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ABSTRACT OF THESIS 

 

Growth and Characterization of Zr and ZrC Thin Films on Al2O3(0001)  

 

by 

 

Joshua Fankhauser 

 

Master of Science in Materials Science and Engineering 

University of California, Los Angeles, 2016 

Professor Suneel Kodambaka, Chair 

 

I report the growth of epitaxial Zr(0 0 0 1) and ZrC(1 1 1) thin films on Al2O3(0 0 0 1) via dc 

magnetron sputtering in an ultra-high vacuum deposition system equipped with facilities for 

chemical vapor deposition, low-energy electron diffraction, and Auger electron spectroscopy. Zr 

layers with a nominal thickness up to 270 nm are deposited at a rate of ~0.07 nm/s in 10 mTorr 

Ar (99.999%) atmosphere.  ZrC layers with a nominal thickness up to 110 nm are deposited at a 

rate of ~0.06 nm/s in 10 mTorr atmosphere composed of 1 mTorr C2H4 (99.999%) and 9 mTorr 



iii 

Ar. As part of my thesis work, I investigate the effect of substrate temperature during sputter-

deposition on the composition and crystallinity of the Zr and ZrC films. The as-deposited films 

are characterized in situ using Auger electron spectroscopy and low energy electron diffraction 

and ex situ using x-ray diffraction, transmission electron microscopy, energy dispersive x-ray 

spectroscopy, and x-ray photoelectron spectroscopy. I deposited Zr thin films at temperatures 

between 600 °C and 900 °C. My x-ray diffraction studies reveal that increasing the substrate 

temperature during sputter-deposition of Zr leads to the growth of polycrystalline hexagonal 

close-packed structure Zr films. Cross-sectional transmission electron microscopy images reveal 

columnar growth and the formation of an interfacial layer, whose thickness increased with 

increasing temperature. Energy dispersive x-ray spectra obtained from this region reveal the 

presence of both Zr and Al. I attribute the formation of this interfacial layer to plasma-induced 

substrate decomposition followed by interdiffusion of Al and Zr at the film-substrate interface 

during sputtering. I deposited ZrC layers at temperatures between 800 °C and 1400°C. X-ray 

diffraction data acquired from my samples indicate that the crystallinity improves with 

increasing temperature. X-ray photoelectron spectra reveal that all of my films contain excess 

carbon, whose content decreases with increasing temperature. Based upon my results, I identify 

optimal growth temperatures for obtaining single-crystalline and epitaxial Zr and ZrC layers. 
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Chapter 1: Introduction 

 

1.1 Transition Metal Carbides 

The aerospace industry has long been reliant on coating technologies. Spacecraft, rockets, 

and hypersonic vehicles all operate under extreme environments experiencing high 

temperatures (>2200 °C), drastic thermal cycling, and both neutral and oxidizing 

atmospheres. In order to survive such environments, materials are selected with desirable 

properties such as oxidation resistance, a low vapor pressure at operating temperatures, good 

mechanical properties, and chemical stability.
1
  One class of materials is favored as a potential 

candidate for these coatings, transition-metal carbides (TMC). This class of materials has 

some of the highest melting temperatures and generally exhibit high strengths and hardnesses, 

as well as good corrosion resistances.
2
 One such TMC is ZrC, which has many of these 

desirable characteristics as will be described below. 

 

1.2 Properties of Zirconium and Zirconium Carbide 

The parent element in ZrC is the group IVB transition-metal Zr. Elemental Zr exhibits a 

hexagonal close-packed (hcp) crystal structure at room temperature with bulk in-plane (a) and 

out-of-plane (c) lattice parameters of 0.3233 nm and 0.5149 nm, respectively.
3
 At a 

temperature T  > 863 °C,
4
 Zr undergoes a phase transition from hcp to body-centered cubic 

(bcc) and retains the same structure until its melting point (1852 °C).
5
 Pure Zr has a tensile 

strength of 150 – 270 MPa and an elastic modulus of 72 GPa and is considered to be one of 

the more ductile metals due to the fact that it deforms on three independent slip planes and 
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multiple twinning planes.
5, 6

 In addition, Zr also has a low absorption cross section of 0.18 ± 

0.02 barns for thermal neutrons.
6
  

As a transition-metal refractory carbide, ZrC is known primarily for its physical properties 

such as: high hardness (25-35 GPa), high melting temperature of ~3500 °C, chemical 

inertness to strong aqueous acids and bases, metal-like resistivity (5 × 10
-7

 Ω•m), and 

relatively low work function (4.0 eV) compared to materials such as Si and Mo.
7-11

 ZrC 

exhibits NaCl structure with a bulk lattice parameter of 0.46976 nm and typically contains 

0.5-2 at.% Hf impurities.
12

 

 

1.3 Applications of Zirconium 

Zr is primarily used in nuclear reactors as a structural material due to its high corrosion 

resistance to acids and bases, good mechanical properties, and low absorption cross section.
6, 

13
 Zr is also used as a fuse, as a primer, as a getter in vacuum tubes, in chemical processing 

plants,
5
 and as an alloying element.

14
 Zirconium based compounds such as zircon (ZrSiO4) are 

used as a refractory material in glasses and steels, ZrC and ZrN as hard protective layers on 

cutting tools, and ZrB2 as thermally-resistive hard coatings in hypersonic vehicles.
15, 16

  

Metallic Zr thin films are used in multi-layer nuclear fuel particles, as high-strength and 

diffusion-barrier layers,
17

 as corrosion resistant coatings on both high carbon steel cutting tool 

tips,
18

 and on “First Mirrors”, used for optical diagnosis of the nuclear fusion process.
19

 

 

1.4 Applications of Zirconium Carbide 

ZrC is commonly used in the aerospace industry, for example in hypersonic vehicles, due 

to its thermochemical and thermomechanical stabilities in extreme operational 
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environments.
20

 ZrC thin films are considered as potential replacements for SiC as the main 

pressure barrier in multi-layer nuclear fuel particles due to the fact that ZrC does not undergo 

any phase transitions, has very little reaction with Pd, and has good fission product retention 

capability.
10

 The tribological properties of ZrC are attractive for a variety of applications. For 

example, ZrC coatings can be used on sliding electrical contacts due to their high hardness 

and conductivity, in micro-electromechanical devices, in circuit breakers, and in motor 

vehicle starters.
21

 

 

1.5 Growth of Zirconium 

Zirconium thin films are deposited using a few different methods (outlined below) all 

within the category of physical vapor deposition (PVD). Zr is highly reactive and readily 

forms compounds upon exposure to air. Therefore, pure Zr films are best grown in a high or 

an ultra-high vacuum (UHV) chamber and inert atmospheres. 

1.5.1 Magnetron Sputtering 

One approach to the growth of Zr thin films is to use magnetron sputtering. In this method 

a metallic target is placed on a magnetron in an inert gaseous atmosphere. The magnetron 

generates plasma at the surface of the target and the gas ions present in the discharge knock 

off the target material, some of which is collected on the substrate surface. For sputter-

deposition of zirconium thin films, a pure Zr target is used. The plasma is generated with an 

argon atmosphere at pressures typically between 1 and 10 mTorr. By controlling the argon 

flow, target power, deposition time, and substrate temperature, the film thickness and 

deposition rate can be tailored. This method allows for a wide range of film thicknesses from 
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tens of nanometers to a few micrometers. Using magnetron sputtering, Zr thin films have been 

deposited on high carbon steel, SiC, and Al2O3. 
17, 18, 22

 

1.5.2 Pulsed Laser Deposition 

An alternate technique to the deposition of Zr thin films is to use pulsed laser deposition 

(PLD). In this method, a nanosecond laser pulse strikes a pure Zr target causing the ablation 

of target material, some of which is deposited on the substrate surface. The laser is typically 

operated at a wavelength of 248 nm and both the duration of the laser pulse and the incident 

angle are dependent on the system and specific application. In order to avoid uneven wear on 

the Zr target, the target can be rotated throughout the deposition. PLD of Zr thin films have 

been reported on Al2O3, GaN/Al2O3, and Si substrates.
19, 23, 24

  

 

1.6 Growth of Zirconium Carbide 

ZrC can be deposited via both chemical vapor deposition (CVD) and PVD, preferably in 

UHV. Within the scope of PVD, films can be deposited using premade ZrC compound 

sources or using a combination of Zr and C precursors. Methods of PVD include thermal 

evaporation, PLD, and magnetron sputtering. 

1.6.1 Chemical Vapor Deposition 

Two different approaches for CVD of ZrC have been reported in the literature. In one 

method, zirconium tetrachloride (ZrCl4) and methane (CH4) are used as precursors in 

fluidized-bed CVD. In this technique, the substrates are loaded into a reaction chamber and 

ZrCl4 powder is vaporized in a separate apparatus, where Ar is used as a carrier gas. CH4 is 

then flowed into the reaction chamber with H2 as a dilution gas. Fluidized-bed CVD is 

capable of deposition on three-dimensional (3D) surfaces, such as spherical particles.
10

 In the 
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second method, aerosol-assisted metalorganic CVD uses C20H44Zr solutions as a ZrC source.  

The precursor is made into an aerosol and H2 is used as a carrier gas. This approach has 

produced amorphous ZrC thin films when deposited at low growth rates and substrate 

temperatures of 400 to 600 °C.
9
 

1.6.2 Thermal Evaporation 

ZrC can also be deposited via thermal evaporation. In this process, an evaporator 

resistively heats a ZrC compound source to near its melting temperature (~3500 °C) which 

creates a zone melted ZrC crystal. The evaporator is located near the substrate such that the 

evaporated material will be deposited on the substrate. This method has been used to grow 

ZrC thin films on both W and Mo substrates.
11, 25

  

1.6.3 Pulsed Laser Deposition 

ZrC thin films have also been synthesized via PLD. A nanosecond laser pulse, typically set 

at a wavelength of 248 nm, ablates a ZrC target in order to deposit material onto the substrate. 

The duration of the laser pulses, the incident angle, and the substrate temperatures may all be 

set to influence crystallinity as well as thickness of the resulting films. Film compositions can 

be tailored if the depositions take place in a carbon atmosphere (C2H2 or CH4).
26, 27

 

1.6.4 Magnetron Sputtering 

One of the most common forms of deposition is that of magnetron sputtering. First, an 

elementally pure Zr target can be combined with a gaseous carbon source in reactive 

magnetron sputtering. As with the other deposition methods, this process is done in either a 

high vacuum or a UHV system. The deposition atmosphere is typically a combination of high 

purity Ar and a carbon source (C2H2, CH4, or C2H4). Magnetron power, substrate temperature, 

Ar and carbon source flow rates, and relative partial pressures, and deposition time can be set 
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independently in order to influence the growth rate, surface roughness, crystallinity, and 

composition of the ZrC films.
21, 28, 29

 

Rather than using a reactive gas atmosphere, ZrC thin films can also be deposited directly 

via sputtering of a zirconium carbide target or co-sputtering of zirconium and carbon targets a 

pure Ar environment. Similar to reactive sputter deposition, magnetron power, substrate 

temperature, and Ar flow rate can be set to tailor the film thickness, composition, and 

crystallinity.
30, 31

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

7 

Chapter 2: Experimental 

 

2.1 Zr Thin Film Deposition 

 All of my Zr films are grown in a custom-designed ultra-high vacuum (UHV) deposition 

system with a base pressure of 2.0 × 10
-10 

Torr achieved through the use of a combination of 

685 l/s turbomolecular pump and 60 l/s ion pump. The system is equipped with a load-lock 

chamber, a dc magnetron (Kurt J. Lesker), residual gas analyzer (Pfeifer Vacuum), fully 

UHV-compatible reverse-view LEED/AES assembly (LK Technologies), and multiple ports 

for dosing gases through UHV leak valves. The substrates are single-side polished 2 × 10 

mm
2 

rectangular pieces of Al2O3(0 0 0 1) cut out of 10 × 10 mm
2
 single-crystals (from MTI) 

using a diamond wheel saw. The substrates are cleaned via sonication sequentially in acetone 

and isopropyl alcohol, blown dry with compressed nitrogen, sonicated in deionized water, and 

baked in air at 200 °C in an oven for 45 min. The samples are then mounted on a heating 

stage made of two plates of pyrolytic boron nitride; the stage is capable of achieving 

temperatures up to 1400 °C through direct current heating of a 0.13-mm-thick, 8 × 14 mm
2
, 

molybdenum foil placed between the two plates. The sample-heater assembly is introduced 

into the UHV deposition system through the load-lock chamber. Prior to sample transfer, the 

load-lock chamber is evacuated using a 50 l/s turbomolecular pump until a pressure of ~10
-8

 

Torr is achieved. This process typically requires up to 45 minutes. Upon transferring the 

sample-stage to the main chamber, the sample is degassed and held at ~1000 °C until the 

chamber pressure is below 6.0 × 10
-9 

Torr. Temperature is measured using an IMPAC IS 8-

GS pyrometer positioned outside of the vacuum chamber approximately 40 cm from the 

sample. The orientation of the pyrometer with respect to the sample is set to 90°. All of my 
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temperature measurements are obtained from bare Al2O3 substrates mounted on Mo foil prior 

to film depositions. The emissivity of Mo
32

 is assumed to be 0.13   0.02. At any given 

temperature, I measure a maximum variation of   100 K across the substrate. These values do 

not account for plasma heating during depositions. 

 Prior to Zr film deposition, the sample is cooled from 1000 °C to the deposition 

temperature (as measured on bare Al2O3 on Mo foil) and the ion pump is switched off because 

my deposition pressures (mTorr) are above its safe operational limits of 10
-7

 Torr. At the 

growth temperature, the chamber is at or below a pressure of 6 × 10
-9

. (Disabling the pump, 

however, has little effect on the chamber pressure, which increases by ~2 × 10
-10

 Torr.) All 

the depositions are carried out in 10 mTorr Ar (99.999% pure) atmosphere with the Ar 

introduced through an UHV leak valve. The magnetron is equipped with a 50-mm-diameter × 

3-mm-thick Zr (99.1% pure with ~0.8 at. % Hf) target (ACI Alloys, Inc.). The target is 

located ~30 cm above the substrate surface. All of my Zr thin films are grown using a 

constant power of 50 W. The corresponding voltage measured during my depositions is 210 

V. The deposition time is 60 minutes. The substrate temperature (Ts) is the only variable in 

my experiments, which I changed in increments of 50 K and grew samples at Ts between 600 

°C and 900 °C. This procedure yields Zr films with a nominal thickness up to ~270 nm, as 

measured from cross-sectional TEM images. (The actual film thickness will be higher as this 

value does not include the Zr present within the interface.) Based upon this data, I estimate a 

deposition rate of ~0.07 nm/s. After deposition, the chamber is evacuated and the sample is 

cooled to room temperature. 
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2.2 ZrC Thin Film Deposition 

ZrC thin films are sputter-deposited on Al2O3(0 0 0 1) following a procedure similar to that 

described above for the growth of Zr thin films. The Al2O3(0 0 0 1) samples are cut, cleaned, 

and loaded into the UHV load-lock chamber where they remain until the chamber is pumped 

to ~10
-8

 Torr. They are then loaded into the main chamber, where they are degassed at 1400 

°C prior to deposition. 

Prior to introducing the gases, I decrease the speed of the turbo molecular pump from 

46,000 rpm to 37,000 rpm. The decreased speed ensures steady and reliable pressure readings 

for each component of the deposition atmosphere. In all of these experiments, the gases are 

introduced through UHV leak valves. In order to create the desired reactive deposition 

atmosphere, the chamber is initially filled to a pressure of 1 mTorr with ethylene (99.999% 

pure), and 9 mTorr of Ar (99.999% pure) is then added such that the total pressure is 

increased to 10 mTorr. I change the substrate temperature in increments of 100 K from 800 to 

1400 °C. All of my ZrC thin films were grown using a power of 14   2 W (200 V) for 30 

minutes. The resulting film thicknesses are found to vary with Ts. At the end of deposition, the 

chamber is evacuated and the sample is cooled to room temperature. 

 

2.3 Characterization 

I begin characterization of the as-deposited ZrC samples after the base pressure of the 

chamber has improved to less than 6.0 × 10
-9

 Torr. The surfaces of my as-deposited films are 

first characterized in situ to determine their crystallinity and composition.  The samples are 

then removed from vacuum and characterized ex situ using a variety of techniques to 
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determine the film crystallinity, morphology, thickness, composition, and lattice parameters. 

All of these methods are described below. 

2.3.1 Low Energy Electron Diffraction & Auger Electron Spectroscopy 

I used in situ low energy electron diffraction (LEED) and Auger electron spectroscopy 

(AES) for the surface characterization of Zr thin films deposited on Al2O3(0 0 0 1) substrates. 

The LEED/AES system is equipped with 4-grid LEED optics and a phosphor viewing screen. 

It has a low-profile electron gun capable of electron beam currents up to 2 μA at 100 eV and, 

for Auger operation, up to 50 μA. The AES data is obtained using a 1 keV primary beam at 

kinetic energies between 130 and 550 eV. The spectra are acquired with a step size of 0.165 

eV and a dwell time of 0.2 s. Surface structure is determined using LEED with a screen 

voltage of 4 kV, a Can aperture voltage of 14 V, and at incident electron energies between 60 

and 250 eV. 

2.3.2 X-ray Photoelectron Spectroscopy 

Composition of ZrC/Al2O3(0 0 0 1) thin films is determined using x-ray photoelectron 

spectroscopy (XPS). X-ray photoelectron spectra are obtained using a Kratos Analytical 

AXIS Ultra DLD at energies between 0 and 1200 eV with a pass energy of 160 eV, a step size 

of 1.0 eV, and an acquisition time of 0.1 s/step. After loading the samples into the XPS 

system, the surfaces are cleaned by sputter-etching using Ar
+
 for two minutes. Higher 

resolution scans are also acquired around the C 1s peak (284.8 eV) over a range of 271 – 296 

eV with a step size of 0.1 eV and a dwell time of 0.45 s/step to identify the carbon bonding 

states. The data is acquired twice and integrated to improve the signal to noise ratio. 
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2.3.3 X-ray Diffraction 

X-ray diffraction (XRD) 2θ-ω spectra along with high-resolution symmetric and 

asymmetric reciprocal space maps (RSMs) are obtained in order to determine the crystallinity 

and lattice parameters of both Zr and ZrC thin films. 2θ-ω scans are obtained using Bede D1 

powder diffractometer in order to determine the crystallinity of the Zr films. The 

diffractometer is equipped with a sealed copper x-ray tube source and a MaxFlux specular 

mirror to produce a parallel beam. Single-crystalline samples are analyzed using a Bede D1 

high-resolution diffractometer. This diffractometer is identical to the powder diffractometer 

with the exception of an additional two bounce channel-cut (2 2 0) Si collimator crystal, 

which generates a monochromatic incident beam specific to the Cu Kα1 wavelength 

(0.154056 nm).  

For 2θ-ω measurements, samples are mounted vertically on a Si(0 0 1) wafer to eliminate 

any background signal from the diffractometer stage. First, the detector and x-ray optics are 

aligned to achieve maximum straight-through intensity. Then, the sample and stage are 

calibrated with respect to ω, φ (out-of-plane rotation perpendicular to ω), and χ (in-plane 

rotation) about the Al2O3(0 0 0 6) peak, 2θ = 41.68°. For the Zr films, 2θ-ω scans between 15 

and 98° are acquired using double-axis diffraction with a step size of 0.05° and a dwell time 

of 1 s. High-resolution symmetric RSMs are obtained over a range of 12° in ω-2θ with a step 

size of 200” and 4° in ω with a step size of 250”. Asymmetric RSMs are collected over a 

range of 13.5° in ω-2θ with a step size of 200” and 4.5° in ω with a step size of 250”. 

Similarly, for the ZrC films, 2θ-ω scans between 25° and 100° are obtained using double-axis 

diffraction with a step size of 0.05° and a dwell time of 1 s. 
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2.3.4 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is employed in order to characterize the film 

microstructure and to determine film thicknesses. Electron-transparent cross-sectional TEM 

(XTEM) samples are prepared using 30 kV Ga
+
 ions in an FEI Nova 600 NanoLab 

DualBeam
TM

 scanning electron microscopy/focused ion beam (SEM/FIB) milling system. 

Prior to FIB milling, the film surfaces are protected by a 1-μm-thick layer of carbon deposited 

using 30 kV and 0.1 nA electron beams. TEM images of the film and the film-substrate 

interface are acquired using an FEI Titan 80-300 kV S/TEM operated at 300 kV for imaging 

and selected area electron diffraction (SAED) and at 200 kV for energy dispersive x-ray 

spectroscopy (EDS). SAED patterns are obtained from the film and substrate as a means to 

determine the crystallinity of the sample and the film-substrate interface. EDS spectra are 

collected across the Zr/Al2O3 interfaces and ZrC/Al2O3 using an Oxford Instruments X-Max
N
 

Silicon Drift Detector with a detection area of 20 mm
2
, resolution of 136 eV at 5.9 keV, and 

bias of -500 V. 
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Chapter 3: Zr Thin Film Results 

 

3.1 In situ Characterization 

 

Figure 1: Low energy electron diffraction (LEED) patterns of (a) bare Al2O3(0 0 0 1) substrate and (b) Zr thin 

film sputter-deposited on Al2O3(0 0 0 1) at Ts ≈ 700 °C. (c) AES data obtained from a Zr film, deposited under 

similar conditions as the sample in (a), show peaks at 145 eV, 172 eV, 270 eV, and 383 eV corresponding to Zr, 

Hf, C, and N, respectively. 

Figures 1(a) and 1(b) are representative LEED patterns acquired in situ from a bare 

Al2O3(0 0 0 1) substrate and Zr layer sputter-deposited at Ts ≈ 700 °C on the same Al2O3 

substrate, respectively. The incident electron energies for both patterns are set to 104 eV. In 

Fig. 1(a), I observe six-fold symmetric spots characteristic of corundum-structured Al2O3(0 0 

0 1). The LEED pattern (see Fig. 1(b)) from the Zr film surface is also six-fold symmetric, 

suggestive of hexagonal structure. Using the LEED spots corresponding to Al2O3(0 0 0 1) and 

assuming an in-plane lattice constant of 0.4759 nm for the substrate,
33

 I calibrate the pixels in 

both the LEED patterns. This allows us to quantitatively index the LEED patterns obtained 

from the film. From the LEED reflections in Fig. 1(b), I calculate an in-plane lattice 

parameter of 0.31   0.02 nm. This value is, within experimental uncertainties, in good 

agreement with the interatomic spacing (0.3223 nm) of (0 0 0 1) surface of bulk Zr.
3, 34

 Figure 
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1(c) is a typical plot of AES data obtained from the Zr/Al2O3(0 0 0 1) film. The spectrum 

shows a peak at 145 eV corresponding to Zr, another peak 172 eV corresponding to Hf,
35, 36

 

and smaller peaks at 270 eV and 383 eV,
37

 likely due to C and N, respectively. I attribute the 

detection of Hf in my films to Hf impurities present in my Zr sputter target. The origin of C 

and N peaks in my samples is not clear, but I speculate that they are likely due to cracking of 

residual gases present in the chamber by the Auger electron gun filament. 

 

3.2 Growth of Single-Crystalline Zr/Al2O3(0001) 

 

Figure 2: X-ray diffraction (XRD) measurements with intensities given on log scales. 2θ-ω XRD scans from Zr 

thin films deposited at Ts between 600 and 900 °C. In the plot, the dashed lines correspond to the {0 0 0 2} peaks 

of the Zr film, the dotted lines denote Al2O3 substrate {0 0 0 6} reflections, the symbols  indicate background 

peaks,  correspond to the Zr peaks other than {0 0 0 2} orientation, and β due to Cu Kβ wavelength peaks of the 

film and substrate. There are a few other unidentified low-intensity peaks, some of which could be due to Zr-Al 

intermetallics. 
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 In order to identify the relationship between Zr film crystallinity and Ts, Zr films are grown 

at intervals of 50 K between 600 °C and 900 °C. Fig. 2 shows the 2θ-ω scans obtained from 

these Zr/Al2O3(0 0 0 1) samples. The dotted and dashed lines in Fig. 2 correspond to the bulk-

relaxed Zr(0 0 0 2), Al2O3(0 0 0 6), Zr(0 0 0 4), and Al2O3(0 0 0 12) reflections at 2θ values of 

34.55°, 41.70°, 73.30°, and 90.90°, respectively
5, 33

. In my data, I observe the higher intensity 

peaks aligned along these lines. Additional Zr peaks are indicated by solid squares in Fig. 2 

and correspond to (1 1 2̅ 0), (1 0 1̅ 3), (2 0 2̅ 0), and (2 1 3̅ 0) reflections at 2θ = 56.9 °, 62.9°, 

65.8°, and 93.3°, respectively. These peaks are most prevalent in films deposited at Ts ≥ 800 

°C. I speculate that this trend is due to the instability of the hcp lattice as the Ts approaches 

hcp ↔ bcc transition temperature of 863 °C.
4
 As I show below, additional peaks that do not 

correspond to Zr, Al2O3, or known Si background are likely due to Zr-Al intermetallic 

compounds. 

In Fig. 3, I present the results of my highest crystalline quality Zr film. Fig 3(a)  is a higher 

resolution 2θ-ω XRD scan from the Zr film deposited at 700 °C showing peaks due only to 

Zr(0 0 0 2), Zr(0 0 0 4), the substrate and the background. The absence of additional Zr 

reflections is suggestive of single-crystalline growth of Zr(0 0 0 1) on Al2O3(0 0 0 1). The 

inset in this plot shows the ω-rocking curve of the Zr (0 0 0 2) peak at 34.55° with a full width 

half maximum value of ~1°. 
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Figure 3: (a) 2θ-ω scan obtained from ~220 nm thick Zr film sputter deposited on Al2O3(0 0 0 1) substrate at Ts ≈ 

700 °C. The higher intensity substrate and film peaks are labeled as shown. The lower intensity peaks at 2θ 

values below 30° are due to the background. Inset shows the ω-rocking curve for the Zr(0 0 0 2) peak. (b) High-

resolution symmetric (0 0 0 12) and (c) asymmetric (1 1 2̅ 12) reciprocal space maps obtained from the same 

sample. 

Figures 3(b) and 3(c) are symmetric and asymmetric RSMs of the Al2O3(0 0 0 1) 

substrate and Zr layers acquired around (0 0 0 1) and (1 1 2̅ 12), respectively.  The axes in the 

RSM represent the inverse interplanar spacings for both (0 0 0 1) and (1 1 2̅ 0) orientations. 

Thus, I use the known locations of the substrate (0 0 0 12) and (1 1 2̅ 12) peaks as reference 

points. Then measuring the distances of Zr film symmetric and asymmetric peaks from the 

known substrate peaks at (0,0), I am able to calculate the lattice parameters. From the 

symmetric RSM, I determine an out-of-plane lattice parameter c = 0.516   0.001 nm. 

Similarly, from the asymmetric RSM, I measure an a value of 0.324   0.001 nm. In 

comparison, c = 0.5149 nm and a = 0.3233 nm for bulk Zr.
3
 Based upon these results, I 

conclude that the as-deposited Zr layers are fully relaxed with hexagonal close-packed 
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structure. From the Zr peak positions in the RSMs, I identify the film-substrate orientation 

relationships as Zr(0 0 0 4) ║ Al2O3(0  0 0 12) and Zr(1 0 1̅ 0) ║ Al2O3(1 1 2̅ 0). 

 

3.3 Film-Substrate Interfacial Layer 

 

Figure 4: Cross-sectional transmission electron microscopy (XTEM) images acquired from a Zr-Al2O3(0 0 0 1) 

thin film interface in a sample deposited at Ts ≈ 700 °C. (a) Low magnification XTEM image showing Zr film, 

interface layer (indicated by dashed white lines), and Al2O3 substrate. (b) Higher resolution XTEM image of the 

Zr film from the region highlighted by the white dotted square in (a). (c) Selected area electron diffraction 

(SAED) pattern obtained from the circular region within the Zr film, shown in (a). Primary spots are indexed as 

shown with secondary spots, indicated by the yellow circles, due to an adjacent grain rotated ~36°, highlighted 

by yellow color within the circular region in (a). (d) Higher magnification XTEM image of the film-substrate 

interface. 

In an effort to better understand the film microstructure and identify the source of the 

additional peaks observed in Figs. 2 and 3(a), I used TEM. Figs. 4(a) and 4(b) are bright-field 
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XTEM images acquired from the Zr film-Al2O3 substrate interface of the sample grown at Ts 

≈ 700 °C. From the low magnification TEM image in Fig. 4(a), it can be seen that the Zr layer 

exhibits columnar growth with an average column width of ~60 nm.  Fig. 4(b) is a higher 

resolution TEM image obtained from one of the Zr columns highlighted by the dotted square 

in Fig. 4(a), which shows highly ordered atomic planes, indicative of single-crystallinity. The 

inset in Fig. 4(b) is a Fourier transform of the image showing single-crystalline reflections 

corresponding to (1 1 2̅ 0), from which I measure the in-plane lattice parameter as 0.30   0.02 

nm, consistent with my RSM data. Fig. 4(c) is a SAED pattern obtained from the dotted 

circular region shown in Fig. 4(a) acquired along [1 1̅ 0 0] zone-axis. The spot pattern 

confirms that the columnar regions in the Zr films are crystalline. The two sets of spots visible 

in Fig. 4(c) correspond to diffractions from two adjacent grains rotated by ~36° with respect 

to each other. Fig. 4(d) shows three distinct crystalline regions: the substrate, an interface 

layer, and the film. 

  

Figure 5: Bright field XTEM images of Zr/Al2O3(0 0 0 1) films deposited at different temperatures, Ts. 

In order to determine the source and Ts dependence of this interfacial layer, I prepared 

XTEM samples for all of the films deposited at Ts between 600 °C and 900 °C. Fig. 5 shows 
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the Ts dependence of film thickness, interface thickness, as well as the surface roughness. 

Clearly, the interfacial layer thickness is directly dependent on the substrate temperature. At 

Ts ≈ 600 °C, I did not observe any interfacial layer. However, TEM imaging may not provide 

an accurate measure of the thickness of this interfacial layer. Thus, I will present below an 

alternate approach to measure the thicknesses. 

The film surface morphology is also highly dependent on Ts. Notice the development of 

highly rough and extremely porous morphologies in the films grown at Ts > 800 °C. From the 

XTEM images in Fig. 5, I measure the total film thicknesses which vary between 220   10 

nm and 315   20 nm. At Ts ≥ 850 °C the thickness becomes difficult to quantify due to the 

porosity of the films. 

 

Figure 6: Energy dispersive x-ray spectra (EDS) acquired across the Zr-Al2O3(0 0 0 1) interface. Each of the 

curves, color-coded for clarity, show spatial variations in Zr, Al, and O contents across the film-substrate 

interface. The interfacial layer is indicated by the region between the dotted lines. The substrate and Zr film are 

located to the left and right of this region, respectively. A typical scanning TEM image from the 700 °C sample 

shows the position of the EDS scan with respect to the interface indicated by the yellow line. 
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 Figure 7: (a) Temperature dependence of Zr-Al interface showing the relative ratio of Al at.% to Zr + Al at.%. 

 Dotted lines indicate the film-substrate interfacial regions. Thicknesses of the interfaces are listed in the plots. 

 (b) Plot of interface thickness as a function of Ts. The solid red line is least-squares linear fit to the data.  

The composition of the interfacial layer was determined via EDS, seen in Fig. 6. This data 

suggests that the interfacial region develops as a result of interdiffusion between Zr and Al 

from the film and substrate, respectively. The plot in Fig. 6 shows spatial variations in Zr, Al, 

and O contents across the film-substrate interface. The associated STEM image shows the 

location of the EDS line scan (yellow line). Primarily Zr is found in the film and both Al and 

O in the substrate, as expected. I define the boundaries of the interface region based upon the 

Zr/Al ratios with the onset of the highest and lowest values corresponding to the beginning of 

the film and substrate regions, respectively. Interestingly, varying concentrations of Zr and Al 

are observed within the interface. (These results are consistent with previous studies, where 

similar interfacial reactions have been observed during the deposition of Ti on Al2O3.)
38-40

 

Within the interface, it can be noted that Zr concentration increases while Al content 
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decreases. The inversely varying concentrations of Zr and Al are suggestive of interdiffusion 

of Zr and Al during deposition.  Interfacial reactions between Zr and Al2O3 have also been 

reported during high-temperature (T > 1000 °C) annealing.
41-43

 However, given that my 

growth temperatures are relatively lower, I speculate that plasma irradiation during the early 

stages of deposition lead to decomposition of the Al2O3 surface to form elemental Al followed 

by the reaction of Al with the deposited Zr.  

In order to identify the mechanisms leading to the formation of the interfacial layer, I 

investigated the composition of the Zr-Al2O3 interfaces in my samples grown at different Ts. I 

used EDS and acquired line scans across the interfaces. The plots in Fig. 7(a) show the special 

variations in 
Al

Al Zr
 across the interfaces as a function of Ts. The data reveals that the interfacial 

layer composition and thickness are directly dependent on deposition temperature. The 

interfacial thickness scales linearly with Ts [see Fig. 7(b)]. I see that at the minimum growth 

temperature of 600 °C the interfacial layer is practically non-existent. Interestingly, at 

temperatures above 700 °C, the EDS data exhibit two distinct interfacial regions, where the 

Zr/Al ratios are constant at 0.6 and 0.33, with higher Zr/Al ratio observed closer to the films.  

The two likely Zr-Al compounds with such compositions are Zr2Al3 and Zr2Al. From my 

XRD data, several peaks can be due to either of these compounds and further characterization 

is necessary to accurately identify the compounds in these regions.  

 

3.4 Outlook 

I believe that the presence of this interfacial layer is one cause for the lack of single-

crystallinity in my Zr thin films deposited at high temperatures. In addition, I speculate that 

this interface layer contributes to the increased surface roughness seen in these Zr films. For 
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these reasons, it is desirable to eliminate this interfacial layer. Both Fig. 2 and Fig. 6 show that 

the Zr-Al layer is absent in the Zr films deposited at Ts ≈ 600 °C. However, XRD obtained 

from the films deposited at 600 °C also reveals the presence of peaks other than {0 0  0 2}, 

suggestive of polycrystalline  Zr growth. Therefore, I am optimistic that single-crystalline Zr 

thin films with compositionally-abrupt interfaces can be grown on Al2O3(0 0 0 1) substrates 

with careful optimization of the process parameters. One possible approach could be the 

deposition of an ultra-thin (~2 nm) Zr layer at 600 °C followed by a thicker film at Ts ≈ 700 

ºC. 
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Chapter 4: ZrC Thin Film Results 

 

4.1 X-ray Diffraction Data 

 

Figure 8: XRD data of ZrC/Al2O3(0 0 0 1) thin films grown at various temperatures. (a) 2θ-ω spectra of as-

deposited layers as a function of Ts. Single-crystalline ZrC(1 1 1) film peaks are more pronounced in samples 

deposited at Ts ≥ 1200 °C. (b) ω-rocking curves obtained from the three films grown at 1200 °C, 1300 °C, and 

1400 °C. The full widths at half maxima are approximately the same, ~170” for all these films. 

Figure 8(a) is a typical 2θ-ω XRD scan obtained from the ZrC/Al2O3 films grown at Ts 

between 800 and 1400 °C. In all the scans, the Al2O3 (0 0 0 6) and (0 0 0 12) substrate peaks 

are seen at 2θ = 41.68° and 90.78°, respectively. The two additional peaks at 2θ = 32.88° and 

68.88°, correspond to ZrC (1 1 1) and (2 2 2), respectively. Please note that these are high 

resolution XRD scans and hence only those peaks with the highest intensities are visible; the 

other lower intensity peaks associated with polycrystalline layers are not detected. In order to 

further quantify the quality of the ZrC films, ω-rocking curves were collected around the 

ZrC(1 1 1) peak from the films deposited at Ts ≥ 1200 °C films. The data presented in Fig. 

8(b) reveal full width-half maxima values of ~170” for all three films. This result suggests 
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that the crystallinity of ZrC films deposited at Ts > 1200 °C is independent of Ts. However, as 

I will show below the film composition is sensitive to Ts. 

 

4.2 X-ray Photoelectron Spectroscopy of ZrC Thin Films 

 

Figure 9: (a) X-ray photoelectron spectra (XPS) of the Zr-3d and C-1s peaks of ZrC/Al2O3(0 0 0 1) thin films 

deposited at of 1200 °C, 1300 °C, and 1400 °C. (b) High resolution XPS data of the C-1s peaks fit with three 

peaks corresponding to C-C, C-Zr*, and C-Zr bonds. (c) Plot of relative fractions of the three bonding types and 

total C-Zr bonding vs. Ts.  

XPS data were obtained from ZrC samples grown at Ts ≈ 1200 – 1400 °C. The XPS survey 

in Fig. 9(a) shows two sets of peaks, two peaks corresponding to Zr-3d around 340 eV and 

one C-1s peak around 280 eV. From the peak intensities, I estimate that the Zr and C contents 

in the films are 40 at.% and 60 at.%, respectively. In order to distinguish the relative fractions 

of free carbon and carbon bonded to Zr, I acquired high-resolution XPS data around the C-1s 

peak (see Fig. 9(b)) from ZrC samples grown at Ts ≥ 1200 °C. The three peaks present within 

all the three scans are the C-C (284.8 eV), C-Zr* (283.0 eV), and C-Zr (282.1 eV). Both the 

C-Zr* and C-Zr peaks are associated with bonded C while the C-C bonds are due to free 
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carbon.
44, 45

 Based upon the relative intensities of the peaks and the areas under the peaks, I 

estimate the total amount of carbon in the ZrC matrix to be 22% at 1200 °C, 24% at 1300 °C, 

and 28% at 1400 °C. That is, the amount of bonded C increases and the amount of free carbon 

decreases with increasing Ts. However, additional characterization is necessary to determine 

the stoichiometry of my ZrC films.  

 

4.3 Microstructure 

 

Figure 10: XTEM images and SAED patterns obtained from ZrC/Al2O3(0 0 0 1) thin films deposited at Ts ≈ (top 

panel) 1100 °C and (bottom panel) 1400 °C. 

The top and bottom panels in Fig. 10 show XTEM images and SAED patterns acquired 

from around the ZrC film-Al2O3 substrate interfaces in samples grown at Ts ≈ 1100 °C and 

1400 °C, respectively. These particular samples are selected in order to compare and contrast 

the microstructures of polycrystalline (i.e., Ts ≈ 1100 °C) and single-crystalline (i.e., Ts ≈ 1400 

25 
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°C) ZrC films.  From the XTEM images, I determine the film thicknesses as ~110 nm and ~40 

nm in samples deposited at Ts ≈ 1100 °C and 1400 °C, respectively.  At lower Ts, the films 

lack the highly ordered atomic planes. The associated SAED pattern is indicative of texture, 

i.e., preferred orientation. Based upon this data, I conclude that the ZrC films sputter-

deposited at Ts ≤ 1100 °C are polycrystalline and exhibit texture. With increasing Ts ≥ 1200 

°C, I obtain highly 111-oriented ZrC films. For example, the lower panel in Fig. 10 shows the 

XTEM image obtained from the sample grown at Ts ≈ 1400 °C. The highly periodic pattern 

observed in the image is suggestive of single-crystallinity. The associated SAED pattern 

further supports my conclusion. 
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Chapter 5: Conclusions 

 

In conclusion, I was able to grow single-crystalline zirconium and zirconium carbide thin 

films on Al2O3(0 0 0 1) substrates via dc magnetron sputtering in an ultra-high vacuum 

system. I observed that for Zr films, deposition at 700 °C produced single-crystalline films, 

but as the growth temperature increases towards that of the transition temperature from hcp to 

bcc (863 °C), the films become polycrystalline. In addition, at all growth temperatures at or 

above 650 °C, an intermetallic Zr-Al forms at the film-substrate interface. This interfacial 

layer thickness increases with increasing substrate temperature. Based upon my results, I 

suggest that single-crystalline Zr(0 0 0 2) films with compositionally-abrupt interfaces can be 

deposited by careful control over the deposition temperature.  

In my ZrC growth experiments, I obtain highly-crystalline films at temperatures above 

1200 °C and textured polycrystalline layers at lower temperatures. X-ray photoelectron 

spectra revealed the presence of excess carbon in all of my films with significant amount of 

free carbon. However, the amount of free carbon decreased while the total amount of C and 

Zr bonds increased with increasing deposition temperature. In my experiments, the highest 

quality film, as indicated by the x-ray diffraction data, was grown at a substrate temperature 

of 1400 °C. I would also like to point out that irrespective of the deposition temperatures, I 

did not observe any interfacial reactions between the film and the substrate.  

Future plans for this study involve the elimination of the Zr-Al interfacial layer for higher 

deposition temperatures. One potential approach is to grow an ultra-thin Zr layer at 600 °C, 

then deposit a thicker Zr film at the higher temperature. Another method for increasing the 

quality of the ZrC thin films is to identify the growth conditions for the deposition of 
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stoichiometric films. This could be done by changing the partial pressures of the reactive 

ethylene gas in the deposition atmosphere. A future use for Zr films is to be used as a source 

for the growth of ZrC layers. Thus, the kinetics of carburization of these films needs to be 

investigated. Finally, nano-mechanical properties of ZrC thin films as a function of film 

composition and crystallinity could be investigate. 
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