consumed) is f; and the distance the oxide/electrolyte
moves outward is f,,. These are used to calculate the Pilling-Bedworth
ratio:

mp3=f"’;f”=1+% [1]
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Figure 6. RBS spectra acquired with 2.5 MeV He™ on a) unoxidized 60 nm
Ti, b) the Ti oxide film that resulted from anodization at +2 V, and c) the same
experimental data as in b) but overlaid with the simulated in situ spectrum after
3911 s of anodization.

Assuming 80% bulk densities, relative to the SiN/Ti interface, the
metal/oxide interface moved inward by f; = 37.0 nm and the ox-
ide/electrolyte interface moved outward by a distance of f, = 22.5 nm
yielding Rpp = 1.61. Assuming 100% bulk densities, f; = 46.5 nm and
f, =27.6nm, yielding %ipp = 1.59. The expected values are 1.77, 1.82,
and 1.96 for rutile, brookite, and anatase respectively. The observed
Npp suggests the anodic oxide is more dense than rutile, which may
be the case for a thin amorphous film.

The anodization ratio, a, is the ratio of the thickness increase of
the anodic oxide film to the increase in applied potential.?’ For a given
metal such as Ti, a is constant for a given set of anodization param-
eters and over a rage of applied potentials.?"*> According to the ex
situ RBS results, the oxide layer thickened from 10.5 to 53.0 nm.
The observed anodization ratio is a = (530.0 — 105.0 A)/(2 V) =
213.0 AV*I, which is not in good agreement with literature values,
including 25.4 AV~" as determined by in-situ neutron reflectometry
for Ti electrodes in aqueous NaCl solution,” 23.4 AV~ determined
by Khalil and Leach using a spectrometry,* nor our own observed
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value of 24.5 + 0.6 AV~" determined by ex situ medium energy ion
scattering (MEIS) (to be published).

The observed o is almost an order of magnitude too large. If one
assumes the value derived using MEIS and other methods is correct,
to reach the final thickness reported here would require an applied
potential of 25.3 V. While this calculation does not provide the exact
potentials operative during anodization, it does suggest that the pro-
cesses observed during in situ RBS were driven by larger fields than
those that would result from the +2 V applied between the Ti WE and
the Ag/AgCI RE. This may be a manifestation of charge accumulation,
as the result of large amounts of incident positive He™ ions accumu-
lating in the insulating cell components, which could have generated
a positive potential that greatly exceeding the potential applied by the
potentiostat.

A competing explanation for the large experimental anodization
ratio could be related to radiolysis effects, induced by energetic inci-
dent ions. The following mechanism has been given to account for the
chemical effect of radiation:?

H,0 - H,O" + e [2]
H,O+ ¢ — H+OH™ [3]
H,0" + H,0 — H;0" + OH [4]

The free radicals would also react with one another to form Ho,
0,, and H,0,. It was reported by Kim and Oriani,? that Ti in brine
solution under y irradiation undergoes Ti corrosion caused by radi-
olysis products and not due to the radiation itself. They suggest that
H, 0, is of particular importance as it provides another cathodic reac-
tion (H,O, reduction), and in their experiments, y radiation resulted
in thicker oxide layers than expected as a result of an applied potential
alone. It has been observed that exposure of water to heavy-ion beams
can also result in the same species?’ given in Equations 2 to 4, which
might have contributed to or even dominated Ti oxide growth.

Figure 5c, shows that before a bias is applied, the initial passive
oxide is free of CI. There is only backscattering from the C1~ in the
electrolyte (Cl bulk signal begins at 508 keV). At 387 s, despite oxide
growth having occurred, the oxide film is still free of Cl. At 1283 s, the
presence of CI can be detected in the oxide and the Cl mole fraction
increases monotonically to 0.12 at 2240 s and reaches 0.14 at 3911 s,
in the oxide layer directly adjacent to the Ti metal. At 3911 s, the
outermost layer adjacent to the oxide has a Ti mole fraction of 0.08
and Cl mole fraction of 0.26, suggesting this is not an oxide region,
but (partly) an aqueous phase, given the very low Ti areal density. The
movement of the CI edges to both higher and lower energy possibly
suggests that CI~ ions are entering the oxide as interstitials and are
migrating inwards in response to the direction of the bias.

However, given the depth resolution of RBS, it is difficult to fully
determine the layered composition of the electrode in greater detail.
The Cl peak overlaps with the signal originating from the Si in the SiN
window, and the interference becomes worse at longer time intervals,
as there is additional overlap with the signal from Ti as it moves to
lower energies during oxide growth. Ultimately, it is difficult to de-
termine how the Cl high-energy edge changes and the depiction of it
moving toward higher energy (i.e., toward the metal/oxide interface),
as in Figure 5c, might be inaccurate.

During anodization, more Cl was present in the oxide than was
observed with ex situ RBS. Even if the Cl content was overestimated,
for reasons discussed above, transfer of the oxide film from the ambient
environment to the UHV resulted in significant Cl loss. Figure 6b only
indicates a Cl mole fraction of 0.05 in the first 27.5 nm of the oxide.
The loss of Cl may support the claim that the Cl is incorporated into
the oxide without breaking Ti-O bonds, as discussed above. The Ti-Cl
bond dissociation energy is 507 kJ/mol and that for Ti-O is 673 kJ/mol,
which explains why Ti-O would be preferentially formed. Even if Ti-
Cl bonds are formed, it is favorable to convert Ti chloride to TiO, via
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hydrolysis:

TiCly +2H,0 — TiO, +4HCI [5]

Si0, growth.—According to the RBS spectra in Figure 3, there is
a spectral feature around 367 keV that grew monotonically over time
and whose high-energy edge position remained unchanged. From the
depth profiles in Figure 4, this was simulated as O in a SiO, layer at
the SiN/vacuum interface. Using 80% bulk density during simulations,
the observed SiO, thickness was initially 4.8 nm, with no bias, and
increased to 15.7 nm after 3911 s at +2 V vs. Ag/AgCl (3 M CI7).
Also note, in the ex situ RBS measurements of the anodized film
(Figure 6c¢), there is a second O peak corresponding to this SiO, layer
that is consistent with a thickness of 15.7 nm.

The in situ RBS spectra are consistent with simulated parameters
that describe the SiN layer as decreasing in thickness from 97 + 1 nm
at no bias, to 92 &= 1 nm after 3911 s. This reduction in SiN thickness
results in a Si areal density decrease of (20.0 £0.1) x 10'> atoms/cm?,
while the increase in Si areal density as the SiO; layer thickens is (23.3
+ 0.1) x 10" atoms/cm?. The most likely source of Si in the SiO,
layer is the consumption of the SiN layer.

Itis feasible that O could come from the vacuum. The impingement
rate, €2, for H,O in the UHV can be calculated by:

P
Q= —— 6
2mkgTm L6]

where kg is Boltzmann’s constant, m the mass of the molecular species
in the vacuum, P the pressure, and T the absolute temperature. For
H,0 at 300 K, a pressure of 1.33 x 10~#Pa (107° torr), and assuming
a sticking coefficient of ¢ = 0.1, the rate at which water molecules
both impinge on the surface and adhere to it is 4.8 x 10> cm™2s~!. A
15.7 nm thick SiO, layer would have 6.7 x 10'® O atoms, which, given
the assumed sticking rate, would require 1.4 x 10° s to accumulate.
The elapsed time in our experiments was ~ 280% of that required
time, so it is not unreasonable to suggest that all the O atoms present
in the SiO, layer might have come from the vacuum. However, the
sticking coefficient is probably overestimated. It is also possible that
the local pressure could have been much higher in the presence of a
microscopic leak around the location of the window. It is unlikely that
the SiO, layer thickening from 4.8 nm to 15.7 nm was a spontaneous
process and a source of energy was required to facilitate these chemical
reactions. Most likely, the ion beam was driving radiolysis.

Note that from present observations alone, it is not possible gain
exact insight into the underlying anodic oxide growth mechanisms.
The movement of the in situ RBS O features (Figure 5b), toward
both higher and lower energy represents the continual growth of
the Ti oxide. The movement of the O features is consistent with a
number of explanations: (i) transport of O to, and oxide growth at,
both the oxide/solution and metal/oxide interfaces simultaneously,
(ii) growth at a single interface (oxide/solution or metal/oxide), ac-
companied by the volume expansion, associated with Ti metal being
converted into Ti oxide. Nor can we even preclude oxide growth oc-
curring somewhere in the middle of the pre-existing oxide; although
the authors know of no growth models which describe anodic oxide
growth at these locations, this is, in principle, consistent with the RBS
results. The time evolution of the Ti signal (Figure 5a) is also con-
sistent with any of the above interpretations and contains no unique
information.

In future experiments it would be possible to elucidate at which
interfaces oxide growth is occurring during anodization by the use
of the appropriate marker layer for reference. The in situ backscat-
tering measurements reported here complement additional research
done by the present authors (to be published), which are ex situ at-
tempts to quantify the O elemental depth profiles in anodic Ti oxide
films, as measured using nuclear reaction profiling (NRP) and MEIS
in conjunction with an '90/!#0 isotopic labeling procedure. One of
the important conclusions is that oxide growth occurs at both the ox-
ide/electrolyte and the oxide/metal interfaces, simultaneously. Similar
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isotopic labeling could be performed on the deposited Ti and incorpo-
rated in the electrochemical cell that is described in this paper.

Ion beam exposure effects.—Prior to applying an electrochemical
bias to the Ti, preliminary RBS was performed to determine whether
exposure to the ion beam alone led to compositional changes. Appar-
ent movement of the high-energy Ti and Si edge positions to lower
energy (~10-15 keV) and reductions in Ti intensity (~20-25%) were
observed. The magnitude of the reduction in intensity and the shift in
edge position effects were proportional to the total acquisition time
(until the effect saturated at the values given above). Notably, after the
ion beam was removed from the surface for a sufficiently long time,
the original spectrum (without shifts) could be reproduced.

A possible explanation of the observed phenomena is charge accu-
mulation on the surface of the cell. Given the insulating components, if
a sufficiently large number of positive charges accumulated and estab-
lished an electric field, this would repel incident ions and they would
experience a degree of energy loss before backscattering, resulting in
a shift in the incident energy. However, given the E~2 dependence of
the differential scattering cross sections in RBS, lower energy incident
ions might be expected to increase the backscattering intensity, which
is not consistent with observation. Nor would it explain why only the
Ti intensity seems to be affected.

Alternatively, the formation of a SiO; layer at the Ti/SiN interface,
or some restructuring of this interface, induced by beam exposure,
would explain the movement of the Ti edge toward lower energy and
the fact that only the Ti features are impacted. This is unlikely, since
the effect would have to be reversible.

Conclusions

An electrochemical cell has been designed, constructed, and tested
using a 100 nm SiN window and a deposited 60 nm-thick Ti electrode
layer. Upon biasing the Ti, with respect to the Ag/AgCIRE at 42 V in
a 0.3 mol/L NaCl solution, characteristic features of anodization are
observed in a series of RBS spectra taken over time. Cl incorporation
most likely happens when Cl ions enter the oxide interstitially and
subsequently migrate into the oxide, given the direction of the bias.
There are compositional differences between the films observed by
in situ and ex situ measurements; the Cl concentrations in the films
observed by in situ measurements are much higher than those seen in
ezx situ RBS measurements following anodization, implying Cl loss
when exposed to UHV. Decreases in the expected Ti intensity were
observed and explained in terms of poor alignment of the cell with
respect to the ion beam and possible charge accumulation effects.

In situ RBS can be used to determine quantitative elemental depth
profiles, on time scales commensurate with the anodization process.
This is useful information, which complements the topographical,
chemical, and structural information, provided from other in situ tech-
niques. However, we have identified some clear limitations. In situ
RBS requires a window to seal the electrolyte inside the cell. As in-
cident ions penetrate the width of the window, the ions lose energy
stochastically, resulting in a broadening of the initially monoenergetic
beam. With ion beam techniques, the increasing uncertainty in the
beam energy, translates to an increasing uncertainty in the depth being
probed, i.e. degradations in depth resolution. To avoid such effects, it
is imperative to minimize both the window thickness and the thickness
of the deposited metallic layer.

Secondly, the window’s contribution to the RBS spectra can be sig-
nificant and can obscure other key elemental features. In the present
study, the RBS features corresponding to deposited Ti and Si (in the
window), where initially well separated. During oxidation, the move-
ment of Ti features toward lower energies, led to an overlap with the
Si signal. On even larger time-scales, the Cl incorporated in the oxide,
at the oxide/electrolyte interface, resulted in RBS features that over-
lapped with both the Ti and Si at the same time. Such overlap, increases
uncertainty when determining stoichiometry and layer thickness. Sys-
tems appropriate for in situ RBS are those in which the elemental fea-
tures are well separated (i.e. large mass differences between elements),
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and maintain that separation on both on short and long timescales.
Also, there is always some difficulty studying low-Z elements, such
as O (of clear significance when studying oxidation), which have
small differential cross sections in RBS and low mass, which re-
sults in O features often being obscured by heavier elements in the
system.

Lastly, in the present study, it is uncertain whether the high ob-
served Ti anodization ratio, was a product of ion beam-driven radi-
olysis, as opposed to just the applied potential difference. Were this
proven to be the case, it would be difficult to use the methods presented
here, to study systems such as anodization. Note that Ti anodization
has been studied using in situ neutron reflectometry (NR),%* employ-
ing a similar electrochemical cell, as described in the present study.
Given that the authors do not report any observed radiation effects,
techniques such as NR might preferred to study metals anodization
while avoiding radiation effects.
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