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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 properties for oxides, such as zinc
oxide (Zn0O), 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 vapor, 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. The simulation of the reactive magnetron
sputtering process through Berg's reactive sputtering model for water vapor plasma showed that adsorption-
dependent parameters significantly affected the deposition process. The effect on the pressure behavior at
different discharge parameters 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 investigated.
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 morphology 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 differential
reflectance incident at the center was determined to be a viable method for monitoring the target surface
condition during the plasma operation.

In Chapter 4, the ZnO thin films were deposited at varying water vapor content in an Ar — H,O gas
admixture. The change in film properties related was correlated to the near substrate surface plasma
parameters obtained from a single Langmuir probe. The addition 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% transmittance, p = 1.2 Q 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 temperature was
investigated. The polarity of the substrate bias changed the incident charged species, while the bias magnitude



affected the incident energy. The film characteristics 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 140°C range.

In Chapter 5, the production of positive and negative ions in water vapor plasma was confirmed
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 €V. 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 conduit-type extraction electrode extracted
Ar*, H;O", H;O", and Zn" ions, and the intensities were dependent on the extraction electrode voltage
frequency. Multiple plasma characterization techniques 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 current peaked at varying frequencies depending on the 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), 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
control the mass ratio of extracted ions, with lower voltages favoring heavier ions. The addition 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 voltage. Chapter 7 stated the main results and the recommendations for
future work.



