
Thin Solid Films 733 (2021) 138815

Available online 6 July 2021
0040-6090/© 2021 Elsevier B.V. All rights reserved.

Deposition of zirconium oxide using atmospheric pressure plasma enhanced 
chemical vapor deposition with various precursors 

Dhruval Patel a, Lucia Bonova a,b, Zachary Jeckell a, D. Eitan Barlaz a, Santanu Chaudhuri c, 
Daniel V. Krogstad d, David N. Ruzic a,* 

a Nuclear, Plasma, Radiological Engineering, University of Illinois at Urbana-Champaign, 104 South Wright St., Urbana, IL-61801 
b Advanced Technologies Research Institute, Slovak University of Technology in Bratislava, Jána Bottu 25, 91724 Trnava, Slovakia 
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1. Introduction 

For decades, conversion coatings based on hexavalent chromium 
(Cr6+) were used to protect steel from corrosion in infrastructure, 
manufacturing, and transportation. However, Cr6+ is carcinogenic, 
leading to numerous restrictions being put in place since the 1980s. 
Since then, the automotive and aerospace industries have migrated to 
zinc phosphate-based systems. These systems tend to be porous which 
can negatively affect the corrosion mitigation performance. To remedy 
this, a chromatic sealing step is used to further improve its barrier 
properties, but increases the environmental and health hazards in the 
process [1,2]. More recently, zirconium oxide-based pretreatments have 
become more appealing as they have shown to reduce the environ-
mental impact while providing corrosion performance similar to 
phosphate-based coatings on certain substrates. However, these are 
immersion-based processes that require the treatment of large amounts 
of hazardous waste, large costs associated to protect staff, and large 
amounts of energy needed to heat and continuously stir the precursor 
baths [2,3]. 

Plasma-based processes can serve as a wet chemical waste-free sur-
face modification alternative to the current state-of-the-art. Low pres-
sure plasma systems have long been used to deposit materials for a broad 

range of applications [4–7]. In fact, low temperature plasma assisted 
chemical vapor deposition (PECVD) and atomic layer deposition of 
zirconium oxide is a well-studied process for the deposition of dielectrics 
in semiconductor applications [8,9]. However, these processes require 
low-pressure environments which make them unsuitable for large area 
applications. Recent advancements in atmospheric pressure plasma 
(APP) technology have made it possible to modify surfaces without the 
need for any vacuum components. These systems have also shown that 
they can clean heavily contaminated surfaces and increase their wetta-
bility [10]. Furthermore, many studies have demonstrated that APP 
processes can be used to deposit high quality coatings allowing for 
surface cleaning and deposition to be conducted using the same source 
[11–17]. 

Atmospheric pressure PECVD is perhaps the most commonly used 
method to deposit coatings as this process can draw upon a library of 
precursors typically used in low pressure applications. While a large 
variety of zirconium precursors are available to be used, not all are 
feasible due to some combination of toxicity, lack of stability (i.e. 
moisture and light sensitivity), low volatility, and high costs. For 
example, zirconium amide precursors, such as tetrakis(ethyl-
metylamido)zirconium, have good vapor pressure but are toxic, hard to 
handle and tend to be expensive making them unsuitable for the 
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intended application. In this study, zirconium tert-butoxide (ZTB) and 
zirconium acetylacetonate (Zr(acac)4) were selected as zirconium pre-
cursors that met the majority of the application requirements. Like other 
metal alkoxides, ZTB is prone to hydrolysis, but it was tested none the 
less as it has good vapor pressure at room temperature [18]. Zr(acac)4, 
on the other hand, is far more stable compared to ZTB, but it has a low 
sublimation pressure at room temperature [19,20]. While both of these 
have been used to deposit coatings in low pressure systems, their 
feasibility to deposit a coating in an open atmosphere plasma system 
remains untested [21,22]. 

Due to limitations specific to organometallic precursors, other 
deposition processes and precursors were explored. Recent, advance-
ments in liquid assisted plasma enhanced CVD (LA-PECVD) have 
demonstrated the effectiveness of using metal salts to produce inorganic 
thin films [11–14,17,23]. This process shows great promise as a high 
vapor pressure precursor is not required. Instead, precursors can be 
dissolved in solvents such as water, sprayed on to surfaces and then 
treated with plasma to deposit a coating. While LA-PECVD has shown 
great potential, its feasibility to deposit zirconium oxide has not been 
demonstrated. Hence, LA-PECVD with zirconium oxynitrate (ZrO(NO3)2 
is also put to test in this work. This work aims to demonstrate the 
feasibility of depositing coatings using these precursors and compare the 
morphology and the composition of the coatings deposited. 

2. Experiment setup 

2.1. Atmospheric pressure plasma source 

A schematic of the plasma source setup can be found in Fig. 1. The 
atmospheric pressure plasma jet (APPJ) consists of two concentric 
electrodes allowing for the microwaves to propagate in between the 
annulus cavity. A titanium (OD 0.25 inch) tube is used as the inner 
electrode. The remainder of the APPJ, including the outer electrode (ID 
0.625 inch) is made up of copper. The microwaves enter this cavity 
through a 7/16 DIN connector mounted on the side of the torch. The 
position of the back-wall and the inner electrode can be adjusted to tune 
the APPJ. This torch houses its own modular gas curtain and converging 
nozzle. The modular gas curtain can be used to mitigate any contami-
nation from the surrounding environment. The converging nozzle, on 
the other hand, can be used to focus the plasma to allow accessing 
narrow trenches. A more detailed description of the APPJ can be found 

elsewhere [24]. 
A 6kW power supply (Cober S6F) is used to excite 2.45 GHz micro-

waves. A series of waveguides are used to deliver these microwaves to 
the APPJ. A water-cooled circulator was used to negate any damage to 
the power supply due to reflected waves. Microwave power meters and 
stub tuners, both in series with waveguides, were used to always keep 
the reflected power below 5% during the experiments. 

The APPJ source can sustain a plasma using helium, argon, nitrogen, 
oxygen, or any combination of these gases. The gas flowrates were 
controlled using a set of flow regulators or mass flowmeter. The oper-
ating gases were injected through the annulus region of the torch. The 
plasma is struck with 10–20 LPM of helium with approximately 400 W 
after which the gas composition can be switched with any of gases listed. 
A minimum of 500 W was required for a steady discharge of a nitrogen- 
argon plasma. The setup allows for the precursor to be injected through 
multiple feeds. The cavity within the inner electrode can also act as a 
separate inlet for the gasses and precursors. Precursors with low subli-
mation pressure, which typically require heating, can be fed through the 
side of the applicator. This setup also features an aerosolizer which can 
allow for various liquid solutions to be sprayed directly onto the sample 
to be treated immediately by the plasma. 

2.2. Deposition process 

Single crystal undoped silicon wafers and commercially available 
mirror polished Al 6061 extrusions (1.5 mm) were cut into 15 x 15 mm 
coupons for use as substrates. The aluminum substrates had an average 
surface roughness of approximately 50 nm as measured by a contact 
profilometer. Prior to deposition, the substrates were chemically 
cleaned using isopropyl alcohol and allowed to dry. For the samples 
deposited using the LA-PECVD process, additional cleaning was per-
formed using a single plasma pass to allow for the dispersed droplets to 
properly wet the surface. While no separate plasma precleaning was 
conducted during the deposition with ZTB and Zr(acac)4, the leading 
edge of the plasma volume is expected to provide some cleaning prior to 
the deposition [10]. This was further verified by conducting contact 
angle measurements which indicated a reduction of contact angle from 
48◦–19◦ after a single cleaning step on an as received aluminum sample. 
The temperature of the substrates was obtained using a thermocouple 
inserted into a small hole drilled on side of the samples. 

For ZTB and Zr(acac)4, a bubbler type delivery was used to transport 
the precursor vapors to the plasma. For ZTB, 5 mL of precursor was 
loaded in the bubbler and these vapors were fed directly through the 
inner electrode. A heated setup was needed for Zr(acac)4 since the 
sublimation pressure is negligible at room temperature. Approximately 
3 grams of precursor was loaded in a glass bubbler submerged in heated 
mineral oil bath. Throughout the experiment, the oil temperature was 
maintained between 172–186 ◦C in order to melt the Zr(acac)4 powder. 
Once the precursor was melted, nitrogen was passed through the 
bubbler to carry the precursor to the APPJ. The carrier gas was also 
heated to this temperature using heat wire wrapped around the gas 
tubing. However, it was not possible to transport the heated gases 
through the inner electrode without the precursor vapor condensing on 
the surfaces due to the rapid heat loss to the inner electrode walls. 
Instead, the precursor vapor was directly injected through a small hole 
12 mm from the edge of the outer cathode. A schematic of the setup can 
be found in Fig. 1. For both processes, the sample passed underneath the 
plasma at a velocity of 4 mm/s. 

Typical of metal salts, ZrO(NO3)2 has negligible sublimation pressure 
even at modestly elevated temperatures. ZrO(NO3)2 has been shown to 
undergo decomposition as low as 191.85 ± 50 ◦C [25]. As a result, 
traditional vapor phase PECVD was not possible. For this reason, a 
different strategy was adopted where the precursor was applied directly 
on to the substrate and then plasma treated [11–14,17]. To do so, ZrO 
(NO3)2 was dissolved (0.5 M in distilled water) and the solution was 
wicked onto a 16 kHz piezoelectric nebulizer to generate a stream of 

Fig. 1. A schematic of the setup used for all the processes described in 
this work. 
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dispersed droplets within a closed container. A carrier gas through this 
chamber was used to carry these dispersed droplets directly on the 
substrate. Finally, the solution was converted to zirconium oxide by 
treating it with an atmospheric pressure plasma. 

Due to the nature of the atmospheric plasma source in use, stable 
operating regimes varied significantly for each precursor delivery 
method with regard to power, gas composition and flow rates. A sum-
mary of empirically determined ranges of stable operating conditions for 
each process can be found in Table I: Range of parameters tested for each 
precursor is shown. All substrates were placed 10 mm below the plasma 
source with the exception of Zr(acac)4 where the stage height was set to 
15 mm.. While critical for description of the experiments performed, the 
table cannot be used to represent a design of experiments, or be used for 
direct comparison between precursors or delivery methods because of 
source stability. 

2.3. Characterization of coatings 

The surface morphology, and in some cases, cross-sections of a 
cleaved coating deposited on silicon wafers, were imaged using scanning 
electron microscope (SEM) (Hitachi 4800) with a through-the lens de-
tector . The SEM operating voltage was set to 10 kV. Prior to imaging, 
the samples were sputter coated with 10–15 nm of Au-Pd to minimize 
charging. Cross-section imaging on aluminum samples were conducted 
by ion milling a 6 μm deep trench using a focused ion beam (FIB) of 
gallium ions (30 kV with currents ranging from 80 pA–7 nA) and then 
imaged using SEM (PHI Helios) at an operating voltage of 5 kV. A 1.5 μm 
thick layer of Pt was deposited atop the surface before the trench was 
milled to protect the underlying surface from damage induced by FIB. 

X-ray photoelectron spectroscopy (XPS) (Kratos Axis ULTRA) was 
used for the surface composition characterization of the coatings. This 
instrument features a monochromatic Al Kα X-Ray source. To mitigate 
surface charging, the samples were mounted on an ungrounded stage 
and were exposed to a constant electron flux as the spectra was 
collected. Depth profile XPS was conducted at a laboratory built XPS 
facility at the University of Illinois. This instrument is capable of con-
ducting XPS analysis using Al Kα X-Ray source along with Specs PHOI-
BOS 150 hemispherical energy analyzer. It also has the ability to sputter 
etch coatings with an argon ion source. For the depth profile analysis 
reported in this work, argon ion beam with ion energies of 500 eV and 5 
keV was used with an ion current of 37 µA/cm2. The XPS data collected 
was analyzed using CasaXPS. 

3. Results 

3.1. Zirconium tetra-tert butoxide (ZTB) 

Deposition from ZTB was conducted on silicon substrates using the 
conditions listed in Table I: Range of parameters tested for each pre-
cursor is shown. All substrates were placed 10 mm below the plasma 
source with the exception of Zr(acac)4 where the stage height was set to 
15 mm.. Substrate temperatures for aluminum coupons were deter-
mined inserting shielded K type thermocouples into a blind hole milled 
into the side of coupons. Measured temperatures consistently dwelt 
close to 200 ◦C. Equivalent temperatures for silicon coupons could not 

be measured but are expected to be similar. After processing, the surface 
showed presence of a coating, however, the deposited material could be 
removed upon light rubbing with a gloved finger or a delicate task wipe 
(Kimwipe), indicating very poor adhesion of the material to the sub-
strate. A closer inspection under SEM revealed a surface covered with 
clustered nanoparticles (Fig. 2a). This observation was consistent for all 
the carrier gas flow rates tested (0.1–1 LPM) . A control experiment was 
conducted in the absence of plasma and the cross-section SEM showed 
particles of similar features on the surface (Fig. 2b). 

3.2. Zirconium acetylacetonate (Zr(acac)4) 

Zirconia films were also deposited from Zr(acac)4 at a variety of 
powers and gas flowrates (Table I: Range of parameters tested for each 
precursor is shown. All substrates were placed 10 mm below the plasma 
source with the exception of Zr(acac)4 where the stage height was set to 
15 mm.) with most consistent results achieved at 600 W, 20 LPM of air 
with 1 LPM N2 as a carrier gas. A typical substrate temperature of 260 ◦C 
was recorded for these conditions. These conditions resulted in a coating 
with a deposition width greater than the width of the substrate (15 mm). 
The surface and the cross-section micrographs were obtained using SEM 
and FIB, respectively (Fig. 3) and were taken from the center of the 
deposition path. These micrographs showed an evenly coated aluminum 
surface. The absence of cracks, pits or any other defects was also 
encouraging. A coating of approximately 100 nm was measured on the 
cross-section SEM. 

Depth profile XPS was then used to determine the composition 
through the thickness of the coating. High resolution spectrums of O 1s, 
C 1s, Zr 3d and Al 2p were obtained at various depths. The concentration 
profiles were calculated and then plotted as a function of depth and can 
be found in Fig. 4. While the surface was heavily contaminated with 
carbon, a Zr:O:C ratio of 1:2.0:0.6 was measured at a depth of approx-
imately 0.25 μm, which corresponded to the depth that had the highest 
zirconium concentration. 

3.3. Zirconium oxynitrate hydrate (ZrO(NO3)2) 

For the third process, ZrO(NO3)2 droplets were transported to the 
aluminum substrate at a rate of approximately 13 mg/min immediately 
prior to plasma treatment. After deposition, it was noted that almost all 
of the coating was deposited in a narrow band approximately 5 mm wide 
with the thickest regions in the center of the band. 

Surface micrographs, Fig. 5, revealed that the coatings had an 
atypical overlapping circle morphology. These features had diameters 
between 15–30 μm. Several cracks and other defects were also observed 
on the surface of the coatings. Fig. 5b shows a cross-section micrograph 
of the coating obtained after milling the surface using FIB. An average 
coating thickness of 518 nm was measured over three different locations 
on the coating. Both the surface and cross-section micrographs showed 
the presence of numerous cracks which propagated through the entire 
cross-section of the coating. 

The surface composition of the coatings was characterized using XPS, 
with a particular emphasis on determining whether there was significant 
nitrate, hydrate, or hydroxyl concentrations in the films. After identi-
fying the major peaks in the survey spectrum, high resolution spectrums 

Table I 
Range of parameters tested for each precursor is shown. All substrates were placed 10 mm below the plasma source with the exception of Zr(acac)4 where the stage 
height was set to 15 mm.  

Name of the precursor Feed 
channel 

Plasma power 
[W] 

Gas 
composition 

Flowrate 
[LPM] 

Carrier gas Flowrate 
[LPM] 

Stage velocity 
[mm/s] 

# of 
cycles 

Zirconium tetra-tert butoxide, ZTB Antenna 600 Argon | Nitrogen 17 | 4 0.1–1 4 10 
Zirconium acetylacetonate, Zr 

(acac)4 

Side 600–800 Air 20 0.5–1.5 4 10 - 40 

Zirconium oxynitrate hydrate, ZrO 
(NO3)2 

Aerosolized 600 Argon | Nitrogen 17 | 4 0.8 4–36 2 - 10  
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of O 1s, N 1s, C 1s and Zr 3d peaks were obtained (Fig. 6). To estimate 
the concentration of H2O and -OH species, area constraints were 
imposed for all other components in O 1s core level (Table II). These 
constraints allow for the estimation of the total contribution to the O 1s 
peak from carbon contaminants, zirconium dioxide and nitrates identi-
fied in the C 1s, Zr 3d and N 1s peaks, respectively. The remainder of the 
O 1s peak is comprised of contributions from OH− and H2O. Since the 
separation between OH− and H2O peaks is large enough, the concen-
tration of each can be calculated. The area constraints were determined 
by using a scaling factor which accounts for the relative sensitivity factor 

(R.S.F) and the stoichiometric ratio of oxygen atoms to that of Zr, N and 
C for these components. An example calculation of the area constraint 
for O=C-O can be seen in the equation below. 

Area (O = C − O)O 1s = Area (O = C − O)C1s

(
nO

nC

)(
R.S.F O 1s
R.S.F C 1s

)

Here, n is the number of atoms of each species in a particular 
component. The values for R.S.F were provided by the manufacturer 
(Kratos Analytical). A summary of all the peaks identified along with 
peak position, FWHM and area constraints used can be found in Table II. 

An example of the measured spectrum, along with the fits, can be 
found in Fig. 6. The fitting procedure was repeated for several samples, 
each deposited using different stage velocity (different plasma exposure 
times). The concentration of all oxygen containing species were then 
studied as a function of stage velocity (Fig. 7a). The results showed that 
as the sample velocity is increased, the zirconium-bound oxygen con-
centration at the surface decreases significantly while the surface 
nitrate-bound oxygen concentration increases. The other components 
did not show any change as a function of the exposure time. All of the 
carbon peaks observed are likely artifacts of environmental contami-
nation post deposition since there was no carbon in the precursor 
chemicals. Very little water was present in any of these samples, which 
implied that the solvent was almost completely volatilized for each case. 
Likewise, the hydroxyl molecules did not show any significant change 
with exposure time either. The substrate temperature during the depo-
sition was not constant due to the motion of the stage. The mean peak 
substrate temperatures were obtained by taking the average of the peak 
temperature after every cycle. This plot can be found in Fig. 7b along 
with the average substrate temperature. It was interesting to note that a 
higher peak temperature was observed for the sample deposited at 8 
mm/s than the one deposited at 4 mm/s. While the exact reason for this 
is unknown, it is speculated that arcing during the deposition may have 
driven the temperature higher. 

Depth profile XPS was used to determine the bulk composition of the 

Fig. 2. Clustered nanoparticles on silicon substrates synthesized using ZTB and deposited a) with and b) without the plasma. In each case, the carrier gas flow rate 
was set to 1 LPM. Very little difference was observed in the morphology of the nanoparticles produced with and without plasma. 

Fig. 3. a) Surface and b) cross-section SEM micrographs of the coating deposited using Zr(acac)4. The coating was deposited using 600 W plasma sustained using 20 
LPM air and a carrier gas flow rate of 1.5 LPM N2. The thickness of the coating was approximately 115 nm. 

Fig. 4. Composition of the coating deposited using zirconium acetylacetonate 
as a function of depth obtained using XPS. 
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sample fabricated with the stage velocity of 4 mm/s. The relative con-
centration of the O 1s, C 1s, N 1s and Zr 3d peaks were plotted as a 
function of approximate depth (Fig. 8). The results showed that both the 
nitrogen and the carbon were only present on the surface. Within the 
bulk, a Zr:O ratio of 1:2.2 was measured at an approximate depth of 4 
nm. 

4. Discussion 

Out of the three different precursors discussed in this work, only two 
were feasible for deposition of zirconia coatings. While the vapor pres-
sure of ZTB is significantly higher than the other two, its susceptibility to 
hydrolysis makes it extremely difficult to work with especially in an 
open atmosphere system. By comparing the micrographs shown in 

Fig. 5. Micrographs of the a) coating surface and b) cross-section of the coatings deposited using zirconium oxynitrate hydrate.  

Fig. 6. High resolution surface XPS spectrum of a) Zr 3d, b) C 1s, c) N 1s and d) O 1s peaks. The sample was fabricated at a velocity of 4 mm/s. Component peak 
fitting was performed using the constraints described in Table II. 
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Fig. 2, it is very apparent that synthesis of these particles was likely 
occurring during transport to the plasma. It is presumed that the pre-
cursor undergoes premature decomposition by hydrolysis followed by 
agglomeration of reaction products. This observation was consistent for 
all the experiments conducted using this precursor, despite careful at-
tempts to remove moisture from the transport lines. In a previous study, 
Bradley et al. noted that the hydrolysis of ZTB can be easily initiated by 
water desorbed from surfaces [29]. To completely mitigate this issue, a 
careful bakeout of the apparatus and all gas lines, both upstream and 
downstream, would be required to remove any adsorbed water from the 
surfaces. Premature decomposition not only results in poor adhesion, 
but it also precursor depletion which can reduce the growth rate of the 
coating. 

Unlike ZTB, Zr(acac)4 is far more chemically stable in open atmo-
sphere. The results in Fig. 2 show that this process is capable of depos-
iting zirconium oxide coatings. Carbon contamination in coatings 
deposited with ß–diketonate compounds is a common issue [30]. To 
mitigate this, an air plasma was used to oxidize excessive carbon content 
instead of the traditional approach of heating the samples. Despite these 
efforts, the XPS composition profile in Fig. 4 showed that there was 
significant carbon contamination on the surface, and some incorporated 
within the bulk. Further investigation with a higher oxygen content 
within the plasma could be performed to determine whether the carbon 

Table II 
Description of various peaks used for fitting XPS spectrums is shown here. The table also contains various constraints used during the fitting process [26–28]. R.S.F 
values provided by the manufacturer (Kratos Analytical).    

Peak ID R.S.F Position Constraints (eV) FWHM Constraint (eV) Area Constraint 

Zirconium-3d ZrO2 A 2.576 181.2–183.1 1.0–2.0 -  
ZrO2 B 183.6–185.6 A * 1 A * 0.67 

Carbon-1s C-C C 0.278  284.3–285.2 1.4 -  
C-O-H D 285.5–286.5 C * 1 -  
O-C=O E 288.6–289.6 C * 1 -  
C=O F 287.3–288.5 C * 1 - 

Nitrogen-1s NO3 G 0.447 405.9–407.9 1.4 - 
Oxygen-1s ZrO2 H 0.780 529.7–531.1 1.0–2.0 A * 1.01  

NO3 I 531.6–533.6 1.0–2.0 G * 4.90  
C-O-H J 532.6–533.8 I * 1 D * 2.80  
O-C=O K 532.0–532.4 I * 1 B * 5.61  
C=O L 532.0–533.6 I * 1 F * 2.80  
OH M 530.0–532.0 1.0–2.0 -  
H2O N 531.9–533.5 1.0–2.0 -  

Fig. 7. a) Change in the surface composition of the oxygen containing species were collected as a function of the stage velocity. The composition data was collected 
by peak fitting oxygen high resolution XPS spectrum. b) The average of the peak temperatures measured during the deposition of these samples are reported as a 
function of the stage velocity. 

Fig. 8. Change in the coating composition as a function of depth for the coating 
deposited using ZrO(NO3)2 at a stage velocity of 4 mm/s. 
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content could be reduced in the coatings. 
A bigger issue with this process was the need to heat the precursor to 

attain a sufficiently high vapor pressure. During the experiments, it was 
noted that the precursor underwent chemical degradation as it was 
heated to its melting point. TGA analysis of Zr(acac)4 revealed a weight 
loss process maximizing at 181 ◦C, right at the operating temperatures of 
172–186 ◦C. A weight loss of 17.4% was measured as the temperature 
was increased up to 181 ◦C. A similar observation was made by Ismail 
who identified that the weight loss taking place between 150–200 ◦C can 
be attributed to the release of C3H4 [31]. While the decomposition does 
not directly impede the ability to deposit zirconium oxide coatings, it 
does hamper its scalability. It was not feasible to re-melt a batch of 
decomposed precursor once it solidified. This is likely due to the 
cross-linking of the molecules of the decomposed byproducts as it cools 
down. This wastage makes this process less appealing from a financial 
standpoint. 

The premature decomposition of the precursor is not an issue in the 
LA-PECVD process, as all of the reactions take place on the surface of the 
substrate. Unlike Zr(acac)4, no additional heating elements are required 
to increase the volatilization. The mass transport of the precursor is a 
function of the dissolved salt concentration and carrier gas flow rate, and 
is not dependent on the vapor pressure. Ideally, the droplets would be 
injected directly into the plasma to take advantage of gas phase re-
actions of a PECVD process. Previous studies conducted with a dielectric 
barrier discharge have shown to reduce the overall diameter of the 
injected aerosols. This occurs due to charging of the droplets in the 
plasma, which can lead to deformation and splitting of larger droplets 
[32,33]. It was speculated that division of micron-sized droplets injected 
into the plasma would result in near vapor-like dispersion of precursor in 
the gas phase. However, an attempt at doing so resulted in the formation 
of nanoparticles rather than a coating. The high temperature of the 
plasma environment, which is much greater than the evaporation tem-
perature of the solvent, can lead to rapid volatilization of the solvent and 
partial precipitation of the salt in flight. Next, the decomposition of the 
salt precursor is initiated and is followed by nucleation of grains and 
larger particles formed predominately of the final oxide. This process is 
of interest to many and have been studied by several groups [34–36]. 
Therefore, spraying the salts directly into the plasma is not suitable for 
deposition of coatings in plasmas operating with high gas temperatures. 
By spraying the salt solution directly onto the surface before plasma 
treatment, the deposition rate is limited by the decomposition rate of the 
precursor under the plasma allowing for higher deposition rates 
compared to vapor delivery. A deposition rate of 40 nm/s was achieved 
using this process as opposed to 0.7 nm/s corresponding to the best 
result using Zr(acac)4. 

The decomposition of the precursor on the surfaces can be attributed 
to a combination of thermal effects and plasma based reactions. From 
the data presented in Fig. 7b, it was observed that the mean surface 
temperatures were greater than 100 ◦C for all of the tested stage ve-
locities, however, the maximum surface temperature was below the ZrO 
(NO3)2 decomposition temperature (191.85 ± 50 ◦C [25]) for all stage 
velocities above 8 mm/s. While water could evaporate solely through 
thermal processes, it is unlikely that all the zirconium dioxide formation 
is due to thermal processes. The surface composition differences 
observed in Fig. 7b also further indicated that the decomposition was 
not purely thermal. The samples that had increased residence time in the 
plasma (lower velocities) showed a more efficient breakdown of the 
precursor, as evidenced by lower nitrate concentrations at the coating 
surface, even though the maximum temperature was roughly equivalent 
for all velocities above 8 mm/s. Reactive species in the plasma, such as 
hydroxyl and oxygen radicals along with energetic electrons, likely play 
a significant role in altering the surface composition, facilitating the 
breakdown of the zirconium salts [23]. The role of these reactive species 
in the decomposition of the salts is likely pronounced at the surface since 
the radical species penetration depth is less than the film thickness from 
a single application pass. Sub-surface nitrate decomposition must rely on 

a mixture of thermal decomposition and diffusion. The lack of con-
taminants in the bulk, as evidenced by Fig. 8, along with low nitrogen 
and expected carbon at the surface indicates that it is likely that the 
coating composition continues to evolve with subsequent plasma 
treatments. Taken together, the coating data indicates that both thermal 
and plasma-based decomposition play a significant role in the coating 
synthesis. 

While the bulk composition was close to that of the theoretical 
composition of zirconia, micrographs shown in Fig. 5 revealed 
numerous cracks and pin holes in the coatings. The pin holes in the 
coatings are likely the result of occasional arcing during deposition [37]. 
The lack of uniformity in the coatings can hinder its ability to provide 
sufficient corrosion protection as seen for other coating systems [38]. 
Optimization of the morphology of this coating will be further investi-
gated in the near future. 

5. Conclusions 

The feasibility of depositing zirconium oxide using an open atmo-
sphere plasma source was tested using ZTB, Zr(acac)4 and ZrO(NO3)2 as 
precursors. These precursors were selected for their relatively low 
toxicity allowing for ease of handling when operating in an open at-
mosphere system. It was shown that it was possible to deposit coatings 
using Zr(acac)4 and ZrO(NO3)2. However, decomposition of the ZTB in 
the gas lines due to hydrolysis resulted in the synthesis of nano-spheres 
during transport, rather than the deposition of a coating. The process 
involving Zr(acac)4, on the other hand, resulted in a 100 nm thin coating 
with minimal defects observed under SEM. XPS results indicated a bulk 
Zr:O:C concentration of 1:2.0:0.6. In addition to this, an emerging 
method of LA-PECVD was used to deposit zirconia coatings using ZrO 
(NO3)2 . This process shows promise as high deposition rates can be 
achieved very easily with minimal contamination. In addition, the de-
livery of the precursor used in this process mitigates any gas phase re-
actions which can lead to undesired formation and deposition of 
particles. Furthermore, this process does not require any additional 
heating elements as the mass transport of the precursor is independent of 
its sublimation pressure. The depth profile XPS results of the coatings 
deposited using this process showed a bulk Zr:O composition of 1:2.2 
was obtained, with little to no nitrogen or carbon present in the coatings. 
While the surface micrographs indicated numerous cracks in these 
coatings, the ease of processing, good deposition rate and lack of 
chemical contaminants showed that the LA-PECVD of ZrO(NO3)2 is a 
promising method for the deposition of zirconium oxide coatings and 
merits further studies to optimize the process. 
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