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‡Graduate Department of Micro-Nano Mechanical Science and Engineering, Nagoya University, 
Furo-cho, Nagoya, Japan

Abstract

We report on the effects of substrate temperature (1073 K ≤ Ts ≤ 1373 K) and deposition time t 
(= 3 ~ 30 min.) on the crystallinity of Ta2C/Al2O3(0001) thin films grown via ultra-high vacuum 

direct current magnetron sputtering of TaC target in 20 mTorr (2.7 Pa) pure Ar atmospheres. Using 

X-ray diffraction and transmission electron microscopy, we determine that the layers are 0001-

oriented, trigonal-structured α-Ta2C at all Ts. With increasing Ts, we 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 [1010]Ta2C [1120]Al2O3. With 

increasing t, we observe the formation of anti-phase domains and misoriented grains resulting in 

polycrystalline layers. We 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. We expect that our results help develop methods for the synthesis of 

high-quality Ta2C thin films.
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1. Introduction

Transition-metal carbides (TMCs) are ultra-high temperature ceramics used in a variety 

of applications as structural components in aerospace vehicles, cutting tools, as wear- 

and abrasion-resistant coatings, and as thin film gate electrodes in electronics owing to 

their exceptionally high melting points, high moduli, superior high-temperature mechanical 

properties, [1–4] and good electrical characteristics. [5–8] Among the TMCs, Ta-C 

compounds (Ta2C, Ta3C2, Ta4C3, Ta6C5, and TaC) are known for their ultra-high melting 

points (for example, ~ 4250 K for rocksalt (B1) TaC and 3600 K for trigonal α-Ta2C) 

[9] and their thermomechanical and electrical properties. [10–19] α-Ta2C is relatively 

softer with superior ductility compared to B1-TaC at elevated temperatures [12] due to 

the operation of multiple slip systems. [12, 20, 21] B1-TaC is hard (25 GPa), [22] stiff 

(elastic modulus is 537 ~ 560 GPa), [23–25] and is known to exhibit localized plasticity 

[16, 26] at temperatures as low as 77 K and during compression of small-scale crystals at 

room-temperature. [27, 28] These studies suggest the possibility of improving the ductility 

and hence toughness of refractory carbides by engineering the composition, crystal size, 

and orientation. [28–30] One approach to controlling the microstructure is via bottom-up 

synthesis of thin films.

Ta-C thin films have been grown via evaporation, [31] pulsed laser deposition, [32] 

chemical vapor deposition, [33, 34] and more commonly via magnetron sputter-deposition. 

[2, 4–7, 35–38] While most of the existing literature is aimed at obtaining B1-TaC thin 

films, relatively few reported the growth of Ta2C thin films; [5–8] other studies observed 

the unintentional formation of the Ta2C phase. [36–38] 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, we focus on 

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

In this paper, we report on the microstructural evolution in Ta2C thin films deposited 

on single-crystalline Al2O3(0001) substrates via ultra-high vacuum (UHV) direct current 

(dc) magnetron sputtering of a TaC target in pure Ar discharges at substrate temperatures 
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Ts between 1073 K and 1373 K for times t up to 30 min. X-ray diffraction (XRD) 

and transmission electron microscopy (TEM) characterization of the as-deposited layers 

reveal the growth of α-Ta2C thin films with 0001 preferred orientation at all Ts. We 

find that thickness decreases while both crystallinity and surface smoothness of the films 

improve monotonically with increasing Ts. We 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 relationship 

(0001)Ta2C (0001)Al2O3 and [1010]Ta2C [1120]Al2O3 and develop polycrystallinity with 

increasing thickness. Based on these results, we 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.

2. Experimental

All the Ta-C films are deposited on ~2 × 10 × 0.5 mm3 Al2O3(0001) substrates in a 

dual-chamber UHV deposition system, details of which can be found in Refs. [36, 39–41]. 

Here, we present only the details specific to this report: base pressure pB in the deposition 

chamber is 2 × 10−10 Torr (2.7 × 10−8 Pa). The substrates are cut out of 10 × 10 × 0.5 

mm3 Al2O3(0001) single-crystals (ACL101005S1 MTI Corp.), cleaned via ultrasonication 

for 10 minutes sequentially in acetone, isopropanol, and distilled water, blown dry using 

N2 gas, and mounted on a sample holder. The sample holder is then transferred to the 

load-lock chamber, where it is held while the chamber is evacuated until the pressure is 

below 10−8 Torr (~ 10−6 Pa), after which the holder is transferred to the deposition chamber. 

The holder is fitted with a rectangular strip made of carbon nanotube yarn (5 × 15 × 0.15 

mm3, typical resistance: 2–3 Ω) that serves as a heating element and is used to thermally 

degas the sample-holder assembly. In our experiments, the samples are degassed at Ts = 

1373 K in the UHV deposition chamber until pB is below 6.0 × 10−9 Torr (8.0 × 10−7 

Pa). In situ low-energy electron diffraction patterns (not shown) obtained from the samples 

prepared following this procedure reveal six-fold symmetric reflections, characteristic of 

clean, unreconstructed Al2O3(0001)-(1×1) surfaces. Ts is measured using an IMPAK IS 

8-GS optical pyrometer and the measurement details are presented in Ref. [36]. Prior 

to deposition, Ts is set to desired value and Ta2C films are deposited by dc magnetron 

sputtering of a 50.8 mm diameter × 3.18 mm thick TaC (99.5% purity, from Plasmaterials, 

Inc.) target in 20 mTorr (2.7 Pa) Ar (99.999%, Airgas Co.). The target power is held constant 

at 50 W and the layers are deposited for times t = 3, 5, 10, and 30 min. (The deposition 

rate R, as we show later, depends on the Ts and t and is between 0.04 and 0.05 nm/s.) The 

corresponding discharge current and voltage during sputter-deposition are 0.16 A and 297 ~ 

302 V, respectively for all but the t = 3 min. sample deposited at Ts = 1373 K, for which we 

observe 0.18 A and 268 V. Following deposition, the samples are cooled passively to room 

temperature and characterized ex situ as described below.

XRD 2θ-ω measurements are carried out using a Bede D1 high-resolution diffractometer 

with monochromatic Cu Kα1 radiation wavelength λ is 0.154056 nm. XRD pole figures 

and ϕ scans are acquired using a Bede D1 rotary stage parallel beam diffractometer with 

non-monochromatic Cu X-rays following the procedures described in Ref. [36]. First, the 
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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. The sample inclinations are calibrated with 

respect to ω and χ (out-of-plane rotation perpendicular to ω) of Al2O3 0006 reflection at 2θ 
= 41.68° (JCPDS-ICDD No. 46–1212). 2θ-ω scans are obtained for 2θ values between 20° 

and 100° with a step size of 0.02° and a dwell time of 1 s. XRD pole figures of Al2O3 1126
and Ta2C 1011 reflections are acquired with 2θ fixed at 57.50° and 38.08°, respectively, and 

the desired reflection peak intensities measured along χ between 0° and 90° with a step size 

of 2.0°, and in-plane rotation angle ϕ between 0° and 360° with a step size of 1.0°. The 

dwell time is 1 s per step in these measurements. ϕ scans of Ta2C 1012 2θ = 50.11°  and 

Al2O3 1126 2θ = 57.50°  reflections are collected at χ = 42.6° and 42.3°, respectively, for ϕ 

from 0° to 360° with a step size of 0.05° and a dwell time of 0.5 s per step.

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 Pt layer from trimethyl platinum 

(C9H16Pt) using 30 kV and 0.1 nA electron beams. Although the Pt layer helps minimize 

Ga+ implantation during milling, it results in unintentional deposition of carbon from the 

precursor. [42, 43] XTEM images of the films and the film/substrate interfaces are acquired 

using an FEI Titan scanning TEM (S/TEM) and a JEOL JEM-2800 TEM (S/TEM) operated 

at 300 kV and 200 kV, respectively.

3. Results and Discussion

Figure 1(a) shows typical 2θ-ω 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 2θ = 41.68° and 90.76° 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 2θ = 64.54° is a forbidden Al2O3 0009 

reflection that is likely due to multiple reflections and/or substitutional impurities in the 

Al2O3(0001) crystals. [44, 45] 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 2θ values around 36°, 38°, 78°, and 82°. 

In comparison, the XRD data obtained from the films deposited at Ts ≥ 1173 K show 

peaks at or close to 2θ = 36.32°, 38.24°, 59.46°, 77.16°, 82.02°, and 97.94°; we index 

these peaks as 0002, 1011, 2110, 0004, 2022, and 3120 reflections, respectively, of trigonal 

α − Ta2C (P3   m1) [46] (For reference, Cu Kα1 XRD peaks of high-intensity reflections 111 

and 002 of stoichiometric B1-TaC are expected at 2θ = 34.78° and 40.55°, respectively. 

[36]) 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 2θ = 25.40° and 55.76°. While we are unable to attribute the peak 

at 25.40° to any of the possible Ta-C compounds or graphite (JCPDS-ICDD No. 41–1487), 
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we suggest that the peak at 55.76° is likely due to α-Ta2C 0003 reflection, expected at 2θ = 

55.82°.

From the XRD data in Fig. 1(a), we measure full width at half maxima, Γ0002 and Γ1011, 

respectively of 0002 and 1011 peaks, the two primary reflections in α-Ta2C, and their 

relative intensities I0002/I1011 at all Ts. Fig. 1(b) shows the Ts-dependent variations in 

Γ0002, Γ1011, and I0002/I1011. We find that the Γ values of both 0002 and 1011 peaks 

decrease monotonically, indicative of increase in out-of-plane coherence length [47] and 

hence improved overall crystallinity, with increasing Ts. I0002/I1011 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 1011 and I0002/I1011 is 0.253 in powder XRD of α-Ta2C, 

[46] the fact that I0002/I1011 > 2 for the films deposited at all Ts ≥ 1023 K implies that 

the Ta2C films are highly 0001-oriented at all Ts. In our experiments, the strongest 0001 

texture is obtained in the films deposited at 1273 K. The observed decrease in I0002/I1011
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.

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

0004 reflections in Fig. 1(a) and use them as input to extract in-plane lattice parameters 

a from the 2θ values of 1011, 2022, and 3120 reflections. Fig. 1(c) shows Ts-dependent 

variations in relative changes, εa = a − ao /ao , εc = c − co /co , and εV = V − V o /V o

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 V o = 0.1235 nm3  of bulk α-Ta2C. [46] 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. We 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 compared to V o. 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° in-plane orientation, between α-Ta2C(0001) and 

Al2O3(0001), significantly higher than the measured εa values, we 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. [36]

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

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

panels in Fig. 2 show typical (a-c) bright field and (d-f) high-angle annular dark field 

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

e) 1173 K, and (c, f) 1373 K. We 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, we 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 
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that the substrate-film interfaces appear sharp irrespective of the Ts, we rule out interfacial 

reactions [39] 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 we observe the formation of C-deficient Ta2C, rather than 

TaC, during sputter-deposition using nearly stoichiometric TaC target and consistent with 

previous results. [36] HAADF STEM images in Figs. 2(d) and (e) show fairly uniform 

contrast, suggestive of compositional homogeneity, across the films. However, Fig. 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 sputtering 

of TaC target in pure Ar atmosphere, we 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, we investigated the effect of thickness on the crystallinity 

of films grown at Ts = 1373 K. Fig. 3(a) shows 2θ-ω 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. 1(a). We find primarily α-Ta2C 0002 reflections for t = 3 min., 0002 

and 1011 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 1011 reflection and I0002/I1011 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, we find that Γ0002 decreases monotonically from 

1.08° to 0.43° with increasing t from 3 to 30 min.; we attribute this result to an increase 

in out-of-plane coherent length with increasing thickness. From the peak positions of Ta2C 

0002 and 0004 reflections, we 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, we acquired XRD pole figures of Ta2C 1011 and Al2O3 1126
reflections from the Ta2C/Al2O3(0001) film deposited for t = 3 min. at Ts = 1373 K and 

are presented as polar plots in Figs. 3(b) and 3(c), respectively. In obtaining the pole 

figures, since the Ta2C film is highly 0001-oriented and the substrate is 0001-oriented Al2O3 

single-crystal, we use 2θ values of 38.08° and 57.50°, respectively, corresponding to the 

bulk α − Ta2C 1011 and corundum-structured Al2O3 1126. We would like to point out that 

the 4-fold symmetric set of spots at χ = 20° in Fig. 3(c) are due to Si 222 reflections 

(2θ = 58.85°) from a miscut Si(100) wafer that is used to mount the samples. (In Fig. 

3(b), we also find 3-fold symmetric spots at χ = 32°, origin of which is unknown.) In 

Figs. 3(b) and (c), we observe 6-fold symmetric Ta2C 1011 reflections at χ = 59 ± 1° and 

Al2O3 1126 reflections at χ = 39 ± 1°, respectively, at the same in-plane rotation angles 

φ = 0°, 60°, 120°, 180°, 240°, and 300°, indicating that Ta2C 1011  planes bear the same 

in-plane orientation as Al2O3 1126 . We note that the measured angles χ = 59 ± 1° in 
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Fig. 3(b) and 39 ± 1° in Fig. 3(c) are nearly the same as the calculated interplanar angles, 

61.4° and 42.3°, respectively, between (0001) and (1011) of α-Ta2C and between (0001) 

and (1126) of Al2O3. From these results, which are consistent with the φ scans (not shown), 

we conclude that the orientation relationships for ultra-thin Ta2C film with respect to the 

Al2O3(0001) substrate are: (0001)Ta2C (0001)Al2O3 and [1010]Ta2C [1120]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, we 

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 and 5, respectively. Fig. 

4(a) is a representative lattice-resolution XTEM image of the Ta2C layer deposited for t = 

5 min. From the image, we 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 thick, see Figs. 2(c) and 5(a), corresponding to R ≈ 
0.04 nm/s, suggestive of t-dependent R.) We find wavy features aligned nearly parallel to 

the substrate, which we attribute to stacking of basal planes in Ta2C, consistent with the 

observation of high-intensity 0002 reflection in XRD data in Fig. 3(a). Figs. 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(a). We do not 

observe 1011 spots in Fig. 4(b). From the observed symmetry of the reflections in Figs. 4(b) 

and (c), we identify the orientation relationship between the Ta2C film and the substrate 

as (0001)Ta2C (0001)Al2O3 and [1010]Ta2C [1120]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(d) is a higher magnification TEM image of a 

portion of Fig. 4(a), highlighted by a green dotted square, showing layer stacking and a 

defect indicated by an arrow. In α-Ta2C, along 0001, individual layers of C and Ta atoms 

are stacked on top of each other as αBCαBCα…, analogous to ABCABCA... stacking 

in 111-oriented face-centered cubic lattice, with capital and Greek letters corresponding 

to Ta and C layers, respectively. [10, 48] Defects in stacking may occur as a result of C-

vacancies and result in the formation of anti-phase domains, i.e. domains with AβCAβCA… 

or ABγABγA… stacking instead of the ideal αBCαBCα…stacking. However, additional 

high-resolution TEM characterization is required to accurately determine the structure of 

these features.

Fig. 5(a) is a representative bright-field XTEM image of the thicker Ta2C film deposited for 

t = 30 min. We find contrast undulations that appear as parallel ‘stripes’, most of which are 

oriented along the growth direction. A high-resolution TEM image of the region bounded by 

a cyan dotted square in Fig. 5(a) is shown in Fig. 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 substrate, suggestive of coherent growth of Ta2C film on Al2O3(0001) substrate. Inset in 

Fig. 5(b) is a FT of the entire field of view, in which we find only one set of reflections, 

consistent with our conclusion above. Figs. 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. 5(c)], the Ta2C film 

exhibits 0001 orientation along the growth direction. At film thicknesses ~10 nm and farther 
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from the interface [Figs. 5(d) and (e)], we observe 17° ~ 29° tilt in the 0001-oriented grains. 

Eventually, near the top of the film [Fig. 5(f)], we find grains with 1102 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. 3(a).

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

sputter-deposited Ta2C thin films, we 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 our experimental conditions, we 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. [36] 

Since the adatom mobilities on refractory transition-metal compound surfaces are generally 

associated with high activation barriers, [49, 50] we 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. 1 and 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, we 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 our 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 (Fig. 2) 

and t (compare the thicknesses of layers in Figs. 4 and 5). The change in C-content leads to 

lattice distortion [see for example Fig. 1(c)] during early stages of deposition followed by 

the formation of anti-phase domains [e.g., Fig. 4(d)] and eventually result in the growth of 

grains with other orientations as observed in Figs. 3 and 5.

4. Conclusions

In summary, we 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, trigonal-structured α-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 [1010]Ta2C [1120]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. We 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. We expect that our results provide new insights into the factors 

influencing the crystallinity of sputter-deposited α-Ta2C thin films.
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Figure 1. 
(a) Representative 2θ-ω X-ray diffraction (XRD) scans, color coded for clarity, obtained 

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 the intensity 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 2θ values. Unidentified 

peaks are assigned asterisks and are discussed in the text. (b) Plots of full width at half 

maxima, Γ1011 (open circles) and Γ0002 (open squares) of 1011 and 0002 reflection peaks 

respectively, and their relative intensity ratios [I0002/I1011 (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 − i0 /i0 × 100, with i = 

a, c, and V. ao( = 0.3103 nm), co( = 0.4938 nm), and V o = 0.1235 nm3  correspond to bulk 

α − Ta2C (P3m1). [46]
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Figure 2. 
(top) Cross-sectional transmission electron microscopy (XTEM) and (bottom) high-angle 

annular dark field scanning TEM 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 3. 
(a) Plot of 2θ-ω XRD data obtained from Ta2C/Al2O3(0001) layers sputter-deposited at Ts 

= 1373 K for t = 3, 10, and 30 min. with intensities in each of the curves normalized to 

those of the Al2O3 00012 reflections and plotted on logarithmic scale. (Please note that the 

time axis is not to scale.) Peaks due to α-Ta2C reflections are labeled as shown. s refers 

to Al2O3 000l reflections with l = 6, 9, and 12 at progressively increasing 2θ values. h 
indicates background scattering from the sample holder. Please see the text for discussion on 

the peaks assigned asterisks. (b, c) XRD pole figures of (b) Ta2C 1011 and (c) Al2O3 1126
reflections obtained from the sample deposited at 1373 K for t = 3 min.
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Figure 4. 
(a) Representative XTEM image of the Ta2C/Al2O3(0001) film deposited at Ts = 1373 K for 

t = 5 min. (b and c) Fourier transforms (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) 

Higher magnification TEM image of the green dotted square labeled d in (b). Arrow in (d) 

shows incoherency in layer stacking.
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Figure 5. 
(a) Typical XTEM image of the Ta2C/Al2O3(0001) film deposited at Ts = 1373 K for t = 

30 min. (b) Higher resolution TEM 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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