
Surface & Coatings Technology 443 (2022) 128581

Available online 11 June 2022
0257-8972/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Domain epitaxial growth of Ta3N5 film on c-plane sapphire substrate 
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A B S T R A C T   

Tritantalum pentanitride (Ta3N5) semiconductor is a promising material for photoelectrolysis of water with high 
efficiency. Ta3N5 is a metastable phase in the complex system of Ta–N binary compounds. Growing stabilized 
single-crystal Ta3N5 films is correspondingly challenging. Here, we demonstrate the growth of a nearly single- 
crystal Ta3N5 film with epitaxial domains on c-plane sapphire substrate, Al2O3(0001), by magnetron sputter 
epitaxy. Introduction of a small amount ~2% of O2 into the reactive sputtering gas mixed with N2 and Ar fa-
cilitates the formation of a Ta3N5 phase in the film dominated by metallic TaN. In addition, we indicate that a 
single-phase polycrystalline Ta3N5 film can be obtained with the assistance of a Ta2O5 seed layer. With con-
trolling thickness of the seed layer smaller than 10 nm and annealing at 1000 ◦C, a crystalline β phase Ta2O5 was 
formed, which promotes the domain epitaxial growth of Ta3N5 films on Al2O3(0001). The mechanism behind the 
stabilization of the orthorhombic Ta3N5 structure resides in its stacking with the ultrathin seed layer of ortho-
rhombic β-Ta2O5, which is energetically beneficial and reduces the lattice mismatch with the substrate.   

1. Introduction 

The semiconductor tritantalum pentanitride (Ta3N5) is a potential 
green-energy material for photoelectrolyzing water to produce oxygen 
and hydrogen thanks to its proper bandgap of 2.0 ± 0.2 eV [1–4] and 
band positions to redox potential of water [5,6]. The water splitting 
efficiency using Ta3N5 is predicted to be as high as 15.9% [7,8]. How-
ever, Ta3N5 is a metastable phase in the complex phase diagram of 
several binary tantalum nitride (Ta–N) compounds [9,10]. Conven-
tionally, a two-step process of oxidation and nitridation of metal Ta foil 
using thermal annealing in oxygen and ammonia environments, 
respectively, is the way to produce high-phase-purity Ta3N5 [3,11]. 
Alternatively, direct growth of Ta3N5 onto substrates using magnetron 
sputtering and atomic layer depositions are reported [4,12–14]. How-
ever, direct growth of Ta–N films preferentially leads to the formation 
of stable phases, metallic δ-TaNx and ε-TaNx [9,13,14]. The metastable 
Ta3N5 phase can be stabilized by a small amount of ~2% oxygen added 
into the reactive gas used in reactive magnetron sputtering. The oxygen 
gas was confirmed to play a vital role in inducing high-oxidation-state 
Ta atoms, which have a higher electronegativity to trigger the forma-
tion of the Ta3N5 phase [4,15,16]. 

Nonetheless, to date, the structure of as-grown Ta3N5 films directly 
onto a substrate (without seed layers) was mostly reported in amorphous 

or polycrystalline no matter which growth technique was used. Many 
researches have been devoted to improve the crystalline quality of 
Ta3N5 films; for instance, by increasing the nitridation time and tem-
perature in the two-step process [17,18], using single-crystal substrates 
[13], enhancing ionization degree in magnetron sputtering process 
[13,19,20] or post-nitridation treatment to as-grown sputtered films 
[18]. However, these experiments show limited improvements; the films 
still contain a large number of grain boundaries, structural defects, and 
disordered lattices, resulting in the formation of carrier trapping centers, 
which deteriorates the performance of any potential device and thus 
impedes applications [17,19,21]. 

In contrast, single-crystal Ta3N5 films that contain less grain 
boundaries, point defects and dislocations are expected to significantly 
improve both performance and lifetime of the materials used for water 
splitting. In addition, as assessed by density functional theory (DFT) 
calculations employing the screened non-local hybrid HSE06 functional, 
which is well-known for delivering an accurate description for the 
electronic properties of compounds, Ta3N5 slabs of different orientation 
show different redox features and carrier mobility [22]. The latter study 
suggests that the (110) and (001) orientations are suitable candidates for 
H2 evolution reactions (HER), while the (010) orientation is a suitable 
candidate for O2 evolution reactions (OER). As a reason for such 
behavior, the different coordination number of the exposed species and 

* Corresponding author. 
E-mail address: Ching-lien.hsiao@liu.se (C.-L. Hsiao).  

Contents lists available at ScienceDirect 

Surface & Coatings Technology 

journal homepage: www.elsevier.com/locate/surfcoat 

https://doi.org/10.1016/j.surfcoat.2022.128581 
Received 31 January 2022; Received in revised form 11 May 2022; Accepted 25 May 2022   

mailto:Ching-lien.hsiao@liu.se
www.sciencedirect.com/science/journal/02578972
https://www.elsevier.com/locate/surfcoat
https://doi.org/10.1016/j.surfcoat.2022.128581
https://doi.org/10.1016/j.surfcoat.2022.128581
https://doi.org/10.1016/j.surfcoat.2022.128581
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfcoat.2022.128581&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Surface & Coatings Technology 443 (2022) 128581

2

their structural arrangement are pointed out [22]. Moreover, the band 
gap of different surface orientations varies due to the different number 
and energetics of dangling bonds on the surface, which also generates 
various surface states near the valence and conduction band maximum 
(VBM and CBM). [23] However, to date, the lack of success in growing 
single-crystal Ta3N5 precludes the experimental study of the mentioned 
properties. Without systematic studies and understanding of the prop-
erties of single-crystal Ta3N5 in detail, any further control and 
improvement of the growth recipes of Ta3N5 are challenging. 

Growth of high-quality epitaxial film is often assisted with a seed 
layer to reduce lattice mismatch between the film and substrate, for 
example, improving the GaN and InAlN film's quality using isostructural 
buffer layer [24,25]. Metastable phase epitaxial films can be grown with 
a guidance from the other material, which has a similar atomic 
arrangement of substrate/seed (or buffer) layer surface, for instance, 
metastable cubic GaN film grown on GaAs(001) substrate [26], cubic 
InN film grown on r-plane Al2O3 substrate with a nitridated cubic AlN 
layer [27], and metastable tetragonal TaO2 grown on c-plane Al2O3 
using a tetragonal NbO2 seed layer [28]. To explore the possibility to 
grow single-crystal Ta3N5 films, one can take the strategy of using Ta2O5 
seed layer with its suitable crystal structure, possessing appropriate 
interfacial energy, as a structural template. 

Various structures of Ta–N compounds, including metallic TaN, 
mixed phase of TaN and Ta3N5, and polycrystalline Ta3N5 film were 
obtained through the introduction of small amounts of oxygen in the 
reactive gas using magnetron sputtering as some research reported 
before [4,14,15]. In this work, we demonstrate that a nearly-single- 
crystal Ta3N5 film with epitaxial domains can be grown on c-plane 
sapphire substrates using direct-current magnetron sputter epitaxy 
(DCMSE) in a gas mixture of Ar, N2, and O2 after introducing a TaOx seed 
layer. The role of the oxide seed layer on determining phase and epitaxy 
of the Ta–N films is discussed in detail. The structure and chemical 
composition of the film and the seed layer were analyzed by x-ray 
diffraction (XRD) and x-ray photoelectron spectroscopy (XPS). Epitaxial 
relationship between the film and the substrate was determined by 
grazing incident diffraction (GID) and further studied through the 
visualization of atomic arrangement using ball-and-stick model. We 
performed first-principles calculations within the framework of DFT in 
its generalized gradient approximation (GGA) to compare the structural 
and energetic features of the orthorhombic Ta3N5, orthorhombic 
β-Ta2O5 as well as Al2O3; thus, assessing how the ultrathin seed layer of 
the β-Ta2O5 contributes to the stabilization of Ta3N5. 

2. Experiments 

2.1. Sample growth 

Ta–N compound films were deposited on c-plane sapphire, 
Al2O3(0001), single-crystal substrates in an ultrahigh vacuum (UHV) DC 
magnetron sputter deposition chamber with a background pressure of 5 
× 10− 9 Torr. A type-II unbalanced magnetron was used to guide the 
plasma to substrate [29]. A continuous substrate rotation of 30 rpm was 
applied to ensure the homogeneity of as-grown films for all depositions. 
More details can be found elsewhere [15,30]. Prior to the film growth, 
the substrates were cleaned by acetone and isopropanol sequentially in 
ultrasonic bath for 5 min each and dried by blowing nitrogen before 
loading into the chamber. All Ta–N compound films were deposited 
using a high-purity (99.99%) Ta target sputtered reactively in a gas 
mixture of N2 (3 mTorr), Ar (2 mTorr), and with or without O2 (0.1 
mTorr, ~2% in total pressure) at 1000 ◦C. The magnetron power and 
deposition time were set to 300 W and 20 min, respectively, yielding an 
~100-nm-thick film [15]. As to the growth of seed layers, TaOx layers 
were sputter deposited on sapphire substrates at room temperature at 
different deposition times of 3, 5, to 10 min in the same chamber. The 
growth rate of the seed layer was estimated to be around 1.7–1.8 nm/ 
min measured by spectroscopic ellipsometry. Afterwards, these seed 

layers were annealed at 1000 ◦C for 15 min before Ta–N film growth. 
The growth condition with main variables of samples is listed in Tables 1 
and 2, presented together with results and discussion in Section 3.1 and 
3.3, respectively. 

2.2. Structural and compositional characterizations 

The crystalline structure of the films was characterized by θ-2θ XRD 
measurements using a Philips PW1710 Bragg-Brentano powder 
diffractometer and Cu-Kα radiation with a wavelength of 0.15406 nm. 
The X-ray tube voltage and current were set to 40 kV and 40 mA, 
respectively, and a scanning range of 2θ = 15◦–60◦ was used with a step 
size of 0.03◦ and time per step of 2 s/step. To further determine the 
epitaxial relationship between the film and the substrate, azimuthal 
φ-scans were performed in a grazing-incidence diffraction (GID) geom-
etry using a PANalytical Empyrean X-ray diffractometer with a parabolic 
mirror as the primary optics and a 0.27◦ parallel plate collimator as the 
secondary optics. The scanning range was φ = 0◦ - 360◦ with a 1◦ step 
size and a 1 s/step scanning time for the film and a 0.2◦ step size with 
0.5 s/step for the substrate. 

The surface chemistry was characterized by XPS analysis using a 
Kratos Axis Ultra DLD instrument with monochromatic Al Kα radiation 
(hν = 1486.6 eV). To avoid the destructive effects of Ar+ ion etching, the 
measurements were conducted on pristine samples. XPS spectra were 
collected from a 0.3 × 0.7 mm2 area in the center of the sample with 
electrons emitted along the surface normal. The spectrometer was cali-
brated according to ISO standards [31]. The spectra from polycrystalline 
films grown on Si substrates were referenced to the Fermi edge cut-off 
[32] to avoid uncertainties associated with using the C 1s peak of 
adventitious carbon for that purpose [33]. Spectra recorded from films 
on insulating substrates were aligned against those obtained from 
polycrystalline films as no Fermi edge is available in this case. The peak 
shifts resulting from charging observed for the insulating substrate was 
compensated by using spectra recorded from a polycrystalline film 
grown on the Si substrate. For high energy resolution scans, the pass 
energy of the analyzer was set to 20 eV, resulting in the Ag 3d5/2 peak 
with a full width at half maximum of 0.55 eV. The software casaXPS was 
used for data analysis. The quantification was performed based on peak 
areas and elemental sensitivity factors from Kratos Analytical Ltd. 

The crystal structure and atomic arrangement of orthorhombic 
Ta3N5 and β-Ta2O5 and rhombohedral α-Al2O3 were obtained using a 
ball-and-stick model via the visualization for electronic and structural 
analysis (VESTA) software. The structural models of orthorhombic 
Ta3N5 and β-Ta2O5 were built using lattice constants a = 3.89 Å, b =
10.21 Å, c = 10.26 Å and a = 6.20 Å, b = 3.66 Å, c = 3.89 Å, according to 
the PDF no. 06–6533 and 04–3498 in the inorganic crystal structure 
database (ICSD), respectively. The space group used for building the 
model was CmCm for the Ta3N5 crystal and Pmmm for the β-Ta2O5 

Table 1 
Samples' growth condition with main variables and summarized results of XRD 
and XPS.  

Sample 
ID 

Seed layer Film 

Growth 
Time (min) 

Thickness 
(nm) 

PO2 

(mTorr) 
XRD XPS 

TN-1  0  0  0 δ-TaN(111), 
ε-TaN(110) 

TaN 

TN-2  5  9  0 δ-TaN(111) TaN 
TN-3  0  0  0.1 δ-TaN(111) TaN, 

TaON 
TN-S1  3  5  0.1 δ-TaN(111), 

DEpi-Ta3N5 

Ta3N5 

TN-S2  5  9  0.1 DEpi-Ta3N5 Ta3N5 

TN-S3  10  17  0.1 Poly-Ta3N5 Ta3N5 

Note: DEpi and poly are the abbreviation of domain epitaxy and polycrystalline, 
respectively. 
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crystal after modifying by computational simulation [34,35]. The 
structural model of the α-Al2O3 substrate was built using the lattice 
constants a = 4.76 Å, c = 12.99 Å, and a R-3ch space group according to 
the Springer Materials database [36]. 

2.3. Computational details 

Geometry optimizations of the crystal structures of orthorhombic 
Ta3N5, orthorhombic β-Ta2O5, and the substrate α-Al2O3 were carried 
out within the framework of DFT in its generalized gradient approxi-
mation (GGA) as implemented in Vienna ab initio simulation package 
(VASP) [37]. Pseudopotentials as per the projector-augmented-wave 
(PAW) method [38] and the Perdew− Burke− Ernzerhof (PBE) level of 
theory [39] were employed. A standard plane wave cutoff energy of 500 
eV was used. The relaxation of the crystal structures was considered 
converged when the residual force on each atom reached the criterion of 
0.001 eV/Å, while the energy convergence criterion in geometry opti-
mizations was set to 0.001 eV per atom. 

3. Results and discussion 

3.1. Formation of polycrystalline Ta3N5 film 

The effect of different combinations of a small amount of O2 (~2% in 
total pressure) added to the sputtering gas and the usage of a thin TaOx 
seed layer on the stabilization of a metastable Ta3N5 phase was studied. 
The main growth parameters together with summarized XRD and XPS 
results are listed in Table 1. 

The crystalline structure of the films characterized by XRD is shown 
in Fig. 1. When a Ta–N film was directly deposited on the sapphire 
substrate without oxygen gas assistance, only two peaks, located at 
34.55◦ and 35.89◦, were observed in addition to the Al2O3(0006) peak 
located at 41.80◦, shown in Fig. 1(a). These two peaks correspond to 
cubic δ-TaN(111) and hexagonal ε-TaN(110) according to the PDF no. 
07-6456 and no. 00-1396, respectively, indicating a phase-mixed film. 
With introducing a TaOx seed layer, the film only contained the δ-TaN 
phase grown preferentially along the [111] growth orientation on 
Al2O3(0001), see Fig. 1(b). The above results agree with previous studies 
that both δ- and ε-TaN phases are more thermodynamically stable 
among others in this complex binary compound system [40]. Using a 
seed layer allows to form a single-phase epitaxial δ-TaN(111) film on 
Al2O3(0001). 

Since O2 proved to have a key role in the stabilization of the meta-
stable Ta3N5 phase [14,15], we further studied the growth of Ta–N thin 
films in a reactive deposition atmosphere containing ~2% O2. However, 
instead of Ta3N5, a single-phase δ-TaN(111) epitaxial film was formed 
on Al2O3(0001) substrates, see Fig. 1(c). After introducing a TaOx seed 
layer, a multipeak XRD pattern was obtained, where the peaks were 
located at 2θ = 17.35◦, 31.45◦, 35.02◦, 36.04◦, 39.33◦ and 53.82◦, Fig. 1 
(d). According to the PDF no. 06-6533, these peak positions correspond 
to the 020/002, 023, 040/004, 113, 042/024, and 060/006 planes of 

Table 2 
Seed layers’ growth condition with main variables and summarized results of 
XRD and XPS.  

Sample 
ID 

Deposition 
time (min) 

Thickness 
(nm) 

Annealing 
time (min) 

XRD XPS 

S-1 5 9 No Amorphous Ta2O5 

S-A1 5 9 15 min Ta2O5(201) Ta2O5 

S-A2 10 17 15 min Amorphous Ta2O5  

(d) TN-S3(c) TN-3

(a) TN-1 (b) TN-2

Fig. 1. XRD patterns of Ta–N compound films grown (a) without oxygen and seed layer (Sample TN-1), (b) without oxygen but with seed layer (Sample TN-2), (c) 
with oxygen but without seed layer (Sample TN-3), and (d) with both oxygen and seed layer (Sample TN-S3). Peaks marked with star in Fig. 1(d) are from Ta3N5 
phase according to ICSD patterns no. 06–6533. The marked letter S in figures represents the peaks from sapphire's c planes. 
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polycrystalline Ta3N5. It should be noted that since the difference be-
tween b and c lattice constants is only 0.05 Å and the angular resolution 
is not sufficient to distinguish between {0k0} and {00l} reflections, 
when k = l. 

The chemical composition and bonding nature of Ta–N compound 
films grown without and with the seed layer, i.e., samples TN-3 and TN- 
S3, respectively, were further characterized by XPS. Both films were all 
grown with adding ~2% O2 into the sputtering gas. Spectra shown in 
Fig. 2 were acquired on the as-received samples with a minimum at-
mosphere exposure necessary for transfer from the deposition system 
into the spectrometer. In this way destructive effects of Ar+ etching, 
particularly strong for transition metal nitrides with high mass metal 
atoms such as Ta [41], are avoided. 

Fig. 2(a) shows the Ta 4f, N 1s, and O 1s spectra of the film deposited 
directly on a sapphire substrate. In the left panel of Fig. 2(a), the Ta 4f 
core level spectrum was deconvoluted using Gaussian-Lorentzian 
(Voigt) peak shape and Shirley-type background. The peak area ratio 
between 4f7/2 and 4f5/2 spin-split components was kept constant at 4:3. 
Three spectral peaks were deconvoluted with two sets of 4f7/2 / 4f5/2 
spin-split doublets at 23.9/25.7 eV and 26.2/27.9 eV corresponding to 
δ-TaN [42] and TaOxNy [43], respectively. This is further confirmed in 
the middle panel of Fig. 2(a), where the broader peak of N 1s can be 
deconvoluted with two peaks at 397.4 and 396.5 eV, using Gaussian- 
Lorentzian peak shape and Shirley-type background, corresponding to 
δ-TaN and TaOxNy phase. The necessity of using two peaks to fit the N 1s 
spectrum has two reasons: 1) the width of N 1s peak is significantly 
larger than for the other sample (cf. Fig. 2(b)), which is difficult to 
explain without introducing a second chemical state of N atoms; 2) 
assigning the entire N 1s peak to only δ -TaN phase would result in too 
high N/Ta ratio of 1.5. The identification of the N 1s component peaks 
with respect to the TaOxNy peak at lower binding energy is based on the 
comparison to a reference TaN sample on Si [15]. The formation of 
TaOxNy phase on the surface was confirmed by elastic recoil detection 

analysis [15]. As the probing depth of XPS conducted with Al Kα radi-
ation is no more than a few nanometers, the corresponding spectra are 
dominated by signals from the top layer with high O content. The cor-
responding O 1s core level spectrum is shown in the right panel of Fig. 2 
(a). The same functions were used during deconvolution as for the N 1s 
spectra. The main peak located at 530.5 eV corresponds to the oxygen 
atoms in TaOxNy that forms on the surface of the film [44,45]. The two 
additional peaks at around 532.0, and 533.0 eV can be assigned to C–O 
and C––O species that are present in the adventitious carbon accumu-
lating at the surface of all samples [32]. Quantification based on the 
areas of component peaks gives the Ta:O:N ratio in the oxynitride of 1: 
1.5: 0.6. 

Fig. 2(b) shows the Ta 4f, N 1s, and O 1s spectra of the thin film 
deposited with a 17-nm seed layer. The Ta 4f spectrum shown in the left 
panel of the Fig. 2(b) reveals only two distinct peaks. Detailed analysis 
reveals, however, that two sets of 4f7/2 / 4f5/2 spin-split doublets are 
necessary for satisfactory fit quality. Two main peaks at 25.2/27.1 eV 
confirm the formation of Ta3N5 phase [46]. The second doublet with two 
peaks at 26.0/27.7 eV, correspond to the TaOxNy phase with the Ta:O:N 
ratio of 1: 2.4: 0.7 [15]. Markedly, the relative intensity of oxynitride 
peaks is much lower than in the case of the δ-TaN sample discussed 
above, revealing higher resistance to room-temperature oxidation of the 
Ta3N5 phase. The spectrum does not contain any peaks that could be 
assigned to the TaN phase, indicating a successful growth of a pure 
Ta3N5 phase. The middle panel of Fig. 2(b) shows the corresponding N 
1s spectrum A dominant peak located at 396.7 eV is attributed to the 
Ta3N5 phase, and a weak shoulder peak at 397.1 eV is from the TaOxNy 
phase. N 1s peak is narrower than in the case of δ-TaN sample, consistent 
with the Ta 4f spectrum, which shows lower concentrations of oxy-
nitride species. In the right panel of the Fig. 2(b), the corresponding O 1s 
spectrum also shows peaks corresponding to the oxygen atoms in the 
TaOxNy, C–O and C––O bonds. However, the relative intensity of the 
TaOxNy component is significantly lower than in the case of δ-TaN 

Fig. 2. Ta 4f, N 1s, and O 1s core-level XPS spectra of Ta–N compound films grown (a) without and (b) with a TaOx seed layer. The seed layer's thickness of sample is 
17 nm. Blue, dark yellow, and brown lines represent Ta3N5, TaOxNy, and δ-TaN phases, respectively, fitted by Casa XPS software. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.) 
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sample, consistent with the higher resistance to oxidation of the Ta3N5 
sample. These results confirm that both adding ~2% O2 to the reactive 
sputtering gas and using a TaOx seed layer are necessary to trigger the 
formation of the Ta3N5 phase. 

3.2. Growth of Ta3N5 epitaxial domains on sapphire substrate 

In heteroepitaxy, a proper seed layer (or buffer layer) is commonly 
used to promote heteroepitaxial growth, reduce structural defects, and 
prevent phase separation of the subsequent grown film by decreasing the 
lattice and thermal-expansion-coefficient mismatches between films and 
substrates that results in a decrease in lattice distortions and residual 
strain [24,47,48]. Moreover, the film quality is often determined by the 
quality and thickness of the used seed layer; for instance, insufficient 
surface coverage in the island growth mode or defect generation after 
strain relaxation in the layer-by-layer growth mode. 

To study the effect of the TaOx seed layer thickness on the formation 
of crystalline Ta3N5 phase, the Ta–N films were grown using the same 
growth conditions of sample TN-3. The seed layers were grown for 3, 5 
and 10 min, with estimated thicknesses of around 5, 9, and 17 nm, see 
Table 1. Fig. 3 shows that the structure of the Ta–N films is very sen-
sitive to the thickness of the TaOx seed layer. The XRD pattern of the film 
grown on the thinnest seed layer with a thickness of 5 nm, sample TN-S1, 
has peaks arising from δ-TaN(111), {0k0}/{00k} of Ta3N5, and the 
sapphire substrate, marked with letter S. This reveals that the film grown 
on the 5-nm-thick seed layer is composed of a mixture of highly-oriented 
δ-TaN and Ta3N5 domains, opposite to the111-oriented δ-TaN film 
directly deposited on sapphire. The coexistence of two phases ascribes 
that the surface coverage of the seed layer may be insufficient to elim-
inate the TaN-phase formation, meaning that most likely, some parts of 
the film grew directly on the sapphire surface. However, other possi-
bilities that may promote formation of TaN phase, such as facet for-
mation of islands and interface nucleation of oxide crystals, cannot be 
completely excluded. The XRD pattern of the film grown on the 9-nm- 
thick seed layer, shown in Fig. 3, consists of predominantly {0 k0}/ 
{00 k} and a very-low-intensity (113) peaks originating from the Ta3N5 
phase. As a result, diffraction intensity from the δ-TaN phase is gradually 
disappearing with increasing thickness of the seed layer, which also 
indicates that the seed layer has sufficiently covered the sapphire sub-
strate, needed to completely suppress the formation of metallic TaN 
phase. However, the further increase in the seed layer thickness leads to 
the formation of polycrystalline Ta3N5, see Fig. 3 that shows the XRD 
pattern of TN-S3 deposited on a seed layer with a thickness of 17 nm. 

The crystal orientation of the film grown on the 9-nm-thick seed layer 
was further studied by acquiring azimuthal φ-scans in a grazing- 
incidence diffraction (GID) geometry, where the sample holder is til-
ted to have the sample surface almost parallel to the scattering plane (a 
sample tilt angle ψ ~90◦). In this way, crystal planes perpendicular to 
the substrate surface can be detected through rotating the azimuthal 
angle φ at a fixed diffraction angle 2θ corresponding to either the film or 
the substrate. GID φ-scans measured at 2θ = 46.71◦ and 68.21◦, corre-
sponding to Ta3N5(200) and Al2O3(1010), are shown in the upper and 
bottom panels of Fig. 4(a), respectively. Both the film and the substrate 
have six peaks obtained at the same φ-angles with a peak separation of 
60◦. Similar results were also obtained when using 2θ = 17.35◦ and 
37.78◦, corresponding to Ta3N5(020) or (002), and Al2O3(1120), shown 
in the middle and bottom panels of Fig. 4(b), respectively. We further 
measured Ta3N5(040) or (004), appeared at 2θ = 35.12◦, and eighteen 
peaks are observed in the φ-scan, see the upper panel of Fig. 4(b). Among 
them, the φ-angle of six peaks is well aligned with the φ-angle of six 
peaks from Al2O3(1120). The other twelve peaks can be divided into two 
groups, marked with symbol × and *, and there is also a separation of 
60◦ between peaks in their own groups. Using one of the Ta3N5(040)’s 

Fig. 3. XRD patterns of Ta–N compound films grown assisted with a TaOx seed 
layer. The seed layer's thickness of samples TN-3, TN-S1, TN-S2, and TN-S3 are 
0, 5, 9, and 17 nm, respectively. Peaks marked with star in Fig. 1(d) are from 
Ta3N5 phase according to PDF no. 06-6533 of the online version of ICSD 
database. Indices of the pattern shown in Sample TN-S2 are belonging Ta3N5 
phase. The marked letter S in figures represents the peaks from sapphire's 
c planes. 

Fig. 4. GID measurement of the b- or c-oriented Ta3N5 film, sample TN-S2. The 
corresponding φ scans between film and substrate were measured at fixed 2θ 
angles with respect to (a) Ta3N5(200), upper panel, and Al2O3(1100), bottom 
panel, as well as (b) Ta3N5(040), upper panel, Ta3N5 (020), middle panel, and 
Al2O3(1120), bottom panel. Both the film and substrate have six peaks aligned 
at the same φ angles with a 60◦ interval in both scans. Two additional sets of 
peaks marked with x and * in the scan of Ta3N5(040), upper panel in (b), are 
reflected from Ta3N5(130) and Ta3N5(130), respectively. 
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φ-angle peaks as a center, we find that the nearby peaks in × and * 
groups have around 41.2◦ and − 41.2◦ differences with respect to this 
center peak. These peaks originate from other planes parallel to (040) 
that have a 2θ-angle, which can be detected under the circumstance of 
using low-resolution optics in the GID measurement. Since the 2θ-angle 
of the Ta3N5(130) planes has only a 0.1◦ difference to the 2θ-angle of 
Ta3N5(040), it is clear that these will appear in the same measurement, 
and thus the diffraction peaks labelled × and * can be attributed to 
Ta3N5(130) and Ta3N5(130), respectively. The unresolved planes, {0k0} 
or {00k}, of the Ta3N5 film measured from normal θ-2θ scans are then 
referred to c planes, {00k}. 

In Fig. 5 (a), an α-Al2O3 viewed as a hexagonal crystal along c-axis 

direction, 〈0001〉 was illustrated. It is not surprising to observe a six-fold 
rotational symmetry from either a planes - {1120} or m planes - {1010} 
of a c-plane oriented sapphire substrate when azimuthally rotating the 
sample 360◦ in a φ-scan in GID geometry. However, for the Ta3N5 with 
an orthorhombic structure, see Fig. 5(b), it is expected to see only two 
peaks in a 360◦ φ-scan from either a planes - {100} or b planes -{010} of 
a c-oriented film, owing to its two-fold rotational symmetry. Therefore, 
the Ta3N5 film must contain three differently oriented domains, grown 
epitaxially on the sapphire substrate with a and b planes of Ta3N5 par-
allel to m and a planes of Al2O3, respectively, as the illustrated in Fig. 5 
(c). The domain epitaxial relationship is then concluded as 
Ta3N5(001)//Al2O3(0001), Ta3N5〈100〉// Al2O3〈1010〉. 

3.3. Structure of the seed layer 

The results presented above clearly demonstrate that the seed layer 
not only stabilizes the formation of metastable Ta3N5 phase, but it also 
affects the growth behavior on single-crystal sapphire substrate. The 
structure and composition of bare seed layers were characterized by XPS 
and XRD. The seed layers' growth condition with main variables and 
summarized results of XPS and XRD are listed in Table 2. To minimize 
the effect of the oxygen absorption on the surface and further oxidation 
resulting in possible phase transition when the as-grown films residing 
for a too long time in atmospheric ambient, the as-grown films were 
transferred to XPS chamber immediately after deposition. 

The XPS spectra of Ta 4f, N 1s, and O 1s, of the films grown at room 
temperature with and without thermal annealing at 1000 ◦C, are shown 
in Fig. 6(a), (b), and (c), respectively. No big variation, except for small 
peak shift within 0.2 eV, can be seen in these spectra. The Ta 4f orbital 
shows two main peaks located at 26.6 and 28.7 eV, see Fig. 6(a), which 
well correspond to the 4f7/2/4f5/2 spin-split components of Ta2O5 at 
26.6/28.5 eV [49,50]. In Fig. 6(b), the XPS spectra nearby the N 1s 
orbital show only one peak located at 405.3 eV, recognized as Ta 4p3/2, 
while no N 1s peak at around 397 eV, marked with a dash, can be 
detected. The absence of the N 1s signal implies that the films are 
composed of pure TaOx. The O 1s orbital spectra shown in Fig. 6(c) 
reveal only one peak located at around 531.1 eV, which matches well to 
the O 1s orbital of Ta2O5 [50]. The seed layer composition is quantita-
tively calculated using relative sensitivity factors (R.S⋅F) of Ta and O are 
3.08 and 0.78, respectively, from the database of Casa XPS software. 
With the R.S⋅F, the ratio of peak area of O to Ta is calculated to be 
around 2.39, which is close to the stoichiometric value of 2.5. Therefore, 
annealing does not lead to a significant change in the chemical 
composition of the seed layer, in the XPS detection limit. 

Although the XPS results show that the seed layers are composed of a 
pure oxide, the oxygen absorbed on the surface may oxidize sample 
surface and change the stoichiometry, even for the sample exposed to air 
for a short time. This can result in a wrong interpretation about the 
chemical composition of the layers. Here, we exclude those possibilities 
which can lead to pure oxide formed after samples exposed to air. Ac-
cording to our previous study [15], the surface absorbed oxygen does 
not fully substitute N in nitride films, including TaN, Ta3N5, and TaOxNy, 
and cannot transform these phases into pure oxide since the N signals 
were still detectable from those nitride films even though they had been 
stored in air for couple of months. The other possibility of forming pure 
oxide owing to oxidation is when a thin Ta layer was grown instead of 
nitride or oxide layers. However, we can also rule out this possibility 
since Ta containing film was obtained only when sputtering using pure 
Ar, but not the condition used for the seed layer growth in this study. 

Fig. 7 shows the effect of in-situ post-annealing at 1000 ◦C for 15 min 
on the XRD patterns of the seed layers. The XRD θ-2θ scan of the 9-nm- 
thick seed layer grown at room temperature, sample S-1, has only one 
peak coming from the sapphire substrate, (0006) appeared at 2θ =
41.80◦. The result indicates that the layer was formed in an amorphous 
or disordered nanocrystalline (with nanocrystal size smaller than 2 nm) 

(c) Ta3N5 /    Al2O3

Fig. 5. Schematic illustrations of hexagonal and orthorhombic crystals, as well 
as a domain epitaxy. (a) A hexagonal crystal with planes of c, m, and a, colored 
in yellow, green, blue, respectively. (b) An orthorhombic crystal with planes of 
a, b, c, (130), and (130) colored in yellow, green, blue, pink, and purple, 
respectively. (c) Epitaxy of a three Ta3N5 domains film on a c-plane sapphire 
substrate. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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structure, i.e., an x-ray amorphous structure. However, in-situ post- 
annealing the 9-nm-thick seed layer (the layer was immediately 
annealed in the same deposition chamber after the room-temperature 
growth), sample S-A1, results in appearing a sharp peak at 2θ =
37.09◦ that corresponds to the (201) of orthorhombic β-Ta2O5 according 
to the PDF no. 04–3498. In addition, no obvious degradation in crys-
tallinity occurred when the sample was stored in air after several weeks, 
revealing a good structural stability. Opposite to the 9-nm-thick seed 
layer, the XRD pattern of the in-situ post-annealed 17-nm-thick seed 
layer, sample S-A2, does not have any obvious peak, revealing that this 
layer has an x-ray amorphous structure, similar to sample S-1. Thus, the 
lack of lattice coherence between the film and the 17-nm-thick oxide 
seed layer or the disordered nanocrystalline oxide layer results in the 
formation of the polycrystalline Ta3N5 film, as shown in Section 3.2. 

3.4. Mechanisms for the metastable phase stabilization and epitaxial 
growth 

A ball-and-stick model of crystal structures, created by the VESTA 
software, was used to visualize the atomic arrangement of crystalline 
structures and possible epitaxial relationships corresponding to the ob-
servations made using XRD and GID. The structure of Ta3N5, β-Ta2O5, 
and α-Al2O3 terminated with corresponding planes of 001, 201, and 
0001 are shown in Fig. 8(a) and (b), and (c), respectively. The atomic 
arrangement of both Ta3N5(001) and β-Ta2O5(201) unit cells contains 
three Ta atoms coordinated with 6 N and O atoms, respectively, and 
shows similar face-centered-cubic structure. With arranging in-plane 
orientation of the Ta3N5(001) stacked on β-Ta2O5(201), we can as-
sume that the most favorable in-plane relationship is Ta3N5[010]// 
Ta2O5[102] since the lattice mismatch is as small as 2.6%. As to the 
relationship between Ta2O5(201) and Al2O3(0001), the atomic 
arrangement of Al2O3(0001) shown in the Fig. 8(c) reveals a conse-
quence that the Al–Al distance along the [1120] is closed to the half of 
the Ta–Ta distance of β-Ta2O5 along [102] with only a small mismatch 
~4.5%. The small lattice constant mismatch and similarity in atomic 
arrangement between film, seed layer and substrate therefore depict the 
condition for epitaxy of Ta3N5 on Al2O3. However, the stacking of 
orthorhombic on hexagonal crystal results in three possible local 
epitaxial domains, as shown in Fig. 5. 

By carrying out DFT calculations, the relaxed structures of crystalline 
Ta3N5 (orthorhombic), crystalline β phase Ta2O5 (orthorhombic), and 
α-Al2O3 were obtained. The simulation results confirm the small, and 
perceived as favorable for epitaxial growth, in-plane lattice mismatches 
for Ta3N5[010]//Ta2O5[102] and Ta2O5(201)/Al2O3(0001), respec-
tively (c.f., Fig. 8). The in-plane lattice mismatches as assessed by the 
simulation results are 2.4% and 4.3%, respectively, nearly coincide with 
the corresponding experimental lattice mismatches (~2.6% and 
~4.5%). We obtain the formation energies of − 1.25 eV/at, − 3.22 eV/at, 
and − 3.39 eV/at for Ta3N5 [51], Ta2O5, and Al2O3 [5], respectively, 
which compare reasonably well to results obtained previously by others 
for the same quantities and compounds. The difference in formation 
energies between two possible competitive phases (in the present case, 
Ta3N5 and Ta2O5) to be grown on the same substrate (Al2O3) can be also 
seen as one of the factors regulating the competitive selection of com-
pounds during epitaxial growth [52]. Thus, in an epitaxial growth sit-
uation, the calculated differences in the formation energies between 

Fig. 6. XPS spectra of as-grown and annealed TaOx samples. (a) Ta 4f, (b) N 1s, and (c) O 1s core level spectra. The dash lines marked in (a) correspond to binding 
energy of Ta2O5 phase. Black and red curves represent as-grown and annealed samples, respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 7. XRD patterns measured from Ta2O5 seed-layer samples. S-1: 9 nm 
thickness but without annealing, S-A1: 9 nm thickness follow-up a 15-min 
annealing at 1000 ◦C, and S-A2: 17 nm thickness follow-up a 15-min anneal-
ing at 1000 ◦C. 
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different phases should be perceived as indicative and not a conclusive 
criterion for phase stabilization, acting together with other factors 
influencing the process such as growth kinetics as well as the energetic 
distribution of the precursor species, and the energy barriers for the 
formation of interfaces. In terms of formation energy (i.e., applying the 
“energy filter” or “energy selection criterion”), Ta2O5 occupies an 

intermediate place between the substrate Al2O3 and Ta3N5, while 
satisfying relatively well the topology criterion (4.3% DFT lattice 
mismatch between Al2O3 and Ta2O5) as well. Thus, the growth of Ta2O5 
on the Al2O3 substrate appears energetically and topologically favor-
able. Once formed a thin layer of Ta2O5, the formation of Ta3N5 becomes 
even more favorable due to even better satisfied topological criterion 
(2.4% DFT lattice mismatch between Ta2O5 and Ta3N5). In addition, the 
presence of O2 in the growth environment seems to contribute to a 
precursor selection at the edge of growing surface, which chemically and 
structurally favors the Ta3N5 phase. At this stage, the higher availability 
of N2 precursor molecules compared to the availability of O2 precursor 
molecules, together with presence of significant number of dangling 
bonds at the interface Ta3N5/Ta2O5, may mitigate the impact of the 
energy criterion (the formation energies of Ta3N5 and Ta2O5 reading 
− 1.25 eV/at and − 3.22 eV/at), thus leaving room for more impact to 
the topological criterion (2.4% lattice mismatch). This can further pro-
mote the growth of the orthorhombic Ta3N5 phase on the Ta2O5 seed 
layer. 

4. Conclusion 

Domain epitaxial growth of Ta3N5 film on single-crystal Al2O3(0001) 
substrate by reactive magnetron sputtering was achieved through the 
assistance of a Ta2O5 seed layer and a small addition of O2 during film 
growth. The compositions and structures of both films and seed layers 
were well characterized by θ-2θ XRD measurements, azimuthal φ-scans 
in grazing incidence geometry, and XPS. Without the use of both seed 
layer and O2 in reactive gas, only metallic TaN phases, either mixture of 
ε- and δ-TaN or δ-TaN, were grown in the film. Phase purity and struc-
ture in the Ta3N5-phase dominated films was found to be highly sensi-
tive to the seed layer's thickness. The constitute of films changed from 
mixture of 111-oriented δ-TaN and c-oriented Ta3N5, to c-oriented 
Ta3N5, and to polycrystalline Ta3N5, when varying the seed layer's 
thickness from 5, to 9, to 17.0 nm. The azimuthal φ-scans shows that the 
c-oriented Ta3N5 film contained three-variant-orientation domains 
grown epitaxially with a and b planes parallel to m and a planes of Al2O3, 
respectively, where the epitaxial relationship can be represented as 
Ta3N5(001)//Al2O3(0001) and Ta3N5〈010〉//Al2O3〈1120〉. As sup-
ported by DFT simulation results, the interplay between topological and 
energy selection criteria together with the deliberate presence of small 
amounts of O2 in the growth environment benefited the growth of thin 
seed layers of orthorhombic Ta2O5. By the co-action of the mentioned 
criteria, this already grown Ta2O5 seed layer favored the growth of the 
orthorhombic Ta3N5 phase. In such a way, the underlying mechanism of 
domain epitaxial growth of Ta3N5 film on c-plane sapphire substrate is 
attributed to the interplay between favorable energetics of the com-
pounds involved and similar atomic arrangement of Ta3N5(001) and 
beta-Ta2O5(201) translated in a small lattice mismatch of 2.6% and 
4.5% (2.3% and 4.3%, respectively, when assessed by DFT calculations) 
for film/seed layer and seed layer/substrate, respectively, along in-plane 
orientations of Ta3N5[010], β-Ta2O5[102], and Al2O3[1120]. Looking 
for proper substrate and seed layer through theoretical modelling and 
prediction is suggested to achieve the growth of single-crystal Ta3N5 
epitaxial film without domains in the future. 
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