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ABSTRACT OF THE DISSERTATION 

 

Microstructural and Compositional Tunability in Sputter-Deposited Transition-Metal Carbide 

Thin Films using Ultra-Low Reactive Gas Pressures and 2D Layers 

 

by 

 

Koichi Tanaka 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2020 

Professor Suneel Kodambaka, Chair 

 

Tantalum carbides (Ta2C, Ta3C2, Ta4C3, Ta6C5, and TaC) are refractory compounds with 

a mixture of covalent, ionic, and metallic bonding. Interest in these compounds stems from the 

fact that their structure and properties vary with their microstructure, composition, and 

orientation. In this dissertation, I investigated growth-related aspects of tantalum carbide (Ta-C) 

thin films grown on single-crystalline MgO(001) and Al2O3(0001) substrates via ultra-high 

vacuum direct current magnetron sputtering of a TaC compound target using pure Ar and 

Ar/C2H4 gas mixtures at substrate temperatures Ts between 1073 K and 1373 K. In particular, I 

focused on the effects of ultra-low pressures (pc = 0.0025% ~ 2.5% of the total pressure) of C2H4 

and the role of two-dimensional (2D) layers on compositional and microstructural evolution of 

Ta-C thin films. 



iii 

 

I find that the Ta-C layers sputter-deposited on MgO(001) in pure Ar (i.e., pc = 0) and 

Ar/C2H4 gas mixtures with pc = 5 × 10
-7

 Torr are polycrystalline trigonal-structured -Ta2C (a = 

0.310 nm and c = 0.492 nm). At pc = 5 × 10
-6

 Torr, I obtain cubic rock salt (B1), 002-textured 

TaC0.76 (a = 0.442 nm) porous thin film with facetted surface. Interestingly, I also observed 111-

oriented twins due to four crystals rotated with respect to each other. Film grown at higher pc = 5 

× 10
-4

 Torr is relatively dense with smoother surface and composed of a two-phase mixture of 

nanocrystalline TaC and amorphous carbon.  

Similar experiments carried out with pc = 0 as a function of Ts resulted in 0001-oriented 

-Ta2C thin films on Al2O3(0001) at all Ts between 1073 K and 1373 K. With increasing Ts, I 

obtain smoother and thinner layers with enhanced out-of-plane coherency and decreasing unit 

cell volume. Interestingly, the Ta2C 0001 texture improves with increasing Ts up to 1273 K 

above which the layers are relatively more polycrystalline. At Ts = 1373 K, during early stages of 

deposition, the Ta2C layers grow heteroepitaxially on Al2O3(0001) with (0001)
Ta2C

 || (0001)
Al2O3

 

and [101̅0]
Ta2C

 || [112̅0]
Al2O3

. With increasing deposition time t, I observed the formation of anti-

phase domains and misoriented grains resulting in polycrystalline layers. I attribute the observed 

enhancement in 0001 texture to increased surface adatom mobilities and the development of 

polycrystallinity to reduced incorporation of C in the lattice with increasing Ts. 

With the introduction of small amounts of ethylene (pc = 0.1% to 1% of the total 

pressure), I obtain Ta-C layers with pc-dependent composition and morphology. I find that the 

layers grown using lower pc exhibit strongly facetted surfaces with columnar grains while those 

grown using higher pc are rough with irregular features. Films deposited using higher pc show 

primarily B1-TaC 111 reflections. At the lower Ts (= 1123 K) and lower pc (= 5.0 × 10
-6

 Torr), I 

obtain a two-phase mixture of rhombohedral-Ta3C2(0001) and B1-TaC(111) oriented with 
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respect to the Al2O3(0001) substrate as: (111)
TaC

 || (0001)
Al2O3

, [2̅11]
TaC

 || [112̅0]
Al2O3

 and 

(111)
TaC

 || (0001)
Al2O3

, [1̅1̅2]
TaC

 || [112̅0]
Al2O3

 and (0001)
Ta3C2

|| (0001)
Al2O3

, 

[101̅0]
Ta3C2

 || [112̅0]
Al2O3

.  

Finally, I investigated the effect of 2D hexagonal boron nitride (hBN) layer on the 

crystallinity of sputter-deposited Ta2C/Al2O3(0001) thin films. In these experiments, hBN is 

deposited via pyrolytic cracking of borazine at pressures pborazine up to 2.0 × 10
-4

 Torr, Ts = 1373 

K for t = 10 min. I discovered that the Ta2C film sputter-deposited on hBN-covered Al2O3(0001) 

surface exhibits significantly higher crystallinity than the samples grown on bare Al2O3(0001) 

substrates. Furthermore, I find that the crystallinity of thicker Ta2C layers can be improved by 

inserting hBN layers at regular intervals. 

My studies demonstrate compositional and microstructural tunability during sputter-

deposition of transition-metal carbide thin films using small amounts of the reactive gas and 2D 

layered materials as buffer layers. I expect that these results open up the exciting possibility of 

growth of highly oriented cubic-TaC and/or layered-Tan+1Cn phases, with n = 1, 2, 3, etc. with 

the appropriate choice of deposition parameters.  
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CHAPTER 1.  Introduction 

Overview  

Transition-metal carbides (TMCs) possess good thermomechanical properties, owing to a 

combination of strong ionic, covalent, and metallic bonds, along with good resistance to ablation, 

corrosion, and wear.
1, 2

 TMCs are also known to be ductile at elevated temperatures T, typically 

above 0.5Tm,
3
 where Tm is the melting point in K. TMCs are attractive for applications in cutting 

tools, as wear- and oxidation-resistant coatings, as structural components in hypersonic vehicles, 

as electrical conductors, as optical thin films,
4
 and potentially of interest in micro and nano 

electromechanical systems (MEMS and NEMS) used in harsh environments, e.g. for thermal 

sensing at T > 1000 K,
5, 6

 in aerospace industry, in gas and oil drilling sites, and in nuclear fusion 

reactors. In these MEMS and NEMS applications, the use of submicrometer- or nanometer-thick 

TMC films are desirable since they can potentially increase the operation temperature of the 

devices. Therefore, growth of TMCs as thin films with desired composition, microstructure, and 

hence properties is important. 

Among the TMCs, tantalum carbides (Ta2C, Ta3C2, Ta4C3, Ta6C5, and TaC)
7, 8

 are 

refractory compounds whose structure and properties vary with carbon concentration. The 

rocksalt (B1) structured TaCx is stable over a wide phase field, 0.74 ≤ x ≤ 1 at temperatures up to 

2123 K,
9
 with composition-dependent thermomechanical, thermal, and electrical properties.

9
 

Functionalized layered carbides of the form Tan+1Cn are part of the "MXene" family
10

 with 

interesting properties and potentially new applications.10-13 Among the Ta-C compounds, B1-TaC 

and trigonal-structured -Ta2C exhibit the highest Tm ~ 4250 K and 3600 K, respectively,
7
 with 

exceptional mechanical properties of interest in aerospace structures, cutting tools, and wear-

resistant coatings.
1, 14

 In addition to structural applications, TaC is a promising candidate as an 
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Ohmic contact in high-temperature electronics
15

 and as a catalyst in fuel cells.
16

 Previous studies 

have shown localized plastic deformation during microindentation of TaC single-crystals at 

temperatures as low as 77 K.
9
 More recent nanomechanical tests conducted on refractory 

carbides
4, 17-19

 suggest the possibility of enhanced room-temperature ductility and potentially 

superior toughness at smaller length scales as in thin films. Ta-C thin films have been grown 

using a variety of methods, including but not limited to evaporation,
20

 pulsed laser ablation,
21

 

chemical vapor deposition,
22

 and magnetron sputter deposition,
14, 21, 23

 with the latter being the 

most commonly employed approach in the hard coatings community. 

Two-dimensional (2D) layered materials, such as graphene, hexagonal boron nitride 

(hBN), MXenes, and transition-metal dichalcogenides (TMDCs), have attracted considerable 

attention for a variety of applications, primarily in nanoelectronics and optoelectronics. An 

exciting but relatively little explored application of 2D layers is their use as templates for crystal 

growth. It is generally assumed, and often true, that homoepitaxy yields higher crystalline quality 

thin films than heteroepitaxy. Studies
24, 25

 conducted nearly three decades ago have shown that 

layered materials, owing to weak van der Waals (vdW) bonding across the layers, can aid in 

heteroepitaxial growth of layered as well as non-layered materials. For example, Ohuchi et al.
24

 

demonstrated that deposition of a vdW layered material (NbSe2) onto another vdW material 

(MoS2) results in heteroepitaxial growth without lattice strain despite the large mismatch of 9%. 

In the recent years, 2D layered materials have been shown to promote 'remote epitaxy', where the 

2D layer present at the substrate-film interface does not hinder the epitaxial registry between the 

film and the substrate.
26-28

 This unique feature of 2D materials can aid the crystal growth of 

sputter-deposited films by decoupling the deposited species from the substrate surface thus 

enhancing surface mass transport.  
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In this dissertation, I aim to develop methods to grow highly crystalline and highly 

oriented Ta-C thin films through fundamental understanding of the factors influencing the 

morphology, composition, and microstructure of Ta-Cs deposited via ultra-high vacuum direct 

current (dc) magnetron sputtering. Through a systematic investigation of the effects of the 

deposition parameters, I identified the role of ultra-low reactive gas pressure and 2D layered 

materials on the composition and crystallinity of Ta-C films. In Chapter 2, I present all the 

experimental details related to sputter-deposition, chemical vapor deposition of hBN, and 

characterization of thin films. Chapters 3-6 contain details of my experimental results, analysis, 

and discussion. Each chapter contains an introduction section in which I provide the literature 

background and motivation pertaining to the experiments described in the results and discussion 

sections.  

Brief summary of results 

In Chapter 3, I present results from growth and characterization of Ta-C thin films 

sputter-deposited using a TaC target in 20 mTorr Ar/C2H4 gas mixtures as a function of C2H4 

partial pressures (5.0 × 10
-7

 Torr  pc  5.0 × 10
-4

 Torr) at 1123 K. This work is published in 

Thin Solid Films, 688, 137440 (2019). Using a combination of X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM) equipped with 

X-ray energy dispersive spectroscopy (EDS), I determined the crystallinity, composition, and 

microstructure of the as-deposited samples. I find that sputter-deposition in pure Ar atmosphere 

results in -Ta2C layers. Introducing small amounts of C2H4 (pc = 5.0 × 10
-6

 Torr, 0.025% of 

total pressure) during sputter-deposition results in single-phase, substoichiometric TaC0.76 films. 

With pc ≥ 5.0 × 10
-5

 Torr, two-phase TaC + C nanocomposites are obtained. The results suggest 
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that the Ta-C composition and structure are highly sensitive to ethylene pressure during sputter-

deposition using compound TaC target. 

In Chapter 4, I report on the deposition temperature and time dependent evolution of 

microstructure of -Ta2C thin films sputter-deposited in pure Ar (i.e., pc = 0) on single-

crystalline Al2O3(0001) substrates. XRD and TEM characterization of the as-deposited layers 

reveal the growth of -Ta2C thin films with 0002 preferred orientation at all Ts. I find that both 

crystallinity and surface smoothness of the films improve monotonically with increasing Ts. 

However, I observe enhancement in 0002 texture with increasing Ts up to 1273 K, after which 

the layers are relatively more polycrystalline. Ta2C layers deposited at the highest Ts (= 1373 K) 

begin to grow heteroepitaxially on Al2O3(0001) with the following crystallographic relationship 

(0001)
Ta2C

 || (0001)
Al2O3

 and [101̅0]
Ta2C

 || [112̅0]
Al2O3

 and transition to polycrystalline growth 

with increasing deposition time. 

In Chapter 5, I present the effects of small amounts of C2H4 (pc = 0.1 to 1% of total 

pressure) on the composition and microstructure of Ta-C thin films grown on Al2O3(0001). XRD, 

scanning electron microscopy (SEM), and TEM characterizations are carried out to reveal the 

phase, orientation, and microstructure of the as-deposited TaCx films. I find that the layers grown 

using lower pc exhibit strongly facetted surfaces with columnar grains while those grown using 

higher pc are rough with irregular features. Films deposited using higher pc show primarily B1-

TaC 111 reflections. At the lower Ts (= 1123 K) and lower pc (= 5.0 × 10
-6

 Torr), I obtain a two-

phase mixture of rhombohedral-Ta3C2(0001) and B1-TaC(111) oriented with respect to the 

Al2O3(0001) substrate as: (111)
TaC

 || (0001)
Al2O3

, [2̅11]
TaC

 || [112̅0]
Al2O3

 and 
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(111)
TaC

 || (0001)
Al2O3

, [1̅1̅2]
TaC

 || [112̅0]
Al2O3

 and (0001)
Ta3C2

|| (0001)
Al2O3

, 

[101̅0]
Ta3C2

 || [112̅0]
Al2O3

.  

In Chapter 6, I demonstrate the improvement of crystallinity and orientation of sputter-

deposited Ta2C thin films grown on Al2O3(0001) using 2D hBN layers. The hBN layers are 

deposited via pyrolytic cracking of borazine. Using a combination of in situ Auger electron 

spectroscopy (AES) and low energy electron diffraction (LEED) techniques, I characterized the 

hBN layer. I find that the Ta2C films deposited on hBN-covered Al2O3(0001) surfaces exhibit 

significantly higher crystallinity than the samples grown on bare Al2O3(0001) substrates. I 

discovered that inserting hBN layers at regular intervals improves the crystallinity of thicker 

Ta2C layers, suggesting that the deposition on 2D layer yields better crystals than on bare Ta2C 

surfaces. 
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CHAPTER 2.  Experimental Methods 

Sputter deposition of Ta-C thin films 

Deposition system: All of my deposition experiments are carried out in a load-locked 

ultra-high vacuum (UHV) deposition system (base pressure < 7  10
-10

 Torr, as measured by an 

ion gauge with emission current set to 1 mA) equipped with a 2" (50.8 mm) diameter magnetron 

(from Kurt J. Lesker) for sputter-deposition, multiple gas inlets for reactive sputter-deposition 

and chemical vapor deposition (CVD), and low-energy electron diffraction/Auger electron 

spectroscopy (LEED/AES) system for in situ characterization of the sample surfaces.
29, 30

 The 

chamber is evacuated using a combination of a 685 l/s turbomolecular pump and a mechanical 

rotary pump. For the experiments carried out in this dissertation, the typical base pressure in the 

deposition chamber prior to loading the samples is < 2  10
-9

 Torr. 

Substrate preparation: All the Ta-C samples are grown on single-side polished, 5  10 

 0.5 mm
3
 MgO(001) or ~2 × 10 × 0.5 mm

3
 Al2O3(0001) rectangular strips. The MgO(001) and 

Al2O3(0001) substrates are first cut from 10 × 10 × 0.5 mm
3
 MgO(001) (MGa101005S1 from 

MTI Corp.) and Al2O3(0001) (ACL101005S1 MTI Corp.) single-crystals, respectively. They are 

cleaned sequentially via sonication in acetone, isopropyl alcohol, and deionized water, blown dry 

with compressed nitrogen. The substrates are oven-baked in air at 473 K for 45 min. Then the 

samples are mounted on a 0.05-mm-thick Mo foil covered heating stage made of pyrolytic boron 

nitride with a 5  15  0.15 mm
3
 carbon nanotube tape as the heating element. (The Mo foil 

serves as a reference for measuring substrate temperatures Ts before deposition.) Typical 

resistance of the tape is 2 ~ 3 . The stage is capable of resistively heating substrates to Ts up to 

1673 K. The sample-heater assembly is introduced into the load-lock chamber and held until the 

chamber pressure is reduced to < 8  10
-8

 Torr using a 50 l/s turbo molecular pump. Then the 
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sample holder is transferred into the UHV deposition chamber and thermally degassed at Ts = Td 

until the base pressure is below 6  10
-9

 Torr with the sample at Td. Td is set to 1123 K for 

MgO(001) substrates (Chapter 3), and 1373 K (Chapters 4 and 6) or 1273 K (Chapter 5) for 

Al2O3(0001) substrates. Ts is measured using a pyrometer (IMPAK IS 8-GS) placed outside the 

deposition chamber approximately 0.4 m away from the substrate. The pyrometer emissivity is 

set to 0.15 ± 0.02, the emissivity of Mo, and the associated measurement uncertainty is ± 20 K. 

At the desired Ts = 1123 K, I measure spatial variations in Ts between 1106 K and 1143 K along 

the length of the substrates. After degassing, the substrate surface structure is determined in situ 

using LEED at room temperature. LEED patterns reveal spots characteristic of clean and 

unreconstructed MgO(001)-(11) and Al2O3(0001)-(1×1) surfaces. 

DC magnetron sputtering: All the Ta-C films are deposited by direct current (dc) 

magnetron sputtering of a 2" (50.8 mm) diameter and 0.125" (3.18 mm) thick TaC compound 

target (99.5 wt.% purity, from Plasmaterials, Inc.). First, C2H4 gas (99.999%, Matheson) is 

introduced via a UHV leak valve and the ethylene pressure pc adjusted to the desired value. Then, 

Ar gas (99.999%, Airgas Co.) is let in and the total pressure adjusted to 5  10
-3

 Torr (Chapter 5) 

and 2  10
-2

 Torr (Chapters 3, 4, and 6), as measured by a convection gauge. The sputtering 

power is set to 50 W. The target is pre-sputtered for 30 s ~ 2 min. with the substrate turned out of 

sight from the target. After pre-sputtering, the substrate is rotated to be in the line of sight with 

the target and the film deposited for desired deposition times t between 2 and 120 min. After 

deposition, the gases are shut off immediately and the samples cooled passively to room 

temperature in UHV. 

For the results presented in Chapter 3, Ta-C films are grown using pc = 0, 5.0  10
-7

, 5.0 

 10
-6

, 5.0  10
-5

, and 5.0  10
-4

 Torr with total pressure set to 2.0  10
-2

 Torr for t = 30 min. The 
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target is pre-sputtered for 2 min. Using these deposition parameters, I measure output current of 

0.15 A during sputtering at all pc, while the target voltage varies with pc from 309 V at pc = 0 to 

307 V at 5.0  10
-7

 Torr and 5.0  10
-6

 Torr, 309 V at 5.0  10
-5

 Torr, and 315 V at 5.0  10
-4

 

Torr. The deposition rate in these experiments is between 0.08 nm/s and 0.11 nm/s. 

For the results presented in Chapter 4, Ta-C films are sputter-deposited in pure 2.0 × 10
-2

 

Torr Ar (99.999%, Airgas Co.) at Ts = 1073 K, 1173 K, 1223 K, 1273 K, and 1373 K. The layers 

are deposited for t = 3, 10, and 30 min. (The deposition rate, as I show later, depends on the Ts 

and is between 0.04 and 0.05 nm/s.) Prior to deposition, the target is pre-sputtered for 2 min. for 

all the samples except the t = 3 min. sample, for which the pre-sputter time is set to 1 min. The 

discharge current and voltage during sputter-deposition are 0.16 A and 297~302 V, respectively 

for all but the t = 3 min. samples deposited at Ts = 1373 K, for which I observe 0.18 A and 268 V. 

For the results presented in Chapter 5, Ta-C films are grown using 5.0 × 10
-3

 Torr 

Ar/C2H4 gas mixtures with pc = 5.0 × 10
-6

 Torr and 5.0 × 10
-5

 Torr, Ts = 1123 K and 1273 K, 

and t = 2 h. For these samples, the pre-sputter time is set to 30 s. The discharge current and 

voltage during sputter-deposition are 0.15~0.16 A and 297~307 V, respectively. The deposition 

rate at pc = 5.0 × 10
-6

 Torr is approximately 0.03 nm/s. 

For the results presented in Chapter 6, Ta-C films are sputter-deposited in pure 2.0 × 10
-2

 

Torr Ar at Ts = 1373 K and the layers are deposited for t = 2, 5, 10, and 30 min. Prior to 

deposition, the target is pre-sputtered for 1 min. for all the samples except the t = 5 min. sample, 

for which the pre-sputter time is set to 2 min. The discharge current and voltage during sputter-

deposition are 0.16 A and 295~298 V, respectively, for all but the t = 5 min. samples, for which I 

measure 0.17 A and 276~277 V. 
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Chemical vapor deposition of hBN 

The chemical vapor deposition (CVD) of hBN on bare Al2O3(0001) and sputter-deposited 

Ta2C surfaces is carried out using purified borazine vapor supplied through a UHV leak valve 

connected to a 20 ml UHV-compatible domed glass tube (Accu-Glass Products, Inc) filled with 

~ 5 ml of liquid borazine (from Gelest, Inc.). Prior to hBN deposition, the liquid borazine is 

purified using a freeze-pump-thaw cycle following the procedure described in Refs. 31-33. 

Briefly, during a typical freeze-pump-thaw cycle, the borazine is first frozen by submerging the 

glass tube in a reservoir containing liquid N2 (Tboiling = 77 K). Next, with the borazine kept frozen, 

the bottle is evacuated with the aid of a 50 l/s turbomolecular pump for 5 min. to remove 

molecular hydrogen and other residual gases with boiling point below 77 K present in the glass 

tube. Finally, the liquid N2 reservoir is removed and the borazine in the tube is allowed to 

passively thaw. The sample is heated in UHV to Ts = 1373 K and the purified borazine is 

introduced into the deposition chamber and borazine pressure pborazine adjusted to a desired value 

pborazine = 1.0 × 10
-6

 Torr ~ 2.0 × 10
-4

 Torr (as measured with an ion gauge), and the borazine 

pressure is maintained for t = 5 ~ 10 min. 

In situ Auger electron spectroscopy and low energy electron diffraction (AES/LEED) 

Surface composition and structure of the samples, including bare MgO(001) and 

Al2O3(0001) substrates, hBN-covered Al2O3(0001), and sputter-deposited Ta2C, are determined 

in situ after each deposition step using a UHV-compatible, reverse-view, AES/LEED system 

with four-grid optics.
29, 34

 The Auger electron spectra are acquired in derivative mode using a 1.5 

keV primary beam up to 50 μA and at kinetic energies between 20 and 700 eV with a step size of 

1 eV and a dwell time of 1 s. LEED patterns are obtained at incident electron energies between 

200 and 250 eV with up to 2 μA beam current using a screen voltage of 4 kV. 
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X-ray diffraction (XRD) 

XRD 2-ω and pole figure measurements are carried out using a Bede D1 high-resolution 

diffractometer with monochromatic Cu Kα1 radiation (wavelength λ is 0.154056 nm) and a Bede 

D1 rotary stage diffractometer with non-monochromatic Cu X-rays, respectively, following the 

procedures described in Refs. 30, 34, 35. First, the samples are mounted on a miscut Si(100) 

wafer to eliminate background signal from the diffractometer stage. The optics of the detector 

and X-ray incident beam are calibrated to achieve maximum straight-through intensity. For 

detector slits, I used 2-mm-wide slits (angular aperture δ2θ = 0.382
o
) for all 2-ω scans except for 

the data shown in inset Fig. 6.2(b), for which 0.5-mm-side slits (δ2θ = 0.096
o
) are used. For all 

pole figure measurements, a Soller slit is used. 

For the data presented in Chapter 3, the position and inclination of the Ta-C/MgO(001) 

samples are calibrated with respect to ω and χ (out-of-plane rotation perpendicular to ω) of the 

MgO 002 reflection, 2 = 42.94
o
.
36

 2-ω scans for 2 values between 20
o
 and 100

o
 are acquired 

with a step size of 0.02
o
 and a dwell time of 1 s. XRD pole figures of MgO 111, MgO 002, TaC 

111, and TaC 002 reflections are obtained with 2 fixed at 36.96
o
, 42.94

o
, 34.87

o
, and 40.49

o
, 

respectively. These 2 values are calculated using lattice constants of stoichiometric B1-

structured MgO and TaC.
37, 38

 The intensities of each reflection are measured along χ between 0
o
 

and 90
o
 with a step size of 2.0

o
 and  (in-plane rotation angle) between 0

o
 to 360

o
 with a step 

size of 1.0
o
. The dwell time is 0.4 s per step. 

The inclination of the Ta-C/Al2O3(0001) samples are calibrated with respect to  and  

of Al2O3 0006 reflection at 2 = 41.68
o
 (JCPDS-ICDD No. 46-1212). 2-ω scans are obtained 

for 2 values between 20
o
 and 100

o
 with a step size of 0.02

o
 and a dwell time of 1 s. XRD pole 

figures of Al2O3 112̅6, Ta2C 101̅1, and TaC 111 reflections are acquired with 2 fixed at 57.50
o
, 
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38.08
o
, and 34.84

o
, respectively, and the desired reflection peak intensities measured along  

between 0
o
 and 90

o
 with a step size of 2.0

o
 and  between 0

o
 and 360

o
 with a step size of 1.0

o
. 

The dwell time is 1 s (Chapters 4 and 6) and 0.5 s (Chapter 5) per step for these measurements. 

Cross-sectional transmission electron microscopy (XTEM) 

Cross-sectional transmission electron microscopy (XTEM) characterization is carried out 

on electron-transparent specimens prepared via focused ion beam (FIB) milling of the Ta-C thin 

films with 30 keV Ga
+
 ions in an FEI Nova NanoLab™ 600 DualBeam FIB scanning electron 

microscope (FIB/SEM) system. Prior to milling, the film surface is protected by electron-beam-

assisted deposition of ~100-nm-thick layer of platinum (Pt) from trimethyl platinum (C9H16Pt) 

using 30 kV and 0.1 nA electron beams. Although the deposition of Pt layer helps minimize Ga
+
 

implantation during milling, it results in unintentional deposition of carbon from the precursor.
39, 

40
 XTEM images of the films and the film/substrate interfaces are acquired using an FEI Titan 

scanning TEM (S/TEM) (Chapters 3-6), a JEOL JEM-2800 TEM (S/TEM) (Chapter 4), and a 

JEOL JEM-ARM300F S/TEM (Chapter 6), operated at 300 kV, 200 kV, and 300 kV, 

respectively. Prior to loading the TEM samples into JEOL JEM-ARM300F, they are etched 

using Fischione’s Model 1040 NanoMill®. 

Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) characterization of the Ta-C/Al2O3(0001) film 

morphologies is carried out using an FEI Nova NanoLab™ 600 DualBeam FIB scanning 

electron microscope (FIB/SEM) system with an acceleration voltage of 10 kV and a working 

distance of 5 mm. 
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X-ray photoelectron spectroscopy (XPS) 

XPS data are collected from air-exposed and surface-etched samples using Kratos 

Analytical AXIS Ultra DLD. The sample surfaces are etched as a means to minimize 

contribution of surface-adsorbed carbon, an unintentional consequence of air-exposure, to the 

total amount of carbon detected using XPS. Etching is carried out using 3.8 keV Ar
+
 ion beams 

(with Ar gas pressure at 3 × 10
-7

 Torr) rastered across 1.7 × 1.7 mm
2
 using an extractor current of 

100 A. (With these parameters, I measure an etch rate of ~ 0.02 nm/s for Ta2C/Al2O3(0001) 

thin films sputter-deposited using pc = 0 Torr. I assume that the etch rates are similar in all our 

TaCx/MgO(001) samples deposited using different Pc.) After every 600 s of etching, XPS data 

are obtained and checked for physisorbed hydrocarbons and adventitious carbon, expected 

around 260 eV and 284.4 eV, respectively. Any peaks due to hydrocarbons after the first 600 s of 

etching is not observed, based on which I assume that any C 1s signals detected in the spectra are 

due to carbon incorporated in the film during deposition. And the etch-XPS cycles are repeated 

until the appearance of the Mg and O peaks, indicative of near-complete removal of the Ta-C 

film. Higher resolution C 1s and Ta 4f spectra are acquired with a step size of 0.1 eV and dwell 

time of 1 s per step. The binding energies in each of the spectra are calibrated with O 1s peak set 

to 530.60 eV. 
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CHAPTER 3.  Effects of ultra-low ethylene partial pressure on microstructure and 

composition of reactively sputter-deposited Ta-C thin films 

Introduction 

TaCx thin films have been grown using a variety of methods, including but not limited to 

evaporation,
20

 pulsed laser ablation,
21

 chemical vapor deposition,
22

 and magnetron sputter 

deposition,
14, 21, 23

 with the latter being the most commonly employed approach in the hard 

coatings community. In the literature, only a few reported heteroepitaxial growth of 001- and 

111-oriented TaC thin films, via electron-beam evaporation
20

 and pulsed laser deposition,
15

 

respectively, on single-crystalline MgO(001) and SiC(0001) substrates. Relatively more number 

of studies exist on dc magnetron or radio-frequency sputter-deposition of polycrystalline TaCx 

thin films.
14, 15, 21, 23, 41, 42

 Hakansson et al.
14

 carried out reactive sputtering of elemental Ta target 

in Ar/CH4 and Xe/CH4 gas mixtures with CH4 partial pressures between 0.3 and 1.8 mTorr (i.e., 

10 to 60% of the total pressure) and reported the growth of polycrystalline B1-TaCx films on 

high speed steel substrates. Evans et al.
42

 varied C2H4 gas flow rates during reactive sputtering of 

Ta on Si(001) in Ar/C2H4 gas mixtures and observed the growth of nanocomposite films with 

TaC and amorphous hydrogenated carbon phases. Nilsson et al.
43

 reported the formation of B1-

TaC in carbon films with 12 to 36 at.% Ta grown on Si(111) via co-sputtering of pure C and Ta 

targets. Lasfargues et al.
44

 investigated the effects of substrate bias and temperature Ts on the 

phase composition of Ta-C films deposited on Si(001) via sputtering of a nearly stoichiometric 

TaC target in Ar gas discharge and found that the phase fraction of TaC vs. Ta2C increased with 

increasing bias voltage. All these reports indicate that the Ta-C film composition depends on the 

sputter-deposition parameters. Here, I focus on understanding the influence of ultra-low (0.0025 

to 2.5% of total pressure) amounts of ethylene (C2H4) on compositional and microstructural 

evolution of sputter-deposited Ta-C thin films.  
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In this chapter, I present results from growth and characterization of Ta-C thin films 

sputter-deposited using a TaC target in 20 mTorr Ar/C2H4 gas mixtures as a function of C2H4 

partial pressures (5.0 × 10
-7

  pc  5.0 × 10
-4

 Torr) at 1123 K. Using a combination of XRD, XPS, 

and TEM equipped with X-ray energy dispersive spectroscopy (EDS), I determined the 

crystallinity, composition, and microstructure of the as-deposited samples. I find that sputter-

deposition in pure Ar atmosphere results in trigonal-structured Ta2C layers. Introducing small 

amounts of C2H4 (pc = 5.0 × 10
-6

 Torr, 0.025% of total pressure) during sputter-deposition results 

in single-phase, substoichiometric TaC0.76 films. With pc ≥ 5.0 × 10
-5

 Torr, we obtain two-phase 

TaC + C nanocomposites. My results suggest that the Ta-C composition and structure are highly 

sensitive to ethylene pressure during sputter-deposition using compound TaC target. 

Results and discussion 

Figure 3.1 shows typical2θ-ω XRD scans obtained from Ta-C/MgO(001) thin films 

sputter-deposited at Ts = 1123 K using 20 mTorr pure Ar (i.e., pc = 0) and Ar/C2H4 gas mixtures 

with Pc increased in ten-fold increments from 5.0 × 10
-7

 Torr to 5.0 × 10
-4

 Torr. In the plot, the 

highest intensity peaks at 2θ = 42.94
o
 are due to 002 reflections of the MgO single-crystal 

substrate. In the 2θ-ω data from the Ta-C sample deposited with pc = 0, we find higher intensity 

film peaks at 2θ = 36.48
o
 and 38.14

o
, which I identify as 0002 and 101̅1 reflections, respectively 

of trigonal α-Ta2C (P3̅m1).
9
 From these 2θ values, I determine the in-plane a and out-of-plane c 

lattice constants as a = 0.310 nm and c = 0.492 nm. The measured a value is, within the 

experimental uncertainties, the same as that (0.3103 nm) reported for the bulk Ta2C, while c is 

slightly smaller (~ 0.2%) than the corresponding bulk value (0.4938 nm).
9
 The XRD data from 

the sample grown using pc = 5.0 × 10
-7

 Torr also reveals peaks corresponding to -Ta2C. From 

the measured 2θ values, I determine lattice constants a = 0.311 nm and c = 0.493 nm. Both a and 
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c are ~ 0.2% larger than those measured from the XRD data of Ta2C film deposited in pure Ar 

(pc = 0). I attribute the ~0.85% volume increase in the Ta2C crystal lattice to increased 

incorporation of carbon, presumably as interstitials. 

The XRD data from the samples deposited using higher pc ≥ 5.0 × 10
-6

 Torr reveal peaks 

at 2θ values around 35
o
 and 41

o
, different from those observed in Ta2C films grown at lower pc. I 

identify these peaks as the reflections in polycrystalline B1-TaC.
45

 For the TaC films grown with 

pc = 5.0 × 10
-6

 Torr, we find two higher intensity peaks due to 111 and 002 reflections at 2 = 

34.71
o
 and 40.77

o
, respectively. The corresponding 111 and 002 interplanar spacings, d111 = a/√3 

and d002 = a/2, yield the same lattice constant a = 0.442 nm, about 0.6% smaller than the value 

(0.4456 nm) reported for bulk TaC0.99.
9
 While residual stresses can influence the lattice 

constants,
46

 since TaC is elastically isotropic
47

 and given that I measure the same a values in 

both 111 and 002 oriented grains, I suggest that the observed smaller lattice constant is due to C-

vacancies rather than lattice strain. Bowman et al.
45

 suggested that the lattice parameter a(x), 

measured in Ångstroms, changes linearly with carbon content x in TaCx as a(x) = 4.3007 + 

0.1563x. Using this relation, I determined that x = 0.76, i.e., TaC0.76 layers are grown with pc = 

5.0 × 10
-6

 Torr. In contrast, for the film deposited with pc = 5.0 × 10
-4

 Torr, I obtain a = 0.446 

and 0.445 nm using 111 (2 = 34.78
o
) and 002 (2 = 40.55

o
) reflections, respectively. Both these 

a values are nearly the same as that of the bulk stoichiometric TaC, indicating the growth of 

stoichiometric TaC crystals. 

I used TEM coupled with EDS to determine the microstructural and compositional 

evolution of the films as a function of the ethylene partial pressure. Figs. 3.2(a) and (b) are 

representative cross-sectional TEM images obtained from the Ta-C film sputter-deposited in 

pure Ar (pc = 0) at Ts = 1123 K. The TEM image in Fig. 3.2(a) shows dense columnar 
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microstructure and I measure a film thickness of 148 ± 3 nm. The high-resolution TEM 

(HRTEM) image in Fig. 3.2(b) shows layered structure and associated Fourier transform (inset in 

Fig. 3.2(b)) indicates that the film is polycrystalline. The spots observed in the Fourier transform 

correspond to -Ta2C. With the introduction of small amounts of ethylene (pc = 5.0 × 10
-6

 Torr), 

we obtain slightly thicker (154 ± 15 nm) and porous film with highly facetted surfaces and 

columnar grains (see Fig. 3.3(a)), compared to the layers deposited at pc = 0. Lattice-resolution 

TEM image (Fig. 3.3(b)) and selected area electron diffraction (SAED) pattern (inset in Fig. 

3.3(b)) with four-fold symmetric spots acquired along [010] zone axis from near the 

film/substrate interface of the sample reveal cube-on-cube heteroepitaxy of TaCx(001) on 

MgO(001). The lattice-resolved TEM image seems to suggest coherent growth of the film for up 

to 20 nm near the film-substrate interface. However, in the SAED pattern, we observe two sets of 

diffraction spots indicating that the film is not lattice-matched with the substrate. From the h00 

reflections, I measure a = hdh00 = 0.442 nm for the TaCx film, which is in good agreement with 

the a values extracted from XRD measurements of both d002 and d111. That is, the film lattice is 

fully relaxed at the film-substrate interface. This is reasonable since lattice mismatch ([a-

aMgO]/aMgO) is rather large (~ 5%). I do not observe (either due to limited resolution in the TEM 

images or otherwise) any misfit dislocations at the interface even though the critical thickness hc 

for the onset of dislocations in films
48, 49

 with 5% mismatch is hc = 0.8 nm. (In calculating hc, I 

use the relation,
48

 ℎ𝑐 = (
𝑏

𝑓
) [

1

4𝜋(1+𝑣)
] [ln (

ℎ𝑐

𝑏
) + 1] with the Burgers vector b = 

1

2
[110] = a/√2 = 

0.3125 nm and Poisson ratio  = 0.22.
50

) In addition to dislocations, twinning has been shown to 

relieve stresses and the critical thickness associated with twinning is expected to be larger, from 

12b to 30b,
51

 which yields hc values between 4.7 ~ 9.4 nm for TaC. These predictions seem to be 

consistent with our experimental observations, see Figs. 3.3(c) and (d). The TEM image in Fig. 
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3.3(c) obtained from the same sample along [110] zone axis reveals twins at ~20 nm away from 

the substrate. Higher resolution TEM image (Fig. 3.3(d)) from the region bounded by a square in 

Fig. 3.3(c) shows 111 twins. While twinning has been observed in bulk TaC subjected to high 

pressures (>7.7 GPa),
52

 I believe that this is the first report of growth twins in TaC.  

To validate the TEM results and to better understand the orientation relations in the 

TaCx/MgO(001) film, I collected TaC 002 and TaC 111 XRD pole figures from the sample 

deposited at pc = 5.0 × 10
-6

 Torr and the data are presented as polar plots in Fig. 3.4. Figs. 3.4(a) 

and (b) are the MgO substrate 002 and 111 XRD pole figures, respectively, which serve as the 

reference for the data presented in Figs. 3.4(c) and (d). In the TaC 002 pole figure (Fig. 3.4(c)), 

the highest intensity peaks are observed at (χ,ϕ) = (0
o
,0

o
) and (90

o
,0

o
), (90

o
,90

o
), (90

o
,180

o
), and 

(90
o
,270

o
) not visible in this plot, while in the TaC 111 pole figure (Fig. 3.4(d)), the highest 

intensity peaks are at (χ,ϕ) = (54
o
,45

o
), (54

o
,135

o
), (54

o
,225

o
), and (54

o
,315

o
). In both the TaC 

002 and 111 pole figures, the highest intensity peaks are at the same (χ,ϕ) values as those of the 

MgO substrate 002 and 111 reflections, respectively. These results imply the existence of TaC 

grains on the MgO(001) substrate with the following cube-on-cube orientational relationship: 

(100)TaC || (100)MgO and [001]TaC || [001]MgO. Interestingly, we also observe twelve additional 

peaks with four-fold symmetry in both the TaC 002 and 111 pole figures. I attribute these peaks 

to the presence of four 111-oriented TaC crystals formed by twinning with respect to 111. I test 

my hypothesis by simulating the XRD pole figures of 002 and 111 reflections (see Figs. 3.4(e) 

and (f)) for multiply twinned TaC. In the simulation, I start with a B1-TaC(001) single crystal 

and superpose three more crystals such that twins form across (111), (1̅11), (11̅1), and (1̅1̅1). The 

simulated patterns match the experimental data, thus validating the existence of twins in the as-

deposited TaCx/MgO(001) film. 
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TEM image in Fig. 3.5(a) obtained from the sample grown using the highest ethylene 

partial pressure, pc = 5.0 × 10
-4

 Torr shows uniform contrast indicative of homogeneous 

composition and/or microstructure. The film is relatively smooth and considerably thicker (204 ± 

2 nm) than those deposited at lower pc, likely due to increased incorporation of carbon at higher 

pc. Higher resolution TEM image of the sample (Fig. 3.5(b)) reveals that the film is composed of 

nanoscale (~ 5 nm size) crystallites embedded in an amorphous matrix.  

I acquired EDS data (not shown) along the thickness of the Ta-C thin films sputter-

deposited using different pc as a means to determine spatial variations (if any) in Ta and C 

contents within the films. While C content in the film grown using pc = 0 is not accurately 

determined, I find that the C/Ta ratios in all the other samples are fairly uniform across the films. 

The estimated C/Ta ratios increase as expected with increasing pc from 0.8 ± 0.13 at pc = 5.0 × 

10
-6

 Torr to 2.9 ± 0.54 at pc = 5.0 × 10
-4

 Torr. In addition to Ta and C, I find non-negligible 

amounts of O up to 28 at.%, 26 at.%, and 37 at.% in the films deposited using pure Ar, pc = 5.0 × 

10
-6

 Torr, and 5.0 × 10
-4

 Torr, respectively. Prior sputter-deposition experiments carried out in 

the same UHV system,
29, 30, 34

 residual gas analyses of gas compositions in UHV and in Ar/C2H4 

gas mixtures with different pc, and in situ AES measurements of surface compositions of Ta-C 

films sputter-deposited using the same TaC target indicate that the deposition chamber, Ar and 

C2H4 gases, and the as-deposited Ta-C samples are all free of oxygen. Therefore, I attribute the 

O signal detected in EDS to oxygen incorporation in the samples upon air-exposure and/or 

during the TEM sample preparation.  

I complement the EDS measurements, which provide estimates of the total C content, 

with XPS to determine pc-dependent changes in the relative fractions of bonded vs. free C 

contents in the Ta-C films. Figs. 3.6(a-c) are representative XPS spectra around C 1s and Ta 4f 
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obtained from the Ta-C films grown with pc = (a) 0, (b) 5.0 × 10
-6

 Torr, and (c) pc = 5.0 × 10
-4

 

Torr. In these spectra, peaks associated with Ta-O bonds, if present, would appear at binding 

energies 29.3 eV (4f5/2) and 27.4 eV (4f7/2). The open circles and squares are XPS data acquired 

from the samples after 600 s and 1800 s of Ar
+
 etching, respectively. In Fig. 3.6(a) right panel, 

we observe two Ta 4f peaks at 21.7 eV (4f7/2) and 23.5 eV (4f5/2), irrespective of the etching time. 

In the left panel, we observe two C 1s peaks at 282.4 eV and 284.2 eV in the XPS spectra 

obtained after 600 s of etching (the open circles in Fig. 3.6(a)), which I attribute to Ta-C and C-C 

bonds, respectively. The C-C peak disappears after 1800 s of etching (open squares in Fig. 

3.6(a)). These results suggest the existence of free-C in the top region, closer to the surface, of 

the sample. At higher pc = 5.0 × 10
-6

 Torr, I find only one C 1s peak at 282.7 eV due to Ta-C 

bonds (see Fig. 3.6(b)); the absence of peaks due to C-C bonds imply that the thin film does not 

have any free carbon. However, I cannot rule out the possibility of free-C because these XPS 

data are acquired after Ar
+
 etching, which is known to preferentially remove C from the 

samples.
53

 I also observe ~ 1.1-1.2 eV shift in Ta 4f peaks to higher energies, 22.8 eV (4f7/2) and 

24.7 eV (4f5/2), compared to those in Fig. 3.6(a) and are associated with Ta-C bonds in B1-

TaCx.
54

 XPS data (Fig. 3.6(c)) from the sample grown using the highest pc = 5.0 × 10
-4

 Torr show 

two C 1s peaks, corresponding to Ta-C and C-C bonds. That is, the film is composed of free-

carbon and TaCx. (In contrast with the C 1s spectra in Fig. 3.6(a), the C-C peak in Fig. 3.6(c) 

does not disappear after 1800 s of etching, presumably due to higher and uniform carbon 

concentration in the sample.) Since the position of the C-C peak corresponds to that of sp2 

bonding (284.2 eV) rather than sp3 (285.0 eV), I expect that the free-carbon in the film is likely 

to be graphitic. However, HRTEM images and associated Fourier transforms did not provide any 

evidence of graphite in the film. I note that the peaks associated with Ta-C bonds in C 1s 
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spectrum are all shifted to higher binding energies, by ~ 2.0 eV and both the peaks in Ta 4f 

spectrum by 0.4 eV with respect to those observed (see Fig. 3.6(b)) in the sample deposited using 

pc = 5.0 × 10
-6

 Torr. I attribute this increase in binding energies to increased carbon content in 

the carbide. In this particular sample, I also find a relatively stronger signal at energies around 26 

and 28 eV, associated with Ta-O bonds. As mentioned in the previous section, my EDS 

measurements have also revealed the presence of oxygen across the film and is likely a result of 

air exposure of the as-deposited films.  

My XPS results are consistent with both the XRD (Fig. 3.1) and the TEM (Figs. 3.2-3.3) 

data, all of which show that the Ta-C film composition changes with pc. The observation of Ta2C 

phase in the samples deposited with pc = 0 (and pc = 5.0 × 10
-7

 Torr) using TaC target is 

unexpected. This can occur if (1) B1-structured TaCx is energetically unstable compared to Ta2C 

+ C two-phase mixtures and/or (2) some amount of carbon released from the TaC target is lost to 

the ambient during sputter-deposition. The former is plausible,
7
 however, my XPS data (see Fig. 

3.6(a)) is inconclusive regarding the presence of free-C in the film deposited with pc = 0. The 

absence of C-C peak in the spectra (Fig. 3.6(b)) obtained from the sample grown using Ar/C2H4 

gas mixtures with Pc = 5.0 × 10
-6

 Torr supports the latter possibility. Given that the sputtering 

efficiencies and the mean free paths of the sputtered species depend on their atomic masses 

relative to the gas (Ar) and gas pressure,
55

 respectively, it is likely that not all carbon from the 

TaC target is incorporated into the film, resulting in the formation of Ta2C. The introduction of 

C2H4 gas supplements the carbon lost during sputter-deposition and results in the growth of B1-

TaCx; with increasing pc, the carbon concentration x in the B1 phase and the free-C content 

increase as more carbon is deposited from C2H4. As a result, I observe the transition from 

trigonal-structured Ta2C (with pc = 0) to a single-phase cubic TaC0.76 (with pc = 5.0 × 10
-6

 Torr) 
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and to a two-phase nanocomposite film of TaC crystallites embedded in C matrix (with pc = 5.0 

× 10
-4

 Torr).  

Conclusion 

In summary, I investigated the effects of small-amounts of ethylene gas (0.0025 to 2.5% 

of total pressure) on the compositional and microstructural evolution of sputter-deposited Ta-

C/MgO(001) thin films. We obtain trigonal-structured Ta2C using pure Ar and Ar/C2H4 gas 

mixtures with pc = 5.0 × 10
-7

 Torr C2H4 (0.0025% of total pressure), B1-TaC0.76 at higher C2H4 

pressure (pc = 5.0 × 10
-6

 Torr), and B1-TaC + free-C two-phase mixture at pc = 5.0 × 10
-4

 Torr 

C2H4. All the films are polycrystalline with C2H4 pressure dependent microstructures and surface 

morphologies. The Ta2C layers and the TaC + C are relatively smooth while the sub-

stoichiometric TaCx films deposited are porous with highly facetted surfaces. In the 

TaCx/MgO(001) sample, we observe cube-on-cube heteroepitaxy with orientational relationships 

(100)TaC || (100)MgO and <010>TaC || <010>MgO near the film-substrate interface and the 

development of 111 twins and polycrystallinity away from the interface. In contrast, the film 

deposited using higher C2H4 partial pressure (pc = 5.0 × 10
-4

 Torr) consists of nanoscale TaC 

crystallites embedded in free carbon. My results indicate that the sputter-deposited Ta-C film 

composition and microstructure are highly sensitive to the reactive gas fraction. The ability to 

reduce the reactive gas pressures down to a few ppm during sputter-deposition can open up 

opportunities for designing materials with potentially new properties. I expect that a similar 

approach can be used to controllably tune the growth characteristics of other reactively deposited 

thin films. 
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Figures 

 

Figure 3.1 Representative X-ray diffraction (XRD) 2θ-ω spectra obtained from Ta-C thin films 

sputter-deposited on MgO(001) at 1123 K using Ar/C2H4 gas mixtures with different C2H4 

partial pressures, pc. Solid circle in the spectra denotes 002 reflection of the single-crystalline 

MgO substrate. Dotted lines indicate the expected peak positions of stoichiometric B1-TaC and 

trigonal-Ta2C phases. For comparison of the relative peak intensities across the samples, all the 

data within each of the spectra are normalized with respect to the MgO 002 reflection peak 

intensity in that spectrum. 
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Figure 3.2: (a and b) Typical cross-sectional transmission electron microscopy (XTEM) images 

acquired from the Ta2C film sputter-deposited using pure Ar, i.e., pc = 0. (b) Higher-resolution 

TEM (HRTEM) image of the region highlighted by a yellow square in (a). Inset is a Fourier 

transform (FT) of the image in (b). The spots within the FT are identified as reflections due to 

polycrystalline α-Ta2C. 
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Figure 3.3: Characteristic XTEM images from the TaCx layers sputter-deposited using pc = 5.0 × 

10
-6

 Torr, obtained along (a and b) [010] and (c and d) [011] zone axes. (b and d) HRTEM 

images of the regions highlighted by yellow squares in (a) and (c), respectively. Inset in (b) is a 

selected area electron diffraction pattern of the sample shown in (b). Arrows in (c) identify twin 

boundaries. Dotted lines in (d) highlight (100) and mirror (100)’ planes in twinned crystals 

across a (11̅1) plane shown by a dashed line with schematics of TaC lattice.
56
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Figure 3.4: XRD pole figures of (a) MgO 002, (b) MgO 111, (c) TaC 002, and (d) TaC 111 

reflections obtained from the TaCx film deposited using pc = 5.0 × 10
-6

 Torr. (e and f) Simulated 

pole figures of (e) TaC 002 and (f) TaC 111 reflections from a hypothetical construct of multiply 

twinned 111-oriented TaC crystals rotated 90
o
 with respect to each other. 
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Figure 3.5: (a and b) Characteristic XTEM images from the TaCx layers sputter-deposited using 

pc = 5.0 × 10
-4

 Torr. (b) HRTEM image of the area marked with yellow square in (a). Lattice 

fringes visible in the image are due to TaC crystallites (approximately 5 nm in size), three of 

which are highlighted by yellow lines. 
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Figure 3.6: X-ray photoelectron spectra (XPS) around C 1s and Ta 4f peaks obtained from the 

films sputter-deposited using pc = (a) 0, (b) 5.0 × 10
-6

 Torr, and (c) 5.0 × 10
-4

 Torr. Open circles 

and squares are spectra acquired after Ar
+
 etching of the sample for 600 and 1800 s, respectively. 

Solid lines are Gaussian fits to the raw data. Dashed line is background. Vertical dashed lines in 

C 1s spectra indicate binding energies characteristic of graphitic carbon and stoichiometric TaC, 

while those in Ta 4f correspond to Ta 4f5/2 and 4f7/2 of stoichiometric TaC. 
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CHAPTER 4.  Ultra-high vacuum dc magnetron sputter-deposition of 0001-textured 

trigonal α-Ta2C/Al2O3(0001) thin films 

Introduction 

Among the tantalum carbides (Ta-Cs), B1-TaC has by far received the most attention. 

Relatively little is known concerning the other Ta-C compounds (e.g., Ta2C, Ta3C2, Ta4C3, and 

Ta6C5), which are also known for their ultra-high melting points (for example, ~ 3600 K for 

trigonal -Ta2C)
7
 and their thermomechanical and electrical properties.

8, 57-65
 -Ta2C is relatively 

softer with superior ductility compared to B1-TaC at elevated temperatures
58

 due to the operation 

of multiple slip systems.
58, 66, 67

 

As mentioned in the previous chapters, Ta-C thin films are most commonly grown via 

magnetron sputter-deposition.
14, 23, 35, 44, 68-72

 While most of the existing literature is aimed at 

obtaining B1-TaC thin films, relatively few reported the growth of Ta2C thin films;
70-73

 other 

studies observed the unintentional formation of the Ta2C phase.
35, 44, 69

 Given the potential 

applications of Ta2C in high-temperature structural applications, it is surprising that very little is 

known concerning the synthesis and microstructural evolution of Ta2C. Here, I focus on 

understanding the growth-related aspects of sputter-deposited Ta2C thin films. 

In this chapter, I report on the microstructural evolution in Ta2C thin films deposited on 

single-crystalline Al2O3(0001) substrates via UHV dc magnetron sputtering of a TaC target in 

pure Ar discharges at Ts between 1073 K and 1373 K for times t up to 30 min. XRD and TEM 

characterization of the as-deposited layers reveal the growth of -Ta2C thin films with 0001 

preferred orientation at all Ts. I find that thickness decreases while both crystallinity and surface 

smoothness of the films improve monotonically with increasing Ts. I observe enhancement in 

0001 texture with increasing Ts from 1073 K up to 1273 K. At higher Ts (= 1373 K), the thinner 

Ta2C layers grow heteroepitaxially on Al2O3(0001) with the following crystallographic 
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relationship (0001)
Ta2C

 || (0001)
Al2O3

 and [101̅0]
Ta2C

 || [112̅0]
Al2O3

 and develop polycrystallinity 

with increasing thickness. Based on these results, I suggest that the competition between 

enhanced surface mass transport and reduced carbon incorporation during deposition at elevated 

temperatures determine the morphology and texture of the Ta2C thin films 

Results and discussion 

Figure 4.1(a) shows typical 2- XRD scans obtained from Ta-C/Al2O3(0001) thin films 

sputter-deposited for t = 30 min. at Ts = 1073, 1173, 1223, 1273, and 1373 K. In the data, the 

peaks labeled s at 2 = 41.68
o
 and 90.76

o
 are due to 0006 and 00012 reflections, respectively of 

the single-crystalline, corundum-structured Al2O3(0001) substrates (JCPDS-ICDD No. 46-1212) 

and the other peak at 2 = 64.54
o
 is a forbidden Al2O3 0009 reflection that is likely due to defects 

in the Al2O3(0001) crystals.
74, 75

 To facilitate direct comparison of the XRD data across the 

samples, intensities in each of the curves are normalized to the highest intensities associated with 

Al2O3 00012 peak. The XRD data of the film deposited at the lowest Ts = 1073 K reveal broad 

overlapping peaks at 2 values around 36
o
, 38

o
, 78

o
, and 82

o
. In comparison, the XRD data 

obtained from the films deposited at Ts ≥ 1173 K show peaks at or close to 2 = 36.32
o
, 38.24

o
, 

59.46
o
, 77.16

o
, 82.02

o
, and 97.94

o
; I index these peaks as 0002, 101̅1, 21̅1̅0, 0004, 202̅2, and 

31̅2̅0 reflections, respectively, of trigonal -Ta2C (P3̅m1).
76

 (For reference, Cu Kα1 XRD peaks 

of high-intensity reflections 111 and 002 of stoichiometric B1-TaC are expected at 2 = 34.78
o
 

and 40.55
o
, respectively.

35
) The observation of multiple reflections is indicative of 

polycrystallinity. The XRD data of the samples grown at the higher Ts = 1273 and 1373 K show 

weaker intensity peaks labeled with asterisks at 2 = 25.40
o
 and 55.76

o
. While I am unable to 

attribute the peak at 25.40
o
 to any of the possible Ta-C compounds or graphite (JCPDS-ICDD 



30 

 

No. 41-1487), I suggest that the peak at 55.76
o
 is likely due to α-Ta2C 0003 reflection, expected 

at 2θ = 55.82
o
. 

From the XRD data in Fig. 4.1(a), I measure full width at half maxima, Γ0002 and Γ1011̅, 

respectively of 0002 and 101̅1 peaks, the two primary reflections in α-Ta2C, and their relative 

intensities I0002/I101̅1 at all Ts. Fig. 4.1(b) shows the Ts-dependent variations in Γ0002, Γ1011̅, and 

I0002 / I101̅1 . I find that the Γ values of both 0002 and 101̅1  peaks decrease monotonically, 

indicative of increase in out-of-plane coherence length
77

 and hence improved overall crystallinity, 

with increasing Ts. I0002/I101̅1 increases from 2.2 at Ts = 1073 K to 13.1 at Ts = 1273 K and 

decreases to 3.0 at Ts = 1373 K. Given that the strongest intensity reflection is 101̅1  and 

I0002 / I101̅1  is 0.253 in powder XRD of -Ta2C,
76

 the fact that I0002 / I101̅1  > 2 for the films 

deposited at all Ts ≥ 1023 K implies that the Ta2C films are highly 0001-oriented at all Ts. In my 

experiments, the strongest 0001 texture is obtained in the films deposited at 1273 K. The 

observed decrease in I0002/I101̅1 upon further increase in Ts to 1373 K is suggestive of a disruption 

in 0001-oriented crystal growth, presumably due to change in the film composition. 

I measure out-of-plane lattice parameters c from the peak positions of Ta2C 0002 and 

0004 reflections in Fig. 4.1(a) and use them as input to extract in-plane lattice parameters a from 

the 2 values of 101̅1, 202̅2, and 31̅2̅0 reflections. Fig. 4.1(c) shows Ts-dependent variations in 

relative changes, εa [= (a-ao)/ao], εc [= (c-co)/co], and εV [= (V-Vo)/Vo] in a, c, and unit cell 

volume V (= 3√3a2c/2) respectively, compared to the corresponding values ao (= 0.3103 nm), co 

(= 0.4938 nm), and Vo (= 0.1235 nm
3
) of bulk -Ta2C.

76
 Errors associated with εa, εc, and εV are 

calculated from the measurement uncertainties associated with the a and c values extracted from 

the XRD data. I find that the a and c values of Ta2C layers deposited at Ts = 1073 K are 1.5% 

larger and 0.6% smaller, respectively than the ao and co values, yielding a 2.5% larger V 
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compared to Vo. At Ts ≥ 1173 K, the c values are, within the measurement uncertainties, the same 

as co and seemingly independent of Ts, whereas the a, and hence V, values decrease with 

increasing Ts. Given that the in-plane lattice mismatch is at least 13%, at 30
o
 in-plane orientation, 

between -Ta2C(0001) and Al2O3(0001), significantly higher than the measured εa values, I 

suggest that the films are relaxed and attribute the observed Ts-dependent changes in a (and V) to 

variations in carbon content within the lattice.
35

 

In order to better understand the effect of Ts on the development of microstructure within 

the Ta2C layers, I carried out TEM characterization of the Ta2C films. The top and bottom panels 

in Fig. 4.2 show typical (a-c) bright field and (d-f) high-angle annular dark field (HAADF) 

scanning TEM (STEM) images, respectively of the layers deposited at Ts = (a, d) 1073 K, (b, e) 

1173 K, and (c, f) 1373 K. I find that the films deposited at lower Ts (= 1073 K) are relatively 

rough while those grown at higher Ts (= 1373 K) exhibit smoother surfaces. All the films, 

irrespective of the Ts, appear dense. From the XTEM images, I measure thicknesses of 91 ± 2.4 

nm at 1073 K to 81 ± 1.6 nm at 1173 K, and 72.8 ± 0.9 nm at 1373 K, indicating that film 

thickness and hence R decrease with increasing Ts. Given that the substrate-film interfaces 

appear sharp irrespective of the Ts, I rule out interfacial reactions
30

 and suggest that a reduction 

in sticking coefficient of the deposited species (most likely C) with increasing Ts as a possible 

reason for the observed decrease in film thickness. This is plausible since I observe the formation 

of C-deficient Ta2C, rather than TaC, during sputter-deposition using nearly stoichiometric TaC 

target and consistent with previous results.
35

 HAADF STEM images in Figs. 4.2(d) and (e) show 

fairly uniform contrast, suggestive of compositional homogeneity, across the films. However, 

Fig. 4.2(f) reveals distinctively darker contrast, characteristic of lighter atoms, with increasing 

thickness of the Ta2C layer grown at higher Ts = 1373 K). Since the film is deposited via 
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sputtering of TaC target in pure Ar atmosphere, I attribute the observed darker contrast in the 

upper portion of the film to increased carbon concentration, presumably due to surface 

segregation of C atoms during deposition.  

In order to understand the spatial variations in composition and the suppression of 0001-

texture at the highest Ts = 1373 K, I investigated the effect of thickness on the crystallinity of 

films grown at Ts = 1373 K. Fig. 4.3(a) shows 2- XRD scans obtained from the 

Ta2C/Al2O3(0001) layers deposited for t = 3 and 10 min. along with the data from t = 30 min. 

sample shown in Fig. 4.1(a). I find primarily α-Ta2C 0002 reflections for t = 3 min., 0002 and 

101̅1 reflections for t = 10 min., and multiple reflections for t = 30 min. The thinnest film (t = 3 

min. sample) shows fringes (Laue oscillations) around 0002 peak, indicative of abrupt and/or 

high-quality substrate-film interfaces. With further increase in t, we observe a well-defined 101̅1 

reflection and I0002 / I101̅1  decreases from 4.0 to 3.0 with increasing t from 10 to 30 min., 

indicative of reduced 0001-texture with increasing film thickness. Although 0001-texture is 

suppressed in thicker films, I find that Γ0002 decreases monotonically from 1.08
o
 to 0.43

o
 with 

increasing t from 3 to 30 min.; I attribute this result to increase in out-of-plane coherent length 

with increasing thickness. From the peak positions of Ta2C 0002 and 0004 reflections, I measure 

c values of 0.4938 ± 0.0001 nm, 0.4940 ± 0.0001, and 0.4941 ± 0.0001 nm for t = 3, 10, and 30 

min. samples, respectively. The observed increase in c with t, although small, is suggestive of 

lattice distortion in the thicker films.  

To identify the in-plane crystallographic relationship between Ta2C(0001) and 

Al2O3(0001) at the onset of growth, I acquired XRD pole figures of Ta2C 101̅1 and Al2O3 112̅6 

reflections from the Ta2C/Al2O3(0001) film deposited for t = 3 min. at Ts = 1373 K and are 

presented as polar plots in Figs. 4.3(b) and 4.3(c), respectively. In obtaining the pole figures, 
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since the Ta2C film is highly 0001-oriented and the substrate is 0001-oriented Al2O3 single-

crystal, I use 2 values of 38.08
o
 and 57.50

o
, respectively, corresponding to the bulk -Ta2C 

101̅1 and corundum-structured Al2O3 112̅6. I would like to point out that the 4-fold symmetric 

set of spots at  = 20
o
 in Fig. 4.3(c) are due to Si 222 reflections (2 = 58.85

o
) from a miscut 

Si(100) wafer that is used to mount the samples. (In Fig. 4.3(b), I also find 3-fold symmetric 

spots at  = 32
o
, origin of which is unknown.) In Figs. 4.3(b) and (c), we observe 6-fold 

symmetric Ta2C 101̅1 reflections at  = 59 ± 1
o
 and Al2O3 112̅6 reflections at  = 39 ± 1

o
, 

respectively, at the same in-plane rotation angles  = 0
o
, 60

o
, 120

o
, 180

o
, 240

o
, and 300

o
, 

indicating that Ta2C(101̅1) planes bear the same in-plane orientation as Al2O3(112̅6). I note that 

the measured angles  = 59 ± 1
o
 in Fig. 4.3(b) and 39 ± 1

o
 in Fig. 4.3(c) are nearly the same as 

the calculated interplanar angles, 61.4
o
 and 42.3

o
, respectively, between (0001) and (101̅1) of -

Ta2C and between (0001) and (112̅6) of Al2O3. From these results, which are consistent with the 

 scans (not shown), I conclude that the orientation relationships for ultra-thin Ta2C film with 

respect to the Al2O3(0001) substrate are: (0001)
Ta2C

 || (0001)
Al2O3

 and [101̅0]
Ta2C

 || [112̅0]
Al2O3

. 

These results show that the Ta2C layers begin to grow heteroepitaxially on Al2O3(0001) during 

early stages of sputter-deposition and become polycrystalline with increasing thickness. 

In order to understand the transition from heteroepitaxial to polycrystalline growth, I 

carried out XTEM characterization of the thinner and thicker Ta2C/Al2O3(0001) films deposited 

at Ts = 1373 K and the data are presented in Figs. 4.4 and 4.5, respectively. Fig. 4.4(a) is a 

representative lattice-resolution XTEM image of the Ta2C layer deposited for t = 5 min. From 

the image, I measure the thickness of the film as ~ 16 nm, i.e. R = 0.05 nm/s. (In comparison, 

Ta2C layer grown for t = 30 min. at the same Ts using the same deposition parameters is  73 nm 
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thick, see Figs. 4.2(c) and 4.5(a), corresponding to R  0.04 nm/s, suggestive of t-dependent R.) I 

find wavy features aligned nearly parallel to the substrate, which I attribute to stacking of basal 

planes in Ta2C, consistent with the observation of high-intensity 0002 reflection in XRD data in 

Fig. 4.3(a). Figs. 4.4(b) and (c) are representative Fourier transforms (FT) obtained, respectively 

from the regions bounded by yellow (Ta2C film) and red (Al2O3 substrate) dotted squares in Fig. 

4.4(a). I do not observe 101̅1 spots in Fig. 4.4(b). From the observed symmetry of the reflections 

in Figs. 4.4(b) and (c), I identify the orientation relationship between the Ta2C film and the 

substrate as (0001)
Ta2C

 || (0001)
Al2O3

 and [101̅0]
Ta2C

 || [112̅0]
Al2O3

. These results indicate that the 

film is highly 0001-oriented and exhibits the same orientation relationship with the substrate as 

the thinner (t = 3 min.) sample. Fig. 4.4(d) is a higher magnification TEM image of a portion of 

Fig. 4.4(a), highlighted by a green dotted square, showing layer stacking and a defect indicated 

by an arrow. In -Ta2C, along 0001, individual layers of C and Ta atoms are stacked on top of 

each other as BCBC…, analogous to ABCABCA... stacking in 111-oriented face-centered 

cubic lattice, with capital and Greek letters corresponding to Ta and C layers, respectively.
8, 78

 

Defects in stacking may occur as a result of C-vacancies and result in the formation of anti-phase 

domains, i.e. domains with ACACA… or ABABA… stacking instead of the ideal 

BCBC…stacking. However, additional high-resolution TEM characterization is required to 

accurately determine the structure of these features.  

Fig. 4.5(a) is a representative bright-field XTEM image of the thicker Ta2C film 

deposited for t = 30 min. I find contrast undulations that appear as parallel 'stripes', most of 

which are oriented along the growth direction. A HRTEM image of the region bounded by a 

cyan dotted square in Fig. 4.5(a) is shown in Fig. 4.5(b). The image shows a portion of the 

substrate-film interface, where we observe atomic columns in the film aligned with those in the 
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substrate, suggestive of coherent growth of Ta2C film on Al2O3(0001) substrate. Inset in Fig. 

4.5(b) is a FT of the entire field of view, in which I find only one set of reflections, consistent 

with my conclusion above. Figs. 4.5(c)-(f) are FTs of four regions from near the substrate-film 

interface up to the top of the film. Near the interface [Fig. 4.5(c)], the Ta2C film exhibits 0001 

orientation along the growth direction. At film thicknesses ~10 nm and farther from the interface 

[Figs. 4.5(d) and (e)], we observe 17
o
 ~ 29

o
 tilt in the 0001-oriented grains. Eventually, near the 

top of the film [Fig. 4.5(f)], I find grains with 11̅02 orientation. These results, which show the 

transition from fully coherent 0001-oriented growth to a different orientation with increasing 

thickness, are consistent with the XRD results in Fig. 4.3(a).  

To consistently explain the observed Ts and t dependent evolution of crystallinity in 

sputter-deposited Ta2C thin films, I propose the following: crystallinity of the Ta-C layers 

deposited via sputtering of TaC target in inert Ar gas discharges depends on the carbon content 

in the lattice. Under my experimental conditions, I know that not all C released during sputtering 

of the TaC target is incorporated into the films deposited on oxide substrates at high Ts, a result 

of which is the growth of Ta2C instead of TaC.
35

 Since the adatom mobilities on refractory 

transition-metal compound surfaces are generally associated with high activation barriers,
79, 80

 I 

expect that increasing Ts leads to enhanced surface mass transport and favors the formation of 

lower-energy {0001} surfaces, resulting in 0001-oriented films with smoother surfaces (see Figs. 

4.1 and 4.2). An unintended consequence of increasing Ts, however, is the disproportionate 

reduction in the sticking coefficient of the incident C atoms compared to that of Ta atoms; here, I 

assume that the sticking coefficient of the lighter element C decreases more than that of the 

heavier Ta at the Ts (1073 ~ 1373 K) used in my experiments. As a result, the C content in the 

film decreases with increasing both Ts and t, consistent with the observed decrease in R with Ts 
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(Fig. 4.2) and t (compare the thicknesses of layers in Figs. 4.4 and 4.5). The change in C-content 

leads to lattice distortion [see for example Fig. 4.1(c)] during early stages of deposition followed 

by the formation of anti-phase domains [e.g., Fig. 4.4(d)] and eventually result in the growth of 

grains with other orientations as observed in Figs. 4.3 and 4.5.  

Conclusion 

In summary, I investigated the effects of substrate temperature (1073 K ≤ Ts ≤ 1373 K) 

and deposition time on microstructural evolution of Ta2C/Al2O3(0001) thin films grown via 

UHV dc magnetron sputtering of TaC target in pure Ar atmospheres. We obtain 0001-oriented, 

-Ta2C films that are increasingly smoother and thinner with increasing Ts. The 0001-texture 

improves with increasing Ts up to 1273 K. At Ts = 1373 K, we observe highly coherent 0001-

oriented growth with the following orientation relationship: (0001)
Ta2C

 || (0001)
Al2O3

 and 

[101̅0]
Ta2C

 || [112̅0]
Al2O3

 during the early stages of deposition followed by the formation of anti-

phase domains and misoriented grains at the later times yielding polycrystalline layers with 

reduced 0001-texture. I attribute the improvement in film smoothness, crystallinity, and the 

0001-texture with increasing Ts to increased surface adatom mobilities and the decrease in film 

thickness and the disruption in heteroepitaxial growth to the reduced incorporation of C leading 

to the formation of structural defects. I expect that these results provide new insights into the 

factors influencing the crystallinity of sputter-deposited -Ta2C thin films. 
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Figures 

 

Figure 4.1: (a) Representative 2-ω XRD scans, color coded for clarity, from Ta2C/Al2O3(0001) 

thin films sputter-deposited for times t = 30 min. at different Ts. Intensities in each of the curves 

are normalized to that of the Al2O3 00012 reflection and are plotted on a logarithmic scale. 

Labels s indicate the peaks due to Al2O3 000l reflections with l = 6, 9, and 12 at progressively 

increasing 2 values. Unidentified peaks are assigned asterisks and are discussed in the text. (b) 

Plots of full width at half maxima, Γ1011̅ (open circles) and Γ0002 (open squares) of 101̅1 and 0002 

reflection peaks respectively, and their relative intensity ratios [I0002/I101̅1 (filled triangles)] as a 

function of Ts. (c) Plots of εa (solid circles), εc (solid squares), and εV (open triangles) vs. Ts, 

where a (c) is the in-plane (out-of-plane) lattice parameter of α-Ta2C, extracted from the XRD 

scans in (a), V [= (3√3 2⁄ )a2c] is the unit cell volume, and εi = [(i-io)/io]×100, with i = a, c, and V. 

ao (= 0.3103 nm), co (= 0.4938 nm), and Vo (= 0.1235 nm
3
) correspond to bulk -Ta2C (P3̅m1).

76
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Figure 4.2: (top) XTEM and (bottom) high-angle annular dark field scanning TEM (HAADF 

STEM) images obtained from Ta2C/Al2O3(0001) films sputter-deposited for t = 30 min. at Ts = 

(a,d) 1073 K, (b,e) 1173 K, and (c,f) 1373 K. 
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Figure 4.3: (a) 2-ω XRD data obtained from Ta2C/Al2O3(0001) layers sputter-deposited at Ts = 

1373 K for t = 3, 5, 10, and 30 min. are plotted on logarithmic scale with intensities in each of 

the curves normalized to that of the Al2O3 00012 reflections. (Please note that the time axis is not 

to scale.) Peaks due to -Ta2C reflections are labeled as shown. s refers to Al2O3(0001) single-

crystal substrate reflections 0006, 0009, and 00012. h indicates background scattering from the 

sample holder. (b, c) XRD pole figures of (b) Ta2C 101̅1 and (c) Al2O3 112̅6 reflections obtained 

from the sample deposited at 1373 K for t = 3 min. 
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Figure 4.4: (a) Representative XTEM image of the Ta2C/Al2O3(0001) film deposited at Ts = 

1373 K for t = 5 min. (b and c) FTs of (b) yellow (Ta2C) and (c) red (Al2O3) dotted square 

regions, respectively in (a). In (b) and (c), two of the film and substrate reflections are 

highlighted, respectively using cyan and purple circles, and ZA refers to zone axis. (d) HRTEM 

image of the green dotted square labeled d in (b). Arrow in (d) shows incoherency in layer 

stacking. 
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Figure 4.5: (a) Typical XTEM image of the Ta2C/Al2O3(0001) film deposited at Ts = 1373 K for 

t = 30 min. (b) HRTEM image with inset showing FT of the region bounded by a cyan dotted 

square labeled b in (a). (c - f) FTs of the (c) red, (d) green, (e) pink, and (f) yellow dotted square 

areas in (a). In the FTs, ZA refers to zone axis. 
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CHAPTER 5.  Ultrahigh vacuum dc magnetron sputter-deposition of    

[TaC(111) + Tan+1Cn(000l)]/Al2O3(0001) thin films 

Introduction 

Non-cubic tantalum carbides (Tan+1Cn, with n = 1, 2, 3 and 5)
7, 81

 are also refractory 

compounds with exceptionally high melting points (e.g., 3600 K for trigonal -Ta2C),
7
 high 

hardnesses (e.g., 12 GPa for α-Ta2C),
82, 83

 high moduli (e.g., 493 GPa for α-Ta2C),
50, 83-85

 and 

superior mechanical properties
9, 62

 with potential applications in aerospace and hard coatings 

industries.
14

 Over the past decade, following the discovery of two-dimensional (2D) layered 

materials such as graphene,
86

 surface-functionalized, atomically-thin layered transition-metal 

carbides (and other compounds) of the form, Tan+1Cn with a functional group, generally referred 

to as "MXenes" have generated considerable interest.
10-13

 Experimental studies
58, 83, 87

 have 

revealed differences in mechanical properties of bulk Tan+1Cn compounds and their composites. 

Ab initio investigations
8
 showed elastic moduli and hardnesses of Tan+1Cn compounds increase 

monotonically with increasing n. Recent nanomechanical tests conducted on refractory carbides
4, 

17, 19, 88
 suggest the possibility of leveraging anisotropic room-temperature ductility observed at 

small length scales to create potentially ultra-tough carbides, for example, as in thin films. Given 

the seemingly vast application potential of the family of carbides, and since their properties and 

hence functionalities depend sensitively on the carbon concentrations, it is necessary to develop 

methods for the synthesis of carbides and their composites with desired phases, compositions, 

and orientation. 

To-date, Ta-C thin films have been grown, with the intent of obtaining B1-structured TaC, 

using a variety of methods, including but not limited to evaporation,
20

 pulsed laser ablation,
15, 21

 

chemical vapor deposition,
22

 and magnetron sputter-deposition.
14, 23, 35, 42-44, 69

 Experimental 

observation of Tan+1Cn phases in thin films has been limited to one compound, Ta2C. Lasfargues 



43 

 

et al.
44

 reported the presence of -Ta2C phase in Ta–C/Si(001) films deposited via sputtering of 

a nearly stoichiometric TaC target in Ar gas discharges. Tanaka et al.
35

 demonstrated tunability 

of Ta-C phases, from B1-TaC to pure -Ta2C, in Ta-C/MgO(001) thin films deposited via 

sputtering of TaC target using ultra-low partial pressures (0.0025 to 2.5% of total pressure) of 

ethylene (C2H4) gas. Recently, Tanaka et al.
89

 investigated the effect of Ts and deposition time on 

the 0001-texture evolution in sputter-deposited -Ta2C/Al2O3(0001) layers. Both these studies 

revealed that with the appropriate choice of deposition parameters one can, in principle, deposit 

cubic-TaC and/or layered Tan+1Cn phases of desired composition, structure, and hence 

functionality. Achieving this goal, however, requires detailed knowledge of the role of sputtering 

parameters on the microstructural and compositional evolution of sputter-deposited Ta-C layers. 

Here, I focus on identifying the growth parameters controlling the phases in reactively sputter-

deposited Ta-C thin films on Al2O3(0001) substrates.  

In this chapter, I present results from microstructural characterization of Ta-

C/Al2O3(0001) thin films grown via UHV dc magnetron sputtering of a TaC target in 5 mTorr Ar 

+ C2H4 gas mixtures with C2H4 partial pressures pc = 5.0 × 10
-5

 Torr (1% of total pressure) and 

5.0 × 10
-6

 Torr (0.1% of total pressure) at Ts = 1123 K and 1273 K. XRD, SEM, and TEM 

characterizations are carried out to reveal the phase, orientation, morphology, and microstructure 

of the as-deposited layers. We obtain rough films with pc-dependent morphologies: strongly 

facetted at lower pc and highly irregular features at higher pc. XRD data suggests that the films 

grown using higher pc (= 1% of total pressure) are primarily 111-oriented B1-TaC. XRD and 

TEM characterization reveal that the layers deposited with lower pc (= 0.1% of total pressure) are 

composed of a two-phase mixture of B1-TaC(111) and rhombohedral-Ta3C2(0001). Interestingly, 

in the layer grown at Ts = 1123 K, both these phases are oriented out-of-plane and in-plane with 
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respect to the Al2O3(0001) substrate as: (111)
TaC

 || (0001)
Al2O3

, [2̅11]
TaC

 || [112̅0]
Al2O3

 and 

(111)
TaC

 || (0001)
Al2O3

, [1̅1̅2]
TaC

 || [112̅0]
Al2O3

 and (0001)
Ta3C2

|| (0001)
Al2O3

, 

[101̅0]
Ta3C2

 || [112̅0]
Al2O3

. 

Results and discussion 

Figure 5.1 shows representative SEM images of the Ta-C/Al2O3(0001) layers sputter-

deposited using pc = (a-d) 5.0 × 10
-6

 Torr and (e-h) 5.0 × 10
-5

 Torr at Ts = (a, b, e, and f) 1273 K 

and (c, d, g, and h) 1123 K. Lower magnification SEM images (a and c) obtained from the thin 

films grown using pc = 5.0 × 10
-6

 Torr reveal qualitatively similar morphologies over micrometer 

length scales even though Ts is different: 1273 K and 1123 K for samples in (a) and (c), 

respectively. Higher magnification SEM images (b and d) of these two samples show pyramidal 

facetted structures, suggesting that Ts has little influence on the surface morphology. In 

comparison, the samples deposited with higher pc = 5.0 × 10
-5

 Torr exhibit Ts-dependent 

morphologies: relatively smoother and homogenous surface features at Ts = 1273 K [Figs. 5.1(e) 

and (f)] and more irregular and non-uniform size features at lower Ts = 1123 K, see Figs. 5.1(g) 

and (h). 

Figure 5.2(a) shows typical 2-ω XRD scans obtained from the same set of Ta-

C/Al2O3(0001) thin films shown in Fig. 5.1. In the data, we observe Al2O3 000l, l = 3, 6, 9, and 

12, reflections at 2 = 21.50
o
, 41.68

o
, 64.54

o
, and 90.76

o
, respectively, characteristic of 

corundum-structured Al2O3(0001) substrate. Note that the 0003 and 0009 reflections are 

forbidden, but have been observed in XRD scans, likely due to defects in the Al2O3 single 

crystal.
74, 75

 The intensities in each of the curves are normalized with respect to the highest 

intensity peak due to Al2O3 00012 reflection so as to facilitate direct comparison of the XRD 

data across the samples. XRD scans of all but one sample (deposited at Ts = 1123 K with pc = 5.0 
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× 10
-6

 Torr) show two distinct peaks at 2 = 34.75 ± 0.02
o
 and 73.54 ± 0.03

o
, which I identify as 

111 and 222 reflections, respectively of B1-TaC,
45

 indicative of the growth of 111-oriented B1-

TaC films. I note that each of these film peaks is broad, spanning a few degrees, and the presence 

of weaker intensity peaks at 2θ values around 36
o
 cannot be ruled out. I show later that there 

exist secondary phases in, for example, the films deposited at Ts = 1273 K using pc = 5.0 × 10
-6

 

Torr. 

From the measured peak positions of B1-TaC 111 and 222 reflections, I extract lattice 

constant a = 0.446 nm for all the Ta-C/Al2O3(0001) samples except the one deposited at Ts = 

1123 K using pc = 5.0 × 10
-6

 Torr, for which I measure a = 0.445 nm. These a values are, within 

the experimental uncertainties, the same as ao (= 0.4456 nm), the lattice constant of 

stoichiometric bulk B1-TaC.
45

 Furthermore, among all the samples, I measure the highest 

intensity and smallest full width at half maximum (= 0.37
o
) of B1-TaC 111 peak in the XRD data 

of the film grown at Ts = 1273 K using pc = 5.0 × 10
-6

 Torr, indicating that these deposition 

parameters yield primarily B1-TaC(111) thin films with superior crystallinity. 

For the Ta-C/Al2O3(0001) film deposited at Ts = 1123 K with pc = 5.0 × 10
-6

 Torr, I find 

four distinct peaks, two of which are at 2 = 34.87
o
 and 73.59

o
, corresponding to B1-TaC 111 

and 222 reflections, respectively. The other two peaks are at 2 = 36.16
o
 and 76.89

o
. Among all 

the Ta-C compounds, I find the following three possible Tan+1Cn (n = 1, 2, and 3) phases whose 

XRD 000l' reflections can be observed at similar 2 values (see Table I): trigonal α-Ta2C 

( P3̅m1 ),
76

 rhombohedral Ta3C2 ( R3̅m ),
8
 and rhombohedral ζ-Ta4C3 ( R3̅m ).

90
 Using the 

experimentally observed 2 values (= 36.16
o
 and 76.89

o
), I calculate the lattice parameters for 

each of the Tan+1Cn phases and compare them with the expected co values. The data are presented 

in the last two columns in Table I. I find that the calculated c matches well with the co values for 
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Ta3C2 phase, based on which I suggest (and provide supporting evidence below) that it is the 

most likely phase present in this film.  

To understand the development of these secondary phases, I focus on the Ta-

C/Al2O3(0001) film grown at Ts = 1123 K with pc = 5.0 × 10
-6

 Torr. I acquired XRD pole figures 

presented as polar plots in Figs. 5.2(b), (c), and (d) with 2θ set to 34.84
o
, 38.08

o
, and 57.50

o
, 

respectively corresponding to B1-TaC 111, Ta2C 101̅1 (or Ta3C2 101̅5, see Table I), and Al2O3 

112̅6 reflections. I would like to point out that the 3-fold symmetric pattern at out-of-plane tilt χ 

= 38
o
 in Fig. 5.2(b) and 4-fold symmetric set of spots at χ = 20

o
 in Fig. 5.2(d) are measurement 

artefacts, respectively, due to Al2O3 101̅4 reflections (2θ = 35.15
o
) and Si 222 reflections (2θ = 

58.85
o
) from a miscut Si(100) wafer that is used to mount the samples. In Fig. 5.2(b), the B1-

TaC 111 pole figure, we observe an intense peak at the center (χ = 0
o
) and six-fold symmetric 

peaks, 60
o
 apart along φ, at χ  70

o
. Given that there are four {111} planes in B1-TaC lattice, 111 

pole figure of TaC single-crystal would consist of one peak at χ = 0
o
 and three-fold symmetric 

peaks, 120
o
 apart along φ, at χ = 70.5

o
, the angle between any two non-parallel 111 planes. The 

presence of a high-intensity peak at χ = 0
o
 is indicative of highly 111-oriented TaC grains normal 

to the basal 0001 planes of the Al2O3 substrate, i.e. (111)
TaC

 || (0001)
Al2O3

. The observation of 

six-fold symmetric peaks at χ  70
o
 implies that there are two sets of 111-oriented crystals 

(twins) oriented in-plane 60
o
 with respect to each other.  

The pole figures in both Figs. 5.2(c) and (d) also show six-fold symmetric peaks at χ  

60
o
 and 41 ± 1

o
, respectively. Among all possible Ta-C compounds, both Ta2C 101̅1 and Ta3C2 

011̅5 can give rise to six peaks at χ values around 60
o
, at 61.4

o
 and 58.8

o
, respectively, provided 

the crystals are 0001-oriented along the growth direction. That is, (0001)
Tan+1Cn

|| (0001)
Al2O3

, 

with n = 1 or 2. As I show below, Tan+1Cn with n = 2 is the most likely phase in these films. 
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Furthermore, I find that the six-fold symmetric peaks in all the the pole figures in Figs. 5.2(b) - 

(d) are at the same  values. That is, both the B1-TaC(111) and the Tan+1Cn(0001) crystals bear 

the same in-plane orientation with respect to the substrate. Based on these data, I determine the 

crystallographic relationships between TaC and the Al2O3 substrate as: (111)
TaC

 || (0001)
Al2O3

, 

[2̅11]
TaC

 || [112̅0]
Al2O3

 and (111)
TaC

 || (0001)
Al2O3

, [1̅1̅2]
TaC

 || [112̅0]
Al2O3

 and between Tan+1Cn 

crystals and Al2O3 as (0001)
Tan+1Cn

|| (0001)
Al2O3

, [101̅0]
Tan+1Cn

 || [112̅0]
Al2O3

. 

I now focus on understanding the microstructural evolution in the Ta-C layers. Figure 5.3 

shows typical XTEM images obtained along Al2O3 [101̅0] zone axis from Ta-C/Al2O3(0001) 

layer deposited at Ts = 1123 K and pc = 5.0 × 10
-6

 Torr. Fig. 5.3(a) is a lower magnification TEM 

image of the film, which reveals porous microstructure with up to ~ 180-nm-tall columns along 

different directions and strongly facetted surfaces, consistent with the SEM data in Fig. 5.1(d). 

From the image, I measure the film thickness as ~ 130 nm, away from the taller columnar 

features. Fig. 5.3(b) is a higher magnification TEM image of the region bounded by a white-

dotted square in Fig. 5.3(a) near the film/substrate interface. In Fig. 5.3(b), we observe domains 

with layered structure as indicated by white arrows. Figs. 5.3(c) and 5.3(d) are FTs of regions 

bounded by yellow and cyan dotted squares, respectively in Fig. 5.3(b). From Fig. 5.3(c), I 

identify the crystal structure within the region as B1-TaC, zone axis as [1̅10], and the crystal 

orientation, normal to the substrate-film interface, as 111, consistent with the XRD data in Fig. 

5.2(a). From a similar FT (not shown) of the Al2O3(0001) substrate, I determine the substrate 

zone axis as Al2O3 [101̅0 ], i.e. [11̅0]
TaC

 || [101̅0]
Al2O3

. Fig. 5.3(d) is an FT of the layered 

structure, which does not correspond to B1-TaC. From the FT, I measure in-plane and out-of-

plane spacings, din-plane ~ 0.27 nm and dout-of-plane ~ 0.76 nm, respectively, using the spots labeled 
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A and B. The din-plane is nearly the same as the (101̅0) interplanar spacings, d1010̅ ( 0.27 nm), in 

trigonal α-Ta2C,
76

 rhombohedral Ta3C2,
8
 and ζ-Ta4C3.

90
 While none of the planes in α-Ta2C 

lattice are separated by the experimentally measured dout-of-plane (~ 0.76 nm), I find that d0003 ( 

0.75 nm) in Ta3C2 and d0004 (= 0.75 nm) in ζ-Ta4C3 are comparable. However, the structure 

factor of ζ-Ta4C3 0004 reflection is 0, i.e. it is a forbidden reflection,
90

 and therefore I rule out ζ-

Ta4C3 and suggest rhombohedral Ta3C2 as the likely phase with lamellar structure giving rise to 

the observed spot pattern. These results provide additional evidence in support of the XRD data 

in Fig. 2 suggesting the formation of Ta3C2 phase. 

Figure 5.4 shows typical XTEM images obtained along Al2O3 [101̅0] zone axis from the 

Ta-C layers deposited at Ts = 1273 K and pc = 5.0 × 10
-6

 Torr. Fig. 5.4(a) is a lower 

magnification TEM image of the film. I find that the microstructure is qualitatively similar to 

that of the layers deposited at lower Ts = 1123 K [see Fig. 5.3(a)] with multi-directional 

columnar growth and facetted surfaces. However, the film is relatively smoother and thicker 

compared to the lower-Ts sample with ~ 224-nm-tall columns and ~ 198-nm-thick away from the 

columns. Figs. 5.4(b) and 5.4(c) are higher magnification TEM images acquired from areas 

labeled b and c, respectively in Fig. 5.4(a), near the film/substrate interface. Within the film, we 

observe B1-TaC grains and lamellar structures. For example, Fig. 5.4(d) shows a HRTEM image 

and its FT (as inset) of black square region in Fig. 5.4(b). From the image along with the 

observed spot pattern in the FT, I identify this region as 111-oriented B1-TaC phase. Fig. 5.4(e) 

is a HRTEM image of the region highlighted by a green square in Fig. 5.4(b), which shows 

lamellar-like structures parallel to the film/substrate interface. The associated FT [inset in Fig. 

5.4(e)] is similar to the FT in Fig. 5.3(d) and corresponds to rhombohedral Ta3C2. Fig. 5.4(f) is a 

HRTEM image of the region bounded by a red square in Fig. 5.4(c). We observe similar lamellar 
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structures oriented along different directions, indicated by white arrows in Fig. 5.4(f). From the 

corresponding FT shown as an inset in Fig. 5.4(f), I identify one set of reflections, highlighted by 

yellow rectangle, due to B1-TaC along with two additional sets of reflections, characteristic of 

the rhombohedral Ta3C2 phase, due to the two lamellae, whose orientations with respect to the 

TaC lattice are shown by the cyan and pink arrows. From this data, I determine that the lamellar 

structures are oriented along 111 and 1̅11 of B1-TaC. The observation of Ta3C2 phase in this 

sample is consistent with the observation of weaker intensity peaks at 2θ around 36
o
 in the XRD 

scans shown in Fig. 5.2(a). 

The observation of Tan+1Cn phases, Ta3C2 in particular, is not common. Tan+1Cn phases 

can be considered as C-deficient B1-TaC with ordered stacking faults (SFs) resulting from 

removal of carbon layers from 111-oriented TaC bilayers (see Fig. 5.5).
78

 The observation of the 

oriented lamellar structure along 111 of B1-TaC phase agrees with this expectation. Compared 

to B1-TaC, α-Ta2C, and ζ-Ta4C3, the synthesis of Ta3C2 phase is rarely reported, e.g. Ref. 
91

. Ab 

initio calculations suggest that the enthalpy of formation of Ta3C2 (R3̅m) phase is slightly higher 

than both Ta2C and Ta4C3 and this may explain why Ta3C2 is not observed experimentally.
8
 

While my studies suggest the possible existence of Ta3C2 phase, additional growth and 

characterization experiments are necessary to accurately identify the structure and to understand 

the mechanisms leading to the formation of seemingly metastable Ta3C2 structure. 

Conclusion 

In this chapter, I focus on understanding the microstructural evolution of TaCx thin film 

grown on a single crystal Al2O3(0001) substrates via UHV magnetron sputter-deposition of a 

stoichiometric TaC target in Ar/C2H4 mixed gas atmosphere (the total pressure is 5 mTorr) with 

ethylene partial pressure pc = 5.0 × 10
-5

 Torr and 5.0 × 10
-6

 Torr at two substrate temperature Ts 
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= 1073 K and 1273 K. We obtain the highly 111-oriented B1-TaC films with two types of in-

plane orientation rotated for 60
o
 with respect to each other. The two crystallographic orientation 

with respect to a Al2O3(0001) substrate are identified as (a) [2̅11]
TaC

 || [112̅0]
Al2O3

 and (b) 

 [2̅11]
TaC

 || [211̅̅ ̅0]
Al2O3

. The films deposited with pc = 5.0 × 10
-6

 Torr exhibit facetted surfaces 

morphologies while the films deposited with pc = 5.0 × 10
-6

 Torr show irregular porous surfaces. 

The HRTEM images and corresponding FT patterns suggests the existence of nano-lamellar, 

presumably of rhombohedral Ta3C2, oriented to {111} of B1-TaC crystals. I believe that the 

results on the growth of highly-oriented B1-TaC thin films coupled with nano-lamellar oriented 

to specific direction provide fundamental understandings to design carbide-based materials with 

enhanced strength and ductility, which lead to reliable structural components used in extreme 

environments.  
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Table 

Table 5.1: List of Ta-C structures, rocksalt (B1) TaC, trigonal α-Ta2C,
76

 rhombohedral Ta3C2,
8
 

and rhombohedral ζ-Ta4C3,
90

 with in-plane and out-of-plane lattice parameters, ao and co, 

respectively of bulk stoichiometric crystals. Third column shows the strongest intensity hkil and 

000l reflections and the expected XRD peak positions (2), calculated with the same λ (= 

0.154056 nm) used in the experiments. Fourth column lists relative intensities (Ihkil) expected for 

those reflections in a powder XRD. Fifth column shows c values determined using 

experimentally-measured 2 values (= 36.16
o
 and 76.89

o
), assuming that they correspond to the 

000l reflections. Sixth column lists percentage differences in c with respect to the bulk co values. 

 

 
ao (nm) 

co (nm) 
hkil [2] Ihkil c (nm) [2] (co-c)/co 

α-Ta2C 

(P3̅m1) 

0.310 

0.494 

101̅1 [38.08
o
] 100 -- -- 

0002 [36.36
o
] 23.5 0.4964 [36.16

o
] -1.2% 

0004 [77.23
o
] 2.8 0.4955 [76.89

o
] -1.0% 

Ta3C2 

(R3̅m) 

0.314 

2.245 

101̅5̅ [38.68
o
] 100 -- -- 

0009 [35.97
o
] 45.4 2.2337 [36.16

o
] +0.5% 

00018 [76.28
o
] 5.8 2.2298 [76.89

o
] +0.7% 

ζ-Ta4C3 

(R3̅m) 

0.312 

3.000 

101̅7 [39.20
o
] 100 -- -- 

00012 [35.89
o
] 46.3 2.9782 [36.16

o
] +0.7% 

00024 [76.08
o
] 5.9 2.9731 [76.89

o
] +0.9% 
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Figures 

 

Figure 5.1: Typical SEM images obtained from Ta-C/Al2O3(0001) thin films sputter-deposited 

for 2 h using 5 mTorr total Ar/C2H4 gas mixtures with: (a-d) pc = 5.0 × 10
-6

 Torr at (a, b) Ts = 

1273 K and (c, d) Ts = 1123 K and (e-h) with pc = 5.0 × 10
-5

 Torr at (e, f) Ts = 1273 K and (g, h) 

Ts = 1123 K. 
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Figure 5.2: (a) Typical 2-ω XRD data, with intensities plotted on logarithmic scale, obtained 

from the same set of Ta-C/Al2O3(0001) samples as in Fig. 5.1 grown at Ts = 1123 K and 1273 K 

with pc = 5.0 × 10
-5

 Torr (blue and green curves) and 5.0 × 10
-6

 Torr (black and red curves). For 

direct comparison across the samples, intensities in each of the curves are normalized with 

respect to those of Al2O3 00012 reflections. Labels s indicate the peaks due to Al2O3 000l (l = 3, 

6, 9, and 12) reflections. Peaks due to B1-TaC 111 and 222 reflections are labeled as shown. 

Peaks with asterisks are likely due to Tan+1Cn 000l' reflections. XRD pole figures of (b) TaC 111, 

(c) Tan+1Cn with 2 = 38.08
o
, and (d) Al2O3 112̅6  reflections obtained from the Ta-

C/Al2O3(0001) layer sputter-deposited for 2 h with pc = 5.0 × 10
-6

 Torr and Ts = 1123 K.  
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Figure 5.3: (a) Representative XTEM image obtained from Ta-C/Al2O3(0001) film deposited at 

Ts = 1123 K and pc = 5.0 × 10
-6

 Torr. (b) Higher magnification TEM images of regions bounded 

by white dotted square in (a). (c and d) FTs of the regions bounded by (c) yellow and (d) cyan 

dotted squares in (a), respectively. In the FT of (c), indices refer to B1-TaC with zone axis [1̅10]. 
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Figure 5.4: (a) Representative XTEM image obtained from Ta-C/Al2O3(0001) film deposited at 

Ts = 1273 K and pc = 5.0 × 10
-6

 Torr. (b and c) Higher magnification TEM images of regions 

bounded by dotted squares labeled b and c, respectively in (a). (d-f) HRTEM images of (d) black, 

(e) green, and (f) red dotted square regions in (b) and (c). White arrows in (f) highlight lamellar 

structures. Insets in (d-f) are FTs of the images (d), (e), and (f), respectively. In the FT of (f), 

yellow indices refer to B1-TaC with zone axis [11̅0]. Pink and cyan arrows indicate orientations 

of the lamellar structures with respect to B1-TaC 111̅ and 111 reflections, respectively. 
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Figure 5.5: Schematics of Ta-C unit cells
56

: B1-TaC, trigonal α-Ta2C (P3̅m1, a = 0.3103 nm, c = 

0.4938 nm),
76

 rhombohedral Ta3C2 (R3̅m, a = 0.314 nm, c = 2.245 nm),
8
 and rhombohedral ζ-

Ta4C3 (R3̅m, a = 0.3116 nm, c = 3.000 nm).
90

 SFC stands for stacking faults formed via removal 

of carbon layers. 
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CHAPTER 6. Van der Waals layer promoted heteroepitaxial growth of    

α-Ta2C/Al2O3(0001) thin films 

Introduction 

In the previous chapters, I have shown that epitaxial growth of TaC and Ta2C thin films 

can occur on single-crystalline substrates under appropriate growth conditions. However, my 

studies revealed that the critical thickness of these epitaxial films is limited to a few tens of 

nanometers, beyond which the films are polycrystalline.
35, 89

 

Crystallinity is one of the most critical characteristics that determine the properties and 

hence performance of materials. Crystalline quality of a solid is typically determined by 

processing parameters used during its synthesis. For the vapor phase deposition of thin 

crystalline solid films onto substrates, temperature T and deposition flux are generally considered 

the two critical parameters determining the crystallinity of the material. Deposition at higher T 

using lower flux generally yields higher quality crystals, while increasing the flux and decreasing 

the T result in poorer quality crystals. This is because increasing the temperature leads to 

enhanced surface adatom mobility together with slower deposition rate increases the adatom 

diffusion lengths and result in depositing atoms arranging in thermodynamically favorable 

configurations, i.e. crystalline lattice. The temperatures at which the mobility of adatoms is 

enhanced is generally discussed in relation to the melting point Tm of the solid,
92

 because Tm is a 

measure of cohesive energy of the solid. For high-melting temperature materials such as TMCs, 

with a mixture of strong ionic, covalent, and metallic bonds, the homologous temperature (T/Tm) 

can be quite high (e.g. 0.3Tm = 1275 K for TaC),
7
 indicative of high activation barriers for mass 

transport. As a result, the temperatures required to enhance the mobility of adatoms are 

significantly higher than those sufficient for materials with lower melting points. However, 

increasing the temperature may affect the thermal stability of the material. For example, group 3-
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5 semiconductors are made of volatile species (e.g., N, P, As), which decompose upon increasing 

the temperature. In case of TMCs, C-vacancy concentration increases with T as carbon atoms 

desorb from the surface. Therefore, one has to rely on alternate approaches to promote crystal 

growth of such materials. One such approach involves the use of van der Waals (vdW) surfaces 

as the growth substrates. 

In addition to temperature, the mobility of adatoms on surfaces is affected by the adatom-

surface interactions. On conventional 3D solid surfaces, the existence of dangling bonds results 

in strong interaction between adatoms and surface, and results in reduced adatom mobilities. In 

contrast, on surfaces with vdW bonding, adatoms move relatively freely. Studies
24, 25

 conducted 

nearly three decades ago have shown that layered materials, owing to weak vdW bonding across 

the layers, can aid in heteroepitaxial growth of layered as well as non-layered materials. Ohuchi 

et al.
24

 coined the term 'van der Waals epitaxy' and demonstrated that deposition of a vdW 

layered material (NbSe2) onto another vdW material (MoS2) results in heteroepitaxial growth 

without lattice strain despite a large mismatch of 9%. Since then, several groups have applied 

vdW epitaxy for the growth of, for example, antimony thin films on single-crystalline 

graphene;
93

 heteroepitaxy of Cu thin films on monolayer graphene covered Al2O3(0001) 

substrate.
94

 In the recent years, 2D layered materials have been shown to promote 'remote 

epitaxy', where the 2D layer present at the substrate-film interface does not hinder the epitaxial 

registry between the film and the substrate.
26-28

 This unique feature of 2D layered materials with 

vdW bonding can aid the crystal growth of refractory materials such as transition metal carbides. 

In my studies, I choose hBN as the 2D layered material. 

Previous studies have demonstrated the growth of 2D hBN (P63mmc, a = 0.251 nm and c 

= 0.666 nm) via CVD primarily on metallic surfaces: Pd(111),
31, 32

 Rh(111),
95

 Cu(111),
96
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Ru(0001),
97

 and Ni(111)
98

 using borazine (B3N3H6),
31, 32, 95, 96, 99, 100

 and ammonium borane 

(BH3-NH3)
99, 101

 as the precursors. Bresnehan et al.
102

 reported the CVD of 2 ~ 25-nm-thick hBN 

layers on Al2O3(0001) using polyborazylene (B3N3Hx) as the precursor. Chen et al. revealed that 

the hBN layers grown on single-crystalline Al2O3(0001) using ammonium borane results in 0002 

oriented hBN layer with a thickness of ~ 40 nm at Ts = 1643 K.
103

 

In this chapter, I demonstrate the hBN-promoted heteroepitaxial growth of 

Ta2C(0001)/Al2O3(0001) thin films. First, hBN layers are grown via CVD using borazine on bare 

Al2O3(0001) substrates. Using a combination of in situ AES and LEED techniques, I confirm the 

formation of hBN. Next, I sputter-deposited Ta2C thin films on hBN-covered Al2O3(0001) 

substrates. I discovered that the Ta2C layers grown on hBN-covered substrates are significantly 

more crystalline and oriented than those deposited on bare Al2O3(0001). Furthermore, inserting 

hBN layers at regular intervals during the growth of Ta2C layers yields better quality thin films 

than those grown without any interruptions, suggesting that hBN promotes homoepitaxial growth 

as well. 

Results and discussion 

First, I focus on the formation hBN layer on Al2O3(0001). To this purpose, I carried out 

in situ AES and LEED characterizations of Al2O3(0001) substrate surface before and after 

exposure to borazine vapor. Fig 6.1(a) shows typical AES spectra obtained in situ from the same 

Al2O3(0001) substrate before and after 120000 L borazine exposure (with pborazine = 2.0 × 10
-4

 

Torr for 600 s) at Ts = 1373 K and (b) and (c) show corresponding LEED patterns obtained from 

the sample surface. In the AES scan obtained prior to borazine CVD step (Fig. 6.1(a)), I find 

only oxygen (O) peak at 503 eV. The absence of carbon (C) peak at 272 eV is indicative of a 

clean surface free of organic impurities. A LEED pattern obtained from the bare substrate 
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surface shows bright spots with hexagonal symmetric pattern. I identify the LEED pattern as 

Al2O3(0001)-(1×1) unreconstructed surface, from which I calculate the sample-screen distance to 

calibrate LEED patterns acquired at similar incident electron energies. In the AES spectrum 

obtained from the same Al2O3(0001) surface after exposure to borazine vapor, we observe boron 

(B) and nitrogen (N) peaks at 172 eV and 381 eV, respectively, indicative of the presence of 

these elements on the Al2O3 surface after the borazine exposure. LEED pattern obtained from the 

surface after borazine deposition process reveals hexagonal pattern as shown in Fig. 6.1(c). From 

the image, I measure inter-columnar spacing of hBN as d10 = 0.217 ± 0.006 nm, which is, within 

experimental uncertainties, in reasonable agreement with the reported value of d-spacing of hBN 

(101̅0) d101̅0 = 0.216 nm. Based on these results, I conclude that the formation of crystalline hBN 

layer(s) on Al2O3(0001). However, I do not know the exact thickness and the surface coverage of 

the hBN. I have observed similar LEED and AES data from regions that are ~ 1 mm apart, based 

on which I expect uniform distribution of hBN islands over millimeter length scales on the 

sample. Furthermore, based on the LEED patterns, I determined that in my experiments the hBN 

layers are oriented in-plane with respect to the Al2O3(0001) substrate as (11)
hBN

 || (21)
Al2O3

. 

In the following sections, I will compare and contrast the growth of Ta2C films on bare 

and hBN-covered Al2O3(0001) substrates. In these experiments, all the Ta2C layers are sputter-

deposited in pure 2.0 × 10
-2

 Torr Ar at Ts = 1373 K following the procedure described in Chapter 

2 and the hBN layers are grown via CVD using borazine at Ts = 1373 K. Figures 6.2(a) and (b) 

show LEED patterns obtained in situ from 6-nm-thick Ta2C/Al2O3(0001) and 

Ta2C/hBN/Al2O3(0001) samples sputter-deposited for t = 2 min., respectively on bare and hBN-

covered Al2O3(0001) (pborazine = 2.0 × 10
-4

 Torr, t = 300 s) substrates. I do not observe any LEED 

spots [see Fig. 6.2(a)] for the Ta2C film grown on bare Al2O3(0001) without hBN. Interestingly, 
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Ta2C film grown on hBN-covered Al2O3(0001) reveals 6-fold symmetric pattern as seen in Fig. 

6.2(b), indicative of highly-ordered surface. From the LEED pattern, I calculate inter-columnar 

spacing of Ta2C as d10 = 0.231 ± 0.006 nm, which is 13% smaller than the reported value of d-

spacing of α-Ta2C (101̅0) d101̅0 = 0.269 nm.  

Representative BF XTEM and HAADF STEM images of the Ta2C/hBN/Al2O3(0001) (t = 

2 min.) sample are shown in Figs. 6.2(c) and (d), respectively. The image in Fig. 6.2(c) reveals 

highly ordered atomic columns parallel to the substrate. Inset is a FT obtained from a portion of 

the image bounded with a cyan dotted square. As seen in previous study on Ta2C films grown on 

Al2O3(0001) surface,
89

 we observe coherency of lattice in the Ta2C film for the ultra-thin films. 

From the FTs of the film and the substrate (not shown), I determine the orientation relation as 

(0001)
Ta2C

 || (0001)
Al2O3

 and [101̅0]
Ta2C

 || [112̅0]
Al2O3

. Furthermore, HAADF STEM image in 

Fig. 6.2(d) reveals uniform contrast across the thickness of the film, suggestive of little 

compositional variations in the film. Electron energy loss spectra (EELS) and EDS data (not 

shown) acquired from the sample are inconclusive regarding the exact composition of the film. 

From the data, I am unable to confirm the presence of hBN layers at the interface. The lack of 

direct evidence in support of the hBN layer in my TEM characterization could be due to 1) the 

growth of monolayer-thick hBN islands sporadically distributed on the substrate or 2) 

decomposition/reaction of the hBN during sputter-deposition.  

Fig. 6.2(e) shows a typical 2θ-ω XRD scans obtained from the Ta2C thin films deposited 

on hBN-covered and bare Al2O3(0001) substrates at Ts = 1373 K for t = 2 min. In the data, the 

intensities in each of the curves are normalized with respect to the highest intensity Al2O3 0006 

peaks labeled s at 2 = 41.68
o
 and are plotted on logarithmic scale. Inset in Fig. 6.2(e) shows the 

same set of data with intensities plotted on linear scale. In the scan obtained from the sample 
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grown on bare Al2O3, I observe one peak at 2θ = 36.46
o
, which I attribute to 0002 reflection of α-

Ta2C (P3̅m1, ao = 0.3103 nm, co = 0.4938 nm).
76

 The normalized intensity I0002 of the peak 

(measured as a ratio of the α-Ta2C 0002 and Al2O3 0006 peak intensities) is 4.5 × 10
-6

. I would 

like to note that the same peak is not visible when plotted on linear scale as shown in the inset. In 

comparison, the XRD data obtained from the Ta2C/hBN/Al2O3(0001) sample shows two 

significantly higher intensity peaks due to α-Ta2C 0002 and 0004 reflections at 2θ = 36.61
o
 and 

77.68
o
, respectively with I0002 = 1.7 × 10

-3
, over 3× higher than the value measured for the Ta2C 

film without hBN. I would like to point out that the peak due to 0002 reflections appears broad 

with satellite peaks. As seen in the TEM data in Figs. 6.2(c,d), the Ta2C layer on 

hBN/Al2O3(0001) is single-crystalline and the observed satellite peaks are likely Laue 

oscillations associated with high-quality layers with abrupt interfaces. For the Ta2C layers grown 

on bare and hBN-covered substrates, from the peak positions of 000l reflections, I measure out-

of-plane lattice constants c = 0.492 nm and 0.491 nm, respectively, ~ 0.2% and 0.6% smaller 

than the literature value.  

2θ-ω XRD scans obtained from Ta2C film deposited on hBN-covered (pborazine = 1.0 × 10
-

6
 Torr, t = 600 s) and bare Al2O3(0001) surfaces for t = 5 min are shown in Fig. 6.2(f). I measure 

I0002 values of 1.7 × 10
-3

 and 2.9 × 10
-2

 for the films on bare and hBN-covered substrates. For the 

film grown on hBN, I find the I0002 to be 17-fold higher than for the film grown on bare substrate. 

Furthermore, we observe fringes around 0002 reflection indicative of abrupt and/or high-quality 

substrate-film interfaces. XTEM image [not shown] of the sample reveals wavy pattern parallel 

to the substrate interface. From the FT of the image, I determine that the layer is single-

crystalline; however, the spots are relatively more diffuse compared to those seen in the FT of 

image in Fig. 6.2(c). While the differences in sharpness of the spots in these two FTs are to some 
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extent due to differences in the image resolutions, I suggest that the thicker film [seen in Fig. 

6.2(f)] is not as highly oriented as the thinner film in Fig. 6.2(c). In the following sections, I 

focus on the crystallinity of thicker films.  

Figure 6.3(a) shows typical XRD 2- scans obtained from three Ta2C samples, A, B, 

and C, sputter-deposited for the same total time t = 30 min. on hBN-covered Al2O3(0001) 

substrates. Sample A is a nanolaminate made of six sets of Ta2C/hBN bilayer stacks, with each 

bilayer grown via sputter-deposition of Ta2C for t = 5 min. followed by CVD of hBN using 

borazine with pborazine = 1.0 × 10
-6

 Torr for 10 min. I note that the time taken to switch (including 

evacuation of one gas and filling up the other to the desired pressure) between borazine and Ar is 

5 min. That is, the total time elapsed between each Ta2C deposition is 15 min. Sample B is 

sputter-deposited without any interruptions for t = 30 min. Sample C is prepared by sputter-

depositing Ta2C six times, with each layer grown for t = 5 min. followed by annealing for 15 min. 

(the same time as required for the hBN growths in sample A). Fig. 6.3(b) shows schematics of 

the three samples A, B, and C. The XRD data for sample A shows primarily α-Ta2C 0002 and 

0004 reflections at 2θ = 36.27
o
 and 77.03

o
, respectively, which suggests that inserting hBN 

layers at regular intervals yields highly 0001-oriented α-Ta2C film. We also observe weaker 

intensity peaks at 2θ around 34
o
 and at ~73.2

o
, which are likely due to 111 and 222 reflections of 

B1-TaC.
45

 A pole figure of 101̅1 reflection (2θ = 38.08
o
) of α-Ta2C measured on the Ta2C/hBN 

multilayered stack is shown in Fig. 6.3(c). We observe strong 6-fold symmetric patterns at out-

of-plane tilts χ = 59 ± 1
o
. I also find weak 6-fold symmetric spots at  = 32

o
, origin of which is 

unknown. From the lattice constants, theoretical interplanar angle between (0002) and (101̅1) of 

a bulk -Ta2C is calculated as 61.4
o
. Comparing the pole figure with the one obtained for Al2O3 

112̅6  (not shown), I find in plane orientation of Ta2C with respect to Al2O3(0001) as: 
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(0001)
Ta2C

 || (0001)
Al2O3

 and [101̅0]
Ta2C

 || [112̅0]
Al2O3

, which is consistent with my previous 

observations (see Fig. 4.3) on ultra-thin Ta2C film grown on Al2O3(0001) in Chapter 4. 

Interestingly, I also observe weak arcs around the intense six spots, suggesting the existence of 

grains that are rotated from the main orientation angles with respect to χ. 

XRD data of sample B reveals multiple peaks at 2θ = 36.30
o
, 38.35

o
, 55.72

o
, 59.62

o
, 

77.11
o
, and 82.20

o
, which I attribute to α-Ta2C 0002 , 101̅1 , 0003 , 21̅1̅0 , 0004 , and 202̅2 

reflections, respectively. For sample C, I find all the above reflections at nearly the same 2θ 

values and an additional peak at 2θ = 33.28
o
 due to α-Ta2C 101̅0 reflection. That is, the Ta2C 

films that are sputter-deposited either continuously for t = 30 min. or intermittently without the 

insertion of hBN layers are polycrystalline.  

These results are interesting given that in all the samples A-C, the Al2O3(0001) substrates 

are covered with hBN. My experiments have shown that Ta2C grows heteroepitaxially on 

hBN/Al2O3(0001) under these deposition conditions for t up to 20 min., corresponding to 

thicknesses of 40 nm. That is, the presence of hBN increased the thicknesses up to which highly-

oriented Ta2C layers can be grown. However, there exists a limit to which such growth can occur. 

I find that the disruption of heteroepitaxial growth occurs at times t between 20 and 30 min. 

What is surprising, however, is the development of polycrystallinity in Ta2C films deposited with 

interruptions (sample C). I would like to point out that in this experiment, the thickness of each 

Ta2C layer (deposited for t = 5 min.) is well within the limits of heteroepitaxial growth; the first 

such layer is deposited on hBN-covered Al2O3(0001) and is expected to be epitaxial. That is, 

Ta2C films deposited on Ta2C(0001)/hBN/Al2O3(0001) are polycrystalline, suggesting that 

homoepitaxial growth of Ta2C(0001) is not favored under these particular deposition conditions. 

However, inserting hBN layers promote the growth of α-Ta2C(0001) planes, the close-packed 
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and likely the lowest energy planes. My experiments have shown that highly oriented films are 

obtained on the hBN-coated Al2O3(0001) substrates while polycrystalline and less oriented films 

are likely to be obtained on bare substrates. I speculate that this is due to a degree of interaction 

between adatoms and sample surfaces during sputter-deposition. As recently reported,
26

 vdW 

layered materials can reduce the strength of interaction of the 3D materials surfaces while 

maintaining the epitaxial registry during vapor phase deposition. Inserting hBN layers within the 

films, e.g. Ta2C/hBN multilayered stack, can enhance the adatom mobilities on the surface 

decoupling adatoms from the surface and hence lead to highly-oriented growth of thick (~ 70 

nm) films. However, it is still unclear whether the role of hBN is to facilitate remote epitaxy or to 

promote vdW epitaxy. For the fundamental understanding of the role of hBN, and 2D layered 

materials in general, on the growth of highly-oriented thin films, further investigation is needed. 

Conclusion 

In this study, I investigated the effect of hBN on the crystallinity and orientation of sputter-

deposited Ta2C films. hBN layers are first grown via CVD using borazine as the precursor. 

Using a combination of in situ AES and LEED and ex situ XRD and TEM, I determined the 

crystallinity and microstructure of the thin films grown on bare and hBN-covered Al2O3(0001) 

and Ta2C surfaces. My results show that 0001-oriented growth of Ta2C is promoted on hBN-

covered surfaces for thicknesses considerably greater than those observed in the layers deposited 

on bare single-crystalline surfaces. I attribute these observations to enhanced surface mobilities 

during sputter-deposition on hBN-covered surfaces. Based on these observations, I expect that 

the crystalline quality of thin films can be improved by depositing them on vdW layered 

materials.  
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Figures 

 

Figure 6.1: (a) In situ Auger electron spectra (AES) obtained from a 'clean' Al2O3(0001) 

substrate before (black curve) and after (red curve) exposure to 120000 L of borazine with 

pressure pborazine = 2.0 × 10
-4

 Torr for t = 10 min. at Ts = 1373 K. Auger peaks due to boron 

(KVV), nitrogen (KVV), and oxygen (KVV) at 172, 381, and 503 eV, respectively, are labeled 

as B, N, and O. I do not detect Al in our system, which is observed at 66 eV. Corresponding low 

energy electron diffraction (LEED) patterns obtained in situ from (b) the bare Al2O3(0001) and 

(c) after borazine exposure. Incident beam energy E0 is set to 274 eV and 250 eV for (b) and (c), 

respectively. Reflections due to unreconstructed Al2O3(0001)-(1 × 1) and hBN(0001) are labeled 

as shown. 
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Figure 6.2: (a and b) In situ LEED patterns obtained from Ta2C films sputter-deposited for t = 2 

min. on (a) on hBN-covered and (b) bare Al2O3(0001) substrates at Ts = 1373 K. Typical (c) 

bright field XTEM and (d) HAADF STEM images acquired from the same 

Ta2C/hBN/Al2O3(0001) sample as in (b). Inset in (c) is an FT of the cyan square region in (c). (e 

and f) 2- XRD scans obtained from (red curve) Ta2C/hBN/Al2O3(0001) and (black curve) 

Ta2C/Al2O3(0001) samples grown for t = (e) 2 min. and (f) 5 min. at Ts = 1373 K. Curve 

intensities are normalized with respect to those of Al2O3 0006 reflections and plotted on a 

logarithmic scale. Inset in (e) shows the same data in (e) plotted with intensities on linear scale. 

Inset in (f) shows higher-resolution 2- XRD scan of the Ta2C/hBN/Al2O3(0001) sample 

acquired with 0.5 mm size slits for 2θ and the detector, 0.05
o
 step size, and 20 s dwell time per 

step. Laue oscillations around Ta2C 0002 reflection are visible in this plot. hBN layers for the t = 

2 and 5 min. samples are grown with pborazine = 2.0 × 10
-4

 Torr and 1.0 × 10
-6

 Torr, respectively 

for t = 10 min. at 1373 K. s indicates peaks due to Al2O3 000l reflections. The Ta2C film 

reflections are labeled as shown.   
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Figure 6.3: (a) XRD 2- scans, with intensities normalized to that of the Al2O3 0006 reflection 

and plotted on a logarithmic scale, obtained from a (A, green curve) nanolaminate made of 6 

Ta2C/hBN bilayer stacks, (B, red curve) Ta2C film grown continuously for t = 30 min., and (C, 

blue curve) Ta2C film deposited with six 15 min. interruptions, during which the sample is 

annealed in Ar. All the samples are grown on hBN-covered Al2O3(0001). In A and C, each of the 

6 Ta2C layers is sputter-deposited for t = 5 min., with the total time = 30 min., the same as in B. 

The interruption time in C is the same as the time taken to grow hBN layers in A. The hBN 

layers are grown with pborazine = 1.0 × 10
-6

 Torr for t = 10 min. s denotes Al2O3 0006 and 00012 

reflections. Asterisk indicates an unidentified peak, likely due to α-Ta2C 0003 reflection. (b) 

Schematics of the A, B, and C. (c) XRD pole figure of Ta2C 101̅1 reflection obtained from A.  
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Summary and future work 

Summary 

Ta-C has attracted considerable attention for various potential applications, and its 

crystallinity and orientation are fundamentally quite important factors to improve the mechanical 

behavior of these compounds. My dissertation focused on tailoring composition and 

microstructure of Ta-C films grown via UHV dc magnetron sputtering of TaC target using ultra-

low ethylene gas pressures and 2D layered materials. Below, I summarize my most important 

contributions to the field. 

 

 I investigated the effects of small-amounts of ethylene gas (0.0025 to 2.5% of total pressure) 

on the compositional and microstructural evolution of Ta-C thin films sputter-deposited on 

single-crystalline MgO(001) and Al2O3(0001) substrates.  

o My results indicate that the sputter-deposited Ta-C film composition and microstructure 

are highly sensitive to the reactive gas fraction.  

o On MgO(001), I demonstrate tunability of Ta-C phases from trigonal-structured -Ta2C 

to B1-TaC0.76 and B1-TaC + free-C two-phase mixture with increasing partial pressures 

of ethylene from 0 to 2.5% of total pressure. All the films are polycrystalline with C2H4 

pressure dependent microstructures and surface morphologies. The Ta2C layers and the 

TaC + C are relatively smooth while the sub-stoichiometric TaCx films are porous with 

highly facetted surfaces. I observed coherent cube-on-cube heteroepitaxy with 

orientational relationships (100)TaC || (100)MgO and <010>TaC || <010>MgO near the film-

substrate interface and the development of 111 twins and polycrystallinity away from 
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the interface. In contrast, the film deposited using higher C2H4 partial pressure (5 × 10
-4

 

Torr) consists of nanoscale TaC crystallites embedded in free carbon.  

o On Al2O3(0001), I demonstrate tunability of Ta-C phases from -Ta2C to B1-TaC + 

rhombohedral Ta3C2 and B1-TaC with increasing ethylene gas fraction from 0 to 1% of 

the total pressure. In pure Ar discharges, I obtain 0001-textured trigonal-Ta2C films. In 

the presence of 0.1% and higher ethylene partial pressures, I observe 111-oriented B1-

TaC phase, with ethylene pressure-dependent rough morphologies. With lower ethylene 

partial pressures (=0.1% total pressure), I observed highly-oriented growth of B1-

TaC(111) twins and Ta3C2(0001), both of whch are oriented with respect to the 

Al2O3(0001) substrate as: (111)
TaC

 || (0001)
Al2O3

, [2̅11]
TaC

 || [112̅0]
Al2O3

 and 

(111)
TaC

 || (0001)
Al2O3

,  [1̅1̅2]
TaC

 || [112̅0]
Al2O3

 and (0001)
Ta3C2

|| (0001)
Al2O3

, 

[101̅0]
Ta3C2

 || [112̅0]
Al2O3

.  

 I investigated the effects of substrate temperature (1073 K ≤ Ts ≤ 1373 K) and deposition 

time on microstructural evolution of Ta-C/Al2O3(0001) thin films in pure Ar atmospheres. 

o I observed 0001-oriented, -Ta2C films that are increasingly smoother and thinner with 

increasing Ts. The 0001-texture improves with increasing Ts up to 1273 K. At Ts = 1373 

K, we observe highly coherent 0001-oriented growth with the following orientation 

relationship: (0001)
Ta2C

 || (0001)
Al2O3

 and [101̅0]
Ta2C

 || [112̅0]
Al2O3

 during the early 

stages of deposition followed by the formation of anti-phase domains and misoriented 

grains at the later times yielding polycrystalline layers with reduced 0001-texture. I 

attribute the improvement in film smoothness, crystallinity, and the 0001-texture with 

increasing Ts to increased surface adatom mobilities and the decrease in film thickness 
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and the disruption in heteroepitaxial growth to the reduced incorporation of C leading to 

the formation of structural defects. 

 I investigated the role of 2D hBN layers on the crystallinity of sputter-deposited Ta2C layers.  

o I demonstrated the CVD of hBN using borazine on Al2O3(0001) and Ta2C surfaces. I 

determined the surface structure and composition using in situ AES and LEED 

techniques. My studies revealed that Ta2C layers grown on hBN-covered surfaces are 

highly 0001-oriented compared to those deposited on bare Al2O3(0001) substrates and, 

surprisingly, on Ta2C(0001) surfaces. 

 

The ability to reduce the reactive gas pressures down to microTorr during sputter-

deposition can open up opportunities for designing materials with potentially new properties. I 

expect that a similar approach can be used to controllably tune the growth characteristics of other 

reactively deposited thin films. My studies provided new insights into the factors influencing the 

crystallinity of sputter-deposited Ta-C, and TMC, thin films. I expect that my results will 

facilitate the growth of high crystalline quality TMCs and other materials. My studies have also 

opened up the possibility of direct synthesis of MXene-like TMn+1Cn layered structures. 

  

Future work 

Based on the results obtained in this research, I propose the following directions for 

further investigations in the growth and structure of Ta-C/2D materials composites and their 

applications: 

1. Mechanical evaluation on highly oriented Ta-C ultra-thin films and Ta-C/hBN laminated 

composites, e.g. single-phase TaC, TaC/Ta2C multilayer stacks, TaC/hBN multilayer 
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stacks, and TaC:hBN nanocomposites, as a function of thickness and hence determine the 

film architecture with ultra-high toughness. 

2. Investigation of the effect of hBN and other 2D vdW layered materials on the growth of 

other material systems, e.g. nitrides, sulfides, and high-entropy alloys. 
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