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Abstract

Contrary to idealized depictions, atomic layer deposition (ALD) reactions do not always
take place solely at the gas-solid interface. The iron oxide ALD system was recently shown to
grow by a subsurface mechanism in which reactive oxygen is absorbed into the growing film
during ozone exposure, forming an effective reservoir of oxygen. This study investigates the
fundamental chemical mechanisms behind the oxygen reservoir phenomenon and extends it to
other binary and multicomponent oxide ALD systems. NiO ALD is found to exhibit similar
saturation behavior and crystallinity trends with ozone as Fe2Os ALD. Oxygen uptake from
ozone into the film is directly detected in situ for both processes, and in vacuo spectroscopy
elucidates possible chemical states of the subsurface oxygen reservoirs in each material. In situ
process characterization reveals that the reserved oxygen participates in surface combustion
reactions capable of activating ALD growth. The oxygen reservoir mechanism is also shown to
generalize to other oxide systems, correlating with trends in oxygen mobility, crystallinity, and
metal oxidizability. Finally, the reactive oxygen reservoirs are utilized in the deposition of a

multicomponent FeAlxOy material, previously unreported by ALD, revealing that the reserved



oxygen can activate growth of other processes and possesses the potential to address nucleation

challenges in other ALD systems.

Introduction

Thin films have demonstrated great utility in tackling a variety of scientific challenges
across a range of applications.1® In many of these contexts, specific material property,
chemistry, and nanostructure needs have driven major developments in fabrication,®2 with
atomic layer deposition (ALD) having particular power to address requirements for precise,
complex, and tunable materials.®*** While many idealized ALD reactions are presumed to take
place in a self-limiting manner confined to only the growth surface, numerous deviations exist in
real ALD systems, and thus comprehensive and detailed understandings of ALD growth
processes are needed for effective implementation, particularly for precisely designed
materials.*® Many non-ideal, complex chemistries have been described in ALD,*%2 including
a recent report of unexpected behaviors of oxygen species in iron oxide ALD using ozone.? In
that report, it was found that rather than the self-limiting formation of a sub-monolayer of
surface-bound material at each half cycle, greater than a monolayer of reactive oxygen species
from ozone was incorporated subsurface into the film, leading to a more complex mechanism of
ALD growth. The present work seeks to further elucidate and generalize this mechanism, as well

as apply it to new ALD systems.

This study focuses on ALD of iron oxide, the material previously reported to grow by a
subsurface oxygen mechanism, as well as nickel oxide and aluminum oxide. Both nickel and

aluminum oxides are of great interest in a variety of applications in catalysis and coatings and



have been implemented in a range of ternary ALD materials,**??-" and their contrasting
chemistries can aid in illuminating the oxygen reservoir phenomenon. In oxide ALD processes
there are many possible co-reactants that can act as a source of elemental oxygen, including
water, oxygen, ozone, and oxygen plasma, and each can react through different surface
mechanisms.**” ALD of both nickel?®-® and iron®:- oxides has been reported previously using
metallocene precursors, and in these processes ozone or plasma is needed as the oxygen source.
Because oxidation of the Fe or Ni metal center and elimination of the stable aromatic Cp ligands
are both needed, water and oxygen are generally not reactive enough, and a strong oxidant is
required for the co-reactant. While aluminum oxide can be deposited via trimethylaluminum
with water, processes with ozone have also been reported extensively in the literature.®**® With
reactive co-reactants such as ozone and plasma, complex gaseous species can form, and many

previous studies have focused on understanding the intricate behaviors of such processes.¢=’

Rather than focusing on gas phase products, this work builds upon the recent report of
Fe,03?* ALD to investigate a unique subsurface mechanism for reactive species that arising from
use of the highly reactive ozone. In addition to Fe.O3z, we study the growth mechanism of NiO
ALD to generalize the finding of a subsurface oxygen growth mechanism and investigate the
effect of subsurface reactive species on Al2Oz ALD in multicomponent processes. In situ
characterization tools are used to probe the surface reactions during ALD to gain an
understanding of the specific reactive species in the oxygen reservoirs and the resulting surface
reactions. Through this understanding, further comparisons between NiO and Fe;O3 ALD are
made and broader trends identified across other oxide ALD processes, including aluminum
oxide. Finally, the active oxygen reservoirs can be applied to new processes, and this work

extends Fe>Os into ternary FeAlxOy ALD, a process yet unreported in the literature, and



investigates the role active oxygen species play in other ALD processes. Because chemical
phenomena, such as persisting species, in each constituent binary ALD process can have
significant impacts on the behavior and process of the overall multicomponent process,**
understanding these phenomena can impact a range of ALD systems. In total, this study
identifies a new ALD process that grows by the subsurface oxygen reservoir mechanism,
elucidates the chemical nature of the reservoir, probes how the reservoir species participate in
ALD reactions, and applies and extends the growth phenomenon to a broader range of ALD

processes.

Experimental Methods

Synthesis of Thin Films by Atomic Layer Deposition

Thin film depositions were performed in four different custom-built ALD reactors. All
reactors’ pressures were monitored using convectron gauges, were pumped using rotary vane
pumps, and used N2 (Praxair, 99.998%) as the purge gas. The first reactor, used for synthesis of
samples for ex situ analysis and for in situ ellipsometry (iSE) characterization, was a
perpendicular-flow ALD reactor with a 4-inch heated stage and substrate holder. The purge gas
flow rate was 20 standard cubic centimeters per minute (SCCM) to yield a working pressure of
550 mTorr. Precursors and purge gas were introduced through a showerhead above the stage, and
substrate temperature was controlled by a heater internal to the stage as reported

previously.?%38:3°

The second, third, and fourth reactors—used for in situ quadrupole mass spectrometry

(QMYS), in situ quartz crystal microbalance (QCM), and in vacuo X-ray photoelectron



spectroscopy (XPS), respectively—were all tubular, cross-flow ALD reactors with 1.3-inch
diameter tubular bodies. The purge gas flow rates in the QCM and XPS reactors varied between
4 and 20 SCCM, depending on the reactor, to maintain working pressures of 400-600 mTorr. The
nitrogen flow rate in the QMS was kept below 5 SCCM for working pressures around 140 mTorr
to reduce the nitrogen signal detected by QMS. Precursors and purge gas were introduced near
the upstream door of each chamber. In the QMS and QCM reactors, temperature was controlled
in a hot-wall fashion using heating around the exterior of the reactor body, and substrates were
placed on a flat sample holder that rested on the bottom of the tubular reactor body. In the QCM
reactor, substrate temperature was additionally monitored through a thermocouple inside the
QCM sensor head. For the in vacuo XPS reactor, the substrate was mounted on a stainless-steel
sample holder which clipped onto a 1 x 2 inch stage that was suspended in the center of the
tubular body. The substrate temperature was modulated using cartridge heaters contained
internally to the stage, and the reactor walls were maintained at a lower temperature using

exterior heating around the reactor body.

The organometallic precursors used for depositions were tert-butylferrocene
[Fe(Cp)(Cp'Bu), TBF, Strem Chemicals, 98%], nickelocene (NiCp2, Strem, 99%), and
trimethylaluminum (TMA, Sigma-Aldrich, 97%). Co-reactants used in ALD processes included
deionized water for Al.Os and ozone for NiO and Fe»O3. Ozone was generated in operando with
an IN USA AC-2025 generator from oxygen gas (Praxair, 99.6%). In-line ozone concentration
was measured in real time using an IN USA Mini-HiCon Bench analyzer, and concentrations
were maintained in the 150-220 grams per normal cubic meter range. For all depositions for ex
situ characterization, substrates were n-doped (100) silicon coupons with native oxide (WRS

Materials) and were cleaned in a Novascan PSD Series Digital UV Ozone system for 15 minutes



immediately prior to film deposition. For in vacuo XPS depositions, substrates were SiO;
thermal oxide. The oxide was formed by cleaning Si(001) wafers in a 2% HF in water solution
and then oxidizing in atmospheric pressure Oz for 2 hours at 1050 °C, resulting in an oxide
thickness of approximately 130 nm. A thick thermal oxide was used instead of a thin native
oxide for XPS measurements to simplify the structure of the Si 2p peak into a single oxide peak,
providing a more accurate reference peak for spectral analysis. Prior to deposition, the thermal
oxide coupons were cleaned by sequential sonication in acetone, isopropanol, and deionized
water followed by a 15 minute cleaning in the UV Ozone system as described above. For in situ
QMS experiments, depositions were performed on 0.5 g of high surface-area silica gel (Devisil
grade 643, Sigma Aldrich) contained in a powder holder with a mesh covering to prevent powder
from dispersing inside the chamber. The powder was likewise cleaned in the same UV Ozone
system. Depositions for QCM were performed on a Colnatec RC quartz crystal substrate with
alloy leads designed for a 20 °C — 250 °C temperature range. During depositions, all substrates
were maintained at a temperature of 220 °C; the TBF canister at 80-90 °C; the NiCp2 canister at
75 °C; and the TMA, H20, and Oz all at room temperature. Since NiCpz is a solid, the line
between the precursor canister and the reactor was held at 95 °C to prevent clogs and aid in
delivery. In the ALD reactors with interior stage heating—namely the reactors used for ex situ
characterization and in vacuo XPS—the reactor walls were kept below the substrate temperature

at 185 °C.

During depositions, the partial pressures of ozone pulses were consistent at 1.1-1.3 Torr,
TMA pulses at 300-400 mTorr, and H2O at 300-400 mTorr, with very little transient behavior in
each. Therefore, the total ozone, TMA, and H.O exposures were quantified by the total pulse

time. To prevent the pump pulling vacuum on the ozone generator, ozone exposures of longer



than 10 seconds were divided into multiple separate pulses of 10 seconds each separated by
purge times of 30 seconds to allow for the ozone generation and delivery line to repressurize. In
contrast, the partial pressure of TBF and NiCp delivered to the reactors in a given pulse varied
depending upon experimental parameters. To account for this variability, total precursor
exposure for these two metalorganics was quantified by calculating the integrated pressure-time
area under the pressure pulses for each precursor during the exposures. A soak time was used for
both TBF and NiCp. pulses to increase the exposure of both precursors to the surface. If a soak
was implemented, during the pulse both the purge gas flow and the pump were closed off from
the chamber. Following the pulse, both the purge gas source and pump remained isolated from
the chamber for the duration of the soak time. This step allowed for an extended period of time
for the precursor to remain in contact with the substrate surface. Following the soak, both the
purge gas and pump access were reintroduced to the chamber for a set time, allowing for the

purging of the reactor chamber.

For deposition of ternary Fe-Al-O films, two schemata were used. In the first, an iron
oxide film was deposited by ALD to a thickness of 5-6 nm, and then aluminum oxide was
deposited on top of the iron oxide layer. All iron oxide depositions used a 30 s pulse time of
TBF, 90 s soak time, and 90 s purge time, but ozone exposure was varied across the experiments.
All aluminum oxide ALD was performed using alternating pulses of 2 s of TMA and 2 s of H0,
with 30 s purge time for each. In the second schema, a supercycle strategy was used to deposit a
more homogeneous multilayered film. A single “supercycle” consisted of some number of iron
oxide ALD cycles using the above recipe followed by 2 cycles of aluminum oxide. This

supercycle was then repeated 10 times, resulting in a film deposited by alternating back and forth



between the iron oxide and aluminum oxide processes. Further details of the supercycle method

have been described elsewhere, #2038

In Situ & In Vacuo Process Characterization

QCM was implemented to probe mass changes in situ during the ALD process. QCM
measurements were made using a Colnatec Eon-Tempe system with internal thermocouple and
heater to control sensor head temperature. To reduce deposition on the rear side of crystal, the
backside was sealed off. The process was monitored using a Colnatec universal oscillator and
Colnatec Eon control and monitoring package. Temperature and mass gain of the crystal

substrate were recorded in tandem at a sample interval of 0.1 seconds.

In situ QMS (SRS RGA200) was used to measure gaseous byproducts of the ALD
reactions. The QMS was pumped by a turbomolecular pump separate from the main chamber
pump, and measurements were taken by isolating the main pump from the chamber and opening
a needle valve to the QMS. QMS monitoring and control was performed through the RGA
software package from Stanford Research. High surface-area powder substrates as described
above were used in QMS measurements of the ALD process to maximize the surface area
available for ALD reaction and thus the signal available from partial pressure of gaseous
byproducts. Experiments were performed after the substrate had been thoroughly coated with the
ALD material of interest, ensuring measurements probed a growth regime not affected by
process nucleation behavior. To collect a measurement, a given reactant exposure was performed
by pulsing the reactant followed by a 180 s soak while the pump was isolated to allow for
sufficient contact with the porous high surface-area substrate. The TBF pulses were 20 s each,

and the ozone pulses were 2 s each. The soak resulted in the accumulation of gaseous



byproducts, after which a gas sample measurement was taken as described above. For
measurements where reactant-only cracking patterns were to be measured with no surface
reactions, the high surface-area powder was not used, and the reactor temperature was reduced to
85 °C, a minimum temperature to ensure TBF remained volatile but well below the reported
ALD window for Fe203.3122 For these experiments, TBF and Oz pulses were 20 s and 5 s each,
respectively, with no soak times, to attempt to reach similar reactant partial pressures as used in
the ALD experiments. The QMS was run in full survey mode to scan across an m/z range of 0-
200 for all measurements, including both ALD and reactant cracking pattern. Multiple scans
were taken over time, and the single scan with the greatest overall intensity was chosen for
analysis. Scans were not averaged because intensity varied significantly as a function of scan. In
all experiments, the most intense mass spectrum was consistently the second scan, as intensity
dropped significantly in further scans as gaseous species were pumped away. Due to the mass
transport limitations of fully exposing the high surface-area substrate to the reactants and

releasing the byproducts, time-resolved QMS experiments were not performed.

In vacuo XPS was performed to analyze surface species between ALD half-reaction steps
without exposing the growth surface to ambient conditions. This measurement was achieved by
attaching the cross-flow ALD reactor to a load-lock chamber which was in turn connected to the
an ultrahigh vacuum (UHV) chamber with XPS capabilities. To take a measurement after a given
exposure was performed in the ALD chamber, the sample holder was transferred through the
load-lock into the UHV chamber for XPS analysis without breaking vacuum. Through this
procedure, sensitive surface species that may otherwise have been unstable under ambient
conditions could be observed. The ALD reactor, load-lock, and UHV chambers were each

separated by gate valves. The load-lock and UHV chambers were each pumped by a



turbomolecular pump and the UHV chamber additionally by an ion pump and titanium
sublimation pump. During transfers of the sample to the UHV chamber, the load-lock was
pumped to below at least 8x10° Torr, and before XPS measurements the UHV chamber was
pumped to below at least 2x10°° Torr. The XPS unit consisted of a SPECS PHOIBOS
hemispherical analyzer and SPECS-50 X-ray source. Measurements in this work used Al Ka
radiation. Data was collected in either SpecsLab or SPECS Prodigy software, survey scans were
collected with a pass energy of 50 eV, and high-resolution scans were collected with a pass
energy of 25 eV. Spectra analysis was performed in the UNIFIT software package, and the
reference peak to which all in vacuo spectra were shifted to was the Si 2p peak in thermal SiO; at

103.5eV.%

In situ spectroscopic ellipsometry (iSE) was performed to gain insight into thickness
changes during the ALD process and was performed on a Woollam Co. iSE with a photon
energy range of 1.24 eV to 3.10 eV. The iSE source and detector were fixed at a 70° angle to a
perpendicular-flow reactor, and the beam was allowed to enter the reactor through quartz
windows. To prevent unwanted deposition on the windows, gate valves were installed between
the windows and the chamber; these gate valves remained closed at all times except during iSE
measurements. Data was analyzed in the Woollam Co. CompleteEASE software package.
Details on the models used for each material are given below. For measurements where Al203
was deposited on top of various substrates, the substrate and growing Al203 film were modeled
separately. The substrate thickness was modeled as it was grown, and its final thickness
immediately prior to the start of Al,O3 deposition was recorded. During the subsequent Al2Os
growth, only the thickness of Al>Os was fit, and the thickness of the substrate was fixed at the

previously determined value.



Ex Situ Film Characterization

Variable-angle spectroscopy (VASE, Woollam Co. a-SE spectroscopic ellipsometer) was
used to determine ex situ film thickness. Measurements were collected with a photon energy
range of 1.39-3.25 eV at 65° and 70° angles. Data was modeled in Woollam Co. CompleteEASE
software to extract film thickness. Iron oxide films were modeled using a general oscillator layer
model containing a Tauc-Lorentz and a Gaussian absorption component. The generation and
parameterization of the model has been described previously.?! Aluminum oxide and nickel
oxide materials were both modeled with different Cauchy models based on their optical

properties.

Ex situ XPS was performed using a PHI 5000 VersaProbe I11 with monochromated Al K-
a X-ray source to gain information regarding chemical state and elemental composition. An Ar
2500+ gas cluster ion beam was used at 2.5 kV for 4 minutes to remove adventitious carbon
species in situ prior to XPS measurements. These parameters were chosen based on previous
work.?* Analysis and peak fitting was performed in the MultiPak software package, with a
Shirley background for all peaks. Angle-resolved XPS (AR-XPS) was performed in the same

instrument by manipulating the angle of the sample stage relative to the hemispherical analyzer.

To analyze atomic arrangements, two-dimensional grazing-incidence wide-angle X-ray
scattering (GIWAXS) was performed at the Stanford Synchrotron Radiation Light Source
(SSRL) at the SLAC National Accelerator Laboratory using a 2D Rayonix MX225 detector at
150 mm distance. A beam wavelength of 0.976 A was used at an incidence angle of 0.2°. Data
was analyzed in the WxDiff and Igor Nika software packages.** X-ray reflectivity (XRR,

PANalytical X’Pert PRO X-ray diffractometer) was used to probe film thickness and density.



Measurements were collected over a 26 range of 0°-8° using a Cu K-a radiation source. Data was
modeled and plotted using the PANalytical X Pert Reflectivity and Igor Motofit software

packages.*

Results and Discussion

Nickel Oxide and Iron Oxide ALD Process Behavior

To begin understanding the growth mechanism of nickel oxide and to draw comparisons
between previous work on iron oxide,? the nickel oxide ALD process was first characterized.
Saturation curves showing the growth per cycle (GPC) of the nickel oxide ALD process as a
function of each reactant exposure are shown in Figure 1. Eventual self-limiting behavior is seen
with respect to both reactants, although two noteworthy deviations from typical saturation
behavior are observed. First, significant amounts of both ozone and NiCp> are required to reach
saturation. Second, the saturating GPC in this regime is greater than 3.5 A/cycle, well above the
approximate monolayer thickness of 2 A for the cubic salt structure of NiO.*3#* These behaviors
are similar to those seen in a previous study of iron oxide, which found comparably high
saturating GPC and reactant exposures needed to reach saturation, as also illustrated in Figure
1.2 As with iron oxide, the saturating GPC and required reactant exposures observed here are
higher than usually observed in ALD processes,>144 including previous reports of similar NiO
process.?®3° These similarities in saturation behavior, combined with the analogous process
chemistries of nickel and iron oxide ALD both using metallocene precursors with ozone, suggest
a NiO ALD growth mechanism that may parallel the subsurface oxygen mechanism previously

reported for Fe,03.2
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Figure 1: Growth of nickel oxide thin films by ALD as measured by ex situ VASE as a function
of (a) ozone and (b) NiCp2 exposure. Reference GPC data for Fe2Os is provided for
comparison.?! Saturating NiCp2 exposures were used for each data point in (a), and because the
NiCp2 exposure required to reach saturation increases with ozone exposure, the NiCp2 was
increased sufficiently to ensure saturation at each point. Similarly, in (b) saturating ozone

exposures were used to generate each data point.

The earlier study?! showed that a consequence of subsurface migration and storage of
oxygen in Fe2O3 ALD is modulation of the film crystallinity; consequently, the crystalline phase
and domain orientation were also investigated for ALD of NiO. Figure 2 contains GIWAXS

measurements of ALD NiO films grown with a range of ozone exposures. The ringed structures



are consistent across the range of ozone exposures, with greater relative intensity at specific
angles increasing at large ozone exposures. The three rings visible in Figure 2 are all consistent
with previous reports and with the cubic rock salt phase of NiO,%46 with 2.60 A" corresponding
to the (111) peak, 3.01 A to (200), and 4.25 A to (220), according to ICCD card 47-1049.
With increasing ozone, the (200) ring at 3.01 A shows a localized intensity maximum in the
out-of-plane direction, indicating a preferential orientation of the cubic lattice planes parallel to
the substrate. The increasingly preferentially oriented (200) peak is paired with the emergence of
a comparable preferential orientation for the (111) peak at 2.60 A%, consistent with the (200)

lattice vector aligning out of plane.




Figure 2. Two-dimensional GIWAXS of ALD NiO films with increasing ozone exposure: (a) 10
s, (b) 30's, () 60 s, (d) 140 s. The thicknesses of each film shown here are 93 A, 137 A, 175 A,
and 182 A, respectively, and the faint background pentagonal pattern is attributed to the silicon

substrate. All patterns are plotted with the same color scale for intensity (arbitrary units).

The behaviors observed by GIWAXS for NiO films are similar to those of Fe2Os which
showed increasing preferential orientation of the unit cell such that the most facile direction of
oxygen diffusion was in the out-of-plane direction.?* However, there are two key differences
between the ex situ measurements of NiO and Fe>Oz: NiO does not undergo a phase transition
with increasing ozone exposure, and NiO does not show a loss in crystallinity at high ozone
exposure. The former is likely because Fe>O3 has many stable phases whereas NiO is reported to
exist solely in the cubic rock salt structure, akin to sodium chloride.®4¢47 Regarding the latter, in
Fe»0s3, the loss of crystallinity at high ozone was attributed to lattice disruption from subsurface
storage of oxygen species. There are a number of possible reasons that a loss of crystallinity
might not be observed in NiO, including (i) crystallinity loss does occur but only at even higher
0zone exposures, (ii) crystallinity loss does occur at the ozone exposures used in Figure 2, but
the reservoir is lost and the film reverts back to a crystalline state before the ex situ observations
are made because the subsurface reactive oxygen species are not stable under ambient
conditions, and (iii) crystallinity loss does not occur because subsurface oxygen is not present in
large enough quantities. We find (i) to be unlikely because the scattering pattern shown in Figure
2d uses 140 s of ozone per cycle, well above exposures needed to reach the GPC saturation

regime in Figure la, indicating that additional ozone exposure is not likely to have a significant



effect on the film. To further examine (ii) and (iii) as possibilities, additional film

characterization work was performed to compare NiO ALD with Fe,O3 ALD.

(a) T T T T T T T

80 10s Ozone E

. 30s Ozone

X —e— 60s Ozone

< 70F —e— 80s Ozone

o) —e— 120s Ozone

* 0} —o— 140s Ozone

£

o S e ———
50 - _
40k ] ] H

| | |
20 30 40 50 60 70 80
Angle (degrees)

(b) 75F T T T T T O
10s Ozone
. 60s Ozone
2 70F —e— 100s Ozone 7]
- —e— 120s Ozone
(@) —e— 80s Ozone, x10 TBF
¥ 65 .
@
=
Seo} .
o-___\= ——
55k ] ] ] 1 H

|
20 30 40 50 60 70 80
Angle (degrees)
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In the previous study of Fe2Os, it was found that at larger ozone exposures, the presence
of a subsurface oxygen layer could be detected by ex situ AR-XPS (Figure 3b) as an oxygen-rich
surface region.?! In contrast, ex situ AR-XPS measurements of NiO films synthesized with a
range of ozone exposures (Figure 3a) show that even with 140 s of ozone, the elemental oxygen
fraction of the film is invariant with detection angle, indicating that the composition is
homogeneous as a function of depth. Likewise, XRR does not find a subsurface layer of oxygen
in NiO in the same way it was reported to for Fe.Oz (Figure S1). Together, these measurements
could support either of possibilities (ii) or (iii) described above, since both were performed ex
situ. Therefore, to further elucidate the behavior of reactive oxygen in the film and avoid
possible effects caused by lack of stability in ambient air, in situ studies were performed (vide

infra).

Storage of Oxygen Species

The reaction of ozone with the surface of the growing film can take place in two different
ways—a “typical” surface-only reaction or a subsurface reservoir mechanism—and each
possibility will result in different overall trends in the mass of the film. If subsurface oxygen is
absorbed into the film, the mass of the film will directly increase as oxygen species are
incorporated into the material. On the other hand, if ozone reacts only at the surface with the
products of metalorganic adsorption, as in the typical ALD mechanism, a net decrease in mass is
expected upon ozone exposure even though oxygen atoms are added to the film surface because
the Oz reaction removes the surface-bound precursor ligands which have greater mass than the
added surface oxygen atoms. To differentiate between the two mechanisms, in situ QCM was

performed for both the Fe.Oz and NiO ALD processes during the metallocene precursor and



ozone exposures. Figure 4 illustrates representative QCM mass changes of several ALD cycles
of both processes. Significant transient behavior within each pulse is observed due to the
pressure and temperature changes taking place on the sensor head during each exposure. As
such, net mass changes are found by comparing the mass values only at the beginning and end of
a pulse or series of pulses. Although fluctuations caused by temperature changes can cause minor
deviations—e.g., evident in comparing the mass gains from the second set of TBF exposures to
the first and third—it is apparent in both Figure 4a and Figure 4b that across multiple cycles the

broader trends in reactant exposures are consistent.

For both Fe2O3 and NiO, the net film mass increases with significant ozone exposure,
indicative of oxygen uptake into the film and consistent with a subsurface reservoir mechanism.
Moderate differences in the functional form of the mass increase are attributed to different
conditions between the two ALD processes. The precursor exposure in the NiO process is lower
than in the Fe,O3 process due to the significantly lower vapor pressure of the solid NiCp:
compared to the liquid TBF. We partially compensated for this by reducing the number of ozone
micropulses and increasing the number of NiCp2 pulses in the NiO process; however, the process
still results in a greater relative amount of ozone exposure compared to metal precursor
exposure. Consequently, the NiO process runs closer to saturation, as reflected in the gradual

bending over of the ozone mass gains seen in Figure 4a.

For the organometallic precursor exposures, both processes generally lead to net mass
gains, but the specific QCM behaviors are different. TBF exposures result in a saturating net
mass gain over the four micro-exposures (Figure 4b). In addition, the first two ozone doses
following TBF exposure yield mass loss. These two behaviors are consistent with self-limiting

TBF adsorption followed by surface ligand removal by ozone during the early ozone exposure.



However, subsequent 0zone exposure leads to continued mass gain, as discussed above,
indicative of oxygen species uptake into the film. NiCp2 exposure, on the other hand, initially
leads to mass loss (Figure 4a) followed by gradual mass gain in subsequent pulses. This behavior
is consistent with the smaller organometallic exposures per pulse relative to the ozone exposures
in the NiO process (due to the lower NiCp> vapor pressure), because the initial sub-saturating
NiCp2 exposures would first withdraw oxygen from the reactive reservoir to combust the
precursor ligands, resulting in initial net mass loss. Further exposure will result in mass gain as
the reservoir is depleted and Ni and Cp species are deposited on the surface with little removal of
oxygen. The incomplete saturation of mass gain with NiCp2 seen in Figure 4a further reflects the
low volatility and exposure of the precursor. Overall, the similarity of oxygen uptake behaviors
between Fe,O3 and NiO in Figure 4 as well as the high GPC and large-exposure saturation
conditions in Figure 1 suggest that both ALD processes grow by a subsurface reactive oxygen

mechanism and that the reactive species simply cannot be observed ex situ in the NiO case.
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Figure 4. Representative QCM measurements of (a) 2 NiO ALD cycles each with 6 small NiCp2
exposures (30 torr-s each) followed by 15 Oz micro-exposures and (b) 3 Fe2O3 ALD cycles each
with 4 large TBF exposures (77 torr-s each) followed by 20 Oz micro-exposures. In both cases,
depositions took place on a QCM crystal already covered with the respective oxide, and

significant mass uptakes are observed during the ozone exposures.

To further compare the two processes and investigate the chemical state of the stored
oxygen, in vacuo XPS was performed. By measuring binding energies and peak structures with
XPS as a function of precursor and ozone exposures, information can be gained about changes in
species oxidation state and about the identity of oxygen species introduced into the film from

ozone. This methodology allows for characterization of reactive species in ways that ex situ



methods such as those in Figure 3 and Figure S1were unable to probe. Measurements of Fe,O3
ALD resulting from the O 1s and Fe 2p peaks are shown in Figure 5. As seen in Figure 5a,
consistent with previous reports*+° there are two component oxygen peaks in Fe20s, one at 530
eV and another at 532 eV. By deconvoluting and fitting these two peaks, the ratio of their areas
can be calculated as a function of reactant exposure; the results of these calculations are
illustrated in Figure 5b. With increasing ozone exposure, the component peak at 530 eV binding
energy increases in relative size, and with subsequent TBF exposure it again decreases in size.
This suggests the superstoichiometric oxygen introduced into the Fe>Os3 film from ozone
corresponds to species at the 530 eV binding energy state. The literature has mixed hypotheses
on the meanings of these two different binding energy peaks, and so the implication of this trend
will be discussed further below. Analysis of the Fe 2p peak shows that the binding energy of iron
shifts as a function of reactant exposure as well (Figure 5c). Ozone exposure slightly increases
the binding energy of the Fe 2p peak, and subsequent TBF exposure decreases the binding
energy. While this binding energy increase is less than 1 eV and may not indicate complete film
oxidation to a species like Fe**, it suggests ozone may oxidize some iron species or convert
Fe,O3 to other forms like FeOOH with higher Fe binding energy, as annotated in Figure 5¢.%>°
Further quantitative analysis or deconvolution of the Fe 2p peak is difficult as the peak structure

is very complex.214850
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Figure 5. In vacuo XPS measurements taken during Fe2Os ALD. (a) O 1s spectra after TBF
exposure, two subsequent Oz exposures, and another TBF exposure, with dashed lines indicating
the two component peak locations. (b) Peak ratio of the two deconvoluted O 1s peaks near 530
eV and 532 eV from the spectra in (a). (c) Binding energy shifts in the Fe 2p peak location
during the same reactant exposures with the binding energies of a-FeOOH and a-Fe>O3 for

reference.*®



Analogous studies were performed on NiO ALD, and the resulting findings are shown in
Figure 6. As with Fe;Oz in Figure 5a, O 1s spectra of NiO films exhibit two constituent peaks
near 530 eV and 532 eV, consistent with previous reports.33°5! The meanings of these two
peaks will be discussed in greater detail below. As in Figure 5b, the area ratios of the two oxygen
peaks in Figure 6a can be calculated, the results of which are plotted in Figure 6b. A very similar
trend to Fe2Oz is observed where ozone exposure increases the relative size of the 530 eV
binding energy oxygen peak, and then subsequent metalorganic precursor exposure reduces its
intensity. We were unable to observe consistent trends in Ni 2p binding energy, and its complex
peak structure coupled with changes in structure for different species precludes more quantitative
analysis.®®®! In accordance with the oxygen uptake seen in Figure 4a, observations in Figure 6
further indicate that although oxygen uptake into NiO films during ALD is not observed ex situ,
the phenomenon does still occur and can be directly observed in vacuo. Furthermore, this
experiment shows the superstoichiometric oxygen species introduced by ozone in NiO also
correspond to the binding energy closer to 530 eV, rather than the higher binding energy oxygen

near 532 eV.
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near 530 eV and 532 eV from the spectra in (a).

The results of Figure 5 and Figure 6 suggest a number of possible mechanisms for
reactive oxygen species formation during uptake into the oxygen reservoir, including pathways
that either oxidize or do not oxidize the metal center. In Fe2O3 ALD, species formation resulting
in the partial oxidation of Fe metal centers (Figure 5c) could include oxyhydroxides and
metastable Fe** species, which have Fe 2p binding energies of 711.9 eV or higher.*® The XPS

measurements performed here are unable to distinguish between these possible species however,



and additional work such as density functional theory calculations or molecular dynamics
simulations could aid in elucidating the likelihoods of these possibilities. While the increase in
Fe binding energy indicates oxidative pathways are more likely, with this data alone non-
oxidative possibilities cannot be ruled out, so they may also be occurring in tandem with
oxidative mechanisms. Non-oxidative pathways consistent with a 530 eV binding energy of
introduced oxygen species could include the formation of peroxyl species or oxygen vacancy
filling. Since the higher binding energy oxygen component around 532 eV has been attributed to
defects and vacancies,*®° an increase in the 530 eV to 532 eV peak area ratio with ozone
exposure seen in Figure 5b could suggest that the oxygen taken up into the film occupies and
fills in these defects and vacancies. These pathways are also consistent with literature reports of
NiO for the identities of the 530 eV and 532 eV O 1s peaks. The lower binding energy species
has been attributed to NiO primary lattice oxygen, arising from its primary octahedral rock salt
structure, with the higher binding energy peak corresponding to defects, vacancies, and hydroxyl
species.*®>! The similar observation of the relative increase of the 530 eV peak with ozone in

NiO ALD could therefore also be consistent with the filling of vacancies and defects.

Surface Reaction Mechanism

To investigate the surface reactions of the subsurface oxygen species during the ALD
process, in situ QMS was performed. QMS was used to analyze the gaseous byproducts of each
ALD half-reaction in the Fe;Oz process, the results of which are shown in Figure 7. In Figure 7a-
c, mass spectra of the background gas and the TBF and Oz reactants are shown. The background
spectrum in Figure 7a contains expected residual species of N2 from the purge gas and other

trace air species such as Oz, CO., and H2O. The ozone cracking pattern in Figure 7b contains



these same species but with partial pressures for O and O that are orders of magnitude larger, as
well as a new peak at m/z = 48 corresponding to Os. A slight increase in the m/z signal for CO»
is also observed, which may be due to combustion of residual reactor contaminants, but the
increase is negligible compared to ALD observations as will be discussed below. The TBF
spectrum in Figure 7c contains numerous peaks in the m/z = 50-150 range which are attributed to
the many hydrocarbon and iron daughter fragments arising from ionization of the precursor.
Notable peaks include the 'Bu-Cp peak at m/z = 121, 'Bu at m/z = 57, and Fe at m/z = 56. A
small peak arising from FeCpz is also observed at m/z = 186. As in Figure 7b, the CO- signal in
Figure 7c is also increased with respect to the background, but this increase will be shown to be

negligible compared to ALD reaction product partial pressures.

Figure 7d shows the partial pressures of CO2 and O, the two most abundant gaseous
reaction byproducts, as a function of various ALD pulse conditions. In comparing the QMS
intensities of these two species during ozone and TBF exposures under ALD conditions to that of
the background, differences are observed. First, CO; is present during both exposures at partial
pressures above ~10™* Torr (during TBF pulse) and ~107 Torr (during O3 pulse), which are
significantly larger than the CO. contributions from either reactant alone with no ALD reaction
(Figure 7b-c) or the background (1x10%—5x10" Torr, Figure 7a), indicating it is a prominent
ALD reaction product. The data show that CO is released in large amounts with ozone pulses, as
well as in lesser quantities with TBF pulses. This result signifies complete combustion of
hydrocarbon ligands at the surface resulting in the formation of CO; gas, consistent with the
strong oxidizing nature and plentiful supply of oxygen in ozone. Other potential products from
incomplete combustion of TBF, such as cyclopentadienone, were observed in small quantities,

but due to the large number of potential species and overlap with the numerous hydrocarbon



peaks inherent to the TBF cracking pattern (Figure 7c), quantitative analysis of these species was

not performed.
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Figure 7. In situ QMS data of Fe2O3 ALD. Raw QMS spectra shown in semilog form with
species annotations include (a) background, (b) cracking pattern of ozone co-reactant only, and
(c) cracking pattern of tert-butylferrocene precursor only. (d) QMS m/z signal of CO; and O3
species measured under ALD conditions with alternating ozone and TBF exposures, each

separated by purges to obtain background values.



It is notable that CO from combustion is present during TBF exposures. This result
indicates that enough oxygen must be stored in the film to completely combust TBF ligands
upon precursor adsorption. Because of the carbon-rich Cp and '‘Bu-Cp rings, each TBF molecule
requires 37 oxygen atoms to combust according to the complete combustion reaction CsHs +
(C4Hy)CsH, + 370 — 14C0, + 9H,0. Therefore, achieving combustion to CO; of single
monolayer of TBF molecules would require significantly more than a single monolayer of
surface oxygen species. Furthermore, since multiple monolayers of Fe;O3 are deposited each
cycle, both of the Cp ligands in each TBF molecule within the initially deposited monolayers
must be eliminated for growth to continue, requiring significant amounts of oxygen. Although
incomplete combustion is possible, the observation of CO; at significant pressures (~0.1 mTorr,
orders of magnitude above the TBF cracking pattern signal) indicates that it is a major reaction
product. Hence the observation of CO, production during the TBF pulse supports the conclusion

that a reservoir of reactive oxygen is present in the subsurface region of the Fe O3z film.

Finally, while Oz is detected in large quantities during ozone ALD exposures (Figure 7d)
as expected from the ozone cracking pattern (Figure 7c), oxygen is not detected above
background levels during TBF exposures. This result suggests the reactive subsurface oxygen

does not spontaneously leave the film in detectable amounts.

The results in Figure 7 indicating that the ALD surface reaction mechanism of the ozone
reaction proceeds through combustion is consistent with previous reports, given that bulky and
aromatic Cp rings are unlikely to undergo other forms of reaction like ligand exchange.'*'’ The
observation of combustion during the organometallic chemisorption half-reaction as well the

ozone half-reaction indicates the subsurface oxygen species are highly reactive and likewise able



to participate in oxidative combustion reactions. While in situ QMS experiments were not
performed for NiO ALD, we expect the gaseous byproducts to be similar to those of Fe;Os,
consistent with ligand combustion, since both processes rely on surface passivation through

bulky, aromatic Cp ligands and ligand removal through highly oxidative ozone.

Oxygen Reservoir Activation in Other ALD Processes

The observed mechanism of subsurface reactive oxygen driving surface combustion
reactions in both Fe.O3z and NiO ALD has implications both for these particular processes as
well as other ozone- or oxygen plasma-based ALD processes. The role of reactive oxygen
reservoirs in other ALD processes is thus investigated here in two ways: (i) comparing the
phenomena observed for Fe>O3 and NiO to literature reports of other ALD systems to identify
similar trends, and (ii) conducting further experiments in which oxygen reservoir ALD processes
are combined with additional ALD systems to test whether the oxygen reservoir can activate

growth of different processes.

We first examine other ALD oxide processes from the literature. There are reports of
systems besides Fe»O3 and NiO with growth behaviors in line with a subsurface reactive oxygen
reservoir. Recent reports of TiO2 ALD with oxygen plasma®2°2 built on the initial report of
Fe,03?! and found that with increased exposure to the reactive oxygen plasma
superstoichiometric oxygen could be introduced and stored into the film; the authors’ reported
mechanisms is very similar to that of Fe2Os, and as we have shown here, also of NiO. In a
different report studying the catalytically activated ALD of Fe>O3 using oxygen, it was found
that oxygen saturation was lost at higher film thicknesses; the authors hypothesized that the

effect was due to a reservoir effect of oxygen species diffusing into the film.>* Moreover, a study



of manganese oxide ALD using a metallocene precursor with ozone found oxygen uptake by
QCM similar to Figure 4. Also similar to findings for NiO and Fe20s, the authors reported an
increase in oxygen content in MnOy corresponding to changes in oxide stoichiometry, high
exposures needed to reach saturation, and film phase conversion.® On the contrary, deposition of
aluminum oxide from trimethylaluminum and ozone does not seem to exhibit this behavior,

instead saturating at a sub-monolayer GPC with much lower reactant exposures.343

The presence of the oxygen reservoir phenomenon in some ozone-based, metal oxide
ALD processes but not others raises the question of what chemical, material, and process
properties are necessary to cause this subsurface reactive oxygen growth. Some possible
contributing factors include the microstructure of the deposited metal oxide, oxygen diffusivity
in the deposited material, and the range of oxidation states available to the metal in the deposited
film. The observation of a preferential alignment of both Fe,O3 and NiO crystalline domains
such that the direction of most facile oxygen diffusion is oriented perpendicular to the substrate,
in the direction of growth, suggests mobility of oxygen in the material could be a factor.%>’
Indeed, the diffusion coefficients of oxygen in iron, nickel, and titanium oxides are orders of
magnitude larger than that of oxygen through aluminum oxide.%®%! Relatedly, the materials
described here for which a subsurface oxygen growth mechanism is observed—namely iron,
nickel, manganese, and titanium oxides—are all crystalline as deposited by ALD, whereas
aluminum oxide is amorphous. This correlation suggests the presence of crystalline grain
boundaries and their related effect on oxygen mobility through the film may play a role.
Additionally, the ability of the metal center in the film to be oxidized and hence accommodate
superstoichiometric oxygen may facilitate this subsurface growth mechanism. Iron, manganese,

and titanium are all well-known to exist in multiple oxidation states and form various oxides. For



example, manganese oxide can uptake oxygen and convert to higher oxides during ALD, and
while nickel typically only has one oxide NiO, it is well-known to exist in higher oxidation states
in materials like nickel oxyhydroxide under certain basic or oxidizing conditions,26:3839:5562
Aluminum, on the other hand, has primarily the 3+ oxidation state and its oxide usually exists
only as Al,03.%2 Because the uptake of subsurface reactive oxygen may involve oxidation of the
metal center, as seen in the XPS spectra for iron oxide ALD in Figure 5, the ability of the metal
to coordinate to additional oxygen may be a significant factor in determining if such a
mechanism is favorable to occur. Other metal oxides with facile oxygen diffusivity, crystalline
structure, and multiple oxygen coordination states may be suitable to grow by an oxygen

reservoir mechanism in ALD.

We next turn to design of experiments to test whether the oxygen reservoir can activate
growth of a different ALD process conducted on top of the oxygen-rich film. Previous work has
observed behaviors consistent such a mechanism. For example, in ternary ALD of NiAlxOy in
which the component NiO binary process used NiCp, and ozone, Baker et al. found that growth
of Al203 was enhanced on NiO surfaces and that the films were aluminum-rich compared to
compositions predicted by a simple linear combination of the binary GPCs,* consistent with the
presence of reactive oxygen species near the surface of the NiO that accelerates the Al2O3
growth. In another recent example,® a study of ternary ALD of GdFexOy found the process was
sensitive to ozone exposure and concentration during the Fe2O3 portion of the deposition with
increased uniformity upon prolonged ozone exposure, consistent with greater exposures needed
to reach full saturation; the work also reported superstoichiometric oxygen in Gd.Os deposition,
which the authors postulate could be attributed to prolonged ozone exposure as in the previous

iron oxide report.?1:63



Although the earlier work led to speculation about the potential influence of activation by
an oxygen reservoir in ternary ALD, no direct study has yet been performed. Here, we test the
hypothesis by performing ternary ALD of FeAlxOy, which is the first report of depositing this
material by ALD. Iron aluminum oxide, typically prepared by solution co-precipitation, is a
material of interest for ferromagnetic, piezoelectric, catalytic, and adsorption-based contaminant
removal applications.'*%+57 Two types of experiments were performed here to investigate
reactive oxygen reservoirs’ effects on its synthesis. In the first set of depositions, aluminum
oxide was grown on top of different layers of iron oxide synthesized with varying ozone
exposures, and the Al.Oz growth in the nucleation regime of early cycle numbers was monitored.
In the second set of depositions, repeated supercycles alternating between Fe»Oz and Al,O3 were
deposited with varying ozone exposures in the Fe>Os cycles, and effects on overall film growth

and composition were characterized.
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Figure 8. In situ spectroscopic ellipsometry measurements of the growth per cycle (GPC) of
Al>Ozeach cycle on different Fe,Oz substrates deposited with a range of ozone exposures. The

GPC of Al>Oz on Al>0O3 was also measured and is shown as a reference in the gray circles.

For the first set of experiments, results of the growth per cycle of Al>O3 on Fe203 as
measured by in situ ellipsometry are shown in Figure 8. All Fe;Os substrates were deposited with
the same TBF exposure to similar thicknesses of 50-60 A as described in the Experimental
Methods. The figure shows that the GPC of Al2O3 during the first ALD cycle is enhanced on
ALD Fe203 compared to growth on Al2Os. Furthermore, this growth enhancement increases in
magnitude with increased ozone exposure used in the ALD of the underlying Fe2Os. Since large
ozone exposures lead to increased presence of reactive subsurface oxygen,? if that reactive
oxygen participates in surface combustion reactions—as it was in the Fe.O3 process by QMS—
with the TMA precursor, the increased amount of reactive oxygen in the reservoir should
correlate with more activated Al.Oz growth on the surface. This proposed mechanism is
consistent with previous reports of Al,O3z ALD using TMA and Os indicating that the methyl
ligands in TMA can be removed through an oxidation or combustion-type mechanism,3*¢-"1 and
it also parallels evidence of Al>Oz activation on NiO after ozone exposure in ternary ALD of
NiAlOy.%® It is notable, however, that in Figure 8 (i) the activation is only present for the first
ALD cycle of Al>Os and (ii) the activation does not increase with additional ozone beyond 25 s.
The first result is consistent with the observations of Baker et al. in the NiAIxOy system of Al>O3
activation on NiO.® Regarding the second, ozone exposures beyond 25 s have been shown
introduce further reactive oxygen into the Fe,Os film,? suggesting that the additional reactive

oxygen is unable to activate Al>O3 growth. We propose that this lack of activation despite the



presence of additional reactive oxygen is explained by the limited mobility of oxygen through
Al>O3 and the fact that Al.O3 does not form its own reactive oxygen reservoirs under ozone
exposure. Hence, beyond a threshold thickness of Al.Oz deposited on top of the Fe>Oz reservoir,
reactive oxygen transport to the Al.O3z growth surface is blocked through a “capping”
phenomenon, inhibiting further growth activation. In their work, Baker et al.* observed a growth
of the first cycle of Al,O3 on NiO of approximately 5 A with no further activation in future
cycles, in line with the 5-6 A seen in Figure 8 before Al,Oj3 activation plateaus, suggesting that
2-3 monolayers of amorphous Al.Oz are sufficient to effectively block further oxygen transport

from the underlying reactive oxygen reservoir.

To further characterize how reactive oxygen in the reservoir can influence deposition of
ternary films by ALD, a second set of experiments was performed depositing Fe>Os and Al2Os in
a supercycle scheme. In the supercycle process for ternary ALD, n, cycles of binary ALD
process A are alternated with ng cycles of binary ALD process B to deposit a mixed film.*
Using this cycle number terminology along with the GPCs of each process (g;) and atomic
densities of each material (p;), the atomic composition of the resulting ternary film can be
predicted assuming no interaction between the two processes. This result is known as the rule of

mixtures,’? and states that the ideal atomic composition of material A in the final film is given by

n
Atomic Composition of A(%) = PagaTta x 100% (1)

Pagana + Ppgpnp

In essence, this relation states that the atomic composition of A is the total amount of material of

A deposited per supercycle divided by the total amount of material deposited each supercycle.



In performing the set of supercycle experiments, the number of cycles of Al,Os per supercycle
(ny4;) was kept constant at 2. The ozone exposure used in Fe2Os cycles was varied, resulting in
changes in gp, between depositions. To correct for this variation, the number of cycles of Fe>O3
(ng.) was tuned each deposition to compensate for changes in GPC such that the total thickness
of Fe2O3z deposited each supercycle (gr.nr.) remained similar. After the deposition of each film,
the relative atomic composition of Fe and Al was measured using XPS. Since the rule of
mixtures predicts the iron atomic concentration relative to Al to be given by Equation 1 where A
= Fe and B = Al, this protocol allows for the extraction of the effective growth of Al203 (g4;) in
each process, assuming pg. and p4; remain unchanged between experiments. As such, by
measuring the final atomic composition of the ternary FeAlxOy films, trends between the
activated growth of Al>Os (effective increase in g,;) and the process recipe for Fe.Oz can be
analyzed. Furthermore, because the layer thickness of Fe>Os remains similar across experiments,
the changes in average g4; and more likely to be caused by changes in the interaction of oxygen
reservoirs in Fe>Os at the surface of Al>O3z growth rather than spurious effects arising from
significant Fe.Oz bilayer thickness changes. This is further supported by alignment of the results
calculated below with g4; values in Figure 8, which were grown on much thicker Fe.Oz layers of

consistent thickness.

The resulting XPS measurements of FeAlxOy films deposited with 4 s and 50 s of ozone
in Fe203 ALD cycles are shown in Figure S2, with all peaks consistent with Fe,Os, Al.O3, and
possible mixed species. The final relative Fe: Al composition of the low-ozone film—deposited
with 18 sub-cycles of Fe,0s ALD to result in 5.4 A per supercycle—was 46:54, and the
composition of the high-ozone film—deposited with 2 cycles of Fe,Os to result in 7.0 A per

supercycle—was also 46:54. These compositions are both Al-rich compared to the expected Al



compositions of 30-35% if Al,Os were to grow at its unenhanced rate of 1.2 A/cyc, indicating
some degree of enhanced growth in both of these experiments. Since more iron was grown per
supercycle in the high-ozone film (7.0 A versus 5.4 A), this implies more Al,O3 was also
deposited in the high-ozone case in order to yield similar overall Fe: Al compositions between the
two films. Using atomic densities for Fe in Fe,O3 (.0087 A®) and Al in Al,O3 (.010 A®)
calculated from their respective mass densities,”® the measured GPCs for the Fe,O3 processes at
low and high ozone exposures (0.6 A/cyc and 3.5 A/cyc), the number of cycles of each binary
process used each supercycle, and the measured relative atomic compositions from Figure S2a-b,
Equation 1 can then be used to calculate the average g,4; for each experiment. Doing so yields
2.7 Alcyc for the supercycle recipe using the 4 s ozone Fe,O3 process and 3.5 A/cyc for the
recipe with the 50 s ozone process. Since 2 cycles of Al,O3 ALD were performed each
supercycle, these results can then be compared to the values of the first two cycles of growth in
Figure 8 (3.5 and 1.3 A/cyc for 4 s ozone, and 5.5 and 1.3 A/cyc for 50 s ozone), and indeed they
align with the average growths of AlO3 on each type of Fe,Os substrate (2.4 and 3.4 A/cyc,
respectively). The consistency of this enhancement indicates that the growth activations under
the higher ozone exposure conditions (Figure 8) take place in every single supercycle to enhance
the growth Al>Os, producing the compositions in Figure S2 for the complete ternary FeAlxOy
films. This enhancement, reflected in finding a g4, in the ternary deposition larger than that of
simple growth of Al,Oz on itself, means Fe-Al-O compositions will deviate from those predicted
by the rule of mixtures applied simply to the respective binary growth rates. Combined with the
fact that the enhancement in Fe-Al-O is similar to that observed in Ni-Al-O%® as well as many
other ternary processes'*, this result stresses the importance of rigorous process characterization

in multicomponent systems to account for growth deviations and accurate composition control.**



Through these two sets of experiments, we have demonstrated that subsurface oxygen
reservoirs present in some ozone-based, metal oxide ALD processes can be used to activate the
nucleation of subsequent ALD processes during the deposition of mixed materials. The proof-of-
concept experiments also demonstrate the first report of FeAlxOy deposited by ALD and the
critical influence of ozone on the resulting composition and properties of the films. This
activation mechanism could be generalizable to other mixed-material systems as well. There are
many reports of ternary ALD processes that have been limited in their ability to achieve desired
atomic compositions due to difficulties nucleating and growing one binary ALD process on top
of the other. A prime example of such processes is those containing silicates'*® since SiO; is
often difficult to grow on its own.””’® In multicomponent ALD processes such as these,
persisting reactive oxygen species could be used to activate the growth of otherwise unreactive
precursors, opening the door to a much wider variety of material syntheses and compositional
ranges. Combustion reactions like those confirmed by the CO2 mass detection in Figure 7 are a
robust class of co-reactant reactions,**” meaning the enhancement processes for Al.O3
leveraged in this work could also enhance many other ALD processes proceeding by
combustion. Furthermore, since ozone and oxygen plasmas are widely used co-reactants in
multicomponent ALD, the subsurface activation mechanism could be applied to a wide variety

of different systems.

Conclusion

NiO and Fe2Os ALD processes using metallocene precursors with ozone were
investigated to probe the chemical mechanisms involved in reactive oxygen uptake and storage

in these systems. NiO exhibited similar high-exposure and high-GPC saturation behavior to



Fe»0s3, and two-dimensional GIWAXS measurements confirmed that increasing ozone in the
NiO ALD process resulted in preferential orientation of the crystalline domains in the out-of-
plane direction, similar to Fe>Os. In situ QCM observed significant mass uptake into the film
upon extended ozone exposures in both ALD processes, and in vacuo XPS measurements
revealed increased oxygen content with binding energy around 530 eV after ozone pulses. The
oxygen reservoir species could possibly include peroxyls or oxygen vacancy or defect filling. In
Fe2O3 ALD, iron slightly oxidized with ozone exposure, potentially due to the formation of
oxyhydroxides or metastable Fe** species. In situ QMS found that in Fe,O3 ALD, oxygen
reservoirs are able to fully combust organic ligands during TBF exposures, similar to the
combustion mechanism taking place in the ozone reaction. Unlike for Fe>Os, ex situ methods
such as XRR, XPS, and GIWAXS were unable to directly observe oxygen reservoirs in NiO,
suggesting they are less stable and revert to stoichiometric NiO under ambient conditions.
Finally, the reactive oxygen reservoir mechanism was applied to FeAlxOy, a not-yet-
reported ternary ALD process. By combining Fe>O3 and Al.O3 ALD, it was found that the first
cycle of Al,O3 ALD is enhanced on Fe»Os surfaces, up to five-fold, with increasing enhancement
with greater ozone exposure used in the Fe,O3z ALD. However, Al2O3 enhancement did not
increase past 25 s of ozone exposure, plateauing at a GPC of 5-6 A/cyc, possibly due to a
capping phenomenon whereby the Al,O3 blocks reactive oxygen transport. When a ternary
FeAlxOy film was made by alternating the processes in supercycles, the enhancement effects
were consistent in each supercycle, resulting in films that were aluminum-rich compared to that
predicted by the rule of mixtures. These mechanistic investigations of active oxygen reservoir

growth in multiple oxide processes give insight into the generalization and application of the



phenomenon to other ALD systems and processes, including possible multicomponent processes

where nucleation could otherwise be difficult.
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