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ARTICLE INFO ABSTRACT

Keywords: Direct growth of orthorhombic Ta3Ns-type Ta-O-N compound thin films, specifically TazxNs.yOy, on Si and
Ta3Ns sapphire substrates with various atomic fractions is realized by unbalanced magnetron sputtering. Low-degree

Magnetron sputtering fiber-textural Tag.4Ns.,Oy films were grown through reactive sputtering of Ta in a gas mixture of Ny, Ar, and

§§SD O, with keeping a partial pressure ratio of 3:2:0.1 in a total working pressure range of 5-30 mTorr. With
ERDA increasing total pressure from 5 to 30 mTorr, the atomic fraction of O in the as-grown TazxNs5.,Oy films was

found to increase from 0.02 to 0.15 while that of N and Ta decrease from 0.66 to 0.54 and 0.33 to 0.31,
respectively, leading to a decrease in b lattice constant up to around 1.3%. Metallic TaNy phases were formed
without oxygen. For a working pressure of 40 mTorr, an amorphous, O-rich Ta-N-O compound film with a high O
fraction of ~0.48, was formed, mixed with non-stoichiometric TaON and TayOs. By analyzing the plasma
discharge, the increasing O incorporation is associated with oxide formation on top of the Ta target due to a
higher reactivity of Ta with O than with N. The increase of O incorporation in the films also leads to a optical
bandgap widening from ~2.22 to ~2.96 eV, which is in agreement with the compositional and structural

Optical absorption spectroscopy

changes from a crystalline Ta3.xN5.yOy to an amorphous O-rich Ta-O-N compound.

1. Introduction

Photoelectrolyzing water into hydrogen and oxygen by renewable
electricity is a possible method to produce clean hydrogen. Most con-
ventional setups consist of a semiconducting TiO; electrode which often
shows low efficiency for water splitting [1]. Other oxide semi-
conductors, such as Fe;03, Cup0 [2], and WO3 [3] have been studied as
photoanodes because of their stability. However, these materials suffer
from various limitations such as large bandgaps and improper band edge
positions for water splitting. Semiconductor orthorhombic tritantalum
pentanitride (TasNs) is one of the most promising materials for the
photoelectrolysis of water owing to a proper energy gap of 2.0 + 0.2 eV
[4-8] and suitable band positions with respect to the redox potential of
water [9,10]. Related, monoclinic and bixbyite tantalum oxynitrides
(TaOxNy) and with a bandgap range of 2.4-2.8 eV [5-7,11] and ~2 eV
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[12], respectively, were also demonstrated to have a good response for
water splitting although its valence band energy is lower than TasNs.
Therefore, the Ta-O-N compounds are promising materials with tunable
bandgap and band positions to fit a desired value for the water splitting.

Conventionally, TagNs is produced through a two-step process of
oxidation and nitridation of a Ta metal foil. However, the amount of
incorporated oxygen in the TagNs samples and film’s thickness are
hardly to be controlled [7,13], and the use of ammonia as the nitridation
gas is harmful to the environment. It should be noted that regardless of
how much oxygen that is incorporated into the films, the chemical
formula TasNs is used as a generic name. Direct, single-step, growth of
TasNs onto various types of substrates using atomic layer deposition
[14,15] and reactive magnetron sputtering are reported [8,16-18],
which demonstrates several advantages, such as simplification of the
deposition process, growth on nanostructured substrates, and hetero-
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growth of multilayers with other potential materials. Moreover,
magnetron sputtering has the potential to scale up for industrial pro-
duction and enables use of the environmentally-friendly reactive gases
argon (Ar), nitrogen (N3) and oxygen (O2) to produce high-quality
semiconductors [18-21].

To date, studies on the direct growth of TagNs are limited in number
due to the nature of metastable structures in the complex system of
Ta—N binary compounds [22,23]. Direct growth of TaNy often results in
the formation of stable metallic cubic phases, mostly 8-TaNy and e-TaNy
[22]. Despite that the concentration ratio of N to Ta in sputtered TaNy
films can be higher than 1.67, the film is preferable to be grown in cubic
TaN phase with excess N rather than in the orthorhombic TagNs phase
(x = 1.67). Calculations predict that a small number of oxygen atoms
incorporated in the film can stabilize an orthorhombic TagNs structure
through the electronegativity enhancement induced by the oxygen [24].
M. Rudolph et al. successfully produced polycrystalline TagNs5 films by
direct current (DC) magnetron sputtering using a balanced magnetic
configuration, by introducing a small amount of oxygen in the range of
2-2.5% into the reactive gas [8]. The crystallinity of the sputtered TasNs
films can be further improved by increasing ion flux to the growing film
by using an electromagnetic coil to attract ions to the substrate [16].
Although the direct growth of sputtering TagNs-type films is progress-
ing, the study of incorporated oxygen on the control of crystalline
structure, chemical composition and bonding, and optical properties of
as-grown Ta-O-N films as well as the effect of oxygen in reactive sput-
tering process is rarely reported [8]. Be specific, more studies on the
process control and incorporated oxygen on the materials properties are
required for developing the growth high-quality TagNs films, such as
single crystalline structure and stoichiometry, aiming for application of
high efficiency water splitting.

In this work, ultrahigh vacuum (UHV), unbalanced, DC magnetron
sputtering (DCMS) [25] was used to deposit Taz xN5.yOy compound films
with varying total working pressure to introduce a small amount of
oxygen. To illustrate the difference to pure TagNs crystals, a chemical
formula Ta3;Ns5yOy is used to present the orthorhombic Ta3Ns-type
TaO4Ny compounds. The UHV condition of the system enables to elim-
inate possible contribution of oxygen originating from the residual
background gas. The use of unbalanced magnetic configuration can
guide the plasma towards to the substrate resulting in enhancement of
kinetic energy with ion assistant, which simplifies the process [26,27].
To study the effects of oxygen on structure, composition, and optical
properties of the as-grown films, several characterization techniques
were used. The crystalline structure and chemical composition of the as-
grown films were characterized by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and elastic recoil detection analysis
(ERDA). Optical emission spectroscopy (OES) was used to analyze the
plasma discharge properties during the reactive magnetron sputtering
growth. The energy band gap of the films was determined by optical
absorption spectroscopy (OAS). The role of oxygen in the formed TagNsg
structure, chemical composition and bonding, optical properties, and
sputtering process are discussed.

2. Experiments
2.1. Materials growth

The films were deposited on single crystal n-type Si (111) and sap-
phire Al;03 (0001) substrates using UHV DCMS [28]. Both substrates
were deposited at the same time. An unbalanced type-II magnetron
configuration was used for guiding the plasma towards the substrate.
Before deposition, the substrate was cleaned in ultrasonic baths with
acetone and isopropanol ultrasonic baths for 5 min each and dried by
blowing nitrogen. The substrate was then loaded in a load-lock chamber
and transferred to the deposition chamber. A continuous substrate
rotation of 30 rpm was applied to ensure a homogeneous film during
deposition. First, a thin amorphous TaNOy seed layer was deposited at
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room temperature and annealed at 1000 °C to minimize the effect of any
substrate surface structure. For the growth of oxygen-free samples,
reactive sputter deposition of a 75 mm-diameter Ta target (99.99%)
using a gas mixture of N and Ar with the partial pressures of 3 and 2
mTorr, respectively, was employed at 800 °C. The magnetron power and
deposition time were set to 150 W and 20 min, respectively. For samples
grown with oxygen, a partial pressure of 0.1 mTorr oxygen was intro-
duced to the gas mixture with a partial pressure of 3 mTorr Ny and 2
mTorr Ar, corresponding to ~2% of the total pressure. Keeping the same
partial pressure ratio (N2:Ar:O9 = 3:2:0.1), six samples were deposited at
total working pressures of around 5, 10, 15, 20, 30, and 40 mTorr by
throttling the main chamber turbopump. All oxygen-containing samples
were deposited at 800 °C, for 20 min and the magnetron power was set
at 300 W.

2.2. Sample characterizations

Structural property was obtained from XRD 6/20 measurement,
performed using a Philips Bragg-Brentano powder diffractometer using
Cu-Ka radiation with a wavelength of 0.15406 nm. A scan range of 15°
to 60° was used with a step size of 0.03° and a collection time of 2 s/step.

XPS analysis of surface chemistry was carried out on a Kratos Axis
Ultra DLD instrument employing monochromatic Al Ka radiation (hv =
1486.6 eV). The spectra are referenced to the Fermi edge cut-off [29,30]
to avoid uncertainties associated with using the C 1s peak of adventi-
tious carbon for that purpose [31]. The analyzer pass energy was set to
20 eV which resulted in a full width at half maximum of 0.55 eV for the
Ag 3ds/5 peak. Quantification of the elements in the samples was per-
formed using the Casa XPS software (version 2.3.16), based upon peak
areas from narrow energy range scans and elemental sensitivity factors
supplied by Kratos Analytical Ltd.

The chemical composition of the films, with a particular focus on
light species such as C, N, and O was analyzed by heavy ion time-of-
flight ERDA. A primary beam of iodine ions with an energy of 36 MeV
was used in the experiments. The measurements were carried out at a
recoil detection angle (¢) equal to 45° with respect to the primary beam
and a target angle (p) equal to 22.5° with respect to the sample surface,
using a 0.425 m effective length of the time-of-flight distance. Since the
accuracy of the results decreases with increasing depth due to multiple
scattering effects in ERDA, the analyzed data was averaged in the depth
region 50-200-10'° atoms/cm? for 8-TaN sample and 50-500-10'°
atoms /cm? for Ta-O-N compounds samples. It should be noted that
when comparing different samples, concentration ratios (atomic frac-
tions) are less affected by systematic uncertainties than absolute con-
centrations. This fact allows relying even on weak trends in
concentrations for different deposition conditions. A detailed discussion
of possible systematic uncertainties can be found elsewhere [32].

OES was performed to characterize the plasma during sputtering
using a Ifu Diagnostic Systems GmbH AOS 4-1 pchron 02. Before the
measurement, the instrument was calibrated to the spectrum of neon.
The emitted photons from the plasma were collected by an optical fiber
to OES and sent to the spectrometer via a viewport in the chamber.
Because of photon absorption by the viewport at wavelengths shorter
than 400 nm, the scanning range was set to 400-800 nm and a 1-nm step
size was used. The collection time for each step was 0.01 s and the
voltage to the photo multiplier tube was set to 1000 V.

Ultraviolet-visible spectrophotometer (Shimadzu, UV-2450) was
used for OAS measuring the band gaps of the films grown on sapphire
substrates. It should be noted that Si has a smaller band gap (1.1 eV)
than Ta3 4N5.4Oy (> 2.1 eV) and can absorb photon energy larger than
band gap, which is not the proper substrate used for this OAS mea-
surement. Herein, the sapphire was used as the substrates and the ab-
sorption spectrum of sapphire was measured as background. The spectra
were collected in the range of 250-900 nm. The band gaps for the
samples were calculated utilizing the Tauc method.
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3. Results and discussion
3.1. Structure and chemical composition of as-grown films

3.1.1. Crystalline structure

The crystalline structures of as-grown films was characterized by
0/26-scan XRD and are shown in Fig. 1. From films deposited without
introducing oxygen in the reactive gas, the diffractogram showed one
high intensity peak located at 20 = 35.89°, and one low intensity peak at
20 =41.67°, corresponding to the 111 and 200 diffraction peaks of cubic
8-TaN according to the inorganic crystal structure database (ICSD)
pattern no.07-6456, in addition to the 111 and 222 Si substrate peaks at
20 = 28.56 and 58.86°, see Fig. 1(a). Below the measurement, the
diffraction histogram for cubic §-TaN is shown, and the diffraction
pattern indicates that the sample was grown preferentially along 111
orientation. When introducing ~2% of O3 into the gas mixture of Ar and
Ny during growth, the XRD measurement for the sample grown at 5
mTorr total pressure shows very different patterns to 5-TaN. Multiple
diffraction peaks located at 20 = 17.35, 31.45, 35.02, 36.04, 39.33, and
53.82° were measured, as shown in Fig. 1(b), revealing a polycrystalline
structure. These peaks correspond to 020,/002, 023, 040/004, 113, 042/
024, and 060/006 planes of orthorhombic TagNs, respectively, plotted
in the bottom of the figure according to ICSD pattern no.06-6533. The
orthorhombic TagNs5 structure belongs to the space group of CmCm with
lattice constants of a = 3.89 A, b=10.21 A, and ¢ = 10.26 A. Since the
difference between b and c lattice constants is only ~0.05 A, the family
of XRD peaks {0k0} and {00l}, where k = I, become difficult to distin-
guish and are presented in the form of {0l0}/{00l} in this study. The
above results show that the Oy is an important gas to trigger the for-
mation of orthorhombic TagNs5 phase.

(a) (b)
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The effect of total working pressure on the crystalline structure was
studied by changing the total pressure from 5 to 40 mTorr while keeping
the same partial pressure ratio (No:Ar:0y = 3:2:0.1). Fig. 1(c) shows that
the TagNs5 phase remains, and a transition from polycrystalline to a fiber-
texture-like structure with prefer orientation dominated by {010} /{00L}
occurs with increasing pressure from 5 to 30 mTorr. At a further increase
in working pressure up to 40 mTorr, the film becomes amorphous. In
addition, the peaks of {0I0}/{001} of TagNs5 films slightly shift to higher
diffraction angles when the total working pressure increases from 5 to
30 mTorr indicating a decreasing interplanar spacing. Due to the
orthorhombic structure, the a, b, and c lattice constants can easily be
obtained from dpy-spacing of (h00), (0k0), and (00l) with formulas of
h-dngo, k-doko, and l-dgjp, respectively. The b- or c-lattice constant of the
TasNs crystal versus working pressure is plotted in Fig. 1(d), which
shows a clear decrease in lattice constant with increasing pressure, and
the largest lattice constant difference between 5- and 30-mTorr samples
is0.13 A (~1.3% of b or c lattice constant).

3.1.2. Chemical bonding

The films were further characterized by XPS to study the bonding
structure. Fig. 2(a) and (b) show sets of XPS Ta 4f and N 1s core-level
spectra, respectively, from TaN, 5, 30, and 40 mTorr samples. To
avoid destructive effects of the Ar" ion etch, the results shown in Fig. 2
(a) and (b) were obtained directly from as-grown films without surface
sputtering.

Fig. 2(a) shows that all Ta 4f spectra consist of two main peaks,
which are attributed to 4f;,» and 4fs,5 spin-split components. For the
sample grown without oxygen, Ny:Ar = 3:2, the two Ta 4f peaks are
located at 23.6 and 25.5 eV, see the bottom most spectra in Fig. 2(a),
indicating formation of §-phase TaN [33-36]. This is further confirmed

Fig. 1. X-ray diffraction (XRD) results of

as-grown films. (a) Sample grown without
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Fig. 2. (a) Ta 4f and (b) N 1s and Ta 2p core level X-ray photoelectron spectroscopy (XPS) spectra of TaN sample (without oxygen), 5, 30, and 40 mTorr samples

(~2% oxygen in gas mixture for all working pressures).

by the relatively high binding energy of the corresponding N 1s peak,
397.8 eV, see the bottom most spectrum in Fig. 2(b), as well as XRD
results, see Fig. 1(a). A small shoulder visible on the high binding energy
side of the Ta 4fs/5 peak at around 27.8 eV is assigned to the residual
Ta—O [29]. For samples grown at 5 mTorr gas mixture with ~2% of
oxygen, Na:Ar:O2 = 3:2:0.1, the Ta 4f peaks shift towards higher binding
energies with 4f;,» and 4fs,, peaks at 26.7 and 24.8 eV, respectively,
while the corresponding N 1s peak moves in the opposite direction to
396.7 eV, indicating TagNs formation [6,34,37-40]. Observed binding
energy (BE) shifts reveal an increased charge transfer between Ta and N

(a) (b)

atoms (with respect to the 8- TaN), which likely results from the higher N
coordination number and shorter Ta—N bond length [41]. Sample
deposited at 30 mTorr shows essentially the same result. These spectra
confirm the formation of TagNs-type Ta-N-O compound. However, in the
case of the 40-mTorr sample, the Ta 4f spectrum shows evidence for the
Ta-oxide formation, as the peaks move to higher BE and become
broader, which is characteristic of phase mixture. Spectra deconvolution
suggests the presence of monolithic TaON phase (Ta 4f;/2: 25.8 eV, Ta
4f5,9: 27.7 eV [6,36]) and Tap0s5 phase (Ta 4f7/5: 26.6 eV, Ta 4f5,5: 28.5
eV [42]). Evidence for residual amount of Ta,Os is also evident in the 30

Fig. 3. Analysis of chemical composition
determined by elastic recoil detection anal-

1.0 10 _—Ta 5 mTorr ysis (ERDA). Elemental depth profiles ob-
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© 0.6 ®© 0.6 0, of samples deposited at 5, 10, 15, 20, 30,
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mTorr sample.

3.1.3. Chemical composition

To study the stoichiometry of as-grown samples, ERDA is used to
quantify the chemical composition. Fig. 3(a), (b), and (c) are three
representative depth profiles measured from the TaN, 5 and 40 mTorr
samples to show oxygen-free, low- and high-incorporation of oxygen
films, respectively. Apart from information on the atomic fraction of
elements in the films, the depth profiles allow also to obtain thickness
information if density of the films is known. From Si profiles, a trend of
thickness variation gives a result of sample 5 mTorr >40 mTorr > §-TaN,
which also refers to the same correspondence in deposition rate at a
fixed deposition time. The result of thickness trend is in agreement with
the thickness measured from scanning electron microscopy (not shown
here), which the thickness of 5 mTorr, 40 mTorr and §-TaN is around
124, 101, and 56 nm, respectively.

Fig. 3(a) shows an ERDA depth profile of the 5-TaN film grown in a
gas mixture with only Ar and Nj. The Ta and N profiles show the same
trend oppositely to Si throughout the entire regime. Although the signal
of Si is seen from the beginning of the depth profile due to the small
thickness of the film makes energy loss straggling of more heavy species
problematic and smears out the energy profile, the N/Ta ratio is not
expected to be significantly affected, as long as the profiles of these two
are proportional to each other. The atomic fractions of Ta and N in the
film are 0.324 and 0.546, respectively, which yields a N/Ta ratio around
1.67, indicating an over-stoichiometry from excess N. The high N/Ta
ratio is in fact equivalent to the stoichiometry of TagNs phase. The signal
of O is only seen clearly on the surface, confirming the oxidation of top
layer when the sample was exposed to air. The amount of O inside the
film is close to the detection limit (<1%). Fig. 3(b) shows the ERDA
depth profile of 5 mTorr TagNs sample. The atomic fractions of Ta, N,
and O in the film are 0.333 and 0.656, and 0.022, respectively. The non-
metal elements, N + O, to Ta ratio reveals an over stoichiometry of 2.03
instead of 1.67. This over-stoichiometry is mainly contributed from
excess N because the atomic fraction of O in the film is as low as around
0.022, neglecting the surface oxide. The O incorporation in the film
increases dramatically when deposition made in total pressure of 40
mTorr, as can be seen in Fig. 3(c). The atomic fraction of O becomes
0.483 while N and Ta drop to 0.269 and 0.248, respectively.

The atomic fraction of Ta, N and O elements plotted as a function of
total working pressure (keeping the same partial pressure ratio of gas
mixture) is shown in Fig. 3(d). When the pressure is increased from 5 to
30 mTorr, the atomic fraction of incorporated O increases monotonically
with pressure while the trend of N behaves oppositely. The corre-
sponding fraction of O in total non-metal elements, O/(O + N), increases
from 0.03 to 0.21. Nevertheless, the atomic fraction for the non-metal
elements in the films is almost constant, with only a slight increase
from 0.67 to 0.69, indicating that the incorporated O atoms are mostly
replacing N atoms in the films. Meanwhile, the atomic fraction of Ta
decreases only slightly with pressure. The ratio of total non-metal to
metal constituents hence increases from 2.03 to 2.20 with increasing
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pressure from 5 to 30 mTorr, revealing always over stoichiometry and an
excess non-metal constituents in the orthorhombic TazxNsOy films.
The stoichiometric condition of the film grown at 40 mTorr pressure
reveals an abrupt change in comparison to the films grown at lower
pressure regime. The atomic fraction of O becomes almost twice as high
as N, and (O + N)/Ta ratio is over 3. The result indicates a high possi-
bility of phase transition from TaszNs type structure to a mixing phase
with TaON and TayOs as the results, as obtained from XPS measurement,
implying that O takes main role in reaction with Ta to form a new phase.
Hence, the film dominated by Ta-oxide compounds is referred to as
amorphous O-rich TaN,Oy.

3.1.4. Discussions on structural properties of as-grown films

The results of XRD, XPS, and ERDA, summarized in Table 1, show
that the crystalline structure and chemical composition of Ta-N-O
compound films are highly sensitive to the growth conditions. Oxygen
is found to be a decisive role to alter forming the crystalline structures of
the sputtered films from 5-TaN to orthorhombic TasNs-type Taz xN5yOy
and to amorphous O-rich TaN,Oy compounds when the process gas was
added with a small of oxygen and increased with working pressure.

By adding ~2% of oxygen in the process gas, the crystalline TagNs-
type structure was formed and stabilized. We also made attempts to
grow TagNs without oxygen assistance by varying growth conditions,
such as temperature, the partial pressure ratio of N to Ar, magnetron
power, and the use of substrate. However, only metallic TaN com-
pounds, including 8-TaN, e-TaN, and other TaNy (x < 1) films, were
formed in our depositions (not shown here), which is in agreement with
a previous report [22] for the difficulty in growing TasNs films. The
effect of oxygen, which increases the stability of a compound with high-
oxidation-state transition metal atoms by replacing its bonding partner
with an atom having a higher electronegativity, called inductive effect
[24], triggers the formation of crystalline TagNs-type structure. In
addition, the oxygen is seeming incorporated into the growth, but not
only acts as a role of catalyst, as seen in the results of XPS and ERDA.

The stability of metastable TagNs structure was studied by modelling
structure from a 96-atom orthorhombic TasNs supercell using density-
functional theory (DFT), reported by Harb et al. [7]. Their calculation
showed much enhancement in structural stability by partial replacement
of nitrogen with oxygen in the model, which five neutral N atoms at
specific sites having two N4, two N5 and one N3 sites [43] were replaced
by five O atoms, on b planes. Such a replacement results in the change of
b lattice constant more than a and c lattice constant and generation of
one Ta vacancy. The chemical formula of the compound was hence
referred to as TasxN(s5.5x0sx. The incorporated oxygen atoms in the
crystal were mainly contributed to the substitutional and unavoidable.
In addition, the formation energy of intrinsic defects using spin-
polarized DFT calculation reported by Jing et al. also shows that the
substitution of O for N is the most stable among all of defects in TagNs
[44]. The results in their modelling are consistent with our ERDA result
that the trend of O and N varied oppositely with working pressure shown
in Fig. 3(d). Assuming all incorporated O atoms substitute N sites, the

Table 1

Summarized results of XRD, XPS, and ERDA.
Sample XRD XPS ERDA

Crystalline structure “Lattice const. (A) Bonding type Atomic fraction (O + N)/Ta
Ta N (0]

TaN d-TaN 4.33 TaN 0.323 0.546 - 1.67
5 mTorr TasNs 10.30 TasNs 0.333 0.656 0.022 2.04
10 mTorr TasNs 10.28 TasNs 0.336 0.633 0.031 1.98
15 mTorr TasNs 10.25 TasNs 0.327 0.601 0.072 2.08
20 mTorr TasgNs 10.23 TasgNs 0.314 0.581 0.105 2.16
30 mTorr TasgNs 10.17 TasNs + TaON 0.317 0.543 0.148 2.20
40 mTorr Amorphous - TaON + Tay0s 0.248 0.269 0.483 3.03

# Sample-TaN: a lattice constant of 5-TaN; Samples with TasNs-type structure: b or c lattice constant.
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ratio of non-metal to metal, (N + O)/Ta, of stoichiometric Taz xN5.yOy
films should be kept at 1.67. However, an over stoichiometry of excess
non-metal elements of the as-grown films was always obtained from
ERDA, see Table 1. By calculating the elemental ratio according to
Harb’s assumption of chemical formula Tas3.xN(s.5x)Osx using O atomic
fraction obtained from ERDA as the base, we find that over stoichiom-
etry of these films is mainly associated with excess N and deficiency of
Ta atoms, which may result in the generation of N interstitials and Ta
vacancies, in the pressure region of 5-30 mTorr. Other defects, such as O
and Ta interstitials and N vacancies, with higher formation energy
cannot be completely excluded since they may be generated by energetic
reactive species in magnetron sputtering process. Among them, O in-
terstitials have high possibility to be increased with pressure as the non-
metal atomic fraction does not change too much. However, contribution
of other defects in determining the non-metal to metal ratio is relatively
low. The N becomes deficiency, and the over stoichiometry of non-metal
elements is even higher in 40-mTorr sample, (N + O)/Ta = 3.03, if the
structure is kept in orthorhombic TagNs-type phase. This transition in-
dicates that the constitution of the film becomes oxide dominant rather
than nitride, which matches the present XPS result that the film contains
Tap05 and TaON compounds. In addition, previous study shows that the
formation of crystalline O-rich TaOxNy film requires annealing temper-
ature higher than 900 °C [11]. Hence, the O-rich TaO4Ny film grown at
800 °C is thought too low to form crystalline.

The confirmation of forming Ta3xNs.yOy compound alloys with
varied atomic fraction further explains the decrement of b or c lattice
constant of the films grown with increasing working pressure from 5 to
30 mTorr, see Fig. 1(d) and Table 1. For 5-mTorr sample, the obtained
lattice constant is 10.30 A, which is larger than the b lattice constant of
TagN5 crystal, 10.21 f\, shown in ICSD database. (It should be noted that
the O content was not specified in the database.) As the O atomic frac-
tion is as low 0.022, this deviation in lattice constant is mainly associ-
ated with the formation of excess interstitial N atoms, which contributes
isotropic tensile strain component to the film, as seen in other nitride
films with over stoichiometry of N [45]. With increasing atomic fraction
of O, the b or c lattice constant of Ta3,Ns5.,Oy compounds becomes
smaller. The shortest lattice constant obtained from the 30-mTorr
sample is 10.17 10\, which has an around 1.3% decrement (0.13 10\)
compared to 5 m-Torr sample. Similar result was also obtained from
conventional two-step growth TaszyNs5,0y compounds, produced by
nitriding (ammonia gas) the powder formed by stirring TaCls with
ethanol under flowing ammonia gas and then pouring into dilute
aqueous ammonia. Henderson et al. determined the change of lattice
constant with O atomic fraction in the Ta3xNs.yOy compounds using
powder neutron diffraction (PND) [43]. They found that both b and ¢
lattice constants decrease from 10.23 to 10.18 A and 10.28 to 10.26 10\,
respectively, with increasing O atomic fraction from 0.03 to 0.07, while
a lattice constant has almost no change. The change in b lattice constant
is much more than a and c lattice constants with increasing O atomic
fraction to around 0.07, which implies that the peaks of {010}/{000}
obtained in XRD of the Ta3xNs.yOy films are more have higher prefer-
ence to be {0l0}. Furthermore, the lattice constant of TazxNsyOy
calculated by DFT method from Harb et al. also predicted the same trend
that b and c lattice constants decrease monotonically with increasing O
incorporation. A structure with higher atomic fraction of O ~ 0.16
(Tag.75N3.7501.295) was predicted to have b lattice constant of 10.18 A,
which is 0.07 A shorter than pure TagNs. The theoretical values obtained
by the model, five O occupied N site surrounding with one Ta vacancy, is
consistence with our experimental results. Therefore, the possible rea-
sons of the decrement in lattice constant with increasing O incorporation
are attributed to that 1) the small difference in the ionic radius that the
02 is around 0.08 A shorter than that of N>~ in Ta3.xNs.yOy crystal [46],
and 2) the Ta vacancy generated when O atoms replace N atoms at
specific anion sites [7,43].
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3.2. Reactive species

Because the partial pressure ratio of O, in the gas mixture was fixed
at ~2% (N2:Ar:03 = 3:2:0.1), the result that increase of incorporated O
in the films with total pressure is noteworthy. Therefore, the in-situ OES
technique was used to characterize the plasma during the sputtering in a
total working pressure range of 5-40 mTorr. Fig. 4(a) shows the emis-
sion spectra of the plasma generated by ~40 mTorr in gas mixture of Ar
+ N3 (top) and Ar + Ny + Oy (bottom). The spectra can be divided into
three dominant regions: i) Three sharp-emission peaks from Ta located
at 534, 539, and 581 nm [47]; ii) fingerprint envelop from molecular
nitrogen emission in 620-690 nm; and iii) fingerprint envelop from
atomic nitrogen emission in 710-780 nm. Since the emission from ox-
ygen transitions overlaps (777.4 nm) [48], with nitrogen transitions, the
difference in intensity of the fingerprint envelopes should be observed
when the ratio of oxygen partial pressure changes. By comparing these
two spectra, no obvious difference is seen in the region of nitrogen
dominated emissions, indicating that the oxygen partial pressure ratio is
still very low. However, the intensity of Ta transition peaks drops
drastically in the gas mixture with oxygen, implying that the sputtering
yield of Ta decreases.

Fig. 4(b) shows the dependence of intensity’s difference of Ta tran-
sitions before and after O injection plotted as a function of total working
pressure. Deviation of Ta transition’s intensity becomes larger as
increasing working pressure, indicating a higher reduction in Ta sput-
tering yield. The lower sputtering yield is expected to have a lower
growth rate. From ERDA measurement, the lower growth rate is
confirmed as the thickness of 40-mTorr sample is indeed less than 5-
mTorr sample, see Fig. 3(b) and (c). The results shown above imply
that O has higher reactivity to Ta in comparison to N, which is in line
with the fact that metal has higher affinity to oxygen than nitrogen and a
more negative enthalpy of formation of tantalum pentaoxide (—488.8
kcal/mol) in comparison to tantalum nitride (—60.0 kcal/mol) at 25 °C
[49,50]. Although the partial pressure ratio of O; in the process gas is
kept as ~2%, total amount of Oy still increases with increasing total
working pressure. More oxides can be formed on the top of Ta target,
which results in a higher degree of target poisoning. The sputtering yield
of an oxide layer on Ta target is less than pure Ta target, but reactive
species contain higher O, which leads to a higher amount of O incor-
porated into the deposited film. The OES result hence explains the pe-
culiarity that the O atomic fraction in the films increases noteworthy
from 0.022 to 0.486 with total pressure varying from 5 to 40 mTorr at a
kept ~2% O in the processing gas mixture, No:Ar:O9 = 3:2:0.1.

3.3. Optical properties

The effect of incorporated O in the films on the optical property of
Ta-O-N samples was determined by OAS at room temperature. Tauc’s
method was used to determine band tails and the optical bandgaps from
the optical absorption spectra of the samples. The plot is based on Tauc’s
equation (Ahv)" = B(hw — Eg) and n = ' is used for indirect bandgap
materials [51], where A is the absorption coefficient, B is a constant, v is
the angular frequency of incident radiation, h is Planck’s constant, and
E, is the bandgap. E4 can be extracted from the curve of (Ah)'/? plotted
as a function of hv (incident photon energy) by extrapolating a tangent
line intersected with photon energy axis. Fig. 5(a) shows Tauc plots of
the films deposited on sapphire substrate in a working pressure range of
5-40 mTorr. (Note, chemical compositions of these films are the same as
the films grown on Si substrate counterpart, which was confirmed by
ERDA measurement.) As can be seen in the spectra, the absorption edge
shifts apparently towards higher energy when the samples were grown
at higher total working pressure, indicating that the bandgap becomes
wider as the atomic fraction of O in the film is increased. The extracted
bandgap plotted as a function of O atomic fraction is shown in Fig. 5(b).
The bandgap increases monotonically (slightly linear) from around 2.22
to 2.66 eV with increasing O atomic fraction from 0.022 to 0.148,
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Fig. 4. Optical emission spectroscopy (OES) measurement during sputtering. (a) Emission spectra obtained from plasmas generated by sputtered Ta target in two gas
mixture, top: Ar + N, and bottom: Ar + Ny + O5 (O ~2%), at working pressure ~ 40 mTorr. (b) Pressure dependence of intensity difference of the Ta transition
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Fig. 5. Results of optical absorption spectroscopy (ABS) measurement on the samples grown in pressure range of 5-40 mTorr with a gas mixture of Ny, Ar, and Oy
(keeping partial pressure of 3:2:0.1). (a) Tauc plot of absorption spectra, and (b) bandgap versus oxygen atomic fraction.

correspondently. The smallest bandgap of the Taz xN5.,Oy film is very
close to the theoretically calculated bandgap of TagNs, 2.0 + 0.2 eV
[4-8]. In addition, a tail at the lower energy side of the absorption edge
was also seen in many TasNs films prepared by two-step growth [52].
The band tail, which also called as Urbach energy, is often correlated to
the degree of structural disorder and point defects as seen in other
semiconductors [53]. When the O atomic fraction raises to 0.483 (40-
mTorr sample), the optical bandgap increases to around 2.96 eV. Such a
change is reasonable because the crystalline structure and chemical
composition of the film have changed to an O-rich TaNyOy compound,
mixed with TaON and TayOs. The absorption is, therefore, more
approached to the calculated bandgap of TaON, ~3 eV [7].

According to the calculated electronic density of state (DOS) using
DFT methods [7], the valence band of pure TasNs is mainly governed by
occupied N 2p states while the conduction band is composed by Ta 5d
states. When O atoms substitute for N sites in the structure, the con-
duction band is still composed by Ta 5d states while the valence band
starts to mix O 2p states with occupied N 2p states. Because the O 2p
states locate lower in energy than N 2p states, the electronic band gap of
Ta3 xNs5.yOy becomes broader than pure TagNs. In addition, the substi-
tution of O atoms for N sites is one of the major sources for donating
electron and is mainly responsible for the intrinsic n-type conduction
[44,52]. At lower-level O incorporation, the donors can form localized
states below conduction band minimum. With increasing O atomic
fraction, more donated electron can fill the conduction band, which
further broadens optical band gap. On the other hand, N vacancies was
referred to as another source to form a defect band located slightly
deeper below conduction band minimum, giving an absorption band

centered at ~1.72 eV [52]. Although our films always show over stoi-
chiometry with excess N, formation of N vacancies cannot be ruled out.
Other defects, such as N, O interstitials and Ta vacancies in the lattice,
mostly cause even deep level bands. As to the O-rich TaNyOy compound,
the band gap of monoclinic TaON was predicted to be around 3 eV [7].
DOS calculated by DFT shows that O 2p states become dominant in the
valence band. With increasing a bit more N atomic fraction, the bandgap
is narrowing towards to 2.5 eV owing to more N 2p states located at
higher energy of valence band. Optical properties of TaON films, made
by high-power impulse magnetron sputtering, studied by variable angle
spectroscopic ellipsometry confirmed that the bandgap increases from
2.5 eV towards to 3.9 eV (TayOs) with increasing O/N ratio [11]. In
summary, our OAS result is in consistency with the DFT calculation that
substitution of O atoms for N sites in Taz xN5.yOy film plays a decisive
role on determination of optical properties.

4. Conclusions

Orthorhombic Ta3.4Ns5.yOy compound films with various atomic
fractions grown directly on Si and sapphire substrates using reactive
magnetron sputtering on a Ta target was achieved by adjusting total
working pressure in a gas mixture of Ny, Ar, and O, (keeping partial
pressure of 3:2:0.1). In the pressure regime of 5-30 mTorr, all films were
grown in TagNs-type crystal with a low degree of fiber texture along b-
axis direction. The atomic fraction of O in the films increased from 0.022
to 0.148 as increasing total working pressure, while N decreased with a
reverse trend to the O counterpart. The decrement of Ta atomic fraction
was counted to be ~0.02 between 5- and 30-mTorr samples. Meanwhile,
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b lattice constant of the films decreased from 10.30 to 10.17 ;\, and
optical band gap increased from 2.22 to 2.66 eV with increasing total
pressure in the growth. As a result, the O atoms in the films substituted
for N sites and the formation of Ta vacancies in the TasNs crystal,
resulting in the formation of Ta3.,N5.,Oy compounds and the decrement
of b lattice. For further increasing working pressure to 40 mTorr, the
atomic fraction of O increased dramatically to 0.483 in films that
comprised mixed amorphous TaON- and Ta;Os-type compounds, which
also leads to the widening of bandgap to ~2.96 eV. The mechanism of
increasing O atomic fraction in the film with working pressure is
correlated with oxide formed on the Ta target as a result of stronger
reactivity of O than N to Ta, and thus reduced the metal sputtering yield,
which was evidenced by plasma analysis on sputtering gas. Besides, no
pure orthorhombic TazNs5 phase was formed when the film was grown in
a gas mixture of Ar and Ny without O,. Only metallic cubic TaNy phases
were formed in an over stoichiometric condition with excess N, implying
that a small amount of oxygen is required to form TasNs-type structure.
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