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Abstract

TasNs belongs to the group of transition metal nitrides with the cation in a high formal oxidation
state. These are, in general, difficult to synthesize owing to the low reactivity of nitrogen. This
applies similarly to TasNs that crystallizes only in the presence of oxygen during synthesis.
Typical preparation methods are ammonolysis of oxidized Ta or magnetron sputtering of a Ta
target in an atmosphere of Ar, N2 and O.. However, the thin films typically obtained by either
synthesis method are of varying degree of crystallinity and the parameters affecting the
crystallinity remain unclear. In this study, we identify oxygen to be the central driver for the
crystallinity of TasNs thin films prepared by magnetron sputtering. While little oxygen in the
films yields the metallic 3-TaN phase, excess oxygen results in low crystallinity TasNs or

amorphous Ta-O-N films. TasNs samples with a high degree of crystallinity are obtained by
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limiting the oxygen supply to the sample during the deposition. Comparison with other studies
suggest a fundamental oxygen incorporation limit above which the crystallinity of TasNs is
compromised. The most crystalline sample from this study contains 4.4 at.% of oxygen. It is
grown onto a Si(100) substrate, covered with a 30 nm-thick metallic Ta layer. Large TasNs

grains between 80 and 120 nm in size are obtained.

1 Introduction

TasNs is a promising candidate as a photon absorber in solar water splitting devices because its
valence and conduction bands straddle the oxygen and hydrogen evolution potentials [1]. At
the same time, it can absorb a large part of the solar spectrum owing to its small band gap of
2.1eV[1, 2]. In fact, it is very close to the assumed optimum band gap of around 2.0 eV, which
is the compromise between the fraction of absorbed sunlight and the electric potential necessary
to split water into oxygen and hydrogen [3]. One important parameter for the TasNs photon
absorber regarding the application in view is a high degree of crystallinity. This is because non-
crystalline regions, in form of grain boundaries or amorphous content, represent sites of
recombination for photogenerated charge carriers, reducing the overall device efficiency.
However, TasNs thin films prepared so far by ammonolysis or magnetron sputtering show
varying degrees of crystallinity and the central parameter to control the crystallinity remains

yet unclear.

The formation of TasNs is triggered by oxygen incorporation [4,5,6]. This applies to both
principal preparation routes, ammonolysis and magnetron sputtering. Ammonolysis typically
requires an oxidized tantalum precursor that is annealed under a flow of NHa. In this process,
nitrogen diffuses into the material and partially replaces the oxygen anions in the lattice [7].
The process requires high temperatures (> 680° C) and can take up to several hours [8,9,10]. In
general, the sample crystallinity increases with the thermal budget [9]. Grain sizes obtained by

this method are a few 10s of nm only, though. E.g., Pinaud et al. [8] measure average grain
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sizes between 17.3 nmand 17.7 nm and Dabirian et al. [9] observe average grain sizes between

22 nm and 36 nm.

Magnetron sputtering of a Ta target in a gas mixture of Ar, N2and O is an alternative synthesis
route. It offers a reduced thermal budget compared to ammonolysis with crystalline samples
obtained at substrate temperatures between 400° and 600° C [11]. However, magnetron
sputtering at these temperatures often results in a low degree of crystallinity [5,6]. Crystallinity
improves by increasing the substrate temperature to values close to those necessary for
ammonolysis. Ishihara et al. achieve a higher degree of crystallinity of their magnetron-
sputtered TasNs thin films by using a higher substrate temperature, i.e. 800° C, compared to the
onset temperature for crystallization found between 400° to 600° C [11]. Alternatively,
annealing sputtered TasNs samples in NH3 at 750° C for 15h after the deposition is similarly

successful in improving the sample crystallinity [5].

The studies listed above suggest a strong effect of the thermal budget on the crystallinity of
TasNs thin films, though its direct effect on the crystallinity is not conclusively proven. Possible
may also be an indirect correlation and we suggest the oxygen content in the film to link the
thermal budget with the crystallinity. We therefore focus our investigation on the isolated effect
of oxygen on the crystallinity of the samples. This is possible by magnetron sputtering, as the
oxygen incorporation can be tuned during the sputtering process while leaving all other process
parameters, in particular the thermal budget, constant. The oxygen content, calculated as the
ratio O/(Ta+N+QO) and expressed in at.%, is quantified using Rutherford backscattering
spectrometry (RBS) and nuclear reaction analysis (NRA). The obtained sample composition is
then correlated with the crystalline structure from grazing-incidence X-ray diffraction (Gl-
XRD). To support the results from GI-XRD, the surface is imaged by atomic force microscopy
(AFM) and scanning electron microscopy (SEM). Finally, two samples having different oxygen

content are used to measure the photocurrent in an electrochemical cell under illumination.



2 Film preparation and characterization techniques

The films were prepared by ion-assisted growth using a balanced magnetron with two external
magnetic coils to increase the ion flux onto the substrate [12]. Measurements of the ion
saturation current together with the area density measurements from the ion beam analysis (see
below) revealed an ion-to-neutral flux ratio of 0.3 in standard balanced magnetron configuration
and 2.8 using the external magnetic coils. The magnetron was installed in a vacuum chamber
with a base pressure of < 5:10* Pa. The Ta target was of 99.95% purity and had a diameter of
10 cm. The power applied to the cathode was 80 W corresponding to a cathode potential of
-330 V. The cathode potential was intentionally kept small in order to limit the rate of high
energy (> 100 eV) Ar neutrals backscattered from the target, that risked to incorporate defects

into the growing film [13].

The films were deposited on polished monocrystalline Si(100) and Ta foil substrates. Films on
the Si substrate were used to determine their structure, elemental composition, crystallinity and
topography. Films on the Ta foil substrate were used to test their photoactivity in a

photoelectrochemical cell.

Prior to deposition, the substrates were cleaned in a bath of isopropanol for 5 min and then
blown dry with N2. They were then clamped onto a substrate holder and inserted into the
deposition chamber. The substrates were sputter-etched for 10 min at an effective DC bias of
-100 V by Arions from a radio-frequency plasma. At the same time, with a closed shutter in
front of the magnetron, the target was sputter-etched at 80 W in DC mode for 10 min in pure
Ar. Afterwards, the surface was conditioned by sputtering for further 10 min but using the gas

composition of the following deposition.

The samples were deposited at a pressure of 0.5 Pa. The N> flowrate was 20 sccm, the O2
flowrate was varied between 0.0 sccm and 0.9 sccm and Ar was added to reach a total flowrate

of 50 sccm. The substrate temperature during deposition was kept constant at 600° C. Before
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the deposition, a 30 nm-thick metallic Ta interlayer was deposited at room temperature onto the
substrates in order to provide the same growth conditions for the TasNs film on both types of
substrates. It is important to note that this layer had a considerable effect on the crystallinity of
the TasNs phase as discussed below. Each TasNs thin film was deposited to obtain a 250 nm-
thick layer which took around 30 min. The thickness was confirmed by using a mechanical

profilometer on the edge of a region shadowed during the deposition.

The composition of the samples was measured using ion beam analysis with the SAFIR
platform of Sorbonne Université. The ¥ Ta area density (AD) was determined using RBS at an
a beam energy of 2000 keV. The AD of the underlying 30 nm-thick Ta layer was measured on
a separate substrate and subtracted for the determination of the film composition. Minor levels
of Ar were found in the films by RBS (= 1 at.%), which were neglected for the analysis
presented here. The nitrogen and oxygen AD were determined by NRA using the nuclear

reactions 1*N(d,a)*?C at 1400 keV and *%0(d,p)'’O at 850 keV.

The crystalline structure was determined by GI-XRD using a custom-built setup. It consisted
of a 30 um x 50 pm thick X-ray beam from a Mo anode (Aapha = 0.071 nm) that was incident
on the sample at 0.5° to the sample surface. Diffracted rays were recorded using a photo-
sensitive plate that was digitized using a scanner. The software fit2d [14] was used to integrate
the spherical diffraction patterns resulting in the diffractograms presented here. The background

was intentionally not subtracted.

The photocurrent was measured in a custom-built photoelectrochemical cell in a three-electrode
configuration [15]. The sample was mounted as the working electrode, a Pt wire as a counter
electrode and an Ag/AgCl/sat. KCI as a reference electrode. The electrolyte was an aqueous
solution with 0.1 M K>SO4 and KOH added to obtain a pH of 13. Potential control and current
acquisition were done using a Princeton Applied Research 263A potentiostat. For

photocurrent—voltage curves, the potential was swept from —0.4 to +0.4 V vs. Ag/AgCl/sat. KCI
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with a rate of 50 mV/s. The sample was illuminated through a quartz window by intermittent
light from a Newport Xe arc lamp. It was equipped with an infrared filter to prevent the sample

from heating up. The irradiance at the sample position was 21 mW/cm?.
3 Thin film characterization
3.1 Elemental composition and crystallinity

The composition of the films is presented in Fig. 1 as a function of the O flowrate injected into
the reactor during the sputtering process. At 0 sccm O, the thin film is saturated with nitrogen.
The sample contains 37.6 at.% of tantalum, 60.9 at.% of nitrogen and a small amount of oxygen.
Similar results are obtained by Sun et al. [16] for magnetron-sputtered Ta-N, who find an
increasing nitrogen content with increasing the N2 supply to the reactor. This trend continues
until the nitrogen incorporation saturates at around 60 at.% of nitrogen, a value very similar to
the 60.9 at.% found in our experiments. Stoichiometric TasNs, in comparison, contains 62.5

at.% of nitrogen, which is slightly higher.

The reason for the lower nitrogen content measured in our sample, compared to the ideal
composition of TasNs, can be explained by a small amount of oxygen incorporated. This
originates from the background Oz present in the deposition chamber even without intentionally
injecting O via the flowmeters. During deposition, this oxygen is preferentially incorporated
due to its lower free energy of formation [17]. Once incorporated, it prevents further uptake of

nitrogen to keep the charge balance between the anions and the Ta cation.

At an O flowrate between 0.1 and 0.6 sccm, the oxygen incorporated into the film increases
linearly. This indicates that the magnetron target is not yet in its poisoned state with respect to
oxygen, so that all O supplied to the process chamber is immediately gettered by sputtered Ta

[6]. The linear correlation is left between 0.6 sccm and 0.7 sccm O from which point on, high



levels of oxygen are incorporated into the film, due to a reduced Ta deposition rate from a

poisoned target [18].
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Fig. 1: Elemental composition of samples prepared at varying O flowrates.

The crystallinity of the deposited films is measured on the same samples as those used to
determine the elemental composition. Without any intentional oxygen supplied to the reactor
during deposition (0 sccm O2), the metallic 5-TaN phase is obtained (Fig. 2). By increasing the
oxygen supply to 0.1 and 0.2 sccm O3, a phase mixture between 6-TaN and TasNs appears.
Only at an O flow of 0.3 sccm, corresponding to an oxygen content of 4.4 at.% in the film, the
diffractogram shows a single phase TasNs signature . The peaks match that of the orthorhombic
TasNs structure (powder diffraction file 01-079-1533 from the International Centre for
Diffraction Data (ICDD) database). Note, that with the diffractometer used, we cannot
distinguish between the monoclinic [19] and the orthorhombic [20,21] TasNs structure because

both have similar peak positions.

Increasing the Oz supply deteriorates the crystallinity of the sample. At 0.5 sccm of O, the
diffractogram exhibits lower peak intensities. At even higher flowrates, the peaks vanish
completely. The sample deposited at 0.7 sccm O exhibits two broad halos around 23 nm™ and

44 nm* instead. This indicates a Ta-O-N thin film with a lack of long-range order. The observed



halos are similarly found by other authors studying Ta-O-N thin films [12,22,23] and can be

attributed to some remaining local order.

The samples presented above all have a 30 nm-thick Ta interlayer between the Si substrate and
the TasNs thin film. This has a crucial influence on the crystallinity, which is illustrated by
depositing a film directly onto a Si(100) substrate. While the reference sample with a Ta
interlayer shows sharp diffraction peaks in GI-XRD experiments, the diffractogram of the
sample missing the Ta interlayer exhibits no peaks at all proving the lack of crystallinity
(Fig. 3). Possible explanations for this could be that the Ta interlayer represents a nucleation
layer for TasNs. Another possibility is that Si impurities in Ta-O-N prevent its crystallization
to TasNs. Si-Ta alloy formation is observed at temperatures of 700° C [24], close to the 600° C
substrate temperature used in this study. A Ta interlayer could therefore act as a diffusion
barrier, keeping Si out of the TasNs film. Similarly to our experiments, de Respinis et al. [25]
sputtered on top of their fused silica substrate a 5 nm-thick layer of Ti, before depositing
metallic Ta that was subsequently oxidized and nitrided to form TasNs. They mention the
possibility that the Ti interlayer may affect the crystallization behavior of TasNs without giving
further details. The Ti interlayer in their case could therefore similarly act as a diffusion barrier

against the Si that is present in their fused silica substrate.

3.2 Morphology and surface topography

Two selected samples deposited at 0.3 and 0.5 sccm Oz are imaged by SEM (Fig. 4). The surface
of the first one is densely covered by crystallites with diameters between 80 nm and 120 nm.
As no other phase as TasNs is detected in the diffractograms (Fig. 2), the crystallites likely have
the TasNs structure. In between crystallites, the image shows some featureless areas that we
assign to small amounts of an amorphous matrix, indicating that further fine-tuning of the
oxygen content in the films may be possible. The cleaved cross-section of the sample shows a

columnar-grown film. The cross-section appears rough, suggesting the presence of crystallites

8



throughout the film thickness. On the other hand, the sample deposited at a higher O flowrate

(0.5 sccm) shows a reduced density of crystallites. The crystallites also appear less pronounced

and their boundaries vanish in a dominating featureless matrix. Similarly, the cleaved cross-

section is flat and without perceivable texture compared to the sample deposited at a lower O

flowrate. The loss of crystallinity at higher O flowrates seen in the SEM images matches well

with the trend observed in the diffractograms.
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AFM images reveal the topography of the surface (Fig. 5). At a low Oz flowrate (0.2 sccm), the
surface is rough. While the highest point lies 63 nm above the baseline, most of the surface lies
between 0 and about 30 nm. The comparison with the SEM images suggests, that this roughness
is due to crystallites peeking out of the surface. As this sample has a dominating TasNs signature
according to its diffractogram, we suggest that these are mainly TasNs crystallites. Increasing
the O, flowrate decreases the roughness, in line with the observation from the SEM images,
that when crystallinity is lost, the surface becomes increasingly flat due to a dominating
amorphous content. At the highest O flowrate of 0.7 sccm, the sample becomes completely flat
with the highest point at only 3 nm above the baseline. This is in line with the observation from

GI-XRD, i.e. the sample is nanocrystalline or amorphous.

The sample deposited at a flowrate of 0.6 sccm still contains some TasNs crystallites, according
to its diffractogram (Fig. 2). The AFM image, however, shows a flat surface covered with what
appears as dips or holes. This sample with its high content of oxygen (9.6 at.%) is at the border
of a vanishing TasNs structure. The surface may therefore easily be changed by a small amount
of extra oxygen. This is likely supplied at the end of the deposition process. When the
magnetron is switched off, the deposition of fresh Ta onto the growing film and the reactor
walls stops and so does the gettering of oxygen from the gas phase on these surfaces. At this
moment, the oxygen concentration in the reactor rises during a short period of an estimated few
tens of seconds, while the sample is still at an elevated temperature. The surface can therefore
continue to oxidize causing the surface structure to collapse. This supports the conclusion from

above that the TasNs structure cannot tolerate excessive amounts of oxygen.

The experiments presented here show a wide range of degrees of crystallinities of TazNs thin
films. It is important to note that each film is deposited with the same thermal budget during
the sputtering process and by adjusting only the O flowrate and with that, the oxygen content

in the film. The conclusion from these experiments is therefore that the crystallinity of
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magnetron-sputtered TasNs thin films is determined by the oxygen incorporation into the film,

which can be tuned by the oxygen supplied during the sputtering process.
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Fig. 5: Surface topology measured by AFM as a function of O flowrate. Note the different

height scales on the right of each image.

3.3 Photocurrent measurements

Photocurrent measurements in a photoelectrochemical cell under intermittent light prove the
photoactivity of the deposited TasNs films (Fig. 6). The experiments are done with two samples
deposited at 0.3 sccm and 0.5 sccm O- flowrate, thus containing 4.4 at.% and 7.7 at.% of
oxygen, respectively. According to their diffractograms and SEM images, these are

representative samples for a TasNs-crystalline film and a TasNs film having a low crystallinity.
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The photoactivity of these samples is evaluated in five consecutive scans. For both samples, the
photocurrent decreases strongly with each repetition of the experiment. This is due to a self-
oxidation of the surface by photogenerated holes as suggested by Ishikawa et al. [26]. He et al.
[27] show that the oxidation is self-limiting and restricted to a few nm. However, the thin oxide
pins the Fermi levels at the surface, reducing the band bending. As a consequence, charge
carrier separation becomes successively less efficient. Finally, the photocurrent practically
ceases. In this state, the surface is limiting the photocurrent and the enhanced bulk properties
of the sample containing more oxygen do not make a difference any more. Mitigation methods
aim to separate the TasNs photoabsorber from the electrolyte which in some cases can also
accelerate the hole transfer from the photoanode to the electrolyte [5,9,27,28]. These layers are

not further investigated here.

Comparing the first photocurrent-voltage curves obtained with each sample, the high
crystallinity sample (deposited at 0.3 sccm Oz) shows a lower photocurrent than the low
crystallinity one (deposited at 0.5 sccm O2). The latter contains more oxygen, which is known
to widen the band gap [6,29,30]. Therefore, on the one hand, it can be expected to absorb less
photons of the light spectrum which would result in a lower density of photogenerated charge
carriers. On the other hand, the larger band gap could induce a higher open circuit voltage
promoting the charge carrier transfer to the electrolyte. The higher photocurrent for the oxygen-

rich sample suggests that latter effect dominates here.

Nevertheless, our observation is in discrepancy with other authors that observe the inverse
effect. Yokohama et al. [5] increase the initial low crystallinity of their sputtered samples in the
as-processed state by annealing them in NHs. They observe a strong increase in photocurrent
after this treatment and assign it to the improved crystallinity. Li et al. [31] prepare their TasNs

nanorods by ammonolysis. They improve the photoactivity of their sample by annealing it at
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1000° C instead of 850° C, which they attribute partially to an improved interface between the

semiconductor and the substrate, and partially to a higher crystallinity.

Our observation that the sample deposited at 0.5 sccm O2 shows a higher photocurrent can be
understood by assuming that both samples still contain a high density of defects that acts as
sites of carrier recombination. Such a material would have a small minority carrier diffusion
length, i.e. the contribution to the photocurrent from minority carriers originating from the bulk
is reduced. In this case, the photocurrent would arise from the surface of the photoanode where
carriers are immediately separated by the electric field in the space charge layer and thus escape
recombination. In this case, a slightly larger band gap caused by a higher oxygen content in the
film deposited at 0.5 sccm O2 would not be detrimental as the surface would be sensitive in
particular to UV and blue light. The higher initial photocurrent of this sample could then be
attributed to a higher open circuit voltage that results in a more efficient hole transfer to the

electrolyte.

The origin of the defects in the TazNs thin film could be the sputtering process that is known to
induce material defects from the bombardment of energetic particles. These can be negative
ions, e.g. O, that are accelerated in the plasma sheath above the cathode [32] or neutrals
backscattered from the cathode [13]. An annealing treatment could help to reduce the defect
density in the bulk. Note that such a treatment would be different in temperature and duration
from the NH3z annealing done by other authors to prepare TazNs samples, as the purpose is not

to improve crystallinity, but to anneal defects.
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Fig. 6: On-Off photocurrent curves for two selected samples deposited at 0.3 sccm and

0.5 sccm O3 flowrate.
3 Discussion

The study identifies oxygen being the main driver for the degree of crystallinity of magnetron-
sputtered TasNs thin films. Henderson et al. [10] report on the crystallinity of TasNs samples
prepared by ammonolysis. By varying temperature and duration of the process, they find that
crystallinity is lost by increasing the oxygen content of their samples, similar to the results of
this study. Their sample with the highest crystallinity contains 2.9 at.% of oxygen, which is in
the same order of magnitude as the 4.4 at.% of oxygen found in our most crystalline sample.
The similarity of the value, despite the different synthesis methods, suggests that TasNs

crystallinity is fundamentally compromised at oxygen contents above a few at.%.

An oxygen incorporation limit in TasNs explains well the high temperatures and long process
durations, i.e. a high thermal budget, necessary to obtain high crystallinity TasNs by
ammonolysis. The thermal budget is necessary to diffuse excess oxygen out of a Ta-O precursor
and to substitute it by nitrogen. In magnetron sputtering, the oxygen-nitrogen substitution is not
necessarily required due to the simultaneous incorporation of oxygen and nitrogen into the film.
This allows a lower thermal budget for the onset of TasNs crystallization with temperatures

between 400° to 600° C applied only during the time of deposition [11].
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Still, high substrate temperatures of up to 800° C are necessary to reach a high degree of
crystallinity in experiments done by Ishihara et al. [11]. A possible explanation for this
observation could be a high oxygen content in the films deposited at low substrate temperature.
Similarly could the low crystallinity of magnetron-sputtered TasNs samples prepared by
Yokohama et al. [5] be explained by excess oxygen in the as-deposited films. Both Ishihara et
al. [11] and Yokoyama et al. [5] use a total pressure similar to our study. However, in both
studies, they use an O partial pressure of 0.01 Pa, and between 0.013 and 0.07 Pa, respectively.
These values are much higher by at least a factor of 3 compared to the 0.003 Pa used in our
study for the most crystalline sample (deposited at 0.3 sccm Oy). In addition, the deposition rate
in Yokoyama et al. is less than half our deposition rate (100 nm in 30 min [5] compared to 250
nm in 30 min in this study). As these films grow more slowly while being subjected to a higher
O- partial pressure, they likely have a higher oxygen content compared to our most crystalline
sample. Excess oxygen could thus explain the low crystallinity of their samples. In a similar
way can our findings be used to explain improvements in crystallinity. Yokoyama et al. improve
the crystallinity of their as-processed samples by a post-deposition annealing treatment in NH3
[5]. This improved crystallinity can be attributed to a lower oxygen content in the films, as the
samples are expected to lose oxygen during annealing. Ishihara et al. enhance the crystallinity
by raising the substrate temperature which lowers the oxygen content in the films [11]. This is
because a higher substrate temperature increases the reactivity of nitrogen which eases its
incorporation into the growing film. As the oxygen supply to the growing film is limited, the
oxygen/nitrogen ratio in the film is lowered. These examples show that our findings can explain

changes in crystallinity of TasNs thin films by variations of the oxygen content in the films.

The conclusion of this paper that oxygen determines the degree of crystallinity of TazNs thin

films can therefore also explain past observations on tuning the crystallinity of TasNs. The
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observed correlation between the thermal budget and the sample crystallinity, however, is only

an indirect one with the oxygen content in the film being the link between the two.

The fact that TasNs tolerates only a limited amount of oxygen, has important implications for
the application of this material as a photon absorber in solar water splitting devices. Many
properties of Ta-O-N thin films can be tuned by varying the oxygen-to-nitrogen ratio, such as
the band gap [6,33] and electronic properties [6]. However, if a TasNs crystalline structure is
desired, the range over which these properties can be tuned is limited. This applies especially
to the position of the band edges that are important for achieving solar water splitting. The
valence band edge of oxygen-free TasNs is predicted to be too low with respect to the O2/H,0
potential. Only with high oxygen doping, this band edge is sufficiently shifted [30] which may,

however, not be compatible with a crystalline structure according to the findings of this paper.

4 Conclusion

This work identifies the oxygen content in TasNs as the key parameter affecting the crystallinity
of TasNs thin films. A high level of oxygen incorporated into a film results in a low degree of
crystallinity. This manifests in large amorphous regions into which few TasNs crystallites are
embedded. By lowering the oxygen supply during deposition, highly crystalline samples are
obtained. This is possible by magnetron-sputtering as it allows a precise control of the oxygen
incorporated homogeneously throughout the film thickness. The highest crystallinity is
obtained for a sample containing 4.4 at.% of oxygen. This film exhibits large grains between
80 and 120 nm in size. The results show that the variations in degree of crystallinity of TasNs
thin films, observed by other authors, can largely be explained by different levels of oxygen
incorporated into the material. This suggests a fundamental limit of oxygen incorporation

before the crystallinity of TasNs is compromised.
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