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SYNOPSIS

Water Vapor in DC Reactive Magnetron Sputtering Plasma: Characteristics and
Applications

by CATAPANG ALLEN VINCENT BARABONA

The use of water vapor plasma in a thin film deposition process realizes the addition of
hydrogen (H) in the plasma. The added H in the thin film structure improved the film proper-
ties for oxides, such as zinc oxide (ZnO), by acting as a shallow donor dopant. By using water
vapor plasma, the doping of ZnO with H onto the lattice to improve the film’s conductivity
and reduce lattice stresses can be realized, with intended applications in optoelectronics such
as in transparent conductive electrodes. This dissertation investigated the application of water
vapor as the reactive gas in a DC magnetron sputtering system. The deposition process was
systematically investigated by exploring the different areas, from the introduction of water va-
por, the bulk plasma, and the magnetron cathode surface, to the thin film substrate region. The
reactive magnetron sputtering plasma was applied to a plasma source with a pulsed conduit-
type extraction electrode.

In Chapter 2, the stable flow of water vapor into a low-pressure deposition system using
a heated vaporization-driven reservoir was controlled using the temperature. Increasing the
temperature increased the responsiveness of the water vapor reservoir as a gas source. Numer-
ical simulations of the reactive magnetron sputtering process through Berg’s reactive sputter-
ing model for water vapor plasma showed that adsorption-dependent parameters significantly
affected the deposition process. The effect on the pressure behavior at different discharge pa-
rameters was investigated by fitting the time-resolved pressure curves to the model, and the
gas admixture was determined as the most suitable form of process control for oxide formation
at the substrate region.

In Chapter 3, the effect of the water vapor plasma on the target surface condition was in-
vestigated. The dominant surface processes at the target surface region are dependent. At the
target center, the redeposition of material was strong compared to the target racetrack where
the erosion of target material by sputtering was dominant. Redeposited layers with preferred
crystallographic orientations were observed at low water vapor content, and oxide overlayers
were detected at high water vapor content settings. The oxide formation and surface morphol-
ogy were compared with in-situ laser differential reflectance measurements, and the trends
were similar to the compound formation according to Berg’s sputtering model. The laser dif-
ferential reflectance incident at the center was determined to be a viable method for monitoring
the target surface condition during the plasma operation.
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In Chapter 4, the ZnO thin films were deposited on borosilicate glass at varying water vapor
content in an Ar – H2O gas admixture. The change in film properties related was correlated to
the near substrate surface plasma parameters obtained from a single Langmuir probe. The ad-
dition of water to the plasma significantly changed the behavior of the plasma and the growth
mechanism of the film. The transition between a metallic Zn film to ZnO was observed with
40% water vapor content, and transparent and conductive films was deposited (87.5% trans-
mittance, ρ = 1.2 Ω cm). The measure confirmed the shallow H donor doping phenomenon with
water vapor plasma. The effect of deposition control by adding a substrate bias and tempera-
ture was investigated in a 1.0 Pa H2O plasma. The polarity of the substrate bias changed the
incident charged species, while the bias magnitude affected the incident energy. The film char-
acteristics were directly linked to the ion and electron flux to the surface. The shallow donor
doping and optical transparency were unaffected by the substrate bias. For substrate heating,
increasing the substrate temperature resulted in a localized increase in ions near the surface.
As the substrate temperature increased, the growth of multiple ZnO peaks was promoted at
higher temperatures while the resistivity consistently decreased. The shallow donor doping of
ZnO for films deposited using water vapor plasma was stable for the 20 to 140oC range.

In Chapter 5, the production of positive and negative ions in water vapor plasma was con-
firmed using optical emission spectroscopy and ion energy measurements. The production of
Ar+, H+, Zn+, O+, and OH+ ions was confirmed from the atomic and molecular band spectra
at the visible (400-1000 nm) and UV regions (200-500 nm). The relative intensities indicated
that the maximum ion formation was at 40% water vapor content. The positive ion energy
distribution across the water vapor settings had an average peak ion energy at ≈5.4 eV and
the addition of water vapor to the plasma increased the peak energy by ≈0.26 eV. The negative
ion energy distribution was significantly broader and at higher energies (≈274 eV for the 20
to 100% settings). The negatively-biased target surface accelerated the negative ions by ≈69 to
89% of the cathode discharge voltage.

In Chapter 6, a reactive magnetron sputtering plasma source with a pulsed, conduit-type
extraction electrode was designed. The charged species transport to the differentially pumped
downstream region was confirmed by quadrupole mass spectrometry (QMS). The pulsed ex-
traction electrode extracted Ar+, H2O+, H3O+, and Zn+ ions, and the intensities were de-
pendent on the extraction electrode voltage frequency. Multiple plasma characterization tech-
niques confirmed the proposed space charge-dependent extraction mechanism. The simulation
of the ion transport trajectories showed that plasma at the conduit volume was dependent on
the condition at the plasma source and the extraction electrode voltage frequency. The ion cur-
rent peaked at varying frequencies depending on the position inside the conduit volume. The
electron saturation current steadily decreased as the frequency increased, indicating the pos-
sibility of electron trapping. The positive space charge in the conduit volume accelerated the
ions further to higher energies than that set by the extraction electrode voltage (1 kHz to 250
kHz), but the trapping of electrons steadily decreased the ion energy as the frequency increased
(<250 kHz). The average ion current density measured by a shielded Faraday cup exhibited an
average ion current density with a Gaussian profile centered at 171 kHz. For the time-resolved
measurements, the indirect time-of-flight showed that the extraction electrode voltage could
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control the mass ratio of extracted ions, with lower voltages favoring heavier ions. The addi-
tion of water vapor significantly complicated the behavior of the ion extraction and negative
ions were detected by the Faraday cup. A positive tailing pulse in the off phase realized an
increased ion extraction density compared to a similar increase in the extraction electrode volt-
age.

Chapter 7 states the main results of each of the chapters and the recommendations for fur-
ther investigations in regards to water vapor in reactive plasma.
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Chapter 1

INTRODUCTION

1.1 Overview

Water vapor in a state of plasma has applications in surface treatment and modification
[1–3] and thin film deposition processes. In oxide film deposition, water vapor can substitute
conventional oxygen gas, such as in titanium oxide (TiO2), indium oxide (In2O3), chromium
oxide (CrO), tin oxide (SnO2), and zinc oxide (ZnO) [4–11]. The advantage of water vapor over
O2 gas is the addition of hydrogen (H) ions into the plasma. The presence of H in the plasma
could result in the shallow donor doping of H into ZnO thin films. The shallow donor doping
improved the film conductivity and minimized the lattice stresses on the film surface while
minimizing changes in the band structure (∆Eg < 50 meV) [12–15]. This modification allows
the use of ZnO for optoelectronic applications, such as in transparent conductive electrodes
[16, 17], quantum dots [18], thin film transistors [19, 20], etc.

The behavior of water vapor in low-pressure environments is highly complicated [21]. This
complexity hinders its widespread application in deposition processes when precise control is
required. In physical vapor deposition (PVD) or chemical vapor deposition (CVD) processes,
the water molecules adsorb easily onto surfaces in the vacuum system. The adsorbed species
are then difficult to desorb, as they can form multiple layers of water molecules on the surface
via a combination of physisorption and chemisorption. Removing these adsorbed species is
difficult and time-consuming, as the energy of adsorption is in the range of 0.8 to 1.08 eV [21–
25]. The introduction of water vapor to the bulk plasma can result in the addition of differently
charged species because of numerous possible reaction pathways. The reactions can range from
electron impact ionization, dissociation, neutralization, and ion-ion or ion-to-neutral interac-
tions. It can also dissociate to form negative ions [26] and has multiple rotational-vibrational
states [27, 28] that further complicate the process. The stable vapor flow from a water reservoir
is difficult, as the adsorbed species can affect the pressure readings causing inaccurate pressure
control [29]. The phase change from a liquid reservoir to the gas phase is not as direct when
compared to an inert gas, resulting in a low flow rate for water vapor. In electrically biased
surfaces, the adsorbed species can act as an insulating layer that produces an inhomogeneous
plasma and electric field distribution.

1.1.1 Sputtering Process

Sputtering is a commonly used method in thin film deposition. The process, as shown in
Fig. 1.1, involves the removal of material from a surface due to an incident energetic particle.
Depending on its ion energy, the incident particle can result in sputter removal and secondary
electron emission, ion implantation of the bulk material, or its reflection from the surface. These
incident particles modify the surface structure through changes in the lattice from the added
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Chapter 1. Introduction

FIGURE 1.1: Schematic depicting the interaction of energetic ions with surfaces.

energy by the reflected particle, the presence of the implanted ions that distort the lattice spac-
ing, or through collisional cascades that can remove multiple atoms or terminate and dissipate
energy as heat to the surface [30]. Given these processes, it is necessary to characterize its
behavior at the bulk plasma and with the surface processes relevant to the sputtering phe-
nomenon to realize the potential of water vapor for the sputter deposition processes.

1.2 Objectives

This dissertation aims to improve the understanding of water vapor as a plasma in reactive
magnetron sputtering and identify key operating parameters and mechanisms required to al-
low control over the deposition process and take advantage of its unique behavior. The focus
of the study was on three regions: the bulk plasma, the target surface, and the substrate region.
Specifically, the main objectives are as follows:

• To stabilize the introduction of water vapor into low-pressure deposition systems and
predict its behavior when used in the reactive magnetron sputtering plasma.

• To identify the effect of water vapor on the surface processes in a reactive magnetron sput-
tering discharge, and to quantify the change in the target surface as the reactive plasma
discharge is sustained.

• To determine the effect of using water vapor plasma in ZnO thin film deposition at vary-
ing conditions in terms of the near substrate surface plasma and the deposited thin film.

• To identify the species produced when the magnetron sputtering plasma with water va-
por plasma is utilized and extend this to applications in plasma sources.

1.3 Organization of the Study

The succeeding chapters in this dissertation aim to explain the behavior and characteristics
of water vapor plasma at different areas of interest in a reactive magnetron sputtering discharge
and an extension of the application to plasma sources. Chapter 2 discusses the introduction of
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1.4. Related Works

water vapor into a reactive magnetron sputtering system, and the simulation of the pressure be-
havior of water vapor plasma during its operation with a reactive magnetron sputtering model
highlighted its adsorption behavior. Chapter 3 involves the effect of using water vapor on the
target surface cathode, and an in-situ method for probing the surface during operation, differ-
ential reflectance spectroscopy, was explored. Chapter 4 examines the film formation process
using water vapor plasma at varying deposition conditions and explains the effect of the near
surface plasma characteristics on the measured film properties. Chapter 5 explores the reactive
attributes of the bulk plasma for water vapor, particularly the positive and negative ion forma-
tion in magnetron sputtering plasma. Chapter 6 extends the application of water vapor plasma
to a reactive magnetron sputtering plasma source with a pulsed conduit-type extraction elec-
trode, which aims to improve ion transport control to a surface, given the presence of multiple
species in the ion source. Chapter 7 summarizes the main points of this dissertation, as well as
recommendations for future work involving water vapor plasma.

1.4 Related Works

The published works related to this dissertation are correlated to the chapters of this disser-
tation, as listed:

• Chapter 2:

– A.V. Catapang, "The glow discharge ignition behavior of a DC magnetron water
vapor plasma," Master’s Thesis, Dept. Elect. Electron. Eng., Doshisha University,
Kyotanabe, Kyoto, 2020

– A.V. Catapang and M. Wada, "Effect of adsorption and reactive behavior of water va-
por in reactive magnetron sputtering simulations using Berg’s model," in The 40th
JSST Annual International Conference on Simulation Technology Conference Pro-
ceedings, 2021, pp. 49-52. 2021

• Chapter 3:

– A.V. Catapang, H. Tatematsu, O. Streeter, J.E. Hernandez, M. Vasquez and M. Wada,
"Surface condition of Zn target in a DC reactive magnetron sputtering plasma source
using water vapor plasma," Plasma and Fusion Research, vol. 17, pp.2406040-1-
2406040-5, 2022.

• Chapter 4:

– A.V. Catapang, J.G. Abalos, J.E. Hernandez, M. Vasquez and M. Wada "Near sub-
strate surface plasma characteristics of ZnO film deposition in DC reactive mag-
netron sputtering with water vapor," Japanese Journal of Applied Physics, vol. 62,
pp. SL1024-1-SL1024-7, 2023

– A.V. Catapang, H. Tatematsu, S. Inoue and M. Wada "Effect of substrate heating and
bias on the DC reactive magnetron sputtering of ZnO using Ar-H2O plasma," in the
Proceedings of the Samahang Pisika ng Pilipinas 41st Samahang Pisika ng Pilipinas
Physics Conference, pp. SPP-2023-3C-04-1-SPP-2023-3C-04-4, 2023

• Chapter 6:

– A.V. Catapang, J.E. Hernandez, M. Vasquez and M. Wada, "Performance of a reac-
tive magnetron sputtering ion source using water vapor plasma," Journal of Physics:
Conference Series, vol. 2244, pp.012099-1-012099-5, 2022.
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Chapter 2

WATER VAPOR PLASMA IN MAGNETRON SPUTTERING

DISCHARGES

2.1 Water vapor in low pressure deposition systems

The use of water vapor in low-pressure environments has often presented challenges in
terms of process control. In vacuum systems, it can affect the operation of vacuum components,
such as seals, metal surfaces, and the vacuum pump [1]. To fully utilize water vapor in low-
pressure plasma processes, it is vital to establish a stable procedure to properly control the
process parameters.

The main factor that makes the water vapor partial pressure difficult to control is its reactive
and adsorptive behavior. The adsorption behavior is significant to discharge stability as it af-
fects the system pressure. One of the most time-consuming parts of the process is the pumping
down of the system to the high vacuum pressure range, which is delayed exponentially when
water vapor is present. As shown in Fig. 2.1a, water vapor can adsorb onto the surface through
either physisorption or chemisorption. Physisorption is typically a reversible process and has
a lower desorption energy compared to chemisorption onto the surface. In the formation of
multiple layers, physisorption often dominates. The energy range for water vapor desorption
typically lies between 0.8 eV to 1.08 eV for surfaces typically used in vacuum systems such as
stainless steel. This range makes the plasma process particularly difficult, as it is low enough
to significantly affect multiple vacuum pressure stage operations used in deposition processes
[1–3].

When these adsorbed species are considered with the presence of plasma, the analysis be-
comes much more difficult. As shown in Fig. 2.1b, the energetic particles incident on the cham-
ber wall surface can interact with the adsorbed species. These can result in numerous surface
processes, depending on the energy and the reactive behavior. At low energies, the adsorbed
particle could be transported toward the bulk plasma or reabsorbed back on the surface. At
higher energy, sputtering or shallow implantation onto the wall could occur. When reactive
species are concerned, they can form compounds at the surface that act as a getter pumping
phenomena [3–7].

Given these challenges, it is vital to ensure the stability of the introduction of water vapor
as a reactive gas and investigate its behavior as a plasma for material modifications and syn-
thesis. In this study, the introduction of water vapor from the water reservoir was explored
in terms of its pressure, and the behavior as a plasma was investigated through Berg’s reac-
tive magnetron sputtering model. This chapter aims to realize the stable introduction of water
vapor and identify the characteristic behavior based on an established model to highlight its
difference compared with other gases.
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2.2. Experimental system

FIGURE 2.1: (Left) The Lennard Jones potential energy plot of a water vapor
molecule at the surface at a specific distance, x, and (right) the possible cham-

ber wall processes when adsorbed phases are present.

2.2 Experimental system

As shown in Fig. 2.2, the experiments to investigate the pressure change of water vapor
plasma were carried out in an 84 mm diameter, 85.0 mm long SUS cylindrical system with a
70.0 mm diameter Zn (Nilaco, 99.2%) magnetron cathode. The cathode made of Al housed
two concentric, toroidal NdFeB magnets that realized an unbalanced magnetron sputtering
configuration. The pressure was maintained using a turbomolecular pump (Osaka Vacuum,
TG50FVAB) and an oil rotary vacuum pump (ULVAC, GVD-100). The pressure was monitored
using a crystal/cold cathode combination gauge (Tokyo Electronics, CC-10) and a digital data
logger (Graphtec Corp., GL900). To ensure accurate pressure measurements, the gauge was di-
rectly calibrated to a capacitance manometer (ULVAC, CCMT-10A). The gauge entrance aper-
ture was positioned perpendicularly 40 mm away from the axis of the magnetron cathode and
was attached to a 90o NW25 elbow to minimize deposition onto the gauge sensing elements.
The center electrode of the CC-10 gauge was cleaned periodically to maintain the stability of
the gauge readings. The base pressure was set in the 10−3 Pa range. The discharge support gas
used was argon (Ar, 99.9999%)

The reactive magnetron sputtering discharge was maintained using a DC power supply
(Takasago Co. Ltd., HV1.0-10). Arc suppression during discharge operation was achieved us-
ing a ballast resistor (1 kΩ, 400 W) and a choke inductor (11.2 mH). The discharge current and
voltage were monitored directly through a voltage probe (Yokogawa Electric Corp., 700960,
1X) across the ballast resistor and a voltage probe (10X) monitoring the magnetron sputter-
ing power supply, respectively. These data were recorded simultaneously together with the
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Chapter 2. Water Vapor Plasma in Magnetron Sputtering Discharges

FIGURE 2.2: The reactive magnetron sputtering system. The magnetic field lines
are shown to indicate an unbalanced magnetron configuration.

pressure using the digital data logger.

2.3 Water vapor reservoir

Shown in Fig. 2.3 is the vaporization-driven, heated water reservoir used throughout this
study. This type of reservoir allows for the independent water vapor introduction as compared
to a gas bubbler-type source where the water vapor content is dependent on the carrier gas
flow [8, 9] and at a relatively simpler design. Distilled water (Nacalai Tesque, 14029-33) was
the water vapor source. The primary flow control was realized using two flow-stop manual
metering valves connected in series (Swagelok, SS-22RS4, and SS-4MG) with a quarter-turn
valve (Swagelok, SS-42GS4). The series configuration, when opened at increasing increments
with respect to the reservoir, realizes a gradual change in the pressure from the main chamber
to the water’s surface. This configuration minimized abrupt increase in the pressure in the
main deposition chamber. The quarter valve also acts as a quick cut-off mechanism in case
of the pressure spikes, such as those arising from hydraulic shock or flash evaporation from
the water reservoir [10, 11]. Heating of the reservoir was accomplished using a ribbon band
heater (Misumi, MRBH2) connected to a variable autotransformer (Yamabishi Co. Ltd., V-130-
3), but was generally limited to below 70oC to maximize the elastomer seal lifetime present
in the system. The temperature was monitored directly inside the reservoir with a K-type
thermocouple (Misumi, SSM1.6-200) attached to the digital data logger
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2.3. Water vapor reservoir

FIGURE 2.3: The vaporization-driven, heated water reservoir used in this study.
The highlighted area in the red indicates the heated portions of the reservoir

2.3.1 Vaporization mechanism and gas flow

Precise flow control of the water vapor must first be realized to stabilize the water vapor
pressure in the reactive magnetron sputtering system. The flow of water vapor was made diffi-
cult by water’s adsorption behavior and its pressure-temperature dependent phase transitions
[1, 2]. In the low-pressure regimes explored in this study, water mainly exists as a vapor, and
the flow rate from its vaporization (Gflow) was described as shown in Eq. 2.1, assuming both
molecular and viscous flow from a fixed aperture radius [12, 13]:

Gflow = Ko(∆p

√
πNAkBT

2M
) (2.1)

where Ko is a geometry factor that takes into account the effective aperture of the vaporization
source, M is the molecular weight, NA is Avogadro’s constant, kB is Boltzmann’s constant, T
is the temperature, and ∆p is the pressure difference. From this equation, the stability of the
flow is mainly dependent on the temperature and the aperture geometry as reflected with Ko.
In this study, the reservoir aperture was fixed at 14.86 mm2 near the liquid water surface and
temperature control was used to modify the flow rate from the reservoir.

The change in the flow rate from the water reservoir can be quantified by examining the
time-resolved pressure behavior of the system as the valves are opened. The pressure of the
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system behaves according to Eq. 2.2 by taking into consideration the mass balance of the intro-
duction of gas and its removal by the pump:

dp

dt
=

kBT

ν
(
dn

dt
) =

kBT

ν
(Q− pS

kBT
) (2.2)

where dp
dt is the change in pressure, ν is the volume of the magnetron sputtering system (∼8.22x10−4

m3), n is the number of gas molecules, Q is the gas flow rate, and S is the effective gas-
dependent volumetric pumping speed [14, 15]. Assuming a constant Q and an initial pressure
po at zero, solving this equation will yield the pressure of the system, p(t), as shown in Eq. 2.3:

p(t) = psat(1− e−
t
τ ) (2.3)

where psat is the saturation pressure mainly dependent on Q and S, and a time constant τ (τ= ν
S )

[2, 5, 6]. The effective molecular gas flux (Fsat) into the system can be directly estimated from
psat using Eq. 2.4:

Fsat =
p(t)√

2πmkBT
(2.4)

where m is the mass of the reactive gas molecule in this equation [15]. Comparing S and Fsat

across different temperatures and with a reference non-adsorptive gas, such as Ar, the water
vapor flow behavior from the water reservoir could be quantified.

2.3.2 Effect of temperature to flow control

Shown in Fig. 2.4 is the pressure curve of water vapor from the reservoir at varying tem-
peratures. From both the opening and the closing of the valves, the pressure change directly
observed was not as fast as that of Ar. The temperature also affects this change, as can be seen
when comparing the 26oC and 63oC settings. This difference confirmed the temperature de-
pendence seen in Eq. 2.1, and the relation was further quantified using the parameters Fsat

and S obtained by fitting the curves to Eq. 2.3. Another important factor was linearity and the
operational pressure range of the water reservoir with respect to the metering valve apertures.
However, as the pressure change needs to be gradual to minimize spikes in the pressure, only
the second metering valve aperture was varied. At around a 0.9 mm aperture opening, the
pressure exponentially increased, and decreased slowly as the aperture opened further. This
behavior limited the operational range of the water reservoir to the 0.1 Pa to 10 Pa range, as the
time rate of change in pressure after opening might be too small to control effectively beyond
this pressure range. The maximum pressure that can be stably controlled was measured to be
3.2 Pa, or in terms of water vapor flow rate, 0.614 SCCM.

The pressure curves for the introduction of water vapor were fitted to Eq. 2.3. The effective
S normalized to a non-adsorbing gas, Ar, and the Fsat (Eq.2.4) obtained are shown in Fig. 2.5.
The experiments were performed at two flow rates (0.0367 and 0.0725 SCCM measured with-
out reservoir heating) such that the dependence upon the aperture size and the effect upon the
pressure due to adsorption were accounted for. At the 0.0367 SCCM, S monotonically increased
as the temperature increased. However, at 0.0725 SCCM, a sharp increase to a saturation value
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2.3. Water vapor reservoir

FIGURE 2.4: (Left) The effect of water reservoir heating temperature to the cham-
ber pressure upon opening and closing of the water vapor reservoir, and (Right)
the effect of the second metering valve aperture to the equilibrium pressure at a
temperature of 65oC. The temperature indicated is the water reservoir tempera-

ture.

was observed with a magnitude of around 2.2 to 2.5 times that of the lower flow rate setting.
This shift indicated that the higher temperature allowed for a faster response of the reservoir to
changes in pressure and that there was a maximum limit at a higher flow rate. The trend could
be attributed to the release of more molecules from the surfaces along the water reservoir lines
at higher temperatures [7] and its dominant adsorption mechanism. Fewer amounts of ph-
ysisorbed species are present at the low flow rate setting because the coverage by the incoming
flux becomes smaller at the lower pressure ranges. This change results in the lowered effec-
tive S and its gradual change as the temperature increases. However, at the higher flow rates,
more physisorbed layers are present. Thus, as the temperature was increased, the dominant
adsorption mechanism of water molecules to the surface could have shifted from physisorp-
tion to chemisorption as more of the adsorbed species were removed. As chemisorbed species
are much harder to remove from the surface, this causes the observed saturating behavior at
the higher temperatures observed at the 0.0725 SCCM flow rate setting[2, 16, 17]. The obtained
Fsat value explains this observation, whereas the temperature increased, the increase in Fsat

was faster at the higher flow rate.
The temperature effect was also seen in the vaporization flow rate, Gflow. Shown in Fig.

2.6 is the plot of the change in pressure with that of T
1
2 . Considering the ratio of the flow rates

and the changes in the effective aperture as the valves are opened, the fit of the line was taken.
The slopes of the fit were relatively similar and differed only by 11.1% at the given temperature
range. This dependence follows what is theoretically predicted by Eq. 2.6 at a fixed effective
aperture size and emphasizes the importance of temperature control to realize higher flow
rates and increased sensitivity with the water reservoir temperature. Thus, experiments were
carried out at the higher end of the temperature range investigated (≈60 to 65oC) for further
experiments.
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FIGURE 2.5: The effect of the water reservoir heating temperature to the effective
pumping speed, S (left), and the flux, Fsat (right), at varying temperatures and

flow rate

FIGURE 2.6: Fitting of 1
∆p against T

1
2 of the water reservoir at different flow rates

2.4 Simulation of Water Vapor Plasma in Reactive Magnetron Sput-
tering

After achieving the stable flow of water vapor, the next step is to investigate the plasma be-
havior. As a plasma, the behavior of the pressure in the system becomes a balance of multiple
competing processes at different locations in the system. Particularly for reactive magnetron
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2.4. Simulation of Water Vapor Plasma in Reactive Magnetron Sputtering

sputtering, nonlinear phenomena such as hysteresis of process parameters and discharge insta-
bilities make the bulk process complicated. A numerical simulation model can explore multiple
areas of the system simultaneously [15, 18–22]. One of the models that were developed for this
is Berg’s model, one of the fundamental models for reactive sputtering process[15, 20].

2.4.1 Berg’s model for reactive magnetron sputtering

In this study, Berg’s time-resolved model explained the pressure behavior of water vapor
reactive magnetron sputtering. While it was considered as a basic model because it simplified
some of the complex phenomena and the model assumed uniform sputtering and deposition
profiles, it was capable of identifying key processing problems [15, 19].

FIGURE 2.7: The surface processes considered in the time-resolved Berg’s reactive
sputtering model

Shown in Fig. 2.7 are the surface processes considered in time-resolved Berg’s reactive mag-
netron sputtering model [15]. In this model, the pressure of the reactive magnetron sputtering
system can be described as a flow of gas into the sputtering chamber. The change in pressure
can be expressed as a modification of Eq. 2.2 and is defined as:

dp

dt
=

kBT

ν
(Qr −Qt −Qs −Qpump) (2.5)

where Q is the gas flow rate and the subscript denotes the region (Qr: reactive gas flow, Qs: flow
to the substrate, Qt:flow to the target, and Qpump = pS

kBT : flow due to vacuum pump removal).
The values of Qs and Qt are determined using the following Eq.:

Qt(t) = αtFr(t)[1− θt(t)]At (2.6)

Qs(t) = αsFr(t)[1− θs(t)]As (2.7)

where α is the sticking probability of the reactive gas molecule to the surface at that region, Fr

is the flux towards the surface as obtained from the kinetic theory of gases with a similar form
to Eq. 2.4, θ is the compound coverage fraction at the surface, and A is the area of the region. In
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reactive magnetron sputtering, the formation of the compound determines the gettering of the
reactive gas molecule as it interacts with the metallic particle [18]. The resulting flow by this
phenomena is accounted for at the target and substrate surface by Eq. 2.6 and 2.7, respectively.
Gettering is highly dependent on the amount of the oxide compound formed in the system
as quantified by θ. At the target surface, this phenomenon is commonly referred to as target
poisoning and has significant implications for the plasma process parameter hysteresis [15, 20].
The substrate area can be a measure of the uniformly deposited thin film composition that was
assumed in this model. The change in θt is determined by:

ns
dθt(t)

dt
=

2

z
αtFr(t)[1− θt(t)]− JionYcθt(t) (2.8)

where ns is the surface reaction site density, and z is the stoichiometric factor for the oxide, Jion
is the ion current density and Yc is the sputtering yield of the oxide compound. The first term
accounts for the flux-dependent formation of the compound at the metallic target surface, and
this is dependent on the adsorption of a reactive gas molecule (αt) onto a non-reacted portion
of the target as described by 1-θt. The second term is the sputtering of the formed compound by
the ion current Jion. This term reduces the θt at the target surface, which exposes the underlying
metal that can be used further as a reaction site in the first term. For the change in θs, it is then
expressed as:

ns
dθs(t)

dt
=

2

z
αsFr(t)[1− θs(t)] + JionYcθt(t)[1− θs(t)]

At

As
− JionYmθs(t)[1− θt(t)]

At

As
(2.9)

where Ym is the sputtering yield of the metallic surface, and At
As

is the ratio of target to substrate
area ratio (At

As
= 0.159) . The first term also describes the flux-dependent formation from the

target on the substrate region. The second and third terms correspond to contributions due to
the deposition processes. By solving the equations simultaneously, Berg’s model can be used to
simulate the pressure behavior of the system when water vapor is used as the reactive gas and
then can be fitted to experimentally time-dependent pressure plots to quantify the observed
behavior.

2.4.2 Effect of adsorption-dependent parameters

The main parameters investigated in Berg’s sputtering model are those highly affected by
the adsorption behavior present with water vapor. Particularly, the effect of the sticking coeffi-
cient αt and αs, the sputtering yield ratio Yc

Ym
, and the surface site density ns in the form of k(ns)

to account for possible multilayer formation on the surfaces. Shown in Fig. 2.8 are the effects
of these parameters on the time-dependent change in pressure of the water vapor plasma.

The effect of the sticking coefficient, α, was dependent mainly on the region considered,
while the magnitude determines how tightly a molecule will adhere to the surface. By varying
the ratio of this parameter, we can determine its effect on the pressure plot. As seen in Fig.
2.8a, the target region affected the saturation pressure of the water vapor plasma, while the
substrate region influenced the initial pressure drop immediately after discharge ignition. The
difference indicated that the gettering phenomena from the consumption of the reactive gas
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2.5. Time-resolved pressure measurements

FIGURE 2.8: The effect of the α ratio, the Yc

Ym
, and k(ns) to the pressure of the

discharge for water vapor plasma. Unless specified, the typical settings were: αt

= 8x10−5, αs = 9x10−5, Ym = 1.0, Yc = 2.5x10−3, and k = 720. The discharge current
(100 mA) and the working pressure (1.0 Pa) was kept throughout.

at the target surface and the saturation pressure were directly linked, while the pressure drop
was correlated to the formation of the oxide at the substrate area. These phenomena supported
the trend in sputtering yield ratio ( Yc

Ym
). While sputtering was accounted for at both Eqs. 2.8

and 2.9, the plasma was concentrated at the target surface, and the difference was directly ac-
counted for by the ratio of At

As
. This difference resulted in the decreased saturation pressure

as more compound was formed at the target surface. On the other hand, the effect of k(ns) is
much more complicated. Possible multilayer formation delays the stabilization of the pressure,
which complicated the analysis of how the pressure behaves. As the equilibrium adsorption
behavior of water vapor in the presence of plasma is unknown, it was difficult to assume the
layer formation at the surfaces for the numerical simulation. Experimental time-resolved pres-
sure measurements were required to elucidate this behavior.

2.5 Time-resolved pressure measurements

The pressure of the water vapor plasma was fitted to Berg’s time-resolved reactive mag-
netron sputtering model by varying the three parameters investigated in Sec. 2.4.2. Specifi-
cally, the effect of common discharge parameters: the working pressure, the discharge current,
and the use of a discharge support gas, argon (Ar), with the reactive gas in an admixture, were
investigated. Shown in Fig. 2.9 is the typical fit of 1.0 Pa water vapor plasma pressure curves
obtained from experiments to Berg’s time-resolved reactive magnetron sputtering model. The
effect of the discharge parameters was quantified through the model parameters and the pre-
dicted θ value.

The parameters in Berg’s time-resolved magnetron sputtering model were obtained by fit-
ting the experimental data with the model. The four parameters used were αt, αs, Yc, and
k(ns). The discharge current and working pressure were set initially depending on the dis-
charge parameter investigated. At each given range for the parameter, the simulation datasets
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FIGURE 2.9: Fitting of the averaged pressure curves of 1.0 Pa H2O plasma to
Berg’s time-resolved reactive magnetron sputtering model at 100 mA discharge
current. The parameters obtained from fitting are: αt = 8.0x10−5, αs = 9.0x10−5,

Yc = 2.5x10−3, k(ns) = 720 (χ2= 1.63x10−4).

were generated. The experimental data were fitted directly with the simulation dataset, and
the model fit was selected and evaluated through χ2 minimization.

2.5.1 Effect of working pressure

The effect of the working pressure on the discharge plasma was correlated directly to the
flux of the reactive gas (Eq 2.4). At higher flux, more reactive gas were expected to contribute
to the surface processes that lowers the discharge pressure. The effect expected was that the
k(ns) would vary directly in this case, owing to multilayer formation. However, this was not
the case, and no noticeable trend due to k(ns) was observed and appeared mainly affected by
α and Yc as shown in Fig. 2.10.

Initially, αt and αs showed an increasing trend as the pressure increased. However, after
1.1 Pa, the trend deviated. Meanwhile, Yc consistently increased with increasing pressure. This
non-linearity could be attributed to the increase in the effective areas that allow for more com-
pound formation, such as reactive gas multilayer formation, but it is not necessarily uniform
throughout the regions in the system. This non-uniformity also accounts for the lack of depen-
dence upon k(ns) as it denotes a uniform increase in the effective area at all regions considered
in the model.

In terms of the predicted compound coverage fraction, θ, increasing the working pressure
lead to an increase in both θs and θt (Fig2.11). It was interesting to note that the θt observed
was greater than 0.8 even for low working pressures. This magnitude indicated that target
poisoning occurs significantly even at low pressures. θs also increases non-linearly and satu-
rates to a value close to θt. This trend indicated that the working pressure controlled the oxide
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2.5. Time-resolved pressure measurements

FIGURE 2.10: The effect of the water vapor working pressure to the sticking co-
efficient (α) at the target and substrate regions and the sputtering yield, Yc. The

dashed and the dotted lines are to guide the eyes.

FIGURE 2.11: The effect of the water vapor working pressure to the compound
fraction (θ) at the target and substrate regions as determined experimentally with
the pressure curve fitted to Berg’s model. The trend lines show what is theoret-
ically predicted by varying the working pressure directly with the parameters

used in Fig. 2.9.
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FIGURE 2.12: The effect of the water vapor plasma discharge current to the stick-
ing coefficient (α) at the target and substrate regions, the sputtering yield, Yc, and
the surface site density k(ns). The dashed and the dotted lines are to guide the

eyes.

compound formation, but it will be difficult to accomplish using the working pressure as small
changes in the pressure region below 1.0 Pa lead to a disproportionately greater increase in θs.

2.5.2 Effect of discharge current

In conventional magnetron sputtering, the discharge current often leads to higher plasma
density resulting in higher deposition rates. However, this is not necessarily the case when
reactive plasma was utilized as the target composition strongly affected this parameter [23, 24].
Thus, it is important to consider this discharge parameter for water vapor plasma owing to its
unique reactive behavior.

Shown in Fig. 2.12 is the effect of the discharge current on the adsorption-dependent pa-
rameters. The parameters, as compared to the working pressure, were found to increase at
higher discharge currents. This behavior was attributed to a higher plasma density. The denser
plasma was accounted for in the model by the higher Yc, and this allowed for more surface
reactions at both the substrate and target regions by a larger value of α and k(nS). These effects
can be linked directly to the plasma density, as the discharge voltage was varied minimally
across the discharge current range, as measured in the experiments (≈-331 V)

The predictions by the model, however, deviated from the experimental results during the
formation of the oxide at the substrate surface as evidenced in the θs (Fig. 2.13). The model pre-
dicts a monotonically decreasing θs to account for possible resputtering at the substrate surface
region. However, this is not the case, θs was significantly lower at 90 mA and was relatively
constant at 100-130 mA (≈0.694). Meanwhile, θt for the range considered showed consistency
between data obtained experimentally and predicted by the model. The trend indicated that
the target poisoning phenomenon minimally varied against the change in discharge current.
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2.5. Time-resolved pressure measurements

FIGURE 2.13: The effect of the discharge current to the compound fraction (θ) at
the target and substrate regions as determined experimentally with the pressure
curve fitted to Berg’s model. The trend lines show what is theoretically predicted

by varying the working pressure directly with the parameters used in Fig. 2.9.

The deviation of the experimental result for θs from the model results was then strongly linked
with the substrate region. One probable mechanism is desorption due to energetic particle
impact. The surface adsorbed species can be removed from the surface when a particle of suf-
ficient energy, such as that from plasma, is incident upon it [4, 6]. As the plasma density at the
target region is increased, a higher energetic particle flux towards the substrate could promote
the desorption of the adsorbed reactive gas. This could then lead to a localized increase in ion
density at the surface that contributes to the formation of the oxide. This is possible given the
range of water vapor’s adsorption energy for both physisorption and chemisorption. This can
be differentiated from the resputtering effect, as the energy threshold is significantly greater for
ZnO at 33-35 eV [25–27]

2.5.3 Effect of water vapor content

The addition of inert gas to magnetron sputtering allows for a larger degree of control over
the thin film deposition process than using single-component, purely reactive gases. As the
gas is inert, the deposition process becomes much more predictable, while the interaction of
the inert gas with the film should be low. One of the commonly used gases in the process is
argon (Ar). Argon is a relatively cheap inert gas with an atomic weight (39.948 amu) in the
range that is ideal for sputtering. The sputtering yield of metals with incident inert ions is
mainly dependent on the surface binding energy of the metal target and the ratio of the mass
of the incident and metal atom [28]. From this, it may seem that it is beneficial if the ion is
heavier, however, the glow discharge can be difficult to sustain if the inert gas is too heavy
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Chapter 2. Water Vapor Plasma in Magnetron Sputtering Discharges

FIGURE 2.14: The effect of the water vapor plasma discharge current to the stick-
ing coefficient (α) at the target and substrate regions, the sputtering yield, Yc, and
the surface site density k(ns). The dashed and the dotted lines are to guide the

eyes.

because of the lower secondary electron coefficient at higher atomic numbers [29–31]. This
behavior makes Ar an ideal candidate in the sputtering process.

Particularly for water vapor, The addition of Ar as an gas admixture enables the modifi-
cation of the reactive and adsorptive behavior of the plasma as a whole. Shown in Fig. 2.14
are the parameters obtained from fitting with Berg’s model. Interestingly, the αs and αt show
varying trends. While both increased at higher water vapor content, αt increased more rapidly
than αs. This difference was indicative that the adsorption at the target was stronger than at
the substrate surface. This difference could be a consequence of a higher sputtering rate, where
more fresh metal was exposed to act as a reaction site. However, the effect at the target surface
is not directly linear with an increasing water vapor content. This change was supported by
the non-linear variation in the Yc, where Ar-H2O gas admixtures had a higher Yc than that of
purely water vapor plasma, and the k(ns), which decreases to a saturation value from 60 to
100% settings. The high k(ns) measured at the 0% water vapor content could be attributed to
the very low adsorption of the Ar gas [32], and was possibly reflected in the model as a large
effective area.

The oxide formation at the surface was described by θs at higher water vapor content is
much more predictable than the effect of the discharge current and the working pressure. Up
to 60% water vapor content, the variation in θs is a direct linear dependence with the water
vapor content (coefficient of determination, r2= 0.98). The values saturated to a value of θs=0.68
from 60% to 100% setting. On the other hand, the θt is significantly high even at low water
vapor contents of 20%. This difference means that even at low water vapor content, the target
poisoning phenomena still existed significantly. However, for the film deposition process, the
strong linear dependence from 0 to 60% is promising in terms of controlling the discharge and
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2.6. Summary of Results

FIGURE 2.15: The effect of the gas admixture, Ar-H2O, to the compound frac-
tion (θ) at the target and substrate regions as determined experimentally with the
pressure curve fitted to Berg’s model. The dotted lines are to guide the eyes, and

is proportional to a 1:1 correspondence of θ to the water vapor content.

the deposition process, as it allows us to tailor the film content estimated by θs primarily on the
water vapor content alone.

2.6 Summary of Results

In this chapter, the stable flow of water vapor from a heated vaporization-driven reservoir
was realized. Temperature control of the reservoir is a viable way to increase the responsiveness
of the water vapor reservoir as a reactive gas source, particularly at higher flow rates where it
has the most effect in terms of the effective pumping speed, S, and the flux, Fsat.

Berg’s reactive magnetron sputtering model of water vapor plasma was explored in terms of
the parameters expected to be highly influenced by the adsorption behavior of water vapor and
the compound formation at both the target and the substrate surface. By fitting experimentally
measured pressure curves with the time-resolved model, it was shown that the sticking coef-
ficient, α, the compound sputtering yield, Yc, and the surface site density, k(ns) significantly
affected by the discharge parameters, such as the working pressure, the discharge current, and
the gas admixture with an inert gas, Ar. Out of three discharge parameters, the gas admixture
was the most suitable as θs varied linearly up to a 60% water vapor content.
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Chapter 3

PLASMA SURFACE PROCESSES IN WATER VAPOR

REACTIVE SPUTTERING

3.1 Introduction

The target surface in reactive magnetron sputtering is a key region that determines how the
plasma behaves. The target surface processes, such as the formation of the reactive compound
on the target surface, target poisoning, can significantly alter the effect of the discharge param-
eters to the plasma, which is known as hysteresis [1, 2]. These discharge parameters control
the deposition process. Therefore, investigation of the target surface is needed, especially for
unconventional chemically reactive gases such as water vapor.

As described in Chapter 2, the application of water vapor as a gas admixture with argon
(Ar) showed potential for varying the formation of ZnO when water vapor plasma was used.
In this chapter, the effect of the gas admixture on the target surface at the magnetron cathode
was investigated experimentally.

3.2 Target Surface Characterization

The effect of the plasma on the magnetron target cathode can be determined through its
surface composition and morphology. These two are of particular importance to the sputtering
phenomena. Sputtering is defined to be the ejection of material from the surface due to the mo-
mentum transfer from an incident energetic particle, and the amount of atoms removed from
the surface is defined as the sputtering yield [3]. The yield depends on the target material’s
heat of sublimation, atomic mass, and the incoming energetic particle’s mass and energy [4].
In realistic scenarios such as magnetron sputtering, the sputtering process does not occur in a
homogeneous way. The plasma is typically confined near a localized, high density region at the
cathode surface, called the racetrack region [5]. This localization varies the angle of incidence
of the energetic particle and, with the microscopic roughness of the film, can either increase or
decrease the sputtering yield. The effective sputtering yield is then by the number of atoms
that leave the surface and is dependent on the increase in sputtering from changes in the inci-
dence angle, or its decrease as the removed material gets redeposited onto the target surface[6,
7]. This phenomenon also affects the ion energy distribution from the target and, together with
the material itself, is a factor that determines the film formation process at the substrate region
[8, 9]. These factors make the surface composition and morphology key characteristics when
the target surface is investigated.
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3.2. Target Surface Characterization

3.2.1 Target Composition using X-ray Diffraction

The target surface composition was investigated using X-ray diffraction (XRD). This tech-
nique utilizes X-ray radiation to probe the crystal’s structure. On a crystalline surface, the
incident X-rays diffract according to Bragg’s law:

nrefλ = 2dsin(θxrd) (3.1)

where λ is the X-ray wavelength, nref is the order of the reflection, and θxrd is the angle of
reflection. Given a fixed interatomic spacing, d, specific to the film’s crystal structure, the
characteristic peaks can be observed at certain values for 2θxrd that correspond to a crystal-
lographic structure and phase of the film or material [10, 11]. In this study, the XRD technique
distinguished the oxide formed on the surface from the metal, specifically, ZnO on Zn.

3.2.2 Surface Morphology using Laser Microscopy

The surface morphology and roughness were measured using laser microscopy. Laser mi-
croscopy is a highly versatile technique that uses a laser as a confocal light source and a mirror
to generate the image. The laser microscope can generate 3D reconstructions of the surface by
scanning the area of interest and recording the axial position where the focus was maximized.
The point was detected using a pinhole aperture in front of the detector, and the focal point
was where the intensity of the light was maximum [12, 13]. This technique is advantageous
for large, non-transparent samples, such as the target of the cathode. Multiple areas of inter-
est are inspected simultaneously without requiring extensive sample preparation compared to
scanning electron microscopy.

3.2.3 In-situ Laser Differential Reflectance Spectroscopy

The investigation of the surface while the plasma is present is desired, as it can be used
to monitor changes on the target surface during the reactive magnetron sputtering process.
However, this can be difficult to realize [14]. The cathode is at high negative voltages with high
plasma density regions, which make electrostatic probe-based measurements in the vicinity of
the surface difficult. The high density plasma could sufficiently damage the probe tip and form
insulative films at the surface, and the applied bias can cause arc discharges between the target
and the probe that can damage the measurement equipment. Optical emission spectroscopy
(OES) could give us an insight, however, the changes in the target surface such as the surface
composition or the roughness can be difficult to obtain directly.

In this study, the use of an in-situ technique, laser differential reflectance was explored.
This method involves incident light onto a surface and measuring the reflected light to probe
its characteristics. It has been used for surface roughness measurements [15] and in-situ film
growth monitoring [16–18]. It has also been used for magnetron sputtering grown films [19–
21]. The differential reflectance relies on the change in the reflectance and is expressed as:

∆R

R
=

I(Eλ, t)− I(Eλ, 0)

I(Eλ, 0)
(3.2)
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Chapter 3. Plasma surface processes in water vapor reactive sputtering

FIGURE 3.1: The reactive magnetron sputtering system with a differential re-
flectance spectroscopy setup. The setup was changed to realize a 65o incidence

angle for the 405 nm laser incident onto the target surface.

where R is the reflectance, I(Eλ, t) is the intensity at a certain photon energy E, and at t = 0
is the initial state. By considering the initial state, the change in the surface can be estimated
as a contribution from both the roughness and the surface composition. At oblique angles, the
sensitivity can be increased to account for changes with the polarization of the incident and
reflected light [15–18].

3.3 Experimental System

In this study, the magnetron sputtering system consisted of a similar experimental system
to that in Chapter 2. As shown in Fig. 3.1, a compact, cylindrical system of 84.0 mm diameter
and 60 mm length was used to realize the 65o angle of incidence for the 405 nm laser that
was incident onto the center of the magnetron target. The window used for the measurement
was made of a replaceable Tempax® viewports, attached to a 75 mm length ConFlat flange
nipple section to minimize deposition from the plasma and clean. The window was replaced
in case the transparency was lost due to film deposition. The total path length from the between
viewports was ≈ 325 mm. The pressure was maintained by a gas supply while pumping with
a turbomolecular pump (Osaka Vacuum, TG50FVAB) and a rotary pump (ULVAC, GVD-100).
A crystal/cold cathode gauge (Tokyo Electronics, CC-10) monitored the pressure throughout
the experiment. The base and working pressure were set at 10−3 Pa and 1.0 Pa, respectively.
The gas admixture consisted of Ar (99.9999%) and water vapor from the water reservoir. A
DC power supply (Takasago Co. Ltd., HV1.0-10) sustained the discharge at a constant 100 mA
discharge current.
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3.3. Experimental System

FIGURE 3.2: The cathode and the relative placement of the concentric toroidal
magnets forming the magnetron sputtering cathode.

FIGURE 3.3: (Left) The magnetic flux density at different positions across the
unbalanced magnetron cathode surface and (right) the magnetic flux density at

varying distances from the target surface at the center and racetrack positions.

3.3.1 Target cathode configuration and Differential Reflectance Spectroscopy

The target cathode used in the study consisted of two concentric toroidal NdFeB magnets,
and the relative position is shown in Fig. 3.2. The racetrack formed from this magnetic field ge-
ometry was ≈ 22.5 mm from the center of the target. The magnetic flux density was measured
using a gaussmeter (Lake Shore, Model 421) with an axially oriented probe. The probe posi-
tion was varied using a manual x-axis translation stage at different distances from the target
surface. The concentric configuration realized an unbalanced magnetron configuration with its
magnetic flux density distribution as shown in Fig. 3.3. The magnetic flux is minimized at 40
mm away from the target surface. At the racetrack region, the magnetic flux density is ≈ -300
G, while at the center, is at ≈ 540 G.
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Chapter 3. Plasma surface processes in water vapor reactive sputtering

FIGURE 3.4: The intensity of the incident 405 nm laser at different polarization
and the optical spectra of the reflected laser at different target conditions and 1.0

Pa Ar plasma duration

The differential reflectance spectroscopy was realized using a 405 nm laser (Lasever, LSR405NL
- 100). This method typically utilizes multiple wavelengths, however, as the plasma produces
time-dependent distinct peaks from excited species and positive ions, a 405 nm laser is used in-
stead. The wavelength was selected to be as small as possible in the visible range to maximize
the technique sensitivity and at a wavelength without a corresponding emission peak from
probable excited species present in the plasma. Prior to measurements, the laser polarization
was measured as described in Fig. 3.4a. Figure 3.4b described the peak shape and position of
the incident laser. The polarization and the full width at half maximum (FWHM) were rela-
tively constant (1.12 nm) across the settings observed. The position of the laser relative to the
target surface was fixed at 0o and parallel to the target surface to ensure a constant incident
polarization at the 65o angle of incidence. The target surface was prepared using 400 SiC paper
at the same fixed parallel direction prior to attachment to the cathode surface to remove any
native oxide formed and to control the initial surface roughness. The targets were cleaned us-
ing 1.0 Pa Ar for 1 minute to expose fresh metal on the surface and prevent the arc discharge
formation commonly observed when a freshly prepared target was directly used for sustaining
the magnetron discharge.

The reflected laser intensity was measured using a 1.8 OD neutral density filter and a USB
spectrometer (Ocean Optics, USB4000). The neutral density filter prevented the oversaturation
of the spectrometer detector while maintaining a laser current of 0.018-0.02A. The integration
time of the spectrometer was 100 ms, averaged seven (7) times. The reflected laser intensity
was measured at 1-minute intervals for a duration of 10 minutes.
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3.4. Results and Discussion

FIGURE 3.5: The optical emission spectra of the magnetron sputtering discharge
at 1.0 Pa Ar and 1.0 Pa water vapor. The discharge current is at 100 mA. The
peaks from the discharge support gas, Ar, the reactive gas, water vapor, and the

Zn metal are indicated. The peak position for the 405 nm laser is indicated.

3.3.2 Surface Composition and Morphology

The surface morphology and composition were evaluated using X-ray diffraction and laser
microscopy. The X-ray diffraction was carried out at a Bragg-Brentano configuration (PANa-
lytical Xpert-Pro Line Scan, Cu Kα = 1.540598 Å, Scan Range: 10 - 90o, Scan step: 0.1o) with a
PIXcel detector. The laser microscope (Keyence, VK-X210) measured the profile in a 1000x1000
µm area. Tilt correction for the sample profile was performed prior to any roughness measure-
ment. The areas investigated were the center and the racetrack region for the composition and
morphology.

3.4 Results and Discussion

Shown in Fig. 3.5 are the optical emission spectra of 1.0 Pa Ar and 1.0 Pa water vapor at a
discharge current of 100 mA. From the plot, it was observed that there were no distinct high-
intensity peaks located at the 405 nm position. This characteristic allows us to use the 405 nm
laser wavelength for the differential reflectance measurement and confirmed the introduction
of water vapor plasma into the discharge. The peaks that show the dissociation of water vapor
are Hα at 656 nm and the O I peak at 777 nm and 844 nm. The presence of the Zn metal peak is
also confirmed, with its most intense peak at 636 nm. The characteristic peaks of Ar I are also
present, and the most intense peak intensity measured was at 811 nm [22].

Shown in Fig. 3.6 are the images of the prepared Zn metal targets after use in a reactive
magnetron sputtering discharge for a 10-minute duration. For the targets exposed to a low
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Chapter 3. Plasma surface processes in water vapor reactive sputtering

FIGURE 3.6: The 70.0 mm Zn metal target surface images at different instances:
after SiC cleaning, after 1.0 Pa Ar cleaning, and after 10 minutes of reactive mag-

netron sputtering at varying water vapor content.

water vapor content plasma, at the 0% and 20% settings, the presence of an inhomogeneous,
textured morphology was observed. This feature is less visible at the 40% settings and higher,
where only the distinct discoloration at the center and racetrack can be directly distinguished.
The difference between the racetrack and the center region is expected. In a magnetron con-
figuration, the electrons are confined in cyclic trajectories by the magnetic field and repelled
from the collection at the target surface towards a localized region near the racetrack by the
highly negative bias at the cathode. This extended path length leads to a higher plasma den-
sity at the racetrack region [3] This phenomenon increased the sputtering of the target at the
racetrack region and subsequently, the target poisoning if a reactive gas was present, as more
fresh target material was exposed and the formation of the oxide at the surface is promoted.
The complex trajectories from the sputtering process can then lead to the redeposition of mate-
rial at the target itself. The discoloration at the center region was attributed to this redeposition
phenomenon [7, 23, 24].
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3.4. Results and Discussion

FIGURE 3.7: The target surface composition at the center and racetrack region of
the as-prepared, cleaned, 0% and 20% water vapor content settings as measured

by X-ray diffraction.

3.4.1 Target Composition

The visual observations were confirmed using the XRD measurements. Shown in Fig. 3.7
are the XRD results for the as-prepared sample, cleaned target, and the targets treated with
low water content settings (0% and 20%). In the as-prepared and cleaned target samples, the
(002), (010), (011), (012), (013), (110), (004), (112), (020), and (021) peaks for Zn metal were seen.
Comparing the settings, the absence of multiple peaks at the plasma-exposed targets in com-
parison to the cleaned and as-prepared targets was observed. Sharper and more intense peaks
corresponding to the (011) and (021) plane of Zn appeared at 43o and 86.5o, respectively, for
the 0% and 20% water vapor content settings at both the center and racetrack. This observa-
tion indicated the formation of a layer of redeposited material at both regions, with a preferred
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Chapter 3. Plasma surface processes in water vapor reactive sputtering

FIGURE 3.8: The target surface composition at the center and racetrack region
for the 50% and 100% water vapor content as measured by X-ray diffraction and
indicating the formation of the ZnO at the target surface through the (100) and

(002) peaks.

crystallographic orientation different from that of the as-prepared and cleaned samples. The
difference in the peak position between the 0% and 20% settings at the center position can be
attributed to the difference in the mean ion energy of the plasma near the cathode surface. The
addition of water affected the ionization of the discharge support gas and, at low water va-
por content, could increase the ionization and density of the plasma. Water vapor has a lower
ionization energy of 12.59 eV as compared to Ar at 15.7 eV. The water molecule can also disso-
ciate into H, OH, and O ions [25, 26], as supported by the OES (Fig. 3.5). At sufficiently low
water vapor partial pressures, this difference could increase the plasma ion density. However,
when a higher water vapor content was used, the redeposition of the metal was sufficiently
decreased because the overlayer of reactive gas and the compound formation could decrease
the sputtering yield as compared to the lower reactive gas settings [27, 28].

The oxide formation on the surface was directly observed at the higher water vapor content
settings, as shown in Fig. 3.8. The peaks for (100) and (002) corresponding only to ZnO were
observed at 32o and 34o, respectively. However, peak intensities were faint compared to the
(101) peak at 36o. This peak can also indicate the (002) Zn peak, thus, the relative intensity ratio
at 2θ = 36o and that of a high-intensity Zn peak at 2θ = 43o was used to indicate the amount of
oxide present on the target surface.

Shown in Fig. 3.9 is the variation of this ratio with increasing water vapor content at the
center and racetrack regions. At higher water vapor content, the ratio trends towards higher
ratios at the racetrack and the center regions. Particularly, the ratio linearly increased until
the 50% setting (Coefficient of determination, r2 = 0.98) and was shifted downwards from the
60% water vapor content and greater. This trend was closer to the behavior observed at the
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3.4. Results and Discussion

FIGURE 3.9: The ratio of the XRD peak intensity at 2θ = 36o and 43o at increasing
water vapor content. The ratio is compared with the compound target fraction
at the target, θt, and at the substrate, θs, obtained from fitting discharge pressure
curves to Berg’s time-resolved reactive magnetron sputtering model. The dashed

lines are to guide the eyes

substrate region, θs, than that of θt, which predicted that even at low water vapor content the
target poisoning would be significantly present. The initial linear behavior upon adding Ar
can be attributed to increasing amounts of ZnO formation at the target as more water vapor
was present. However, this trend changed when the water content was sufficiently high at
the 60% setting and above. The oxide formation would decrease the effective target sputtering
yield leading to less Zn metal at the surface. As more oxide was sputtered compared to the
metal which could subsequently redeposit on the target surface, it could lead to more ZnO at
the region. This phenomenon would result in the nonlinear intensity ratio behavior at the 60%
setting and greater.

On the other hand, the ratio was generally higher at the racetrack region than at the center
region. It does not follow any linear trend at the 0% to 100% settings. The measured ratios
indicate that the high plasma density significantly affects both sputtering and redeposition,
and the sputtering rate varied substantially compared with the center region.

3.4.2 Surface Morphology

Shown in Fig. 3.10 are the laser microscope images at the center and racetrack region from
0% to 50% and at 100% water vapor content settings. At the 0% and 20% water vapor settings,
the characteristic finish from the 400 SiC cleaning step was not as visible at the center and race-
track region as compared to the higher water vapor content settings. This change could be
redeposited material that contained the preferential direction as observed in Fig. 3.7. Particu-
larly in the racetrack region, the sputtering removal of the material was directly observed. This
phenomenon was indicated by the small pits and rough textured morphologies at the 0 to 40%
water vapor content. The formation of this textured material, however, visibly decreased as the
water vapor content increased, as seen in the 50% and 100% settings. The presence of the small
pits was enhanced as well, particularly for the 100% setting.
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FIGURE 3.10: Target surface images under a laser microscope at varying water
vapor content, at the center and the racetrack region
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FIGURE 3.11: The effect of the water vapor content to the Ra and Rsk of the center
and racetrack regions at an increasing water vapor content. The dashed lines are

there to guide the eyes and highlight the change in the measured parameters.

To quantify the surface morphology changes, the roughness was evaluated using the aver-
age roughness, Ra, and the skewness, Rsk. The skewness is a parameter that describes whether
the roughness was asymmetrically distributed towards values higher or lower than the Ra [29],
which can indicate if there are pits or sharp peaks at the surface. Shown in Fig. 3.11 are Ra and
Rsk at the center and racetrack regions.

The Ra decreased as the water vapor content increased. This trend occurred for both the
center and racetrack regions. As shown in Fig. 3.11a, the Ra decreased to around 1.3 to 1.5
µm, which was close to the initial Ra from the initial surface preparation steps. However, com-
paring the center and the racetrack, it is interesting to note that a sharper decrease of Ra and
larger magnitude at the 20% to 60% setting range at the racetrack was observed, especially with
the sharp spike seen at the 20% setting. To explain this, the trend for Rsk was examined. The
Rsk trend was distinctly different compared to Ra and was region dependent. At the center,
Rsk remained relatively close to the initial value (Rsk≈ 0.3) and was nearly constant at a pos-
itive value which denotes the presence of more peaks. However, at the racetrack region, Rsk

decreased at the 20% to 60% settings and reached a negative value at the 50% to 100% water
content settings. This decrease was indicative of the formation of more pitting at the higher
water vapor content, which was observed in the laser microscope images in Fig. 3.10. Taking
these into consideration, the formation of the redeposited material based on the morphology
was favored at the center, while it is the erosion by the sputtering at the racetrack. The sputter-
ing process is highly dependent on the roughness of the target, and as the surface roughness
increases due to sputtering by the plasma at the racetrack, the formation of multiple off-normal
facets on the target surface could result in the increased redeposition at the center of the target
[7, 23]. This redeposited layer is easily seen in Fig. 3.10, particularly at the 0% water vapor
content. This phenomenon also explained the presence of the sharp spike in Ra at the 20%
water vapor content for the racetrack region. Adding the water vapor reactive gas sufficiently
decreased the sputtering yield such that the redeposition was strongly minimized at the race-
track and occurred mainly at the center region. This change in the behavior was supported by
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FIGURE 3.12: The differential reflectance of the 0%, 20%, 50% and 100% water
vapor content settings against the discharge duration, at 1 minute intervals, for a

total duration of 10 minutes.

the distinct difference in peak positions observed at the 20% setting as shown in Fig. 3.7.

3.4.3 Laser Differential Reflectance Spectroscopy

The in-situ characterization of the target using laser differential reflectance was proposed to
determine the changes in the target surface condition during the deposition process. Shown in
Fig. 3.12 is the differential reflectance of the Zn target against the duration of the plasma expo-
sure. It was observed directly that the duration and water vapor content strongly affected the
measured differential reflectance. Compared to the initial state, the magnitude of the decrease
in reflectance was greater at low water vapor content. This behavior indicates a faster rate of
change at the target surface by the plasma at low reactive gas settings.

To further elucidate the behavior at the surface upon reactive plasma exposure, the differ-
ential reflectance was plotted against the water vapor content, as shown in Fig. 3.13a. At 1
minute, the reflectance varied widely with the water content. However, as the duration further
increased, the trend increased and saturated starting from the 50% water vapor content setting.
In terms of the magnitude, the differential reflectance generally decreased as the duration of
plasma exposure increased. This decrease and the trend in Fig. 3.12 could indicate that signif-
icant changes in the surface could occur as early as three minutes after running the discharge
and can be used to estimate the surface condition of the target. However, while the decrease
in the differential reflectance coincides with that of Ra, distinguishing the contribution of the
surface composition and morphology to the differential reflectance was difficult as the forma-
tion of the oxide compound at the target surface is strongly linked with the surface roughness
as established by the composition and surface morphology measurements.

It is also interesting to note the difference of the technique with that of OES. As shown in
Fig. 3.13b, the trend seen with the differential reflectance was not observed. The increase in
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FIGURE 3.13: The differential reflectance and the Hα/Zn I ratio from the OES, at
varying water vapor content and discharge duration

FIGURE 3.14: The averaged differential reflectance (5 to 10 minutes) at increasing
water vapor content. The compound fraction θt and θs from Berg’s time-resolved
reactive magnetron sputtering model are shown as comparison. The dashed lines

are to guide the eyes.

the Hα to Zn I ratio started at the 60% water vapor content and varied widely. This trend may
suggest that the optical emission spectra alone was insufficient in directly measuring changes
strongly related to the target surface.

Comparing the predictions from Berg’s time-resolved magnetron sputtering model (Chap-
ter 2), the differential reflectance showed a similar trend with that of θs than θt, particularly
at the 0 to 60% water vapor content settings. This behavior reinforces the viability of the dif-
ferential reflectance technique for in-situ monitoring of the target surface when incident onto
the center region of the magnetron target surface during the reactive magnetron sputtering
process.

37



Chapter 3. Plasma surface processes in water vapor reactive sputtering

3.5 Summary of Results

The target surface condition at varying water vapor content and the center and racetrack
regions of the metallic target at the magnetron sputtering cathode were investigated through
its surface composition using X-ray diffraction, surface morphology using laser microscopy,
and through laser differential reflectance as an in-situ monitoring technique. The magnetron
sputtering cathode regions showed different dominant surface processes. At the center, the
redeposition of material was preferred, while the erosion of target material by sputtering was
dominant at the racetrack region. This difference was confirmed through the XRD that showed
the presence of redeposited layers with a preferred crystallographic orientation at the 0% and
20% water vapor content, and the presence of the oxide through the (100) and (002) peaks of
ZnO at the higher water vapor content. While the Ra for both regions decreased at increas-
ing water vapor content, the Rsk decreased to a negative value at the racetrack, indicated by
the pitting phenomenon observed with the laser microscope images of the higher water vapor
content settings. The trend for the oxide formation as estimated by the XRD, the decrease in
Ra, and the differential reflectance at the center region were similar to that of the θs from Berg’s
time-resolved mode. These results elucidated what happened to the target surface during op-
eration with water vapor plasma and show that the surface differential reflectance using a laser
incident at the center region is a viable in-situ method for monitoring the target surface changes
during reactive magnetron sputtering.
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Chapter 4

DEPOSITION OF ZNO THIN FILMS USING WATER VAPOR

PLASMA

4.1 Introduction

In this chapter, the effect of water vapor plasma on the reactive magnetron sputtering pro-
cess is investigated experimentally at the substrate region during the deposition process. In
line with Chapter 3, the effect of the argon (Ar) and water vapor gas admixture was investi-
gated at varying water vapor content, and the effect of commonly employed methods in thin
film deposition, such as the application of a substrate bias and substrate heating was explored.

4.2 Thin Film Deposition

The reactive magnetron sputtering process is often utilized for the deposition of thin films.
One of the applications of films deposited using this method is as transparent conductive elec-
trodes, using oxides such as zinc oxide (ZnO). Using a reactive gas with ZnO film deposition
allows for the formation of film structures that are not realized typically with inert gas sput-
tering involving compound targets. The film properties can also be easily modified using this
technique, either through thin film doping with heavy or light ions or through modification of
the deposition process, such as the heating of the substrate surface or applying a substrate bias.

Water vapor plasma is not used conventionally as a reactive gas for the reactive magnetron
sputtering thin film deposition process. Particularly for ZnO, using water vapor is advanta-
geous mainly because of the addition of hydrogen (H) ions into the plasma. H ions are a known
shallow donor dopant for ZnO and have been demonstrated to improve the conductivity of the
film and reduce lattice stresses without excessive modification of the film’s band structure [1,
2]. This modification is crucial for transparent conductive oxide applications, where a high
conductivity and good film adhesion to the surface are desired [3]. However, an important
consideration is that water vapor is highly adsorptive, including at the substrate region. The
film formation is strongly affected by the adsorption phenomenon, which includes multi-layer
formation through physisorption or chemisorption [4–6]. This behavior can result in the inho-
mogeneity of the plasma in the bulk and the near-surface regions, which can significantly affect
the film’s properties. Thus, in this chapter, the ZnO film formation process using water vapor
plasma was investigated to identify the effect of the adsorption properties and the plasma pa-
rameters on the grown film. The near-substrate surface plasma characteristics were measured
using a single Langmuir probe. The deposition condition effect was also determined by varying
the substrate bias and temperature. The film properties were evaluated from the film structure
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FIGURE 4.1: The reactive magnetron sputtering system with the substrate holder-
Langmuir probe configuration for the near substrate surface measurements. The
optical emission spectroscopy was performed at an axial axis without the sub-

strate holder.

(X-ray diffraction), surface morphology (X-ray reflectivity or laser microscopy), and its opto-
electronic properties (optical transmission spectroscopy, 4-point probe measurements, optical
band gap measurement).

4.3 Experimental System

The experimental system, as shown in Fig. 4.1, consisted of the reactive magnetron sputter-
ing system previously described in Chapter 2 and the magnetron cathode described in Chapter
3. The water vapor reservoir was kept at ≈60oC. The discharge current and working pressure
were kept constant at 100 mA and 1.0 Pa, respectively. The optical emission spectroscopy (OES)
was taken at the central axis of the chamber using a USB spectrometer (400-900 nm: Ocean Op-
tics, USB4000; 200-400 nm: Ocean Optics, Flame) at an integration time of 100 ms and averaged
7 times.

4.3.1 Substrate Holder Design

Positioned 40 mm away from the substrate surface is the stainless steel substrate holder uti-
lized in the deposition process (Fig. 4.3). The deposition area of the holder was approximately
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FIGURE 4.2: The effect of 1.0 Pa Ar cleaning on the measured discharge voltage
and the Hα to Zn I ratio obtained using optical emission spectroscopy (OES) at
the central axis as indicated in Fig. 4.1. The target was exposed to a 1.0 Pa water

vapor plasma prior to the cleaning step.

38.5 cm2, and this realized a 1:1 substrate-to-target area ratio. The holder was mounted on a
rotational feedthrough to allow for target cleaning using 1.0 Pa Ar at 100 mA discharge current
without contamination onto the substrates. Borosilicate glass (Matsunami Glass, S1111) was
used as the substrate (10x20 mm2 size, 10x10 mm2 for 4-point probe resistivity). The substrates
were cleaned through ultrasonication in acetone, ethanol, and distilled water separately for 10
minutes and dried before introduction into the vacuum system.

As shown in Fig. 4.2, the target cleaning using 1.0 Pa Ar at 100 mA discharge current for a
1-minute duration was sufficient to clean up the target surface. After the 1 minute discharge,
the discharge voltage approached that of a clean target, and the Hα to Zn I, which estimated
the introduction of reactive gas from the target surface to the bulk plasma due to the target
poisoning, had minimized to a saturation level after 1-minute duration.

In the Ar-H2O gas admixture experiments and substrate heating experiments, the substrate
was at a floating potential. The substrate bias used a DC power supply (Kikusui Electric,
PAS160-2S) at a range of -50 to 50 V. The substrate heating utilized a resistive space heater
(Sakaguchi Electric Heating, SH1060LT 60W-120V) sandwiched between the SUS plates of the
substrate holder. A variable autotransformer (Yamabishi Co. Ltd., V-130-3) controlled the tem-
perature. The temperature was investigated from 20oC to 140oC. Sufficient outgassing to the
initial base pressure was performed prior to experiments to minimize the presence of adsorbed
species at the substrate surface. The electric potential variations arising from the substrate
heater during its operation were assumed to be minimal. The ambient heating from the plasma
for the whole deposition duration and temperature at the substrate surface was measured us-
ing a shielded, 2.0 mm diameter K-type thermocouple with an exposed tip of 10 mm at the
substrate surface position. The 1.0 Pa water vapor setting was used for the substrate bias and
heating experiments. This setting kept constant the adsorptive and reactive behavior of water
vapor as the substrate deposition conditions varied.
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FIGURE 4.3: The near substrate Langmuir probe setup with the substrate heat-
ing and bias configuration utilized. The heating was realized using a resistive
substrate heater and the bias was powered using a DC power supply. The whole

configuration is mounted on a rotational feedthrough

4.3.2 Near Surface Single Langmuir Probe

The single Langmuir probe measured the plasma parameters near the substrate surface.
The transport of ions and electrons to the surface in the presence of plasma will allow us to
identify key plasma parameters, however, a fundamental understanding of its theory is re-
quired. This involves the formation of sheaths near the surface, which is one of the fundamen-
tal characteristics of plasma.

4.3.2.1 Langmuir Probe Theory

When a surface is immersed in plasma, the sheath forms at the edge of the surface. This be-
havior is a consequence of the varying mobilities of ions and electrons with a finite temperature
and is described by the Debye shielding length λD:

λD =

√
ϵokBTe

neq2
(4.1)

where ϵo is the permittivity of vacuum, kB is Boltzmann’s constant, Te is the electron tempera-
ture, ne is the electron density, and q is the charge of an electron. As the electrons were collected
at the surface, a positive potential ϕ exists at the bulk of the plasma and the wall would be at
a negative potential with respect to the plasma. Considering the surface is planar and is suf-
ficiently larger than the λD, the current collected normal to the surface (z direction) can be
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described through the current density, je, as shown:

je = q

∫ ∫ ∫
vzf(x, v, t)dvxdvydvz (4.2)

where f(x, v, t) is the electron distribution considered at the volume near the surface. As the
surface is negatively biased, the minimum velocity required for electron collection in the z

direction is:

vmin =

√
2e(Vp − Vbias))

me
(4.3)

where Vp is the potential at the bulk plasma, Vbias is the potential at the surface, and me is the
electron mass. Assuming that the electrons are in a Maxwellian distribution, the electron cur-
rent, Ielectron, collected by the probe of surface area, A, can then be determined by multiplying
the collection area to je in Eq. 4.2:

Ielectron = Aqne(
me

2πkBTe
)
3
2

∫ ∞

vmin

∫ +∞

−∞

∫ +∞

−∞
vze−

mev2

2kBTe dvxdvydvz (4.4)

Integrating Eq. 4.4 will yield the theoretical electron current measured at the surface. Account-
ing for the limit when the surface is positive with respect to the plasma, Ielectron is described
as:

Ielectron =

Aqne

√
Te

2πme
e−q(Vp−Vbias)

kBTe
if Vbias ≤ Vp

Aqne

√
Te

2πme
if Vbias > Vp

(4.5)

which indicates that Ielectron varies exponentially in the bias range more negative than the
plasma potential, and afterward, the current will saturate and is related to the electron thermal
speed. For the ion contribution, the case is different. Given that the ion mass is significantly
greater than that of an electron, at the sheath edge, the density of the ions ni is greater than
that of electrons, ne. The potential change at the sheath region is expressed using the one-
dimensional Poisson’s equation:

d2ϕ

dx2
= − q

ϵo
(ni(x)− ne(x)) =

q

ϵo
no[e qϕ

kBTe
− (1− 2qϕ

mionv2ion
)−

1
2 ] (4.6)

where ϕ is the potential, ne is described by the Boltzmann relation, and ni is obtained from the
ion continuity equation (n0vo = ni(x)vi(x)) and the conservation of energy (12mionv

2
ion = 1

2mionv
2
o

- qϕ(x)). By solving Eq. 4.6, the minimum speed required to reach the surface from the sheath
edge, the ion acoustic speed or the Bohm sheath criterion, can be defined as:

vion ≥
√

kBTe

mion
(4.7)

The ion current, Iion, collected by the probe can then be expressed using this minimum speed
requirement as:

Iion = Aqno,i

√
kBTe

mion
(4.8)
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Combining the current contributions towards the surface can then be full described as [7–10]:

Iprobe = Iion − Ielectron = Aq(no,i

√
kBTe

mion
+ no,e

√
Te

2πme
e−q(Vp−Vbias)

kBTe
) (4.9)

Considering these equations, the theoretical Langmuir probe trace will consist of three distinct
regions. First is the ion saturation region at negative biases, where the current is constant. Next
is the transition region, where the electron current increases exponentially as the electrons start
collecting at the probe surface. Then, the electron saturation region, where the current again
becomes constant after crossing Vp.

4.3.2.2 Experimental Configuration

The plasma characteristics were measured using a cylindrical single Langmuir probe with a
tungsten (W) probe tip of 0.6 mm diameter and 4.0 mm exposed length. Alumina tube sleeves
for the insulation and copper tube electrostatic shielding for spurious noise pickup prevention
were employed (Fig. 4.4). The probe was positioned as shown in Fig. 4.3 and was 8.0 mm
away from the center of the substrate holder surface. The position was chosen to be within the
range of several Debye shielding lengths (>10λD, at Te ≈ 5 eV, ne ≈ 5x1014 m−3 using Eq. 4.1).
Measurements were taken after running the discharge for 1 minute. The probe bias was swept
from -40 to 12 V in a 1.0 Hz ramp waveform, using a function generator (EZ Digital Co. Ltd.,
Model DFG-6020) connected to an amplifier ((Turtle Industry Co. Ltd., Model T-AMP03HC).
The probe current, Iprobe, was measured from the voltage drop across the resistor (Rres=9.81
kΩ), shown in Eq. 4.10, as measured on the oscilloscope (Pico Technology, Model Picoscope
4223).

Iprobe =
VCh.B − VCh.A

Rres
(4.10)

FIGURE 4.4: The single Langmuir probe tip configuration used for the near sur-
face measurements.
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FIGURE 4.5: The typical single Langmuir probe trace and how the plasma pa-
rameters (Vf , Iion,sat, Te, Vp) were measured. The blue trace indicates the probe
current, and the red trace indicates the electron current, Ielectron, at a 1.0 Pa Ar
plasma, at a 100 mA discharge current. The inset graph shows the fitting of the

two Te typically observed for magnetron sputtering plasmas.

The bias range was selected to minimize damage to the probe tip and improve measurement
accuracy. Possible causes are electron-induced heating and an excessive increase in the probe
area resulting in a large current drain from the plasma according to the electron orbital motion
limit theory. This increase in the area also modifies the local plasma and affects the accuracy
of the parameters from the probe characteristic, thus, it is beneficial to select the ideal bias
range for measurement [11–14]. The film formation on the surface of the Langmuir probe
can significantly affect the probe trace [15–18], therefore, a replaceable tip configuration was
employed to reduce this.

4.3.2.3 Analysis of Langmuir Probe Trace

For experimentally measured single Langmuir probe traces, the behavior is different from
what is described in Eq. 4.9. Figure 4.5 shows the typical single Langmuir probe trace measured
in experiments. The ion and electron saturation regions predicted by the theory are not constant
values, and the distinct change from the transition to the electron saturation region that denotes
Vp is not distinct. As such, the analysis of the probe trace is as follows [7–9, 19].

From Eq. 4.8, the ion saturation current is directly related to the ni at the bulk of the plasma.
However, this can be difficult as Iion varies with an increasing Vprobe, and there are multiple ion
species in the deposition plasma. The effective ion mass is difficult to determine, as changes
in discharge parameters could significantly affect the ratio of the ion species present. Thus,
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the ion saturation current, Iion,sat was used as a measure for the ni and is taken at the floating
potential, Vf , where the contributions of the ions and electrons to the probe current are equal
(ni = ne). Vf can be seen in Fig. 4.5 as the voltage at the point of zero current crossing of the
Langmuir probe trace. Iion,sat was obtained by taking a linear fit of the ion saturation region
and is the current of the fit at Vf . This linear fit was subtracted from Iprobe to obtain Ielectron. In
the transition region, the Ielectron from Eq. 4.5 can also be expressed as:

Ielectron = Ie,sate
−q(Vp−Vbias)

kBTe
(4.11)

where Ie,sat is the electron saturation current. From Eq. 4.11 and Fig. 4.5, it can be seen that
Te can be obtained from the slope of the ln(Ielectron) against Vprobe (slope = 1

kBTe
). Vp can be

measured in different ways. The common methods are the first derivative method and the
intersection of the linear Te fit with the linear extrapolation from the electron saturation region
in ln(Ielectron)-Vprobe plot. Particularly for magnetized plasma, using the derivative method can
lead to inaccurate measurements of Vp if the transition region range is small and the electron
saturation region is non-distinct. This phenomenon can be attributed to the electron collection
of the probe, the presence of a magnetic field, collisions in the sheath, or a high noise level
[11, 13]. Vp was measured using the intersection method. From the parameters obtained, the
effective energy of the ions in the plasma, Ep, at the Langmuir probe position can then be
obtained as:

Ep = q(Vp − Vsurface) (4.12)

where Vsurface is equal to Vf if there is no bias, or Vbias if the surface is held at a specific potential
such as when adding a substrate bias [20–23]

Consider the presence of the second linear portion of the ln(Ielectron) plot in Fig. 4.5. This
portion indicates a higher temperature electron tail, Te,w. Thus, the plasma is non-Maxwellian,
which has been observed for magnetron sputtering plasmas [24, 25]. Considering this and the
multi-species nature of the plasma, the electron density, ne, was calculated using the Druyvesteyn
method instead of Eq. 4.5. The electron energy distribution function (EEDF) can be related to
the second derivative of Ielectron trace by:

f(E) = (
2me

q2A
)

√
2q

me
(
√
Ep−probe)

d2Ielectron
dV 2

probe

(4.13)

where Ep−probe = Vp - Vprobe. The electron density, ne, was obtained by integrating f(E) for
the given energy range [8, 26–28]. Given the dependence of the distribution and the Langmuir
probe trace in general, smoothing techniques to remove the significant noise was employed
throughout the analysis [29–31]. Shown in Fig. 4.6 are the typical EEDF that can be obtained
using the Druyvesteyn method at three different water vapor content settings.

4.3.3 Materials Characterization Techniques

The effect of the near-surface plasma on the deposition process was investigated through
the deposited thin film. In this study, the properties were measured using X-ray diffraction and
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4.3. Experimental System

FIGURE 4.6: The electron energy distribution obtained using the Druyvesteyn
method for 0%, 50%, and 100% water vapor content settings.

reflectivity (crystal structure, roughness, and thickness), optical transmittance spectroscopy
(optical transmittance and band gap), and 4-point probe measurements (resistivity).

4.3.3.1 X-ray Diffraction and Reflectivity

Aside from material identification as described in Chapter 3, the crystallite size and the
quality of the thin film can be measured using X-ray diffraction (PANalytical X’Pert Pro, Cu Kα

= 1.540598 Å, Bragg Brentano configuration). The broadening of the peaks in XRD is a measure
for the crystallite size, D, according to the Debye-Scherrer equation:

D =
kDSλ

βcosθxrd
(4.14)

where λ is the X-ray wavelength, kDS is a material constant (kDS = 0.94), and β is the full width
at half maximum (FWHM) of the peak [32, 33]. β and the peak area were measured through the
fitting with a Gaussian peak distribution as shown in Fig. 4.7. The peak was normalized, and
the amorphous background contribution from the glass substrate was subtracted before fitting
the single most intense Zn or ZnO peak. This method was applied to quantify the effect of the
reactive water vapor plasma to the crystal structure of the produced singly oriented ZnO.

The film’s thickness and roughness were measured via the X-ray reflectivity technique (Fig.
4.8, where compared to the Bragg Brentano configuration, the X-rays are injected at a low in-
cidence angle with respect to the film surface. At angles greater than θC , the reflected and
refracted radiation produces an interference pattern called Kiessig’s fringes. The difference in
the maxima or minima, θM , is related to the thin film thickness, tfilm, according to Eq. 4.15:

tfilm =
λ

2∆θM
(4.15)
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FIGURE 4.7: The Gaussian peak fitting of the XRD peak for the β and peak area

This technique is effective for a thickness range of 2 to 200 nm. Laser microscopy measured
the thickness and roughness of thicker, non-transparent films. Laser microscopy was limited
for transparent thin films as the surface morphology can be difficult to detect. From the XRR
results, the slope of the reflectivity yields the roughness. In a simple Gaussian case for the
surface roughness, Ra determined from the square root of the normalized reflectivity against
the square of the scattering vector, K (where K = 4π sin θXRR

λ ) [34–36].

4.3.3.2 Optoelectronic Properties

The film’s transmittance (Ttr) gauged the film’s optical transparency from 360 to 900 nm.
The light source was a Xe flash lamp, with a USB spectrometer (Ocean Optics, USB4000) as
the detector. The light was focused onto the sample using a synthetic quartz condenser lens
(OptoSigma, SLSQ-25.4-100P). The effective measurement area consists of a 2.4 mm diameter
aperture with an integration time of 250 ms and a 7x average. The average transparency was
from the visible range (400 to 750 nm).

The resistivity of the thin films was measured using a custom-built 4-point probe with a
linear configuration. A source-measure unit (Keysight, B2901) in the 4-wire configuration acted
as the current source and voltmeter. The I-V trace was obtained from 0 to 100 nA on films
deposited on 10x10 mm glass substrates. The resistivity ρ was obtained using Eq. 4.16

ρ =
π

ln(2)
(
Vmeasured

Isource
)Kotfilm (4.16)
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FIGURE 4.8: The typical normalized X-ray reflectivity (XRR) of ZnO deposited
using 1.0 Pa water vapor plasma. The Kiessig fringes and the component corre-

lated with the roughness in the XRR data are shown.

where Vmeasured is the voltage as Isource is varied and Ko is a correction factor from the probe
geometry (Ko = 4.0095) [37]. The band gap, Eg, of the ZnO thin films was measured using
Tauc’s method. From the transmittance of the thin films, Ttr, the absorption coefficient αtauc

was calculated as shown in Eq. 4.17:

αtauc =
1

tfilm
ln

1

Ttr
(4.17)

From αtauc, the direct band gap of ZnO was obtained by fitting the linear portion of (αtauchνλ)

vs hνλ, where hνλ is the photon energy as shown in Fig. 4.9. The band gap is the x-intercept of
the linear fit [38–40].

4.4 Effect of Water Vapor

The XRD peaks measured from the films deposited at increasing water vapor content are
shown in Fig. 4.10. As the water vapor content increased, the peak positions shifted from
predominantly Zn ((002),(100), and (101)) to singly oriented ZnO ((002)). At the 20% water
vapor content, both Zn and ZnO ((002), (101)) are present.

Shown in Fig. 4.11 are the X-ray reflectivity curves of the films deposited at varying wa-
ter vapor content, substrate temperature, and substrate bias conditions. As the water vapor

51



Chapter 4. Deposition of ZnO thin films using water vapor plasma

FIGURE 4.9: The Tauc plot for the measurement of the deposited thin film’s band
gap. The x-interecept of the linear portion of the plot denotes the film’s band gap.

content increased, the Kiessig fringes were present from the 40% water vapor content. Varia-
tions in θc were minimal, typically ranging from 0.6325 to 0.6475. The lack of Kiessig fringes in
the 0-20% water content indicates a film thickness and surface roughness greater than the suit-
able range for the XRR technique (2 to 200nm)[34]. Thus, the thickness was determined using
laser microscopy for films without the Kiessig fringes because these films were not transparent.
For the 40% to 100% water vapor content settings, the difference in the reflectivity curves was
quantified through the surface thickness and the roughness.

Shown in Fig. 4.12 are the transmittance (Ttr) for films deposited at varying water vapor
content. The 0-20% water content settings were not transparent, as it is predominantly Zn.
From the 40 to 100% water content, Ttr increased sharply in the 360-400 nm range. Interference
wave-like patterns called the Swanepoel fringes are present. Thus, the film’s Ttr is the average
transmittance from 400 to 750 nm. Shown in the inset are the actual images of the deposited
thin films.

4.4.1 Plasma Parameters

From the Langmuir probe traces, the magnitude of Ielectron in the transition to electron
saturation region decreased at increasing water vapor content. To clarify the effect, these
changes were then quantified using the plasma parameters to explain what happens at the
near-substrate region of the plasma. Shown in Fig. 4.13 are the plasma parameters obtained.
Initially, at low water vapor content, Vp, (Vp − Vf ), Te, ne and Iion,sat increased as compared to
a pure Ar discharge. As is shown in Fig. 4.5, adding water vapor reduces the low energy elec-
trons in the plasma. This is partly due to the lower ionization energy for water vapor (12.59 eV)

52



4.4. Effect of Water Vapor

FIGURE 4.10: The XRD peaks obtained from the deposited film samples at vary-
ing Ar-H2O content

as compared to Ar (15.7 eV)[41], and low energy electron reactions with water molecules lead-
ing to vibrational and rotational excitations. However, as the water vapor content increased
further, a shift to a much more electronegative plasma was observed, which was attributed
to sufficient negative ion formation and the depletion of low energy electrons for sustaining
the stable discharge. Given that the Zn metal ion has a negative electron affinity, the possible
negative ions present in the plasma can be inferred from the reactive species that are con-
firmed present, such as H, O, and OH[42, 43] with their electron affinities of 0.754 eV, 1.461 eV,
and 1.827 eV, respectively[44–46]. While not directly measured, the atomic spectral lines and
molecular band spectra of their positive ion counterparts were observed to be present in the
discharge together with their parent molecules using OES (Fig. 4.14). It is highly probable that
several reactive species in the plasma serve as sources of negative ions. Specifically for the case
of a water molecule, dissociative electron attachment is known to produce the negative ions
of H−, O−, OH−, and H2O− [47]. It has also been reported in reactive magnetron sputtering
of oxides that use O2 as the reactive gas are capable of forming negative ions through the dis-
sociative electron attachment to O2[48–50], or the negative oxide ions that are sputtered and
accelerated from the target surface[51]. This mechanism explains the shift in the initial trend,
and Te reached an increased saturation level while ne, Vp, (Vp − Vf ) and Iion,sat decreased. This
change in the reactive behavior also resulted in the increased production of oxide material,
which causes the target poisoning phenomenon on the magnetron sputtering target surface.
Target poisoning modifies the target chemical composition and particle reflection properties
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FIGURE 4.11: The X-ray reflectivity curve of the thin films deposited at varying
Ar-H2O content.

FIGURE 4.12: The transmittance of the deposited thin films at varying Ar-H2O
content. The inset images show the actual images of the deposited films on the

glass substrate.

because of the deposition of the oxide material. The presence of the oxide formed on the mag-
netron target surface specific to water vapor has been reported, and the reduced sputtering
efficiency and yield were quantified through the difference in the target surface roughness and
differential reflectance (Chapter 3). The longer the discharge operates with water vapor, the
more difficult it is to maintain a discharge. This phenomenon can be attributable to a lower
density of secondary electrons generated from the sputtering target with the lower efficiency
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FIGURE 4.13: The effect of water content on the plasma parameters, as measured
by a single Langmuir probe.

of the oxide compared to fresh metallic surfaces[52]. The discharge voltage measurements con-
firm the target poisoning effect. In Fig. 4.15, Vignition is the discharge voltage right after the
plasma ignition, and Veq is the voltage after a discharge period of 1 minute. The increase in
discharge voltage by plasma operation was observed at the 20% water content, where Vignition

is greater than Veq. The difference between Vignition and Veq was the smallest at 40% water con-
tent for water vapor containing plasma, and could indicate the threshold water vapor content
for sufficient ZnO formation.

4.4.2 Film Properties

The effect of the water vapor content during the plasma deposition process was observed
in the film’s properties. Shown in Fig. 4.16 is the formed film properties. The peak area corre-
sponding to (002) of ZnO increased at increasing water content, exhibiting a saturation level of
around 40% water content. This trend was expected as more reactive gas leads to the formation
of more ZnO at the substrate. At the same time as the peak area, the crystallite size evaluated
from the highest peak intensity obtained from the XRD was found to decrease, with a satura-
tion value of around 25.6-27.4 nm, from the 93.1 nm obtained for the purely Zn film at the 0%
water content. The thickness of the film was obtained from the XRR only for the 40 to 100%
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FIGURE 4.14: Optical emission spectra of 1.0 Pa water vapor at the UV (200-400
nm) and visible (400-900 nm) region. The atomic and molecular spectra for H, O,

OH, and Zn are highlighted

FIGURE 4.15: Discharge voltage measurements at varying water vapor content

water vapor content, due to the lack of Kiessig fringes in films with low ZnO content (0% and
20% water content). As the water content increased, the thickness and roughness decreased
and were attributed to a decreased sputtering yield from target poisoning[20, 52].

The film growth mechanism changes to deposition in a reactive plasma at higher water
content. This mechanism depends on the surface energy of the planes in the crystal structure
for metallic films. Then, the growth mechanism changes depending on the reactive species
gas content and the amount of flux as these modify the energy and the surface reaction rate.
For the 20% water content, Ar sputtering of Zn at the target surface is dominant (Chapter 3),
which results in a high Zn ion flux towards the surface. The oxide formation then depends on
the metal surface orientations where oxide nucleation is favored. This behavior was reflected
by the lower intensities for multiple ZnO planes compared to a pure Ar discharge Zn film at
20% water vapor content. When the water content is then increased to 40%, more reactive
ion and neutral fluxes were realized. This increase coincides with the observed shift to an
electronegative plasma as seen in the plasma parameters from the Langmuir probe. The thin
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FIGURE 4.16: The effect of water content on the film’s properties

film growth mechanism changed to one dominated by the oxide, and for ZnO, the preferred
orientation is at (002). The transition to this mechanism decreases the film deposition rate
and the roughness due to the selective growth orientation. These result in the single peak
spectra observed at 40 to 100% water vapor content. The preferred XRD peak positions strongly
correlate to the incident ion energy from the bulk plasma[53, 54]. For the case of water vapor,
the experimental results indicate the Zn film deposition transition to (002) ZnO film deposition
takes place between 20 to 40% water content.

The electrical resistivity, ρ, and the optical transmittance, Ttr, increased similarly with the
peak area of (002). The transition started at 40% water vapor content, where the transmittance
is at 87.5% and ρ=1.20 Ωcm. These figures represent a 2.6% decrease as compared to the sub-
strate transparency and are in the lower range for typical ρ for ZnO thin films without metallic
doping (1-100 Ωcm)[55]. As more oxygen was generated at higher water vapor content, the
expected low ρ would be at the transition from the metallic to oxide film, which coincides with
the experimental result at the 40% water content. The ρ then steadily increased as more oxy-
gen was present in the plasma as the water content increased. Lower oxygen content during
film deposition for ZnO has been strongly correlated to a decrease in resistivity as the oxygen
vacancies act as an n-type dopant for ZnO[56, 57].

The measured band gap for the 40 to 100% water content ranged from 3.36 to 3.34 eV, cor-
responding to a 0.9 to 0.4% difference respectively from the theoretical band gap of pure ZnO
at 3.37 eV [58]. Thus, by utilizing water vapor plasma as the reactive gas, the shallow donor
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doping of H onto the ZnO occurs as supported by the low difference in Eg.

4.5 Effect of Substrate Bias

In magnetron sputtering, the energetic species present in the plasma are mainly released
from the target surface and produced by ionization or excitation of the gas admixture. Specifi-
cally for oxides, highly energetic particles in the plasma can damage the film during deposition.
This is detrimental to thin film properties, such as conductivity[21]. One method that prevents
film damage and controls the incident ion energy is applying a substrate bias during deposi-
tion. By changing the incident ion energy, the film’s structure and surface morphology can be
controlled, and the damage to the film surface can be minimized [53, 54, 59]. Thus, the effect
of the substrate bias on the near surface plasma characteristics, and its correlation to the film
properties, were investigated for water vapor plasma.

4.5.1 Plasma Parameters

FIGURE 4.17: Effect of the substrate bias (-50 to 50 V) to the measured near surface
plasma characteristics and the deposited film’s properties.

As shown in Fig. 4.17, the trends in the plasma parameters are significantly affected by the
polarity of the substrate bias. The substrate bias act as a potential barrier near the surface and
this barrier is estimated by the difference of the plasma potential and substrate bias, (Vp − Vb)

[21, 23]. As shown in Fig. 4.17, a negative bias limits the electron flux to the surface, while a
positive bias promotes the electron collection. This phenomenon is supported by the current

58



4.5. Effect of Substrate Bias

measured at the substrate holder by the DC power supply. This behavior shifted Vp to a more
negative potential at negative bias, which increased to positive values as the substrate bias be-
came positive. As for the electron temperature, Te, and the ion saturation current, Iion,sat, a
peak was observed at -25V and -12.5V, respectively. The electron density, ne, increased as the
substrate bias increased from -50V to 0V. These trends indicated that the electron confinement
by the bias was effective at moderately negative substrate biases. Shifting to a higher nega-
tive bias would then reduce the electron populations and elevate the Te, as more ion-electron
interactions occur because the energy of electrons is sufficient to realize more ion-electron in-
teractions and through the general repulsion from the substrate area due to the negative bias
[23, 60]. The ions produced in these interactions measured were then collected through the
negatively biased substrate or neutralization in the plasma and were reflected by the decreased
Iion,sat at higher negative biases.

Conversely, at a positive bias, the electron collection realizes the electron bombardment on
the growing film surface [61, 62]. As more electrons accelerate to the substrate, Vp increases
to satisfy the current balance at the surface. This phenomenon shifted the Langmuir probe
characteristic to higher potentials, particularly for the 37.5 and 50 V settings, and limited the
analysis of plasma parameters up until the 25 V setting. This phenomenon also caused an
increased Te and lowered ne, as the highly mobile electrons were accelerated and then collected
at the substrate surface. Consequently, the formation of thin electron sheaths was not expected
as the substrate holder size in the experiments was sufficiently large compared to the chamber
walls [63].

4.5.2 Film Properties

Modifying the incident species towards the growing film will then change the film’s pri-
mary growth mechanism. The negative bias increased the incident ion flux, which resulted in
a higher peak area for (002) ZnO and the formation of more nucleation sites. Competing nucle-
ation sites restrict the crystallite growth, causing a smaller crystallite size and a lower rough-
ness [54, 64]. The resistivity, ρ, increased as well, as the oxygen vacancies in the ZnO structure
decreased because of the higher incident reactive ion flux. Oxygen vacancies are linked with
lower resistivities in ZnO films [56]. For positive biases, electron bombardment on the film
decreased the (002) peak area and increased the crystallite size (Fig. 4.17). The effect of the
impinging electrons was similar to allowing crystallite growth through additional thermal en-
ergy [65]. Together with the reduced ion flux, this increases the defect density in the deposited
ZnO thin film. However, when a highly positive bias is applied, the excessive electron and
negative ion bombardment can smooth the film surface or damage the film. This phenomenon
reverses the trend for the ρ, as the damage decreases the film’s ρ from 25 to 50 V. Irrespective
of the bias, the transmittance of the film was relatively constant (≈85%), and the band gap of
the film was at 3.32 eV. The minimal change indicates that the bias can sufficiently change the
film morphology and properties, but the shallow donor doping of H and the transparency are
unaffected.
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4.6 Effect of Substrate Heating

Another method for modifying the film’s growth mechanism is substrate heating. By chang-
ing the temperature, the energy required for surface processes changes. This change is impor-
tant for water vapor, as the molecule can sequentially adsorb and react with species present
at the surface. By changing the temperature, the desorption from the surface and the energy
required for the surface process are affected simultaneously. Thus, the effect of due to substrate
heating on the deposition process involving water vapor needs investigation.

4.6.1 Ambient Heating from the Plasma

A K-type thermocouple measured the temperature at the substrate position (Fig. 4.18) to
identify the effect of the ambient heating from the plasma with that of substrate heating. The
substrate heating was quantified by fitting the heating curve to Eq. 4.18:

T (t) = T∞(1− eα
+(j(t)) (4.18)

where T∞ is the saturation temperature, j(t) is the current density collected at the area, and α+

is an arbitrary measure of the heating rate [66]. The α+ obtained varied from 0.0045 to 0.005,
which indicates a similar heating rate irrespective of the plasma species. This trend indicates
that the substrate region experiences a constant heat flux from the plasma at a given working
pressure and discharge current. Thus, the effect of substrate heating is directly seen if the
discharge parameters are kept constant.

4.6.2 Plasma Parameters

Shown in Fig. 4.19 are the plasma parameters and film properties of the deposited film
at varying substrate temperatures. (Vp − Vf ) consistently decreases at higher substrate tem-
peratures, while Te decreased. Vp, ne and Iion,sat peaked at 88oC. By increasing the substrate
temperature, the thickness of the adsorbed layer at the surface changed. Particularly for ox-
ides, the energy requirements are balanced by ion recombination and the adsorption energy
[67]. Initially, at temperatures below 88oC, increased substrate heating promoted the desorp-
tion of water at the surface. The desorption produced a localized increase in ions near the
surface. This layer interacts with the incident energetic particle flux and broadens the incident
ion energy distribution at the surface [67]. These interactions increased the ions present near
the surface, which elevated Vp, produced lower energy electrons reflected by ne, and effectively
lowered Te. However, after a threshold temperature, the adsorption of water vapor at the sur-
face was sufficiently inhibited, where further increasing the temperature now translated to film
growth instead. This change is evidenced by the growth of other ZnO peaks after 88oC (Fig.
4.20). The additional ions and electrons are now consumed for the film’s growth, as seen with
the decrease in ne and Iion,sat.
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FIGURE 4.18: Ambient heating from the plasma as measured by a K-type ther-
mocouple for a duration of 10 minutes, at varying water vapor content (0%, 50%

and 100% water vapor content).

4.6.3 Film Properties

The effect of substrate heating was observed in the film’s properties. The film thickness
remained relatively constant and did not coincide with the increased ion density caused by
the desorption of water vapor near the surface. The additional energy from substrate heating
was converted instead into the evolution of other crystallographic orientations as shown in Fig.
4.20. The changes were highlighted by the trend of the (002) peak area and the crystallite size,
where it directly coincided with the threshold temperature of 88oC. Typically, higher substrate
temperatures increase the peak area as surface atoms move smoothly with the larger mobility
[68]. However, the evolution of other peak orientations were observed in Fig. 4.20 instead. The
added peak orientations also increased the film’s roughness. Accounting for the difference, the
consistently decreasing ρ are attributed to the desorption of the reactive species at the film sur-
face, such as oxygen from the surface of the growing ZnO film [69], instead of a diffusion-based
annealing effect. This phenomenon means that the desorption behavior during deposition us-
ing water vapor plasma was linked to the resistivity of the deposited films. The transmittance
(≈83.4%) and band gap (3.33 eV)of the film, however, were found to change minimally, which
indicated that the shallow donor doping of the ZnO and its transparency were not affected and
were stable at the temperature range investigated.
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FIGURE 4.19: Effect of substrate temperature (20o to 140o C) to the measured near
surface plasma characteristics and the deposited film’s properties.

4.7 Summary of Results

ZnO thin films were deposited at varying water vapor content. The change in film proper-
ties related to transparent conductive electrodes was correlated to changes in the bulk and the
near substrate surface plasma parameters obtained from a single Langmuir probe. The addi-
tion of water significantly changes the behavior of the plasma and can cause target poisoning
which altered the dominant growth mechanism of the film. The transition between a mainly
metallic Zn film to ZnO was observed at a water vapor content of 40% and coincided with a
shift in the plasma parameters Vp, (Vp−Vf ), ne, Te, and Iion,sat. Deposition at the 40% water con-
tent resulted to 1.20 Ωcm ρ, 87.5% Ttr, and 3.36 eV Eg. The measured Eg decreased 0.4% when
compared with the theoretical value, confirming the shallow H donor doping phenomenon
when water vapor plasma was utilized. As the shift in film properties was closely related to
changes in the trend of the plasma parameters as the water vapor content increased, monitor-
ing the plasma parameters during the deposition can also allow us to estimate the quality of
the formed film

The ZnO deposition at varying substrate bias and substrate temperatures was investigated.
The polarity of the substrate bias changed the incident charged species, while the bias mag-
nitude affected the energy. The film characteristics were linked directly to the ion and elec-
tron flux to the surface. The shallow donor doping (3.32 eV) and optical transparency of the
films (≈85%) were unaffected by the substrate bias. When substrate heating is employed, the
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FIGURE 4.20: The XRD peaks ((100), (002) and (101)) of ZnO films deposited at
varying substrate temperatures. The working pressure is kept at 1.0 Pa of water

vapor, and 100 mA discharge.

adsorption behavior of water becomes an important consideration. Increasing the substrate
temperature resulted in a localized increase in ions near the surface, and crossing a thresh-
old temperature resulted in the promotion of film growth as observed at both the plasma and
film characteristics. The peak growth other than at (002) was preferred with higher temper-
atures, while ρ consistently decreased. The trend was attributed to the desorption from the
film surface. The band gap (3.33 eV) and transparency were relatively constant as the deposi-
tion temperature increased, which indicated that the shallow donor doping of ZnO for films
deposited using water vapor plasma was stable for the 20o to 140oC range.
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Chapter 5

ION FORMATION OF WATER VAPOR PLASMA IN

REACTIVE MAGNETRON SPUTTERING

5.1 Introduction

The generation of positive and negative species in the plasma has significant implications
for its behavior at both the substrate and target regions. The amount of reactive ions determines
the target poisoning phenomena at the target surface [1]. In the film formation process, control-
ling the positive ion species and energy incident on the film allows for the modification of the
film structure [2]. On the other hand, the negative ions in the plasma are detrimental to the film
formation process because ions can be accelerated by the target cathode voltage to sufficiently
high energies that damage the film [3, 4]. In this chapter, the bulk plasma characteristics were
explored with water vapor as the reactive gas in a reactive magnetron sputtering process. The
positive species were identified using optical emission spectroscopy, and the positive and neg-
ative ion energies incident onto the substrate region were measured using a retarding potential
analyzer.

5.1.1 Reactive Characteristics of Water Vapor Plasma

The water molecule can interact with energetic species in the plasma and produce multiple
reaction products. Shown in Fig. 5.1 are the cross-sections of the water molecule with electrons
as the incident particle [5–7]. The two major reaction pathways for the water are electron impact
ionization and electron attachment. Electron impact ionization produces positive ions in the
plasma, as shown in Fig. 5.1a, while electron attachment produces negative ions, as shown in
Fig. 5.1b. The reaction mechanisms are detailed in Table 5.1

TABLE 5.1: The electron impact ionization and electron attachment reactions for
the water molecule. Argon is shown for comparison. [5–7]

Electron Impact Ionization Dissociative Electron Attachment
e− + H2O → 2e− + H2O+ e− + H2O → H2O−

e− + H2O → 2e− + H+ + OH e− + H2O → H− + OH
e− + H2O → 2e− + H + OH+ e− + H2O → H + OH−

e− + H2O → 2e− + 2H + O+ e− + H2O → 2H + O−

e− + H2O → 2e− + O + H+
2

(Ar): e− + Ar → 2e− + Ar+

These cross-sections indicate that using water vapor can simultaneously realize the pro-
duction of positive and negative ions in the plasma. The energy requirements for positive and
negative ion formation are sufficiently close to the ionization of Ar, which was used as the dis-
charge support gas in the admixtures. Thus, it is highly probable that these ions are formed
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(A) Electron Impact Ionization (B) Dissociative Electron Attach-
ment

FIGURE 5.1: The electron impact ionization and dissociative electron attachment
cross sections for the H2O molecule and Ar [5–7]. The dissociative electron at-

tachment for H2O− does not account for rotovibrational states.

in the bulk plasma at appreciable densities. This chapter details the detection of these positive
and negative ions in the bulk plasma.

5.2 Experimental System

As shown in Fig. 5.2, the experiments were performed using DC reactive magnetron sput-
tering system similar to what was discussed previously in Chapter 4. The positive ions were
identified using optical emission spectroscopy, and the energy of positive and negative ions in
the plasma was measured using a retarding potential analyzer.

5.2.1 Optical Emission Spectroscopy

Optical emission spectroscopy (OES) is a common characterization technique for low-temperature
plasma suitable for film deposition. For reactive plasma, the method allows for the identifica-
tion of the excited species present based on its unique spectra, as well as measure the local
plasma parameters and relative concentrations with minimal disturbance of the plasma [8–10].

The atomic spectra of a specific element are determined by the electronic transition of the
excited state to the ground state. The emitted wavelength (λ) is dependent on the energy dif-
ference of the transition through the relation:

Eλ =
hc

λ
(5.1)

where h is Planck’s constant and c is the speed of light. As only certain transitions are allowed,
the wavelength of the emitted photons determines the excited species. The intensity of emitted
wavelength can be used to determine the plasma parameters if the plasma is considered to
be in local thermal equilibrium. The intensity of each transition Ij , assuming a Boltzmann
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5.2. Experimental System

FIGURE 5.2: The experimental system in the optical emission spectroscopy mea-
surement configuration

distribution for the possible states:

Ij = N0
Ajgje

−Ej
kBTe∑∞

j=0 gje
−Ej
kbTe

(5.2)

where N0 is the total number of atoms considered, gj is the degeneracy of the upper levels,
Aj is the Einstein coefficient and Ej is the upper energy level. The denominator is the parti-
tion function which normalizes throughout the population of states [11, 12]. When a molecule
is considered, the transition becomes more complex, as described by the Born-Oppenheimer
approximation:

Ej = Eelec + Erot + Evib (5.3)

This relation is a consequence of the possible molecular rotational and vibrational excitation
modes. These excitation modes result in the formation of band spectra, where multiple fine
lines of excitation are grouped [11, 13, 14]. At low spectrometer resolution, these band spectra
are convoluted peaks consisting of rotational-vibrational bands.

5.2.1.1 Experimental Configuration and Analysis

Optical emission spectroscopy (OES) of the plasma was carried out using a USB spectrom-
eter (400-1000 nm: OceanOptics, USB4000, 200nm-500nm: OceanOptics, Flame) at a normal
incidence from the magnetron cathode axis (Fig. 5.2). A fused silica window and a plano-
convex lens (focal length = 100 mm) were used and positioned 240 mm away from the target
surface. A shutter mechanism mounted onto a rotational flange was employed to minimize
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FIGURE 5.3: The mechanism for a triple-plate retarding potential analyzer to
measure the ion energy distribution of plasma

and prevent the deposition of a film onto the window surface. The spectra were taken with a
200 ms integration time after sustaining the discharge for a 1-minute duration. The discharge
current and pressure were fixed at 100 mA and 1.0 Pa, respectively, for the measurements.

5.2.2 Retarding Potential Analyzer

The ion energies in the bulk plasma were measured using a retarding potential analyzer
(RPA). Shown in Fig. 5.3 is the mechanism of the RPA. In its most basic form, the RPA filters
the incoming ions based on their energy using the potential of a retardation plate or grid. The
current at the detector of the RPA can be expressed as in Eq. 5.4:

I = qnA

∫ ∞

vmin

vf(v)dv (5.4)

where vmin is the minimum velocity required to pass through the retardation plate voltage. The
ion velocity was transformed into the voltage applied on the plate (12mv2 = qE), and taking the
derivative will yield the Eq. 5.5:

dI

dV
= −nq2A

√
2qV

m
f(E) (5.5)

For multiple species plasma, the shape of the first derivative is directly proportional to the
energy distribution in the plasma (− dI

dV ∝ f(E)) [15–17]. The detailed derivation of the relation
of the energy distribution to the derivative of the RPA current is shown in App. B.
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5.2.2.1 Experimental Configuration and Analysis

The experimental configuration and measurement circuit is shown in Fig. 5.4. A triple plate
configuration consisting of a grounded collimating mesh plate, retardation plate, and electron
repeller plate over a fully grounded Faraday cup was used for the positive and negative ion
measurements. The mesh (Nilaco, SUS304 (100 mesh, 154 µm)) decreased the aperture opening
to lengths sufficiently lower than that of the Debye shielding length and prevented the bleeding
in of the plasma towards the retardation plate electrode as the configuration was immersed in
the deposition plasma. The retardation voltage was powered by a high-speed power amplifier
(-40 V to 40 V sweep: NF Electronic Instruments, NF4020, -450 V to -50 V sweep: Kepco, BOP
1000 M) driven by a 10 Hz ramp waveform from a function generator (EZ Digital DFG6020).

FIGURE 5.4: The retarding potential analyzer (RPA) schematic used for ion en-
ergy distribution measurements of the reactive magnetron sputtering plasma

containing water vapor.

The electron current contribution was significantly high at the substrate region as directly
measured by a Faraday cup. Three filters were added to the conventional triple plate configu-
ration to minimize this and improve the sensitivity to the ion current. A magnet filter (≈ 500
G) at the collimating mesh-plate aperture minimized the penetration of low-energy electrons
guided by the magnetron magnetic field. Then, an electron repeller bias of -10 V decreased
the secondary electrons collected from the energetic species that hit the retardation plate. The
voltage was selected from the onset of the linear behavior of the RPA current when the repeller
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voltage was swept while the retardation voltage was at the ground potential. By choosing the
onset point, the acceleration of the ions between the plates was minimized. Lastly, to prevent
the reflection of the incident species and minimize the production of secondary electrons from
the Faraday cup surface, a bias voltage was directly applied to the Faraday cup. This voltage
was at -50 V for positive ions and +50 V for negative ion measurements. These voltages were
selected such that the electron contribution to the Faraday cup was minimized and did not
significantly alter the shape of the current distribution.

The detection circuit for measurement of the ion current consisted of a blocking capacitor
as shown in Fig. 5.4, and was similar to the measurement circuit used in laser photodetach-
ment measurements [18]. This configuration allowed for high sensitivity detection even at
sufficiently high Faraday cup bias voltages. R1, R2 and Cblock were 100 kΩ, 200 Ω, and 500 nF,
respectively. The sweep frequency was chosen such that the attenuation and phase shift were
both minimal. The attenuation and phase shift (2.05 µs, ≈-4.1 dBM at 10 Hz) by the circuit was
considered for all ion current measurements. The ion current was measured using a low noise
preamplifier (NF Instruments, LI75A, 200x gain)-oscilloscope (Iwatsu, DS-5424, 500 kS 1 MΩ

- DC) and oscilloscope (Iwatsu, DS-5424, 500 kS 1 MΩ - DC) for the positive and negative ion
measurements, respectively. Smoothing of the current data using a Savitzky-Golay filter for
both positive and negative ion measurements were performed to improve the signal-to-noise
ratio [19].

5.3 Optical Emission Spectroscopy of Water Vapor Plasma

Shown in Fig. 5.5 are the spectra obtained at varying water vapor content at the visible
and UV regions, respectively. In the visible region, the species directly observed were from a
reactive gas, H+ (Hα, Hβ , and Hγ) and O I (777 nm and 844 nm), the sputtered metal, Zn I
(481 nm and 632 nm), and from the discharge support gas, the characteristic Ar I peaks (Three
highest intensities: 750 nm, 763 nm, and 811 nm) [20]. The O I peaks were significantly weak in
intensity and could be distinctly seen only at sufficiently high water vapor content (80 to 100%
settings). In contrast, the H peak intensities can be easily observed even at the 20% water vapor
content setting.

In the UV region, the main peaks are from the reactive gas, OH (OH (A2Σ+ → X2Π, 286
nm, and 310 nm) and H (Hβ), and from the metal, Zn I (213 nm and 307 nm) [20, 21]. As the
band spectra of OH is significantly broad, the atomic line of Zn I at 307 nm becomes obscure
in the spectrum starting from the 20% water vapor content setting. The specific transitions of
OH are difficult to identify, as the spectrometer resolution (≈ 0.18 nm) was too low to detect
the fine structure of the OH (A2Σ+ → X2Π) band.

5.3.1 The Effect of Water Vapor Content

Given the reactive nature of the plasma and the strong magnetic field present at the target
surface, the assumption of the local thermal equilibrium to obtain the plasma parameters is
erroneous. Thus, the ion intensity ratio to a fixed species, Zn I in this case, was used to identify
the behavior of the positive ion species that were detected.
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(A) Visible Range (400-1000 nm)

(B) UV Range (200-500 nm)

FIGURE 5.5: The optical emission spectra at the visible range (400-1000 nm) and
UV range (200-500 nm) at varying water vapor content

From the peak ratios in Fig. 5.6a and 5.6b, a shift in the relative intensity trend at the 40%
setting was observed. For the Ar I peaks, the decrease was nonlinear. The minima for Ar-
containing plasma occurred at 40%, while for the H ions, the increase was nonlinear and the
40% setting corresponded to a sharp increase in the intensity followed by a saturation level as
the water content was further increased. This change could indicate the water vapor content
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(A) Ar I Peaks (B) H (Balmer Series) Peaks

(C) OH (A2Σ+ → X2Π)

FIGURE 5.6: The OES peak intensity ratios of Ar I, H (Balmer Series), and OH
(A2Σ+ → X2Π) at varying water vapor content. The Ar I and H intensity ra-
tios were taken at the visible wavelength region (400-1000 nm) and the OH band

spectra was taken at the UV wavelength region (200-500 nm).

where the ZnO formation rate was the highest, as the discharge support gas was utilized suffi-
ciently to ionize the reactive gas and form the compound. This observation was supported by
the trend for the OH band spectra, as the 40% setting was the onset of the increasing trend of
the relative intensity ratio.

5.4 Ion Energy Measurements of Water Vapor Plasma

The ion energy was measured to see if there were any fundamental shifts in the energy
balance and fundamental processes in the bulk plasma similar to what was measured in the
relative intensities obtained using OES. The energy distribution was measured using the RPA
for both the negative and positive ions in the plasma.
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FIGURE 5.7: The typical Faraday cup current and the positive ion energy dis-
tribution obtained from the RPA using the biased Faraday cup detection circuit.

This measurement was taken at 1.0 Pa, 100 mA discharge current.

5.4.1 Positive Ion Energy Measurements.

Shown in Fig. 5.7 is the typical ion energy distribution obtained using a retardation voltage
range of -40 to 40 V in the positive ion measurement configuration of the RPA. At negative
retardation plate voltages, a broad electron peak was observed. This peak can be attributed to
the high energy electron tail in magnetron sputtering plasmas [22] that had sufficient energies
needed to reach the Faraday cup. While this may seem that the methods for minimizing the
electron flux to the Faraday cup were insufficient, the exclusion of the low energy electrons
significantly decreased the electron contribution to the current signal such that the adequate
detection of the ion peaks at positive retardation voltages was realized using the RPA.

The normalized energy distributions obtained using Eq. 5.5 are shown in Fig. 5.8 for the 0 to
50% and 100% water vapor content settings. An ion peak at the 0 to 10 V range was measured.
The broad peak initially seen for the 0% setting (1.0 Pa Ar discharge) decreased to a smaller
width as the water vapor content increased. The presence of a second peak overlapping peak
was observed consistently across the settings.

The effect of the water vapor content on the ion energy distributions was quantified as
shown in Fig. 5.9. The peak position (Fig. 5.9a of the most intense peak was found to vary
minimally and was centered at ≈ 5.4 eV, assuming a singly charged positive ion. The change
in the ion current (∆Current) was taken as a measure of the peak intensity. The maximum
∆Current was found at the 40% setting, however, further increasing the water vapor content
decreased ∆Current by a factor of 4 to a saturation level of ≈1.28 µA. This observed behavior
was consistent with the trend seen with the relative intensity of OES peaks (Fig. 5.6, and is
indicative of the setting where the ion generation in the bulk plasma was maximum.

To elucidate where this increased ion density originated from, the shape of the ion energy
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FIGURE 5.8: The positive ion energy distributions measured by the RPA at 0 to
50% and 100% water vapor content.

distribution was analyzed. The energy distribution of the metal ions in a magnetron sputtering
plasma can be described using Thompson’s random cascade model, as shown in Eq. 5.6:

f(E) ∝ E

(E + Esb)3−2mk
(5.6)

where Esb is the surface binding energy of the target surface, and mk is the exponent of the
interaction potential. The typically used value of mk is 0.2, and the peak energy distribution
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(A) Peak Position and ∆Current (B) Peak Characteristic Ratios

FIGURE 5.9: The (a) peak position and the change in current, ∆Current, and (b)
the peak characteristic ratios (Peak2/Peak1) at varying water vapor content. The

lines are added to guide the eyes.

was expected to be a single peak at 1
2Esb[23–25]. Across the water vapor content settings, the

average peak energy was at ≈ 5.4 eV, and the formation of the oxide at the target surface was
indicated by a 0.26 eV increase in peak voltage when water vapor was added to the magnetron
sputtering plasma. This shift in energy was attributed to the positive oxide ion sputtered from
the target surface[26]. The presence of an overlapping, lower intensity peak in the distribution
was attributed to the ionization by the sputtered species as it is transported towards the sub-
strate region and measured using RPA. It was shown that a significant contribution to this peak
was from the discharge support or reactive gas [3, 26–28]. Thus, to quantify the peak charac-
teristic changes, the ratio of the peak positions and their intensity were taken, as shown in Fig.
5.9b. The peak position ratio across was ≈1.14 irrespective of the water vapor content. This
trend was not the case for the intensity ratio and was similar to that of the ∆Current, which
confirmed that the production of ions in the bulk plasma compared with the sputtered species
density was maximum at the 40% water vapor setting. The cause for the amplification of the
ion production compared to Ar sputtering could be attributed to the differences in the energy
requirements of their respective ionization cross-section.

5.4.2 Negative Ion Energy Measurements

Shown in Fig. 5.10 are the normalized ion energy distribution for the negative ions as mea-
sured using the RPA. Compared to the positive ion energy measurements, the energy distri-
bution of the negative ions was significantly broader with peak energy positions greater than
-200 V. While the pure 1.0 Pa Ar plasma was not expected to form negative ions [29], a peak
was observed centered at ≈-350 V. The source of these negative ions in the Ar plasma is at-
tributed to the previously deposited oxide films at the chamber walls near the target cathode.
The dense plasma at the cathode region could sputter out these oxides from the wall and would
constitute the negative ion signal detected by the RPA. The density of these negative ions was
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FIGURE 5.10: The negative ion energy distributions measured by the RPA at 0 to
50% and 100% water vapor content.

low, however, as evidenced by the low signal-to-noise ratio and large standard deviation of
measurements at the 0% setting.

The peak characteristics of the negative ion measurements were quantified using the peak
position, and the ratio with the discharge voltage is shown in Fig. 5.11. For water vapor-
containing plasma, the negative ion peak energy was ≈ -274 eV for the 20 to 100% water vapor
content settings (5.11a). This value means that using water vapor plasma as the reactive gas in
the deposition results in the formation of negative ions, even at low water vapor content.
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(A) Peak Position (B) Peak to Cathode Voltage Ra-
tio

FIGURE 5.11: The peak position and the peak-to-cathode voltage ratio of the neg-
ative ion energy distributions measured using the RPA. The lines were added to

guide the eyes.

The peak energy with respect to the target cathode voltage was measured (Fig. 5.11b) to
identify where these negative ions were generated. The peak energy ranged from 69 % to
89% of the cathode voltage, which indicated that the negative ions were generated near the
target surface and was accelerated to the measured ion energy by the negative target bias. The
negative ion energy indicated that these ions are not from the bulk plasma, as the target bias
would act as a potential barrier that prevents the collection and subsequent acceleration of the
low energy negative ions at the target surface [3]. However, the exact negative ion species are
difficult to determine based on the ion energy distribution alone. As both reactive gas and
oxide at the target surface can be accelerated by the target bias, a broad peak distribution was
measured. Identifying which species were responsible would require mass-resolved energy
measurements.

5.5 Summary of Results

The production of positive and negative ions in water vapor plasma was confirmed using
OES and RPA measurements. From the OES results, the production of Ar+, H+, Zn+, and O+

ions was confirmed from the atomic spectra at the visible region (400-1000), while the produc-
tion of OH+ (A2Σ+ → X2Π) was confirmed using the band spectra at the UV region (200-500
nm). The relative intensities of the reactive gas peaks exhibited a non-linear dependence on
the water vapor content. The trend of the relative intensities indicated that the maximum ion
formation rate was realized at 40% water vapor content.

The energy distributions for positive and negative ions produced using water vapor plasma
showed significantly different behavior. The positive ion energy distribution across the water
vapor settings had an average peak ion energy at ≈5.4 eV, and the addition of water vapor to
the plasma shifted the peak by ≈0.26 eV. The overlap of two peaks was observed. The initial,

81



Chapter 5. Ion Formation of Water Vapor Plasma in Reactive Magnetron Sputtering

higher intensity peak corresponded to the sputtered species, while the lower intensity peak was
attributed to the ionized species from the bulk plasma. The intensity ratio of these two peaks
confirmed that the maximum ion formation was at the 40% water vapor content setting. For
negative ions, the negative ion energy distribution was significantly broader and was at higher
energies (≈274 eV for the 20 to 100% water vapor content). These results indicated that water
vapor plasma use resulted in the formation of energetic negative ions and that the ions were
generated at the target region. The negatively-biased target surface accelerated the negative
ions by ≈69 to 89% of the cathode discharge voltage
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Chapter 6

ION TRANSPORT CONTROL USING A PULSED

CONDUIT-TYPE EXTRACTION ELECTRODE

6.1 Introduction

In this chapter, the potential application of water vapor plasma to a plasma source was
explored. The magnetron sputtering plasma was generated in a remote source and extracted
towards a lower pressure downstream region for measurement. This chapter details how Ar-
H2O plasma was used in the plasma source and explores the extraction characteristics of a
pulsed, conduit-type extraction electrode system that realized the extraction process.

6.2 Magnetron Plasma Sources

Plasma sources that remotely generate the plasma and then extract the generated energetic
species towards the surface allow for a greater degree of control compared to the conventional
deposition process wherein the substrate surface is immersed in the plasma. This process real-
izes a uniform particle flux to the surface and typically requires an external control system, such
as extraction electrodes or mass filtration systems. The deposition rate, however, is inherently
lower than the direct deposition process and can significantly add complexity to the process.
Nonetheless, as the aspect ratio requirement for devices scales to the nanometer level where
substrate damage from uncontrolled energetic species flux is critical, deposition methods with
precise control are required. Plasma sources have the potential to realize this.

Magnetron sputtering plasma sources are a known method for producing ions and neu-
trals of metals and metal oxides. This method has been used in generating nanoparticles or
nanoclusters and can realize a continuous, controlled supply of material with a homogeneous
size distribution through tailoring the discharge parameters (i.e. discharge current, gas admix-
ture) [1]. An example of a deposition system involving magnetron sputtering plasma sources is
gas aggregation sources. This deposition system involves ion cluster growth at relatively high
working pressures at the plasma source, and the ion transport to the substrate region through
a constricted aperture promotes the aggregation into nanoparticles [2–4].

The generation of ZnO nanoparticles using these types of magnetron sputtering plasma
sources have been reported, with intended applications in electro-optical devices, such as quan-
tum dots and storage devices, and gas sensors [5–8]. In this study, the formation of ZnO was
explored using a magnetron sputtering plasma source using water vapor plasma. The reac-
tive gas is an important factor in this process. At optimal amounts, the reactive gas acts as a
binding agent for nanoparticle growth in gas aggregation sources. The growth was strongly
dependent on the adsorption of the reactive gas on the growing nanoparticle [9, 10]. As water
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6.3. Experimental System

FIGURE 6.1: The reactive magnetron sputtering plasma source system with the
pulsed conduit-type extraction electrode. Differential pumping of the plasma
source from the downstreamr region was accomplished using the conduit-type

electrode aperture.

vapor exhibits a strong adsorption behavior and the added hydrogen in the plasma is benefi-
cial to the improvements in electronic properties of ZnO, investigating the behavior of water
vapor in these plasma sources shows potential for the advancement of the technique. However,
water vapor is difficult to control in terms of pressure and gas flow in the case of typical gas ag-
gregation sources. The flow to the downstream region was controlled through a differentially
pumped aperture, and a pulsed, conduit-type extraction system realized the charged species
transport from the grounded plasma source.

6.3 Experimental System

The experimental system (Fig. 6.1) was composed of three regions, the ion source, the
pulsed extraction region, and a downstream region. The ion source consisted of an externally-
cooled magnetron cathode with two concentric, toroidal NdFeB magnets in an unbalanced
magnetron magnetic field configuration and a 70-mm diameter metallic Zn (99.2%) as the tar-
get described in Chapter 3. The plasma was sustained using a DC-regulated power supply
(Takasago HV1.0-10), with a ballast resistor (1 kΩ, 100W) and choke inductor (11.2 mH). The
gases used in the study were argon (Ar, 99.999%) and water (H2O, distilled water 99.999%).
The constant flow of water vapor was achieved through a vaporization-driven water reservoir
described in Chapter 2. The pressure was monitored at the two regions using two separate full-
range, cold cathode gauges (Tokyo Electronics CC-10, Pfeiffer). The chamber walls of the ion
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Chapter 6. Ion transport control using a pulsed conduit-type extraction electrode

FIGURE 6.2: The pressure ratio of the plasma source region and the downstream
region at varying plasma source pressure. The difference was approximately
two orders of magnitude lower when using the 2.0 mm diameter aperture. The
dashed lines indicate a logarithmic relation between the ratio and ion source pres-

sure (r2 = 0.932)

source are grounded, and a 2.0 mm diameter aperture in the plasma source was positioned 40.0
mm away from the magnetron cathode target surface. This aperture also serves as the orifice
to allow differential pumping of the ion source to the downstream region, as the ion source is
operated at a working pressure of 1.0 Pa and 100 mA discharge current, while the downstream
region is kept in or below 10−2 Pa range for the downstream region measurements. Shown in
Fig. 6.2 is the ratio of the ion source pressure to that of the downstream region. For the working
pressure ranges considered, a pressure difference two orders of magnitude lower was realized
by using the 2.0 mm diameter aperture, particularly for the 1.0 Pa to 1.6 Pa range.

6.3.1 Pulsed Conduit-type Extraction Electrode

The pulsed extraction region, as shown in Fig. 6.3, consisted of the ground plate with
the 2.0 mm diameter aperture, PTFE insulators, and a conduit-type electrode. The extraction
gap was set at 4.8 mm, and the total length of the extraction electrodes was 72.0 mm. The
conduit-type electrode has an entrance aperture of 5.0 mm in diameter and an exit aperture
of 20.0 mm in diameter. The voltage pulse was induced by a function generator (EZ Digital
DFG6020) coupled with a high-speed amplifier/bipolar supply (NF Electronic Instruments,
NF4020) to deliver a square wave pulse from 1 to 500 kHz with a 50% duty cycle. The negative
pulse voltage magnitude varied from -20 to -120 V. The positive tailing pulse after the negative
voltage phase was applied during the ground phase of the square wave, with a magnitude of
0 to 20 V, as shown in Fig. 6.4.
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FIGURE 6.3: The pulsed, conduit-type extraction electrode used in this study. The
ground plate aperture was set at 2.0 mm diameter, and the extraction gap and
length was 4.8 mm and 72 mm, respectively. PTFE insulators isolate the conduit

from the grounded plasma source and downstream region.

FIGURE 6.4: The positive tailing pulse after the negative voltage phase of the
pulsed extraction voltage

6.4 Plasma Source Characterization Techniques

The transport of energetic species from the plasma source was measured at the differentially
pumped downstream region. This measurement clarified the extraction and transport mech-
anism for the pulsed conduit-type extraction electrode system and how the species generated
in the plasma source at varying Ar-H2O ratios and discharge parameters affect the extraction
characteristics.
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FIGURE 6.5: The schematic of a typical quadrupole mass spectrometer. Ions of
with a specific mass-to-charge ratio are able to reach the detector at the z-axis
direction, while lighter or heavier ions result to unstable trajectories and are col-

lected at the electrodes.

6.4.1 Quadrupole Mass Spectrometry

Quadrupole mass spectrometry (QMS) was used to detect and identify the positive ion
species transported from the plasma source to the downstream region and is a known tech-
nique for measuring the mass spectra of ions in deposition process plasmas [11, 12]. In this
study, a commercially available residual gas analyzer (Stanford Research Systems, RGA 100)
was used. QMS measures the steady state mass spectra from the plasma by trapping the ions
in a set of electrodes as shown in Fig. 6.5. As ions enter the region of the electrodes, the elec-
tric field produced by DC and RF potentials applied at the electrode traps the ions. Only ions
with a mass-to-charge ratio specific to the applied potential ratio at the electrodes can reach the
detector. Other positive ions with a larger mass will have unstable trajectories and are lost by
hitting the electrode. By sweeping the potentials, the mass-to-charge spectra are obtained from
the detector signal [13, 14]. The QMS position was 36.0 mm away from the tip of the extraction
electrode exit aperture.

6.4.2 Ion Current Measurements by Faraday Cup

Ion beam currents are typically quantified using a conductive surface as the detector, termed
the Faraday cup. As energetic species from the plasma impinge on the surface, if the Faraday
cup is hit by these charged particles and connected to an input signal terminal of a signal volt-
age measurement, a current directly proportional to the amount of impinging species can be
measured.

Shown in Fig. 6.6 are the two Faraday cup configurations used in this chapter. Figure 6.6a
shows a front-shielded Faraday cup with a 5.0 mm ϕ, with the grounded front plates positioned
28 mm away from the exit aperture of the conduit-type electrode. The current was measured
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(A) Front shielded
Faraday cup

(B) Fully shielded Faraday cup
with magnet filter

FIGURE 6.6: The different Faraday cup configurations used in this study. (a)
shows the front shielded configuration, while (b) shows a fully shielded configu-

ration with a magnet filter.

by a 1 MΩ AC-coupled oscilloscope (Iwatsu, DS-5424). Figure 6.6b shows the second config-
uration, a fully shielded Faraday cup with a magnet filter attached at the grounded 5 mm ϕ

aperture positioned 6 mm away from the exit aperture of the conduit-type electrode. The mag-
nets realized a ≈ 500 G magnetic flux density to minimize the electron flux towards the Faraday
cup. The current was detected using an isolation amplifier (NF Instruments, Model 5325, 10x
gain and 1 MΩ input impedance) and oscilloscope. A lock-in amplifier (NF Instruments, Model
5610B) and datalogger (Graphtec Corp., GL900) measured the phase-dependent signal.

6.4.3 Retarding Potential Energy Analyzer

The configuration of the retarding potential analyzer (RPA) for ion energy measurements
used in this chapter is detailed in Fig. 6.7. A triple plate configuration was used, with a pair
of NdFeB magnets at the entrance aperture to minimize the electron flux configuration. The
bias at the retardation plate and current at the Faraday cup was supplied and measured by a
4-wire source measure unit (Keithley, B2901). The bias voltage was swept from 0 to 200 V, with
a measurement speed of 10 ms per 100 mV increment. The collimating plate had an entrance
aperture of 1.5 mm diameter. The collimating plate, electron repeller plate, and Faraday cup
shielding were at ground potential.

6.4.4 Langmuir Probe Measurements

Single Langmuir probe measurements were used to determine the plasma parameters in-
side the constricted volume of the conduit-type electrode. As described in Chapter 4, the
plasma parameters were determined through the probe current as the probe bias, Vprobe, was
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FIGURE 6.7: The retarding potential energy analyzer schematic used for the
plasma source ion extraction energy measurements. The retardation bias and
current were supplied and measured simultaneously using a 4-wire source mea-

sure unit.

swept from a negative to a positive potential. In this chapter, a 1.5 mm diameter, 4 mm long
tungsten (W) probe tip was used, mounted on a manipulator flange to varying the location at
the central axis of the system. The measurements were taken at 0.0 mm, 15 mm, 30 mm, 45 mm,
and 55 mm from the extraction electrode exit aperture. A source measure unit (Keithley, B2901)
in the 2-wire configuration supplied the sweep voltage and measured the probe current simul-
taneously. The sweep range was set at -40 to 40 V at a 0.1 V increment and 50 ms measurement
time interval. The parameters investigated in this study are the ion and electron saturation
currents, as these are least affected by the time-varying potential inside the extraction conduit.

6.4.5 Finite Element Simulations

Finite element simulations were performed using the FieldPrecision AMaze software to
determine the space-charge limited ion trajectories for the pulsed conduit-type electrode. A
singly charged (+q), single species is considered, originating from a uniformly and radially
distributed 1.0 mm diameter region 1.0 mm away from the center of the ground plate at the
plasma source as an approximation of the presheath region near the aperture. Ion-ion collisions
were not considered to simplify the simulation. A Boltzmann energy distribution at the initial
position was assumed with a set initial average kinetic energy (1 to 10 eV) and initial current
of 10 µA. The pulsed extraction behavior was modified via a direct multiplier to the electric
field (E-field) solution initially generated from the software by solving Poisson’s equation. For
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(A) Without pulsed extraction (B) With pulsed extraction

FIGURE 6.8: The mass spectra for 1.0 Pa Ar and 1.0 Pa H2O plasma in the reactive
magnetron sputtering plasma source (A) without pulsed extraction and (B) with
pulsed extraction. The filament ionizer in the RGA was used for the detection of
the neutral species transport to the downstream region for the case (A) without

pulsed extraction.

the space charge-limited transport, the results were limited to a single half-cycle by the AMaze
software. The frequency contribution was simulated by taking the duration of the pulse half-
cycle as the total simulation duration.

6.5 Mass Dependent Ion Extraction

6.5.1 Detection by Quadrupole Mass Spectrometry

The ion species formed in the reactive magnetron sputtering source were first confirmed by
QMS measurements without pulsed extraction. To detect the neutral species using the QMS,
the filament ionizer in the RGA emits eletrons, which ionize the neutral species via electron im-
pact ionization. Shown in Fig. 6.8a are the neutral species transported from the plasma source
without pulsed extraction and detected as the ion current through filament post-ionization in
the QMS. The transport was caused by molecular flow from the higher pressure plasma source
region to the lower pressure downstream region. The key peaks in the mass spectra were con-
firmed for the injected gas, Ar+ (40 amu) and H2O+ (18 amu), the products from the reactions
or fragmentation of the reactive gas, O+ (16 amu), OH+ (17 amu), and H3O+ (19 amu), and for
the sputtered metal, Zn+ (64,66,68 amu). The reacted oxide compound ZnO+ (80,82,84 amu)
was observed when the water vapor plasma was introduced as the reactive gas.

To detect the ions transported by the pulsed extraction system, the QMS was then operated
without the filament ionizer. In Fig. 6.8b, the species extracted from the plasma source using
a -100V extraction potential at a 100 kHz pulse frequency from 1.0 Pa Ar plasma were the
Ar+ and Zn+ ions. For the case of a 1.0 Pa H2O plasma, the species were H2O+, H3O+, and
Zn+ ions. The presence of these peaks confirmed that ion extraction occurred, however, the
ZnO peak was not detected. The filament ionizer was not used in the measurement, thus, the
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(A) Ar Plasma (B) Water Vapor Plasma

FIGURE 6.9: The effect of the pulse frequency to the mass spectra peak intensity
for Ar+, H2O+, H3O+ and Zn+ ions

FIGURE 6.10: The effect of varying the pulse extraction potential to the current
measured using a front-shielded Faraday cup in Fig. 6.6a and the peak current

magnitude as the extraction pulse voltage was increased.

typical fragmentation pattern of gases (i.e. OH+, O+) and multiply charged species (i.e. Ar++)
were not observed.

6.5.2 Effect of the Pulsed Extraction Potential

The characteristics of the pulsed extraction system were investigated by varying the pulse
frequency and the pulsed extraction voltage. As shown in Fig. 6.9, the QMS peak intensity
of the detected ion changes as the frequency increases. At low frequencies of 1 kHz and 10
kHz, only ions from the gas, Ar+, H2O+, and H3O+, were observed. The Zn+ metal peak only
appears at 50 kHz and higher. The maximum peak intensity for the detected species, in the 1.0
Pa Ar and 1.0 Pa H2O plasma, was at the 100 and 250 kHz settings.
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FIGURE 6.11: The proposed mechanism for the pulsed conduit-type extraction
electrode configuration.

Figure 6.10 shows the effect of varying the extraction pulse voltage magnitude in a 1.0 Pa
Ar plasma at the magnetron sputtering plasma source at a fixed extraction pulse frequency of
100 kHz. The current was measured using the Faraday cup as shown in Fig. 6.6a. The behavior
of the measured current shifts as the potential increases. At -20V, the measured current was
in phase with the extraction pulse. However, at -40V to -100V, the current has a 180o phase
shift. This shift indicated that at -20V and below, the transport of ions from the source to the
conduit-type electrode was inefficient due to an insufficient potential difference between the
extraction electrodes. At -40 V to -100 V, the peak was observed at the onset when the potential
was reverted to ground, indicating the ion current contribution. This phase was termed the
off-phase of the extraction pulse. To quantify the effect of the increasing potential, the peak
height, measured from the onset of off-phase, is plotted against the pulse extraction potential
(Fig. 6.10b). A linear dependence was observed and indicated that more ions were extracted
from the plasma source at higher potentials. Saturation due to the Child-Langmuir law was
not observed, as the current was significantly lower in the order of magnitude compared to the
theoretical values.

To explain the observed behavior, a mechanism for the pulsed extraction of ions is pro-
posed (Fig. 6.11). During the negative pulse, the positive ions arriving at the ground electrode
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FIGURE 6.12: The ion current at varying extraction pulse frequencies, measured
from the mass spectra. The gas ions, Ar+ and H2O+, and sputtered metal, Zn+,

are shown.

aperture at ion acoustic speed are accelerated by the potential drop towards the downstream
region. If the pulse duration is sufficiently near the ion transit time (tion), defined as the time
it takes an ion to pass through the conduit length at a certain velocity, then, as the conduit
reverts to ground potential in the off-phase, the ions present in the conduit are accelerated to
the substrate target by the potential difference between the local positive space potential and
the substrate target. This change in potential would realize the maximum possible ion current
extracted from the plasma source and can be calculated using Equation 6.1:

tion =
dconduit√

kbTe

mion
+
√

2qE
mion

(6.1)

where dconduit is the conduit length, and E is the magnitude of the pulsed extraction voltage.
For an electron temperature of 5.0 eV at the ion source, the value of tion are 2.83 µs for

Ar+, 3.58 µs for Zn+, and 1.90 µs for H2O+. Converting this to the frequency for the extraction
electrode pulse, which is a 50% duty cycle square wave, the frequency for Ar+, Zn+, and H2O+

is at 177 kHz, 140 kHz, and 263 kHz, respectively, as shown:

72mm√
kB(5eV)+2q(100V)

mion

= 2.83µs ⇒ 0.5(
1

(2.83µs)
) = 176.6 kHz (6.2)

These values are close to the frequencies where maximum ion current was observed from the
mass spectra of 1.0 Pa Ar and H2O plasma as shown in Fig. 6.12. The maxima for the ions
occurred at 100 and 250 kHz for Ar+ and H2O, respectively.

When the pulse duration is significantly smaller or greater than tion, the ions could be de-
celerated or deflected towards the conduit walls. This behavior, and possible ion-ion or ion-
electron interactions that could result in a decreased space charge in the conduit, can account
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for the ion current measured at the different extraction frequencies. The possible space charge
neutralization mechanism in the conduit, when the ions are present, is either through a self-
neutralization mechanism [15], arising from the pulsed extraction, or by low energy electrons
from the ion source [16].

6.6 Extraction Characteristics of a Pulsed Conduit-type Electrode

The extraction characteristics were measured to confirm the proposed extraction mecha-
nism for the pulsed conduit-type electrode. First, the ion trajectories were simulated to identify
what happens to ions when the negative pulse bias was applied. Then, the behavior observed
was confirmed experimentally, both inside the conduit electrode and at the exit aperture, via
single Langmuir probe measurements, ion energy measurements, and Faraday cup measure-
ments that include phase-sensitive signal detection using a lock-in amplifier.

6.6.1 Simulation of Ion Extraction Mechanism

FIGURE 6.13: The effect of the space charge to the ion transport in the pulsed
conduit-type extraction electrode as simulated by the finite element method us-

ing AMaze software. The divergence of the trajectories are highlighted.

Shown in Fig. 6.13 are the ion trajectory simulation results of the pulsed extraction conduit
at a -100 V extraction electrode pulse voltage and 100 kHz using singly charged Ar (40 amu).
It was clearly seen that the space charge contribution to the electric field and ion trajectories is
significant. Without the space charge, the divergence of the ions was minimal, with minimal
collection at the conduit walls and entrance aperture and a high degree of collection at the de-
tector region. However, when the space charge was considered, the ions diverged considerably
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(A) (B)

FIGURE 6.14: (a) The extraction electrode aperture after use in the pulsed
conduit-type extraction electrode. A film deposit approximately 8.5 mm can be
seen, indicating a 68.2o beam divergence as it enters the conduit volume. (b) The
electric field components (x, y and z directions) across the central axis of the ex-
perimental system as obtained from the space charge-considered ion transport

trajectories in Fig. 6.13.

and were collected at the conduit walls and the extraction electrode entrance aperture. Exper-
imentally, the space charge dominant behavior was confirmed at the surface of the entrance
aperture, as seen in Fig.6.14a. The "ring" like area indicates that the beam indeed diverged at
an angle of 68o with respect to the ground aperture as it entered the conduit electrode.

The electric field components across the central axis were investigated to quantify this di-
vergence, as shown in Fig. 6.14b. The y component of the electric field indicates the acceleration
to the downstream region, and the x and z directions indicate the divergence from the central
axis. At the electric field maximum of the plasma source-electrode region, the electric field com-
ponents for x and y indicated a 42.4o from +y direction. This behavior is a significant factor, as
the divergence of the ion beam at the initial electrode region determines whether the ions are
successfully transported to the downstream region or collected at the surface of the electrode
[17].

The effect of the transported ions into the conduit volume was measured through the elec-
trostatic potential, ϕ. As the ions fill the conduit volume, ϕ changes depending on the amount
present as a consequence of the space charge. The effect of the initial energy and the pulse ex-
traction frequency is shown in Fig. 6.15. Experimentally, the extraction initial energy is varied
directly by changing the plasma discharge parameters, such as the discharge voltage or work-
ing pressure, which was connected to the thermalization of the ions in a magnetron sputtering
discharge [18, 19]. At higher initial energies (Fig. 6.15a), ϕ at the conduit volume deviates pos-
itively from the initial DC condition, which indicates that more ions fill the conduit volume.
For the frequency (Fig. 6.15b), the 100 kHz setting resulted in the highest shift in ϕ compared
to the 250 and 500 kHz settings. This behavior was attributed to the ion plasma frequency. At
sufficiently high frequencies, the ions are unable to react readily with the changes in the electric
field [20], thus, fewer ions are able to fill the conduit volume.
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(A) Effect of Initial Energy (B) Effect of Extraction Electrode
Voltage Frequency

FIGURE 6.15: The effect of the initial energy at the plasma source and the extrac-
tion electrode voltage frequency to ϕ at varying positions along the central axis

of the extraction electrode configuration.

(A) Ion Saturation Current (B) Electron Saturation Current

FIGURE 6.16: The ion and electron saturation current measured from single Lang-
muir probes measured in the conduit volume for 1.0 Pa Ar, 100 mA discharge
current plasma and a -100 V pulse extraction voltage. The positions are based on
the exit aperture location, where 0 mm was at the exit aperture and the 55 mm

position was 5 mm away from the entrance aperture.

6.6.2 Ion and Electron Transport using a Single Langmuir Probe

The simulations indicated that the conduit-type electrode was filled with charged species
depending on the applied extraction voltage frequency. To characterize how this occurs at
different positions across the conduit volume, a single Langmuir probe was inserted to quantify
the local species density through the ion (Iion,sat) and electron (Ie,sat) saturation currents.

Shown in Fig. 6.16 are the Iion,sat and Ie,sat at varying extraction voltage frequencies for 1.0
Pa Ar at 100 mA discharge current and -100 V pulsed extraction voltage. It can be directly seen
that the behavior of the ions and that of electrons are drastically different. Iion,sat exhibited a
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peak depending on the probe position. This peak current shifts to higher frequencies as the
distance from the entrance aperture decreases. The peak current position started from 175 kHz
at the 0 and 15 mm positions and consistently increased to 500 kHz at the 55 mm position. The
peak position shift confirms Eq. 6.1, as dconduit decreased based on the probe position.

For Ie,sat, the trend was different from Iion,sat. Ie,sat increased as the probe was inserted
further into the conduit volume, but decreased with increasing extraction electrode voltage
frequency. This trend was attributed to the mobility behavior of the electrons. Electrons are
more mobile than ions, and the electron plasma frequency is two orders of magnitude greater
than the frequency range investigated (1 to 500 kHz) [20]. This means that the electrons can
easily respond to changes in the electric field. The electrons could be extracted from the plasma
source during the off-phase by the positive space potential inside the conduit volume and are
trapped by the extraction voltage shifts at the negative phase. The position of the localized
trapping of electrons was estimated to be at the 15 mm position, where Iion,sat was negative
and Ie,sat was higher than at the 30 mm position. Iprobe can be shifted to positive currents at
the ion saturation region by the presence of an electron source [21], which in this case was
attributed to the trapped electrons in the conduit volume.

FIGURE 6.17: The effect of a positive tailing pulse to the Iion,sat and Ie,sat ob-
tained from single Langmuir probe measurements at the exit aperture position.

As saturation currents were strongly affected by the frequency, the effect of a positive tailing
pulse was explored at the 0 mm position as shown in Fig. 6.17. The positive tailing pulse is
intended to reduce the divergence produced by the negative phase and accelerate ions from
the conduit volume to the detector region during the off phase. The added tailing pulse should
allow more ions to pass through to the detector region and would reflect as an increase in the
measured current. From the Iion,sat, this intended effect occurs as the tailing pulse magnitude
increased by a factor of 2.3 by applying a positive tailing pulse of only 20 V. As a consequence,
Ie,sat also increased by a factor of 1.4, as more electrons from the magnetron sputtering plasma
source could have been extracted by the increased positive voltage during the off phase. These
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results show the possibility of increasing the transported ion density to the downstream region
by utilizing a tailing pulse voltage with the conduit-type extraction electrode configuration.

6.6.3 Ion Energy Distributions

FIGURE 6.18: The typical ion energy distribution obtained from the retarding
potential analyzer, for 1.0 Pa Ar plasma at 100 mA discharge current extracted

using a 100 kHz, 100 V extraction electrode voltage pulse.

The energy distribution from the plasma source was measured using the RPA to determine
the effect of the pulsed extraction voltage frequency on the ion energy. Shown in Fig. 6.18 is
a typical current trace obtained during the RPA measurements. A peak with a low-energy tail
was observed. Assuming a singly-charged species, the peak corresponds to a 134 eV ion energy
extracted from the plasma source.

To investigate the shape of the energy distribution, the Ar+ and Zn+ energy spectra from
the finite element simulations were used in comparison as shown in Fig. 6.19a. The normalized
energy distribution from simulations also showed a low energy tail contributed by heavier Zn+

ions. For heavier ions, the decreased energy can be attributed to an inhomogeneous local pos-
itive space potential at different positions along the conduit volume that influenced the ion’s
trajectory as it was repeatedly accelerated-decelerated by the applied pulse and the longer ion
transit time that could promote the thermalization of the ions. Thus, the extraction of multiple
species from the plasma source caused the broad peak shape measured experimentally.

The peak position from the experiment shifted to higher energies by ≈16%. This energy
shift could be attributed to acceleration by the accumulated positive space charge in the con-
duit volume. This phenomenon is supported by Fig. 6.19b, as the peak energy position shifted
to lower energies as the extraction electrode voltage frequency increased. At high frequencies,
the positive ion density in the conduit decreased and was a result of two possible mechanisms.
First, as the ions cannot follow the changes in the electric field, the formation of a DC self-bias
could occur [22]. The formation of DC self-bias was reported in conduit tube type geometries
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(A) Comparison to Simulation
Results

(B) Effect of Extraction Electrode
Voltage Frequency

FIGURE 6.19: (A) The comparison of the simulation results to the measured ion
energy distribution of the extracted ions at a 100 kHz, -100 V pulsed extraction
voltage of 1.0 Pa Ar plasma. (B) The effect of the extraction electrode voltage

frequency to the peak position of the ion energy.

[23], and this could be the case for conduit electrodes at higher frequency settings. The DC
self-bias magnitude could be lower than that of the peak pulse voltage, resulting in lower en-
ergy and density of extracted ions. Second, the electron trapping at the conduit volume can
result in the space charge neutralization of the plasma in the conduit volume at high frequen-
cies. The trend of Ie,sat obtained from the single Langmuir probe measurements (Fig. 6.16b)
matches that of the peak ion energy and indicated that the electron density in the conduit de-
creased. As electrons have higher mobility, the oscillations by the pulsed voltage could promote
ion-electron neutralization interactions and decrease the charge species density in the conduit
volume. These two phenomena explain the decreasing ion energy trend observed.

6.6.4 Ion Current Measurements

The pulsed ion transport mechanism proposed for the pulsed conduit-type electrode was a
time-dependent phenomenon. Because the plasma extraction approached a steady-state DC
self-bias at higher frequencies, the lower half of the frequency range was investigated. To
accurately measure this time dependence and the transport time for ions at the downstream
region, Faraday cup measurements were performed at the exit aperture location from 1 to 175
kHz. As the ion density at the downstream region was expected to be low, a fully grounded
Faraday cup configuration was utilized and a magnet filter was added to minimize the electron
contribution to the signal and improve the accuracy of measurements.

6.6.4.1 Average and Peak-to-Peak Current Density Measurements

The measured Faraday cup current contained time-dependent and steady-state compo-
nents in the signal. Shown in Fig. 6.20 are the steady-state components, represented by the
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(A) Extraction electrode bias (B) Extraction electrode voltage
frequency

(C) Positive tailing pulse (D) Water vapor content

FIGURE 6.20: The steady state ion current density measurements at varying dis-
charge and extraction parameters.

average and peak-to-peak current densities measured at varying discharge and extraction elec-
trode parameters.

As shown in Fig. 6.20a, only the average current density increased as the extraction elec-
trode voltage increased. The peak-to-peak current density was relatively constant from 20 to
120 V. From the 80 to 120 V settings, the average current saturation value of 13.6 nA

cm2 was mea-
sured. This behavior indicates that excessive extraction electrode bias does not necessarily
improve the density of the ions that exit the conduit-type electrode.

The effect of the extraction electrode voltage frequency is shown in Fig. 6.20b. The average
current density, similar to the QMS and single Langmuir probe measurements, showed a max-
imum at the 175 kHz setting for the 1.0 Pa Ar plasma. When fitted to a Gaussian distribution,
the average current density was centered at 171 kHz (Coefficient of determination, r2=0.845).
This peak fit further reinforced that Eq. 6.1 can be used to estimate where the peak current
will occur for a given ion mass. The peak-to-peak current density steadily decreased as the
frequency increased. This decrease could be attributed to the mass selectivity of the extraction
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FIGURE 6.21: The typical Faraday cup signal obtained in Sec. 6.6.4 at the off
phase. The Gaussian deconvolution of the signal yielded six peaks present in the

signal. Peak 3 corresponded to an ion mass of 40.6 amu.

electrodes, where lower frequencies allowed for a wide range of masses to pass through the
conduit.

Another method explored was the effect of a positive tailing pulse on the extraction mech-
anism. As seen in Fig. 6.20c, the peak-to-peak current was unaffected by the positive tailing
pulse. However, the average current density significantly increased. For the same increase in
extraction electrode bias (100 to 120 V), the current density increased by ≈60% when applying
a positive tailing pulse of 20 V as compared to a ≈3% increase for the extraction electrode bias.
This trend shows that the positive tailing pulse can effectively improve the current extraction
when further increasing the extraction electrode voltage yields minimal results.

When water vapor plasma was used, the average current density drastically changed while
the peak-to-peak current was relatively constant. The average current density peaked at the
20% water vapor content setting and decreased to a negative current density value from 50
to 100%. This behavior can be directly attributed to the amplification of the ion density at
low water vapor contents as it has lower ionization energy (15.7 eV for Ar and 12.59 eV for
H2O)[24], and a significant negative ion density transported in the conduit.

6.6.4.2 Phase Dependent Measurement

The time-dependent behavior of the ion transport is complex given the multiple ion species
present and the low density at the downstream region. Shown in Fig. 6.21 is a typical AC com-
ponent of the Faraday cup trace during the off phase of the -100 V, 100 kHz pulsed extraction
of a 1.0 Pa Ar plasma. A Gaussian deconvolution technique [25] determined the positions of
6 peaks in the trace. Peak 3 was ≈2.85 µs from the onset of the negative phase. If the trans-
port time was converted to the ion mass(Eq. 6.1), this corresponds to a mass of 40.6 amu for
the Ar ion. Thus, by analyzing the time-dependent behavior, the species transported to the
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FIGURE 6.22: The analysis method for obtaining tion using the indirect time-of-
flight measurement method that uses the phase-dependent measurements of a

lock-in amplifier.

downstream region can be directly identified and controlled using extraction electrode param-
eters. However, the signal-to-noise ratio was significantly low which made the direct analysis
difficult. Thus, a lock-in signal amplifier was utilized. The advantage of a lock-in amplifier
in signal detection is its phase-dependent detection. By using a reference during the analysis,
amplifying the signal while rejecting the noise components can be realized [26]. This method
will improve the signal-to-noise ratio and thus, the accuracy of the measurement.

The indirect time-of-flight measurement using a lock-in amplifier has been utilized for light-
based distance detection and was based on the phase shift of the measured signal with respect
to reference signal [27, 28]. In this application, the mechanism for phase detection was slightly
different. Shown in Fig. 6.22 was the analysis method utilized in this study, with the reference
signal being the extraction electrode voltage pulse. As the extraction mechanism started at the
off phase, the start position, t(0), was shifted by 90o. The measured phase shift (ϕ) was then
converted to the time of flight using the frequency of the reference signal. In phase-sensitive
detection, the overlap of ions with times-of-flight longer than the pulse period used will be
rejected by the lock-in amplifier and a clear, amplified signal with the same frequency as the
extraction electrode voltage can be directly measured.

The phase was converted into tion at varying discharge and extraction parameters, as shown
in Fig. 6.23. The effect of the extraction electrode voltage is seen in Fig. 6.23a. The shaded
areas in the graph indicate the time for Ar+ and Zn+ at varying discharge voltage and initial
Te at the plasma source. The 20 and 120 V settings lie outside this region. At 20 V, the low
extraction voltage could be insufficient in accelerating the ions due to the low space potential in
the conduit volume. At the 120 V setting, the inverse occurred, where an excess of space charge
in the conduit volume further accelerated the ions. In the 40 to 100 V settings, tion passed the
Ar+ and Zn+ ion regions. This phenomenon meant that tailoring the extraction voltage of the
conduit-type electrode allows us a certain degree of control over the mass ratio of the extracted
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(A) Extraction electrode bias (B) Extraction electrode voltage
frequency

(C) Positive tailing pulse (D) Water vapor content

FIGURE 6.23: The ion transit time, tion, as measured from the phase shift, at
varying discharge and extraction parameters

ions, where lower voltages tend towards the heavier ions. The effect of the extraction electrode
frequency is seen in Fig. 6.23b. The 1

f and 1
2f highlighted the position of ion transit time with

respect to the frequency used. The ion transit time decreased exponentially as the extraction
electrode frequency increased, approaching the region in between 1

f and 1
2f at the 175 kHz

setting. From this behavior, it is expected that at higher frequencies, tion will be significantly
longer than the period of the extraction electrode pulse. Lower extraction electrode frequencies
would realize more efficient heavier ion extraction.

The effect of the positive tailing pulse voltage is seen in Fig. 6.23c. tion significantly de-
creases as the tailing pulse voltage increases. This trend further supports earlier observed
trends in the average current density (Fig. 6.20c and single Langmuir probe (Fig. 6.17), and
the mechanism where the positive space potential in the filled conduit volume accelerates the
ions towards the exit aperture during the off phase.

The effect of the water vapor content in the plasma source was significantly different. There
are no visible trends as the water vapor content increased, and it varied widely within the range
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of possible ion masses in the plasma. A possible cause for anomalous behavior is ion-electron
or ion-ion reactions inside the conduit volume. These reactions could significantly change the
ion trajectories during the extraction, resulting in the erratic trend for tion.

6.7 Summary of Results

A reactive magnetron sputtering plasma source that uses a differentially pumped ion source
and downstream region with a pulsed, conduit-type extraction electrode has been designed
and tested. Using Ar and H2O plasma in the ion source, the charged species transported to the
downstream region with and without pulsed extraction were identified. The pulsed conduit-
type extraction electrode extracted Ar+, H2O+, H3O+, and Zn+ ions, and the intensities of the
extracted ions as detected by QMS were frequency dependent. A mechanism for the pulsed ex-
traction of ions was proposed where the ion transport strongly depends on the space potential
inside the conduit-type electrode.

Multiple plasma characterization techniques confirmed the proposed extraction mecha-
nism. The simulation of the ion transport using the finite element method showed that the
amount of ions in the conduit volume is highly dependent on the initial energy conditions at
the plasma source and the extraction electrode voltage frequency. At the initial electrode gap,
a beam divergence of 68.2o was observed. Across the conduit volume, the variation of the ions
and electrons was measured using a single Langmuir probe. Iion,sat exhibit a peak current at
a certain frequency depending on the position inside the conduit volume. Ie,sat steadily de-
creased as the frequency increased, with a local region at 15 mm from the exit aperture where
possible electron trapping occurred. In terms of energy, the positive space charge in the conduit
volume accelerated the ions further to a higher energy than that set by the extraction electrode
voltage. The trapping of electrons at high frequencies (<250 kHz) steadily decreased the ion
energy, possibly through ion-electron neutralization pathways. The steady-state current was
measured using a shielded and magnet-filtered Faraday cup. The average ion current density
extracted from the source saturated starting from 80 V and exhibited a peak ion current density
with a Gaussian profile centered at 171 kHz. The indirect time-of-flight measurements showed
that the extraction electrode voltage could control the mass ratio of extracted ions, with lower
voltages favoring heavier ions. At high frequencies, heavy ion mass extraction could be pos-
sible. The mass selectivity and detection are difficult for higher frequencies when tion exceeds
the period of the extraction electrode pulse. The addition of water vapor significantly compli-
cates the behavior of the ion extraction. The presence of the negative ions was detected by the
Faraday cup and possible reactions in the conduit volume significantly affected the ion trajec-
tories regardless of mass. A control mechanism to improve the density of extracted ions was
proposed. By using a positive tailing pulse in the off phase, the density can be appreciably
increased when compared to a similar increase in the extraction electrode voltage.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this chapter, the significant results of the dissertation are summarized. The application
of water vapor as the reactive gas in a reactive magnetron sputtering deposition system and
plasma source was explored through a systematic investigation of the deposition process.

7.2 On the stable introduction of water vapor plasma and simulation
using a reactive magnetron sputtering model

The heated vaporization-driven reservoir realized the stable flow of water into a low-pressure
deposition system. Temperature control of the reservoir increased the responsiveness of the
water vapor reservoir as a gas source. The simulation of Berg’s reactive magnetron sputtering
model for water vapor plasma was performed at varying model parameters (sticking coeffi-
cients, α, sputtering yield, Yc, and surface site density, k(ns)). By fitting experimentally mea-
sured pressure curves of water vapor plasma with the time-resolved model, it was shown that
these model parameters were significantly affected by the pressure behavior at varying dis-
charge parameters, such as the working pressure, the discharge current, and the gas admixture
with an inert gas, Ar. The gas admixture was determined to be the most suitable as the com-
pound fraction at the substrate, θs, was found to increase linearly up to a water vapor content
of 60%.

7.3 On the surface processes at the target surface region

The target surface condition at varying water vapor content and the center and racetrack
regions of the metallic target at the magnetron sputtering cathode were investigated through its
surface composition, surface morphology, and laser differential reflectance as an in-situ moni-
toring technique. The dominant surface processes were dependent on the target region. At the
center, the redeposition of material was strong compared to the racetrack region where the ero-
sion of target material by sputtering was dominant. The presence of redeposited layers with a
preferred crystallographic orientation was observed at the 0% and 20% settings, while an oxide
overlayer was indicated by the (100) and (002) peaks of ZnO at the higher water vapor content
settings. The average roughness, Ra, decreased for both regions the center and racetrack region
at increasing water vapor content. At the racetrack region, pitting was observed as confirmed
through laser microscopy. The trend for the oxide formation as estimated by the XRD, the de-
crease in Ra, and the laser differential reflectance at the center region were similar with θs from
Berg’s time-resolved mode. These results elucidated what happens at the target surface, and
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7.4. On the deposition of ZnO thin films

confirmed the viability of using the laser differential reflectance incident at the center region as
a viable in-situ method for monitoring the target surface during reactive magnetron sputtering.

7.4 On the deposition of ZnO thin films

The ZnO thin films were deposited at varying water vapor content in an Ar - H2O gas ad-
mixture. The change in film properties was correlated to changes in the near substrate surface
plasma parameters obtained from a single Langmuir probe. The addition of water significantly
changed the behavior of the plasma and changed the growth mechanism of the film. The transi-
tion from a metallic Zn film to ZnO was observed at a water vapor content of 40% and this shift
coincided with the plasma parameters. Deposition at the 40% water content setting resulted in
a transparent (87.5% transmittance) and conductive thin film (ρ = 1.20 Ωcm). The measured Eg

represented a 0.4% decrease compared to the theoretical value, confirming the shallow H donor
doping phenomenon when water vapor plasma was used. The ZnO deposition at varying sub-
strate bias and substrate temperatures was investigated as a form of deposition control. The
polarity of the substrate bias changed the incident charged species, while the bias magnitude
affected the energy. The film characteristics were directly linked to the ion and electron flux to
the surface. The shallow donor doping (3.32 eV) and optical transparency of the films (≈85%)
were unaffected by the substrate bias. When substrate heating is employed, the adsorption
behavior of water became an important factor governing the plasma process. Increasing the
substrate temperature resulted in a localized increase in ions near the surface, whereas cross-
ing a threshold temperature resulted in the promotion of film growth. At higher substrate
deposition temperatures, the growth of ZnO peaks other than (002) was preferred at higher
temperatures while consistently decreasing ρ. The desorption of the oxygen species from the
film surface at higher substrate temperatures can be the reason for decreasing the film resistiv-
ity. The shallow donor doping of ZnO for films deposited using water vapor plasma was stable
for the 20o to 140oC range.

7.5 On the positive and negative ion production

The production of positive and negative ions in water vapor plasma was confirmed using
OES and RPA measurements. The production of Ar+, H+, Zn+, O+, and OH+ ions was con-
firmed from the atomic and molecular band spectra at the visible (400-1000) and UV regions
(200-500). The trend of the relative light emission intensities indicated that the maximum rate of
ion formation was at 40% water vapor content. The energy distributions for positive and neg-
ative ions produced using water vapor plasma showed significantly different behavior. The
positive ion energy distribution across the water vapor settings had an average peak ion en-
ergy at ≈5.4 eV and the addition of water vapor to the plasma shifted the peak by ≈0.26 eV. The
intensity ratio of two overlapping peaks confirmed that the maximum ion formation was at the
40% water vapor content setting. On the other hand, the negative ion energy distribution was
significantly broader and was at higher energies (≈274 eV for the 20 to 100% settings). These
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results indicated that the use of water vapor plasma resulted in the formation of energetic neg-
ative ions. The negatively-biased target surface accelerated the negative ions by ≈69 to 89% of
the cathode discharge voltage.

7.6 On the controlled ion transport using a pulsed-conduit type ex-
traction electrode system

A reactive magnetron sputtering plasma source with a pulsed, conduit-type extraction
electrode has been designed and tested. Using Ar and H2O plasma in the ion source, the
charged species transport to the differentially pumped downstream region was confirmed us-
ing quadrupole mass spectrometry (QMS). The pulsed conduit-type extraction electrode ex-
tracted Ar+, H2O+, H3O+, and Zn+ ions, and the intensities of the extracted ions as detected
by QMS were frequency dependent. Multiple plasma characterization techniques confirmed
the proposed space charge-dependent extraction mechanism. The simulation of the ion trans-
port showed that the number of ions in the conduit volume was highly dependent on the ini-
tial energy conditions at the plasma source and the extraction electrode voltage frequency. The
maximum ion current at certain frequencies depends on its position inside the conduit volume.
The electron saturation current steadily decreased as the frequency increased, indicating the
possibility of electron trapping. The positive space charge in the conduit volume accelerated
the ions further to higher energies than that set by the extraction electrode voltage (1 kHz to 250
kHz). The trapping of electrons, however, steadily decreased the ion energy as the frequency
increased (<250 kHz). The average ion current density measured by a shielded Faraday cup
exhibited a peak ion current density with a Gaussian profile centered at 171 kHz. For the time-
resolved measurements, the indirect time-of-flight showed that the extraction electrode voltage
could control the mass ratio of extracted ions, with lower voltages favoring heavier ions. At
high frequencies, heavy ion mass extraction could be possible, but mass selective detection is
difficult since the ion transit time, tion, exceeds the period of the extraction electrode pulse. The
addition of water vapor significantly complicates the behavior of the ion extraction. The pres-
ence of the negative ions was detected by the Faraday cup and reactions in the conduit volume
could significantly affect the ion trajectories regardless of mass. A control mechanism using a
positive tailing pulse in the off phase realized an increased ion extraction density compared to
a similar increase in the extraction electrode voltage.

7.7 Further Studies and Recommendations

Further experiments with water vapor plasma in a reactive magnetron sputtering deposi-
tion process would involve mass-dependent negative ion measurements in the bulk plasma,
such as laser photodetachment. This method involves the injection of photons into the reactive
plasma containing the negative ions. If the photon energy is sufficient, electrons resulting from
the relaxation of the negative ion to the ground state can be measured by a positively biased
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Langmuir probe. By measuring the exact negative ion contribution, the mechanism of forma-
tion at the target cathode surface that accounts for the reduced negative ion energy by using
water vapor plasma will be determined

For the pulsed conduit-type extraction electrode system and reactive magnetron sputtering
plasma source, different aperture geometries with the positive tailing pulse could significantly
increase the ion density. Combining this with the use of a reactive gas could realize nanoparti-
cles with a unique geometry, such as core-shell structures.
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Appendix A

Chapter 2: Supplementary Data

FIGURE A.1: The fit of the pressure at varying water vapor plasma working pres-
sures
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FIGURE A.2: The fit of the pressure at varying water vapor plasma discharge
currents
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FIGURE A.3: The fit of the pressure at varying water vapor content
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TABLE A.1: Parameters for the fitting of the time-dependent pressure at varying
water vapor pressure

Pressure (Pa) Yc nlayer αsub αt χ2

0.6 9x10−4 1270 4x10−5 6x10−5 6.703x10−5

1 0.0025 720 9x10−5 8x10−5 1.633x10−4

1.1 0.002 850 8x10−5 9x10−5 1.924x10−4

1.3 0.0038 1150 9x10−5 1.8x10−4 5.871x10−4

1.6 0.003 830 7x10−5 1x10−4 4.955x10−4

TABLE A.2: Parameters for the fitting of the time-dependent pressure at varying
discharge current

Discharge Current (mA) Yc nlayer αsub αt χ2

90 7x10−4 230 4x10−5 2x10−5 1.130x10−4

100 0.0025 720 9x10−5 8x10−5 1.633x10−4

110 0.0018 780 1x10−4 8x10−5 1.729x10−4

120 0.0034 1130 1x10−4 1.5x10−4 2.247x10−4

130 0.0026 1050 1x10−4 1.4x10−4 3.390x10−4

TABLE A.3: Parameters for the fitting of the time-dependent pressure at varying
Ar - H2O content

Water Vapor Content (%) Yc nlayer αsub αt χ2

0% 0 5410 1x10−5 1x10−5 5.223x10−5

20% 0.0029 1960 3x10−5 5x10−5 4.060x10−5

40% 0.0048 1240 4x10−5 9x10−5 1.972x10−4

50% 0.0034 890 5x10−5 1.1x10−4 1.352x10−4

60% 0.0043 950 7x10−5 1.7x10−4 1.494x10−4

80% 0.0047 880 1x10−4 1.3x10−4 1.006x10−4

100% 0.0025 720 9x10−5 8x10−5 1.637x10−4



Appendix B

Energy Distribution from Retarding Potential An-
alyzers

The energy distribution of the ions collected by a retarding potential analyzer (RPA)
is based on the current collected at the Faraday cup. The current, I collected can be
described as:

I = qnA

∫ ∞

vmin

vf(v)dv (B.1)

where vmin is the minimum velocity required to pass through the retardation plate
voltage. The velocity of the particle can be correlated depending on the relation with
the retardation potential for singly charged species:

1

2
mv2 = qV (B.2)

and the velocity distribution can be transformed to the energy distribution based on:

f(v)dv = g(E)dE (B.3)

where E = 1
2
mv2. Taking this into account and eliminating the derivative terms, the

energy distribution g(E) can be expressed as:

f(v) = mvg(E) (B.4)

To obtain the energy distribution, the derivative of Eq. B.1 is taken to remove the
integral portion of the equation:

dI

dV
=

d

dV
(nqA

∫ ∞

vmin

vfv
dv

dV
dV ) (B.5)

The evaluation of this equation involves taking the relation of the current of the RPA
at a certain potential, V , described as:

IRPA(E) = I(V = 0)− I(V ) (B.6)
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which would result to the following equation, and its simplification:

dI

dV
= −nqAvf(v)

d(
√

2qV
m

)

dV
(B.7)

dI

dV
= −nqAvf(v)(

√
2qV

m
)

1

2V
1
2

(B.8)

dI

dV
= −nqAvf(v)

q

mu
(B.9)

dI

dV
= −nq2A

m
f(v) (B.10)

dI

dV
= −nq2A

√
2qV

m
g(E) (B.11)

For multiple reactive species plasma, where obtaining an effective ion mass is difficult,
the energy distribution in the plasma can be related to the shape of the negative first
derivative of the RPA current:

− dI

dV
∝ g(E) (B.12)
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