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ABSTRACT

The direct liquid injection chemical vapor deposition (DLI-CVD) of uniform and dense
zirconium oxide (ZrO,) thin films applicable as corrosion protection coatings (CPCs) is re-
ported. We present the entire development chain from the rational choice and thermal
evaluation of the suitable heteroleptic precursor [Zr(O'Pr),(tbaoac),] over the detailed DLI-
CVD process design and finally benchmarking the CPC behavior using electrochemical
impedance spectroscopy (EIS). For a thorough development of the growth process, the
deposition temperature (Tqep) is varied in the range of 400 — 700 °C on Si(100) and stainless
steel (AISI 304) substrates. Resulting thin films are thoroughly analyzed in terms of
structure, composition, and morphology. Grazing incidence X-ray diffractometry (GIXRD)
reveals an onset of crystallization at Tgep > 500 °C yielding monoclinic and even cubic
phase at low temperatures. At Tqep = 400 °C, isotropic growth of XRD amorphous material
is shown to feature cubic crystalline domains at the interfacial region as revealed by
electron diffraction. Corrosion results obtained through EIS measurements and further
immersion tests revealed improved CPC characteristic for the 400 °C processed ZrO,
coatings compared to the ones deposited at Tqep > 500 °C, yielding valuable insights into
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the correlation between growth parameter and CPC performance which are of high rele-

vance for future exploration of CPCs.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Over the last decades, zirconium(IV) dioxide (zirconia, ZrO,)
thin films have attracted considerable attention from research
and industry owing to their outstanding chemical and phys-
ical properties, enabling applications in microelectronics [1,2],
optics [3], catalysis [4—6], chemical sensors [7] and as protec-
tive coatings. Especially for the latter, properties such as a
high thermal robustness, mechanical strength, low thermal
conductivity, and high erosion resistance are optimal for the
use as thermal barrier coatings (TBCs) [8—12]. Moreover, the
thermal expansion coefficient of ZrO, is close to that of many
metals, thus preventing thermally induced stress and cracks
during formation and operations [13]. This, in combination
with a superior chemical inertness against extreme pH and
oxidation environments makes ZrO, films an ideal candidate
for the protection of metal surfaces as corrosion protection
coating (CPC) [14—18]. Indeed, Li et al. [16] demonstrated a 6.5
times higher oxidation resistance of ZrO, coated steel
compared to uncoated ones. Also, Yu et al. [18] reported an
enhanced corrosion resistance of ZrO, films coated stainless
steel (AISI 304) in coal-gas environment, even during exposure
in H,S gas at temperatures above 600 °C.

For corrosion protection, cubic ZrO, is favored over the
other two known, monoclinic, and tetragonal polymorphic
forms, based on the promising properties such as high den-
sity. However, the stabilization of the cubic phase requires
higher temperatures or, alternatively, doping with MgO or
Y,03. More recently, the approach to fabricate multicompo-
nent systems such as of CeO,/ZrO, [19] or ZrN/ZrO, [20] yiel-
ded an improvement for the passivation of stainless steel
surfaces.

Hitherto, a multitude of different physical vapor deposition
(PVD) techniques for the deposition of such CPC ZrO, thin
films have been successfully established, featuring pulsed
laser deposition (PLD) [21], magnetron sputtering [22] or ion
plating [20]. Despite their line-of-sight deposition mode,
elaborated kinematic modes of the parts to be treated with
regard to the ion sources allow growing highly structured ce-
ramics of several micrometers on complex structured sub-
strate geometries with high deposition rates [23-27].
However, such processes cannot treat all types of complex-in-
shape parts and they may exhibit microscopic imperfections
like pinholes due to growth defects [28], lowering the corro-
sion protection characteristics of thin films [29].

Solution-based chemical processes such as sol—gel
[18,30—32] or spin-coating [17] have been extensively studied
based on the simple and low-cost fabrication of the coatings.
Still, unsatisfactory thin film homogeneity, structure-control
and especially crack formation as a consequence of the large
volume shrinkage during the film formation [33] degrade the
anticorrosion performance and remain problematic.

Chemical vapor deposition (CVD) serves as a promising
alternative coating method to the above-mentioned tech-
niques. It allows a structure-controllable conformal film
growth over large and complex substrate geometries. Despite
its potential, the number of publications investigating the
CVD growth of ZrO, on stainless steel and metal substrates in
general is rather limited in terms of CPCs [34,35]. Most of the
research investigates the growth of ZrO, or yttria stabilized
zirconia (YSZ) for application as TBC as highlighted in the
review by Garcia and Goto [8].

This might be attributable to the specific demands and
requirements for TBCs such as significantly thick and porous
films, whereas CPCs on metal substrates are thin, dense, and
pinhole-free. Notably, some stainless steels are prone to
oxidation at elevated temperatures, thus requiring a careful
process development considering moderate deposition tem-
perature, precise structural growth, or a tunable deposition
rate. Appropriately tuned CVD processes can circumvent the
above-mentioned limitations, particularly by monitoring the
deposition chemistry.

In the ideal case, the application of CVD processes for the
fabrication of CPCs could significantly enhance the durability
of steel parts for industrial applications, especially regarding
the steel molds for plastic industry. Indeed, CVD of uniform
and conformal barrier coatings applied on complex tool
shapes are expected to ensure a high quality of the product
surface without sacrificing tool dimensions and subsequently
fulfilling high quality standards.

In this perspective, the design of both, suitable compounds
as CVD precursors, and technological solutions to introduce
the source gas in the deposition chamber, play a pivotal role in
the optimization of the CVD process.

Oxygen-coordinated compounds have been found to serve
as a versatile precursor family for the deposition of ZrO, films.
This is based on their pre-existing Zr—O bond and the absence
of further heteroatoms such as halogens, phosphorous or ni-
trogen, which could lead to contamination in the films. One of
the most commonly used precursors, [Zr(O'Bu),] (O'Bu = tert-
butoxide) provides a high reactivity towards co-reactants, but
possesses a poor thermal stability and shelf life, undergoing
catalytic hydrolytic decomposition, when exposed to slight
traces of water or ambient, thus making it difficult to handle
[36]. To overcome these drawbacks, [Zr(thd),] (thd = 2,2,6,6
tetramethylheptadienato) was studied extensively as CVD
precursor. Based on the spatial shielding and saturation of the
Zr** metal center by the thd ligand, the elimination of
dimerization effects was obtained, but only at the expense of a
lower volatility and reactivity [37].

Alternatively, the heteroleptic bis(isopropoxide)bis(tert-
butylacetoacetate) zirconium (IV) [Zr(O'Pr),(tbaoac),] com-
bines the beneficial characteristics of the alkoxy groups with
the acetoacetate ligand forming a highly versatile precursor.
The alkoxide (O'Pr) functions increase the reactivity due to the
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unsaturated coordination sphere of the Zr** metal center
whereas the bidentate (tbaoac) groups contribute to an
increased thermal stability of the compound while main-
taining a high solubility due to the etheric side chain makingit
an attractive precursor for solvent-assisted processes.
Furthermore, the introduction of the cleavage point of the
ester function in the B-ketoester ligand enables lower pre-
cursor decomposition temperatures compared to the con-
ventional bidenate B-diketonates [38,39]. Additionally,
[Zr(O'Pr),(tbaoac),] features a straightforward and simple
synthesis with good yields and can be scaled-up easily, which
renders this compound as a promising candidate for the
deposition of ZrO,. This heteroleptic precursor design concept
was successfully tested using [Zr(O'Pr),(tbaoac),] and ana-
logues such as [Zr(O'Bu)y(mmp),] (mmp = 1-methoxy-2-
methy-2-propanolate) or [Zr(O'Bu),(dbml),] (dbml = di-tert-
butylmalonato) in CVD processes for the fabrication of high-k
dielectric thin films [38—41].

Compared to the sublimation through conventional heat-
ing of the solid precursor, direct liquid injection CVD (DLI-
CVD) systems flash-evaporate a solution of well-defined pre-
cursor solution in organic solvent, thus loading the precursor
molecule with less thermal stress that could lead to its pre-
mature decomposition and subsequently to potential clogging
of tubes and uncontrollable operation of the deposition pro-
cess. This, in combination with the excellent reproducibility of
experiments, the long-term storability and scalability of these
precursor solution, favor DLI-CVD over conventional delivery
systems for industrial-scale processes.

Herein, we report the evaluation of the [Zr(O'Pr),(tbaoac),]
precursor with respect to its gas phase stability. We imple-
mentitin a newly-developed DLI-CVD process and investigate
the growth characteristics of the films deposited on Si(100)
and AISI 304 stainless steel substrates at varied deposition
temperatures. A detailed characterization of their structure
was performed using grazing-incidence X-ray diffraction
(GIXRD), selective-area electron diffraction (SAED) and trans-
mission electron microscopy (TEM). The composition of the
films was determined using complementary techniques such
as X-ray photoelectron spectroscopy (XPS), Rutherford-
backscattering spectrometry (RBS), nuclear reaction analysis
(NRA), and Fourier-transform infrared spectroscopy (FT-IR).
For the analysis of the topography and morphology, atomic
force microscopy (AFM) and scanning electron microscopy
(SEM) were carried out. Furthermore, the corrosion protection
performance of ZrO, coatings on AISI 304 were investigated
using electrochemical impedance spectroscopy (EIS). These
findings are correlated with the results of the films analysis to
get insights on the origin of the difference in CPC perfor-
mance, which allows to benchmark the films for a potential
future application on steel tools in industry.

2. Methods
2.1. Precursor synthesis and analysis

The zirconium bis(isopropoxide)bis(tert-butylacetoacetate)
precursor [Zr(O'Pr),(tbaoac),] was synthesized according to a

literature-known procedure [42] using [Zr(O'Pr)4(HO'Pr)] (99.9
%, Sigma Aldrich) and tert-butylacetoacetate (99 %, Acros).
Technical grade n-hexane was dried in an solvent purification
system (MBraun) and stored over molecular sieves (4 A) prior
to use. The compound purity was verified by 'H nuclear
magnetic resonance (*H-NMR, shown in the Supporting In-
formation Fig. SI 1).

Thermogravimetric analysis and differential scanning
calorimetry (TG/DSC) were performed using a Netzsch STA
409 PC LUXX device operated in an argon-filled glovebox
at atmospheric pressure. Approximately 20 mg of precur-
sor filled into Al,O5 crucible was heated from 35 to 400 °C
with a heating rate of 5 K-min~'. Vapor pressure curves
were estimated by the method established by Kunte et al.
[43] using isothermal thermogravimetric data.

Gas phase compositional analysis of the evaporated pre-
cursor in the presence of oxygen was measured through
imitation of a miniature CVD equipment consisting of a pre-
cursor evaporator connected to a temperature-controllable
reactor tube functioning as the deposition chamber.
Through an effuse orifice of 0.2 mm diameter, the existing gas
mixture was ionized (70 eV) and then detected in a time-of-
flight mass spectrometer (TOF-MS). The time for an evapo-
rated molecule to cross the orifice to the MS analyzer did not
exceed 1 ms, allowing an in-situ observation of gaseous
decomposition products as a function of reactor wall tem-
perature. For the measurement, approximately 2 mg of pre-
cursor was heated to 190 °C in a dynamic vacuum with an
oxygen partial pressure of 0.5 Pa. The reactor tube was heated
from 200 to 400 °C with a ramp rate of 5 K-min~* and the full
range mass spectra were recorded every 10 °C during heating.

2.2. Deposition conditions

DLI-CVD of ZrO,: Deposition of ZrO, films was performed in
a custom-built, horizontal hot-wall CVD reactor connected
to a DLI system (Kemstream). A quartz glass tube (30 cm
length and @ = 2.6 cm) reactor with a stainless steel sub-
strate holder was heated indirectly using a transparent tube
furnace. Depositions were made on (1.3 x 1.3) cm? Si(100)
and (1.5 x 2.0) cm? stainless steel AISI 304 (V2A 3D/2R bright
annealed, ISO 9445-2, Anton Lippert GmbH) substrates in
the temperature range 400 — 700 °C. They were cleaned in
an ultrasonic bath with acetone and ethanol before rinsing
with HPLC water and drying under argon flow. N, (99.9999
%, Messer) flowing at 400 sccm (standard cubic centimeters
per minute) was used as dilution gas and the same flow
was used as carrier gas for the mixing chamber whereas 100
sccm Oy (99.9999 % Messer) was fed as reactive gas.
Mass flow controllers were used for the regulation of the
gas flows. A 0.01 M precursor solution of [Zr(O'Pr),(tbaoac),]
in anhydrous n-heptane (99 %, Alfa Aesar) was used for
the DLI. The solution was pulsed into the vaporizer unit
with a frequency of 2 Hz and 3 ms valve opening, resulting
in gas flows of the precursor and solvent in the deposition
zone equal to 13 and 91 sccm, respectively. The heating
chamber for the flash evaporation of the precursor aerosol
was set to 200 °C. The reactor pressure was adjusted to
10 Torr.
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2.3.  Thin film characterization

GIXRD at w = 1° beam angle was performed in a Bruker D8
Advance instruments equipped with a Cu K, (1.5418 A) source
and operated at 40 kV/40 mA, Ni filter and Lynxeye detector.

FT-IR spectroscopy measurements of the ZrO, films on AISI
304 were recorded with a Thermo Scientific Nicolet iS50 FT-IR
spectrometer and a Specac Quest ATR unit (diamond crystal)
in the range of 500 — 3500 cm ™.

RBS measurements were performed using a He* ion beam
with an energy of 2.0 MeV for the detection and quantification
of Zr. For the low atomic mass atoms (O, C, N) nuclear reaction
analysis (NRA) was carried out using a deuteron ion beam of
1.0 MeV. The SIMNRA program suite was used for the pro-
cessing of the RBS/NRA raw data [44]. For the analysis of the O
composition, an oxidized top layer of the AISI 304 surface was
modelled allowing a proper fit between the RBS Zr signal and
the NRA data resulting in potential errors, approximately
+10 at.% for O, and +3 at.% for C and N. A detailed description
of the fitting method of RBS on AISI 304 is given in the Sup-
porting Information together with representative examples
of the RBS spectra at 400 and 500 °C, shown in Fig. SI 3. The
obtained information on the composition of the films was
also used to estimate their thickness.

Reflective ellipsometry of ZrO, films on Si(100) substrates
was performed using a Semilab SE 2000 ellipsometer operated
in the range of 250 — 1000 nm wavelength at a 70° incidence
angle. A 3 x 3 spot pattern was probed with 2 mm distance
between the spots. Data was fitted using the Semilab SEA
software using the effective medium approximation (EMA)
model to estimate the film thickness.

XPS data was measured using a monochromatized Al K,
source (1486.6 eV) on a ThermoScientific K-Alpha system. The
X-ray spot size was adjusted to approximately 400 pm in
diameter. The pass energy was fixed at 30 eV with a step of
0.1 eV for core levels and 150 eV for surveys (step 1 V). The
spectrometer energy calibration was done using the Au 42
(83.9 £ 0.1 eV) and Cu 2p*? (932.8 eV =+ 0.1 eV) photoelectron
lines. XPS spectra were recorded in direct mode N(Ec) and the
background signal was removed using the Shirley method
[45]. The flood gun was used to neutralize charge effects on the
top surface. An Ar* ion beam (500 eV) was used for sputtering
the samples (30 and 430 s).

SEM analysis was performed using a JEOL JSM-7200F field-
emission scanning electron microscope. The top view images
were recorded using a 20 kV acceleration voltage.

AFM was used to study the topography of the ZrO, thin
films on AISI 304 with a Bruker Dimension device equipped
with a “Fastscan” scanner in the “Scanasyst” mode.

TEM measurements on cross-sections of 400 and 500 °C
ZrO, films on AISI 304 were prepared using a dual-beam FEI
Helios G4 CX focused ion beam (FIB) instrument with an ac-
celeration voltage of 30 kV. TEM imaging and selective area
electron diffraction (SAED) were performed using a FEI Tecnai
F20 instrument operated at 200 kV.

EIS measurements were carried out for the ZrO, films
deposited on AISI 304 deposited in a range of 400 — 700 °C
using an Autolab PGSTAT204 (Metrohm) galvanostat/poten-
tiostat system supported by “Nova 2.1.4” software. A

a)
100
80
s 2
X 60 £
£ s
o £
[ Q
40
2 a
20
0 L L L -0.3
100 200 300 400
T (°C)
b) T(C)
. 190 180 170 160 150 140

In (p/Torr)
p (Torr)

1 1 1 1 bo | 0.5
215 22 225 23 235 24

1/T (1000/°C)

Fig. 1 — a) TG (black) and DSC (red) (TG/DSC) of
[2r(O'Pr),(tbaoac),]. b) Vapor pressure temperature
functions of [Zr(O'P1),(tbaoac),]. In the vapor pressure
graph, the evaporation is described as a linear fit (black)
with In(p) = —9979.88- T + 23.34297. The grey lines
indicate the 1 Torr vapor pressure temperature of the
compound (154.4 °C) to guide the eye.

three-electrode setup was realized with a secondary calomel
electrode as the reference electrode and a platinum electrode
as the counter electrode. The surface area of 95 mm? was
exposed to the electrolyte of 0.1 wt.% NaCl at (40 + 0.1) °C.

Prior to each EIS measurement, the open circuit potential
(OCP) was recorded for 120 s and the measurements were
performed at 0 V vs. OCP with a perturbation amplitude of
10 mV. A single sine mode was employed over a frequency
range of 0.1 — 10* Hz with ten frequencies per decade to ensure
higher accuracy measurements. Under the same conditions,
the variation of EIS measurements with different immersion
times (30 — 120 min), was investigated for the amorphous and
crystalline coatings deposited at 400 and at 500 °C,
respectively.

3. Results and discussion
3.1 [Zr(O'Pr),(tbaoac),] precursor analysis
3.1.1. Physicochemical properties

As the physicochemical properties of a precursor are known
to have a significant impact on chemical vapor deposition
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(CVD) process development, a rational choice of the precursor
is needed to enable and fine-tune the growth characteristics,
especially for corrosion protection coating (CPC) applications
in terms of growth temperature, morphology, and composi-
tion. [Zr(O'Pr),(thaoac),] is known to possess the required
physicochemical characteristics for the growth of ZrO, thin
films [42]. Although this precursor is known from the litera-
ture for the growth of dielectric oxides [39], in this study the
stability and volatility of the compound was thoroughly
investigated by means TG/DSC as well as vapor pressure
measurements under inert gas conditions, depicted in Fig. 1.

From the TG curve it is visible that [Zr(O'Pr),(tbaoac),]
evaporates in two distinguishable steps. A first step was
determined featuring an onset of evaporation temperature at
203 °C accompanied by a mass loss of 93.5 %. In contrast to
that, the second step only exhibits a minor mass loss (~2.6 %)
indicating the formation of non-volatile species evaporating
until 300 °C. The presence of the rest mass (~3.9 %) leads to the
assumption that a partial decomposition takes places at
higher temperatures. However, from the curvature of the DSC
graph no notable sharp exothermic peaks were observed.
Thus, a clean evaporation and thermal stability of the pre-
cursor can be expected in the applicable temperature range.
From the DSC curve, the melting point of the Zr precursor was
graphically estimated to be 52.5 °C.

For a thorough overview of the thermal properties, the
1 Torr vapor pressure temperature (T; torr v.p) Of the hetero-
leptic Zr precursor was estimated. The T tor v.p. S€TVeS as a
figure of merit and allows a benchmark and comparison be-
tween different precursor systems. For this, the temperature
dependence of the vapor pressure expressed by the Clausius
Clapeyron Equation shown in Equation (1) can be used to
calculate T1 Torr v.p.-

In(p) = —9979.88-T " 4 23.34297 (1)

with pressure p (Torr) and temperature T (K). The vapor
pressure determination using TG measurements was estab-
lished by Price [46]. From this, a T; Torr v.p. Of 154.4 °C and

30 -

25

20 -

Intensity (%)

200 250 300 350 400
T(°C)

Fig. 2 — Temperature-dependent mass-spectrometric
analysis of gas phase composition during the heating of
[2r(O'Pr),(tbaoac),] in O, presence. The detected fragments
numbered from 1 to 7 are assigned as follows: (L = tbaoac):
1- [Zr(O'P1)L,-CHa] ™, 2- [O'P1]™, 3- [C4Hg ™, [CsH,4O]T, 4-
[H,0]", 5- [CoH4] T, [CO]T, 6- [CaHg]™ or [CO,]T, 7 [C3H,]T,
[CH;CO]*, 8 - [02]".

volatilization enthalpy of 83.0 kJ/mol were estimated. In
comparison, [Zr(thd),] exhibits a T torr v.p. Of around 300 °C
(extrapolation) [37] demonstrating the increased volatility of
the heteroleptic precursor.

3.1.2.  Stability of the precursor under CVD conditions

A valuable technique for studying the stability and decom-
position pathways of a precursor under CVD conditions is in-
situ gas phase mass spectrometry. Monitoring of the precursor
decomposition by-products was performed by heating the
compound at 190 °C and directing its vapors to the mass
spectrometer through a hot-wall quartz tube at low pressures
mimicking a miniature CVD reactor setup. This setup pre-
vents the analysis from artefacts due to the influence of
sampling. The collected MS data are used to establish the
composition of the gas phase as a function of equivalent
process temperature in the range of 200 — 500 °C and enables
to gain insight into the thermal stability and decomposition
behavior of the precursor. The obtained results are displayed
in Fig. 2 and are described from the lowest to the highest
probed temperatures.

Increasing temperature results in a similar fragmentation
behavior of all peaks in the Zr containing mass spectra. The
evolution with temperature of the most intense fragment
[Zr(O'Pr) (tbaoac), - CHs]** (fragment 1) is shown in Fig. 2 as the
representative of these peaks. Its intensity remains constant
up to 260 °C before decreasing gradually until the detection
limit is reached. Such similar stability upon heating indicates
that all Zr containing fragments originate from the evapora-
tion of the precursor and not from reactions in the gas phase.
The upper stability temperature of 260 °C can be considered as
the onset temperature of precursor thermolysis. At around
320 °C, the maximum thermolysis is achieved. No changes in
the oxygen peak intensity (fragment 8) were observed during
this temperature increase indicating intramolecular decom-
position of the precursor rather than a chemical reaction with
oxygen showing the single source precursor properties of the
compound.

Starting at around 260 °C, the increasing intensity of
gaseous by-products as for instance [0'Pr]*" (fragment 2) in-
dicates the cleavage of the -O'Pr group from the precursor. The
intensity of the -O'Pr species reaches a maximum at approx-
imately 310 °C and it rapidly decreases above this tempera-
ture. Fragments corresponding to hydrocarbons, e.g. [CoHy]*"
(fragment 5) or [CsHg]*" (fragment 6), show a rapid increase
after a latent temperature change (~330 °C) suggesting a
connection to -O'Pr event at 310 °C. This correspondence re-
veals that the binding energy to the Zr metal center of the
(tbaoac) ligand is higher compared to the -O'Pr group. This can
be due to the bidentate nature and w-electron delocalized
backbone of this ligand, increasing the stability of the com-
plex. The impact of the ligand choice on physicochemical
properties, such as the decomposition behavior of the heter-
oleptic Zr compound is thus demonstrated.

3.2. DLI-CVD process development and thin film
characterization

ZrO, thin films were deposited using [Zr(O'Pr),(tbaoac),] in a
DLI-CVD reactor varying the deposition temperature in the
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Fig. 3 — Arrhenius plot for ZrO, thin films deposited on
Si(100) (black squares) and AISI 304 steel (blue triangles).
Film thicknesses were estimated using RBS. The
connection of the data points is a guidance for the eye. The
red circles show the thicknesses of ZrO, on Si(100)
estimated by ellipsometry. The error bars represent the
standard deviation from the 3 x 3 measurement spot
matrix.

range of 400 — 700 °C. To gain insight into the structural,
compositional, and morphological features, different sub-
strate types such as Si(100) and stainless steel AISI 304 were
employed parallelly allowing a direct comparison of these
characteristics, which are described as follows. For the eval-
uation of CPC performance, the ZrO, coatings on AISI 304 were
selected. A representative example of the visual appearance of
the ZrO, coatings is shown in the Supporting Information
(Fig. S12).

3.2.1. Deposition rates

Fig. 3 presents the Arrhenius plot of the deposition rate of the
ZrO, films on Si(100) and AISI 304 as a function of the inverse
temperature. The film thicknesses obtained from RBS/NRA
and ellipsometry (only on Si(100) substrates) used for the
Arrhenius plot are listed in Table SI 2. The deposition rate
values are similar on the two different types of substrates, and
the deviation observed might be from the error of the thick-
ness determination by RBS. This indicates a similar growth
behavior for ZrO,, irrespective of the selected substrate type.
At the deposition temperature (Tgep) of 400 °C, the lowest
deposition rate was around 1.5 nm/min, which rapidly in-
creases to approximately 3.8 nm/min at 450 °C for films on
both substrates. This indicates a kinetically controlled regime,
which is in accordance with findings from previously reports
[39,47,48).

No distinct diffusion-controlled regime is observed above
450 °C but rather a constant decrease of the deposition rates
up to 700 °C. This behavior may be due to the participation of
thermodynamically controlled ongoing surface reactions,
which predominate over competing diffusion events. Taylor
etal. [41] who used a structurally similar Zr precursor in a DLI-

CVD process stated that precursor depletion on reactor walls
and in the gas phase cause the decrease in the deposition rate.

3.3. Structural analysis

3.3.1. Grazing-incidence XRD

GIXRD analysis was performed for films deposited on both
substrates at 400, 500, 600 and 700 °C, allowing a direct com-
parison of the structural features of the films, as depicted in
the two diagrams of Fig. 4.

For the thin film grown at 400 °C on Si(100), only an
extremely broad reflection is observed ranging from approxi-
mately 20 = 28.7° — 32.4°, which could be assigned to the (111)
reflection of cubic ZrO, (JCPDS 00-003-0640). The width of this
reflection could be due of extremely small, spatially randomly
distributed crystallites or an effect of the measurement setup
due to the detection of the underlying substrate rather than
the film itself, wherefore a clear XRD crystallinity cannot be
postulated unambiguously. To give a more precise statement
about the structural situation, the XRD amorphous thin film
deposited at 400 C temperature was investigated using TEM,
which is described later.

Between 400 and 500 °C, the films deposited on Si(100)
undergo a structural change from XRD amorphous to poly-
crystalline, exhibiting reflections unambiguously assignable
to the monoclinic (JCPDS 00-024-1165) and cubic ZrO, phases.
This is in accordance with findings from Gould et al. [47] who
investigated the structural change of ZrO, MOCVD growth
between 400 and 500 °C. A clear distinction for the cubic re-
flections at 35.02°, 50.38° or 62.73° referring to the (200), (220)
and (222) planes are not possible due to the overlap of the
monoclinic pattern. However, the (111) and (311) reflections at
30.17° and 60.03° can be clearly assigned to the cubic ZrO,
phase. The monoclinic phase seems to be predominant as
observed from the overall higher diffraction intensity
compared to the cubic crystal reflections. Interestingly, the
tetragonal phase was not detected in the thin films. The rather
unexpected presence of the cubic phase even at low deposi-
tion temperatures such as 500 °C is in accordance with find-
ings of Ray et al. [49] who showed the formation of
nanocrystalline cubic domains in powders. Counterintui-
tively, the degree of crystallinity found in the GIXRD does not
increase gradually at elevated temperatures, which can be
partly explained with the competing growth behavior of the
two different polymorphs most likely influencing each other.
Moreover, the fixed positioning of the sample relative to the X-
ray beam can cause a change in the detected intensity of the
crystalline domains hampering a quantitative statement on
the degree of crystallinity. Notably, the higher signal-to-noise
ratio at ~20° — 25° in the 500 °C processed film on Si(100)
occurred due to a partial reflection of the substrate holder.

The depositions carried out on AISI 304 show a similar
pattern, featuring an onset of crystallization at 500 °C with the
same crystalline phases, namely monoclinic and cubic.
Noteworthy, aside the extremely broad reflection at ~30.1°,
only the austenite reflections were detected for the 400 °C film,
originating from the stainless steel substrate. Between 500
and 700 °C, at 28.20° the (—111) reflection corresponding to the
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Fig. 4 — GIXRD patterns of ZrO, thin films on a) AISI 304 and b) Si(100) substrates. The reference powder pattern of
monoclinic (JCPDS 00-024-1165) and cubic (JCPDS 00-003-0640) ZrO, are depicted in purple and orange color, respectively.

The asterisk is to guide the eye (cubic phase).

monoclinic phase becomes more pronounced whereas an
opposite trend is observed for the (002) reflection at 34.13°. The
cubic phase was not found to be as pronounced as the
monoclinic, but the diffractions obtained from the (111), (220)
and (311) planes can be clearly assigned to this ZrO, phase.

3.3.2. FT-IR ATR
FT-IR ATR spectroscopy is a powerful tool for qualitative
analysis of thin films due to the high sensitivity towards vi-
brations in both crystalline and amorphous material. More-
over, the detection of organic species can hint to potential
residuals and impurities possibly present in the film. Conse-
quently, FT-IR measurements for zirconia thin films on AISI
304 in the temperature range of 400 — 700 °C were carried out
as depicted in Fig. 5.

The spectra exhibit characteristic vibrations in the far-IR
regime (<800 cm™!) originating from zirconia vibrations.
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Fig. 5 — FT-IR ATR spectra of ZrO, thin films deposited on
AISI 304 as a function of deposition temperature. The
vibration at 2347 cm~* recorded in each spectrum can be
assigned to the characteristic CO, stretching vibration due
to operation at ambient conditions.

Within this area, the bands located at 730, 650, and 560 cm *
can be attributed to the monoclinic phase of zirconia [50].

The spectra of the 400 °C (blue graph) deposited thin films
solely show a broad vibration band, which can be attributed to
Zr—0, however, not allowing a clear assignment of the phase.
It is reported in literature that the other two ZrO, polymorphs
(tetragonal, cubic) are more difficult to detect, based on their
higher symmetry causing fewer characteristic vibrations
partly overlapping with the monoclinic ones [51].

The 400 °C film exhibits C—H stretching vibrations detected
at around 2960 cm . In both the 400 and 450 °C spectra, the
pronounced yet broad vibrational bands at ~1590 cm ™~ * can be
assigned to the C=0 stretching mode. For the 400 °C film
multiple weak vibrations occur at lower wavenumbers
whereas the 450 °C film shows a broad tailing of the bands
without the resolution of distinct modes. Most likely this
originates from the detection of C=C and C—O vibrations as
well as bending of C—H functions. These vibrations suit find-
ings from Fleeting et al. [52] who reported IR of structurally
related Zr compounds thus indicating the presence of pre-
cursor fragments or solvent residuals in the films. However,
for the films deposited at 500 °C or higher temperatures, these
C—H and C—C and C—O vibrational modes were not detected,
indicating the absence of such ligand species, possibly
reasoned by a faster desorption of these by-products or a more
complete combustion reaction with O,.

3.4. Film composition

3.4.1. RBS/NRA analysis

As discussed before in section 3.2.1., the variation of deposi-
tion temperature impacts the growth behavior of the thin film
deposition. Therefore, it is likely that the composition is
differing, too, as already indicated by the IR-measurements,
showing carbon species incorporated in films deposited at
lower temperatures. Impurity incorporation into the thin film
can influence the CPC properties. Hence, the elemental
composition was determined by RBS/NRA on both substrate
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types and the results are summarized in Table SI 1 of the
Supporting Information (SI).

Two trends can be derived from the data. First, the zirco-
nium and oxygen (Zr/O) ratio in the films deposited at Tgep-
> 500 °C on AISI 304 is slightly increased (Zr/O = 0.6) compared
to the ratio on Si(100) substrates, which is close to the ideal
value of Zr/O = 0.5 indicating the stoichiometric the formation
of ZrO, films. Second, the carbon content in the films was
found to decrease drastically from 16.6 to 4.1 at.% with
increasing temperature from 400 to 700 °C for depositions on
Si. A similar trend is observed for the films deposited on
stainless steel supporting the assumption of similar surface
reactions and transport phenomena taking place during the
growth on both surfaces. The higher carbon content of the
depositions in the lower temperature regime could be attrib-
uted to an incomplete precursor reaction and decomposition
followed by a slow desorption from the surface consequently
resulting in the incorporation of ligand fragments, which were
identified by means of FT-IR. Generally, the presence of the
solvent (n-heptane) must be considered since it is known to be
a source of carbon incorporation as well. Interestingly, in all
coatings, small traces (<0.4 at.%) of Hf was detected, most
likely originating from Hf metal contaminations in the
[Zr(O'Pr),- (HO'Pr)] reagent used for the synthesis of the Zr
precursor.

3.4.2. XPS analysis
The information about the chemical species in the thin films
was acquired by X-ray photoelectron spectroscopy (XPS) for
films deposited on Si(100) at 400, 500 and 700 °C, respectively.
Due to the surface sensitivity and low penetration depth of
this measurement technique, survey, and core level spectra
(Zr3d, O1s, C1s) were collected from the films as introduced
and after 30 and 430 s Ar* sputtering. Exemplarily, the survey
and 30 and 430 s sputtered ZrO, film deposited at 500 °C and
Zr3d core level spectra of the 30 s sputtered ZrO, thin films
grown at selected temperatures are shown in Fig. 6 and Fig. 7,
respectively. The detailed XPS data is provided in the SI in
Fig. SI 4 - Fig. SI 7, and Table SI 3.

In the survey spectra signals related to presence of ele-
ments namely Zr, O and C were observed in the expected re-
gions. The absence of Si 2s (151 eV) and Si 2p (99 eV)
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Fig. 6 — XPS survey spectra of ZrO, on Si(100) deposited at
500 °C after 30 s (top) and 430 s (bottom) of sputtering.

photoelectron lines proves that during the 430 s sputter time
the films were not penetrate entirely therefore providing in-
sights about the chemical situation of the thin film bulk
material.

The Zr3d core level spectra depicted in Fig. 7 exhibit four
distinct species for the measured temperature. Firstly, the
asymmetric Zr3ds,; and Zr3ds,, peaks at 184.5 and 182.2 eV
feature the typical spin—orbit doublets with A = ~2.4 eV sep-
aration indicating the formation of Zr** oxide (ZrO,) material
[2,53,54]. Compared to literature reports, the binding energies
were found to be slightly shifted to higher energies. This can
be best explained by the formation of oxygen deficient states
in the material, due to preferential oxygen sputtering causing
a more ionic nature of the Zr—O bonds [55]. Moreover, the
sputtering causes the formation of suboxides due to an
reduction of Zr** species resulting in the detection of Zr3ds/,
and Zr3ds,, suboxides (green colored peaks) especially at
longer sputter times (see Fig. SI 5) [56]. Interestingly, the other
two species, Zr3ds/, Zr3ds,, carbides and oxycarbides, were
detected in thin films normally only accessible using high
temperature CVD or plasma CVD processes [57].

The C1s core level spectra (Fig. SI 6) reveal the presence of
aliphatic C, C—O and O=C—O species at 284.4, 286.2 and
288.7 eV for all deposition temperatures. Due to a strong
reduction of the carbon content from the as introduced to the
430 s sputtered films, these species can be partly attributed to
adventitious carbon at the surface. However, especially for
lower deposition temperatures, there is a strong indication of
incorporation of decomposed ligand or solvent fragments,
which is evidenced from the higher carbon content. Further-
more, these findings are in line with the data obtained from
the O1s core level spectra (Fig. SI 7). Apart from the oxide peak
at 530.4 eV being the most pronounced, the contributions
from organic C=0 (532.2 eV) and C—O (533.2 eV) species were
found to gradually decrease at higher temperatures and
longer sputter times. This trend agrees with the findings from
RBS/NRA. Interestingly, the peaks at the low-energy side
around 282.2 eV are assignable to carbide species, thus sup-
porting the findings from the Zr core levels.

3.5. Surface and interface characterization

3.5.1. SEM and AFM analysis
The appropriate protection performance of a metal part
against corrosion depends among others on the morphology
of the coating since the latter is directly exposed to the cor-
rosive environment. Logically, the corrosion resistant film
should cover the entire surface without gaps and ideally
should not feature grain boundaries. Grain boundaries is a
potential weak spot since the corrosive medium may diffuse
and corrode the material. Furthermore, the surface of the AISI
304 can be oxidized upon thermal treatment in oxidizing at-
mosphere, which has been shown to modify the substrate
surface and could impact the CPC behavior [58,59]. In this
context, SEM and AFM measurements were performed on
specific ZrO, films on AISI 304, and the data are depicted in
Fig. 8.

Both techniques show a closed film covering the observed
areas. At a first glance, the 400 °C grown ZrO, surface exhibits
a different morphology compared to those of films deposited
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Fig. 7 — XPS Zr3d core-level spectra of ZrO, thin films deposited on Si(100) at 400 °G, 500 °C and 700 °C after 30 s of Ar"

(500 eV) sputtering.

at higher temperatures. It features round shaped agglomer-
ates suggesting an isotropic growth of ZrO, film. Although a
direct comparison between the SEM and GIXRD is not
straightforward, the amorphous rather than polycrystalline
nature of the 400 °C film can be assumed. Notably, on top of
those agglomerates, other features exhibiting a different
morphological appearance were detected. Due to the
randomly, branched distribution on the top of the surface it
can be most likely attributed to precursor residuals and
unreacted precursor species than ZrO, material. This is sup-
ported by the findings from IR and XPS, which show an
increased level of C content at the top of the films. At 500 and
600 °C, the ZrO, morphology changes significantly and the
typical arrowhead-like shaped crystallites [47] are formed
during the deposition, which transform to more needle-like at
700 °C. The observed surface morphologies reveal that the
density of grain boundaries within the film increases upon
increasing the deposition temperature.

For the scanned [(5 um)?] areas, the RMS for the 400 °C
deposited films was calculated to be considerably lower than
the films deposited at higher temperatures with RMS values of
13.2 nm (140 nm thickness, 400 °C), 24.9 nm (250 nm thickness,

a)

500 °C), 35.5 nm (200 nm thickness, 600 °C) and 29.9 nm
(170 nm thickness, 700 °C), respectively, supporting the ob-
servations from SEM. Notably, the 400 °C RMS value is close to
the value of the bare AISI 304 substrate (9.81 nm, Fig. SI 8)
demonstrating that the film morphology follows the topog-
raphy of the uncoated whereas at Tgep > 500 °C the mode of
the crystalline growth already takes over the topography of
the surface.

3.5.2. Transmission electron microscopy
The interface and structure of the ZrO, layers on AISI 304 were
investigated by cross-sectional bright field (BF) TEM, high-
resolution TEM (HRTEM) and selective area electron diffrac-
tion (SAED). As representative examples, data gathered from
thin films deposited at 400 and 500 °C are displayed in Fig. 9.
The 400 °C deposited ZrO, film features a dense and struc-
tureless material at a first sight. However, dark spots inter-
spersed in the region near the interface indicate the formation
of nanocrystallites smaller than 10 nm. Consequently, SAED of
this region was carried out, revealing a halo-like diffraction
pattern resulting from randomly oriented crystallites. A closer
analysis shows distinct diffraction spots along the circles

200 nm
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Fig. 8 — a) SEM images (left) and b) AFM micrographs (right) of ZrO, thin films deposited on AISI 304 at selected temperatures.
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Fig. 9 — a) BF-TEM, b) HR-TEM and c) SAED of 400 °C (top) and 500 °C (bottom) deposited ZrO, on AISI 304. The yellow rings in
a) display the areas for the respective SAED measurements shown in c). The colored half circles in the SAED 400 °C image
display the pattern of cubic phase of ZrO,, the dashed blue and solid orange lines represent the cubic and monoclinic phase,
respectively. For the sake of clarity, only reflexes with rel. intensity >12% are depicted for the monoclinic phase.

correlating to the cubic phase of ZrO,. Therefore, it can be
deduced that although the layer is mainly amorphous in na-
ture, a small degree of polycrystallinity of cubic phase is pre-
sent. This observation is most likely attributable to the effect of
critically small grain sizes causing a change in the nucleation
behavior to the cubic phase [60]. Furthermore, from the HR TEM
it is visible that these cubic ZrO, domains start to appear after
the growth of the first 20 nm of film, indicating a different initial
growth behavior of the ZrO, on the AISI 304 substrate at 400 °C.
Notably, the crystallites were detected approximately within
the first 40 nm of the ZrO, material, which could be attributed
to annealing effects during the process.

The 500 °C ZrO, film, on the contrary, clearly shows a
structure along the depth profile being best described as
branched columnar. The SAED pattern shows clusters of
diffraction spots rather than well-defined spots occurring
probably due to a mosaic arrangement of the crystallites [61].
Although a certain degree of polycrystallinity in form of ring
formation is visible, the crystallites of the observed area are
assignable to the monoclinic phase and are of relatively high
order, which supports the findings from GIXRD measure-
ments (section 3.3.1.).

3.6. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) is a valuable
tool to evaluate the performance of corrosion protective
coatings [62—64]. In the framework of this study, EIS was
employed to characterize the ZrO, coatings deposited onto
AISI 304 at different temperatures (400 — 700 °C) in NaCl so-
lution. To confirm the stability of the system, the open circuit
potential (OCP) was recorded before starting the EIS experi-
ments. As depicted in Fig. SI 9, the OCP is stable within 120 s
for all coatings, indicating that a steady state is reached within
the measurement time.

Among the tested coatings, the noblest OCP was observed
for the coating deposited at 400 °C and the respective OCP
stabilized much faster. For the coatings deposited at higher
temperature (500 — 700 °C), small potential oscillations were
detected. Cabrini et al. [65] found that such oscillations are
probably due to the existence of a diffusion path inside the
porous coating. These findings are in accordance with the
above-mentioned AFM roughness and TEM investigations
(section 3.5.2.), which showed that the microstructure of the
amorphous coating (400 °C) is significantly denser and more
homogeneous than the microstructure of the crystalline
ones.

Fig. 10 (a, b, c) presents the Nyquist and Bode plots of the
zirconia coatings deposited at different temperatures
(400 — 700 °C). Apparently, the impedance spectra of all
coatings have similar tendency except that deposited at
400 °C, indicating a different electrochemical behavior for
amorphous (400 °C) and crystalline (500, 600, 700 °C) coatings.
For the amorphous coating, the presence of two semicircles in
the Nyquist plot (Fig. 10 a) and double peaks in the corre-
sponding Bode phase plot (Fig. 10 c) suggests two time con-
stants associated to the electrochemical process at the
electrolyte/coating/substrate interface: A depressed semi-
circle at higher frequencies and a straight line at intermediate
and low frequencies.

In contrast, all crystalline coatings show a single time
constant with a single semicircle in the Nyquist plot. In the EIS
measurements, the curves in the Nyquist plot (Fig. 10 a) tend
to display a shape of distorted semicircle or a straight line,
whose slope is not equal to one. Zhao et al. [66] attributed that
to intrinsic or electrochemical properties of electrodes, elec-
trolytes, and the conditions of the experiments. Since the
diameter of the semicircle in the Nyquist plot partly implies
the corrosive resistance, the larger semicircle diameter of the
coating deposited at 500 °C indicates a higher corrosion
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Fig. 10 — Nyquist diagrams a), Bode plot b) and Bode phase plot c) for ZrO, coatings onto AISI 304 deposited at 400 C—700 °C.

resistance [30]. In the same sequence, the smallest diameter of
the semicircle was obtained for the coating deposited at 700 °C
confirming its weakest corrosion properties.

The impedance modulus |Z|, which serves as a figure of
merit for the performance of anticorrosion films [67] was
found to be higher for the amorphous film (400 °C) over the
whole frequency range, suggesting the best barrier properties
of this film (Fig. 10 b). Notably, this could be partly influenced
by the elevated carbon content, which hampers the crystalline
growth of material, thus leading to more dense films.

In the phase angle plot (Fig. 10c), the two time constants can be
ascribed to a bi-layer configuration of the coating: An outer
porous layer with broad time constant in the range of 1 — 10* Hz,
and denser inner oxide layer in the range of 1 — 0.1 Hz. The ob-
tained results are in a good agreement with the findings of Yao
et al. [68] who established that the ceramic ZrO, coatings present
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Fig. 11 — Fitted Bode plots of ZrO, films deposited at 400 °C
(amorphous) and 500 °C (crystalline) in NaCl solution at
40 °C. The corresponding equivalent circuits are displayed
as insets.

a double-layer structure with the loose and porous outer layer
and the compact inner layer.

The EIS data was simulated and the fitted equivalent cir-
cuits for the amorphous (400 °C) and crystalline (500 °C) thin
films are presented in Fig. 11 and Fig. SI9. A close agreement of
the proposed models and the experimental results is
observed. This, and the low 2 values corroborate the accuracy
of the proposed models. In Table 1, the fit values for the
elemental parameters equivalent
describing the electrical properties of the varying electrode/
electrolyte interface are presented.

For the amorphous coating (400 °C), the electrical circuit is
composed of two resistors and two capacitive elements. R
can be assigned to a system resistance that includes the
electrolyte resistance as well as other instrument factors,
contributing especially at high frequencies [69]. Due to
roughness and inhomogeneities such as composition or
structure changes, ideal capacitors fail for the modulation.
Hence, non-ideal capacitors, so called constant phase ele-
ments (CPEs) were applied. The mathematical expression for
impedance of a CPE is given by the following Equation (2) [70]:

in various circuits

1

Q- ()"
where Zcpg (Q) is the impedance of the CPE, Q is the admit-
tance of CPE (S-s™) and accounts for conduction paths for
water uptake, ionic migration, and salt intrusion within the
coatings. The value of N for CPE is 0—1: CPE operates as pure
resistor and as a pure capacitor for N values equal to 0 and 1,
respectively.

R, represents the pore resistance and CPE1 stands for the
coating capacitance. As mentioned by Zhang et al. [71], the
parameters R, and CPE1 (Fig. 11) are related to the outer layer,
which corresponds to the upper layer of the ZrO, coating. We
attribute the existence of CPE2 to inhomogeneities in the
coating with electrolyte uptake, which is in line with proposed
physical models of substrate/coating/electrolyte systems
[72,73]. The obtained finding is in good agreement with the
assumption of Amand et al. [74], in which the coating uptakes
electrolyte to an extent that progressively decreases from the
coating/electrolyte interface to the substrate/coating inter-
face, where it becomes negligible.

Itis well known that the CPE can be used to account for the
roughness of the solid electrode, whereby the lower the value
of the exponent (N), the rougher the electrode surface [75]. In

(2)

ZCPE =
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Table 1 — EIS fitting parameters for equivalent circuits of ZrO, coatings deposited at 400—700 °C onto AISI 304.

Taep (°C) Film Thickness (nm) Rs (Q) Rp (kQ) CPE1 CPE2
Q (uS-s") N Q (uS-sM) N
400 168 358 88 5.0 0.66 11.6 0.91
500 304 363 1710 10.2 0.86 - -
600 247 378 160 10.8 0.73 = =
700 234 304 5 247 0.66 - -
160 . 2 160 . b) To further compare the stability of amorphous and
140 - 140 - crystalline coatings, EIS immersion tests of two selected
120 1 _' e coatings deposited at 400 and 500 °C was performed. Fig. 12
§1:z: . . i; §1:z: .- erttens shoyvs t.he evolytion of tbe Nyquist plots for both coatir'lgs
5 ol *;;gu N ol s ,eﬁ:o::“'ﬂtztt during 1mmer51on.tests in 0.1 wt.% NaCl aqueou's solution
wl _;;,t* ” ._' rels (from 30 to 120 min). A fast drop of impedance is marked
sl 20 [ after the first 30 min for both coatings (Fig. 12 a, b) and a
o L 0 depressed form of impedance Nyquist diagrams is observed
0 20 40 60 80 100120140160 o 50 100 150 200 250 due to the initial electrolyte uptake by the coating and the
ik Z (k) diffusion of electrolyte inside into coating layer. However,
el aUrhnL &7 (60l (Y, ‘Ui ¥ {RURE with longer than 30 min immersion times, only small
7 ol ¥ ) changes in the Nyquist plot are noticed, indicating that the
60y 70 ’\h electrolyte uptake reaches a stationary state. It is worth
50 o, oo Y % noting that no evidence of coating damage was detected, as
i e 50 L] % . . . .
e s, 3 10 . . the1.'e are no addlt.lonal lo.ops in .the 1mPe(.iance diagrams
S30p '-:, £ 5 . % during the whole immersion period. This is also a strong
20l ‘::‘ 55 '.. % indication that the electrolyte does not permeate to the
ol L4 ol 'k base substrate.
ol ‘ ) ) ) J ol ) ) ) ) In the Bode diagram (Fig. 12 c), the maximum phase angle
01 1 10 100 1000 10000 04 1 10 100 1000 10000

Frequency (Hz) Frequency (Hz)

Fig. 12 — Nyquist (top, a, b) and Bode plots (bottom, b, c)
with different immersion time (0 min—120 min) for ZrO, on
AISI 304 at 400 °C (a, c) and 500 °C (b, d).

the present measurements, the higher N value of CPE2
(N = 0.91) compared to that of CPE1 (N = 0.66), indicates less
defects/pinholes and higher compactness of the inner layer of
the amorphous film. That is to say, the inner film/stainless
steel interface operates approximately as an ideal capacitor,
which suggests better corrosion barrier. The characteristics of
CPE2 are distinctly closer to a pure capacitor.

The EIS measurements of the crystalline coatings (500, 600
and 700 °C) are fitted to the equivalent circuit of system
resistance (R;) connected with one-time constants in parallel
arrangement of R, and a capacitive part of the coating CPE1
(Fig. 11). Obviously, CPE2 does not exist for the crystalline
coatings, suggesting the formation of a single, porous ZrO,
layer. Drawing a direct interconnection between pore resis-
tance and corrosion performance may be complicated. How-
ever, Zhang et al. [71] reported that R, values can be used to
express the integrity of coating such as adherence, pore and
crack existence or stability. For the crystalline coatings, the
highest R, value was determined for the coating deposited at
500 °C, where lower porosity can be expected. The lowest Ry
was related to the coating deposited at 700 °C, which is
probably due to many defects and/or pinholes developed at
higher deposition temperature.

of the amorphous coating increases after immersion of 30 min
and remains nearly constant for longer immersion times,
namely 60 — 120 min. However, the phase angle decreases at
lower frequencies, indicating to the diffusion of electrolyte
through the outer coating layer. The situation is opposite for
the crystalline coating, where the maximum phase angle is
found to be lower for coatings at all immersion times, indi-
cating a poor barrier performance (Fig. 12 d). At low frequency
(0.1 Hz), the phase angle reaches a value lower than 20°,
indicating that the coating has been completely permeated by
electrolyte [76].

The EIS measurements indicate better corrosion protection
for ZrO, coatings deposited at 400 °C compared to those
deposited at and above 500 °C. Combined with the XRD results
(Section 3.3.1) and TEM investigations (Section 3.5.2), it is
assumed that the crystalline coatings contain more pores and
defects due to their higher degree of crystallinity and the
resulting coarse microstructure. Perhaps, a coupling of
stainless-steel to the ZrO, could likely be present, and an in-
depth study of this correlation will be of imminent interest
for our future investigations.

4. Conclusion

Within the framework of this study [Zr(OiPr),(tbaoac),]
was successfully applied as precursor for coating ZrO,
thin films on stainless steel AISI 304 substrates to eval-
uate their application as corrosion protective layers.
The thermal evaluation and in-situ gas phase composi-
tional analysis revealed a high kinetic stability of the
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[Zr(O'Pr),(tbaoac),] precursor at temperatures up to 260 °C
ensuring an intact transport of the precursor vapor to the
deposition zone without prior decomposition as a conse-
quence of thermolysis. This robust behaviour allowed
developing a DLI-CVD process for the fabrication of ZrO,
thin films on Si(100) and stainless steel AISI 304. The
structural and morphological characteristics of these films
were systematically investigated by varying the deposition
temperature in the range of 400 — 700 °C. The deposition
rate, composition and structure of the films are compa-
rable on both types of substrates featuring the highest
deposition rates at 450 °C (~3.8 nm/min) and the presence
of two ZrO, phases, namely monoclinic and cubic. An
increase in the RMS roughness from 400 °C to higher
deposition temperatures was observed, explainable with
the change of the structural growth of ZrO,. These find-
ings were supported by GIXRD showing a change in the
growth of polycrystalline ZrO,. At 400 °C, approximately
17 at.% carbon was detected in RBS/NRA most probably
occurring due to incomplete precursor reaction and re-
siduals at the surface as elucidated via IR. SAED and TEM
of the 400 °C film highlighted the existence of fine crys-
tallites of polycrystalline cubic ZrO,. From SEM and GIXRD
this feature was not observed showing an amorphous
nature of the film at such low temperatures.

EIS measurements reveal better corrosion protection per-
formance of the coating deposited at 400 °C in comparison
with the films deposited at higher temperature (500 — 700 °C).
For longer immersion times (30 — 120 min), the corrosion
protection of the amorphous coating (400 °C) remains intact,
while the crystalline thin film (500 °C) shows poor protecting
behavior with the electrolyte diffusing towards the substrate.
Thus, we could demonstrate a potential process design for a
thin, dense, and efficient corrosion protection coating depos-
ited at low temperatures, which could be of interest for the
application on steel tools used in the injection molding of
plastic parts.

Our study highlights the importance of the thoughtful
correlation between all the vital steps for the successful
fabrication of ZrO, thin films with improved corrosion pro-
tection performance using CVD: Starting from the rational
choice of the precursor to the careful process development
and thorough analysis, which ultimately results in forma-
tion of the ZrO, material with tailored surface and compo-
sitional characteristics. This target-oriented approach
outplays the “trial-and-error” method for the CVD of CPCs
and furthermore gives highly relevant insights into the
growth characteristics and thin film properties motivating
us to adapt this approach to other corrosion protection
materials such as YSZ or Al,03, which we intend to explore
in the near future.
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