Direct Deposition of Crystalline TasNs Thin-Films on FTO for PEC Water Splitting
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Abstract

Tantalum Nitride is a promising photoanode material for solar water splitting, but the further study
and practical use is constrained by the harsh conditions of the synthesis from Ta metal. Here we
report the direct deposition of crystalline TasNs on FTO substrate via a custom-built ALD system.
A combination of TaCls (Ta-precursor) and ammonia (N-source) were sequentially pulsed into the
ALD reactor with the substrate heated to 550 °C to deposit compact and thin films of Ta3Ns with
controllable thicknesses on FTO substrates. Importantly, it is shown that the FTO is chemically
and structurally stable under the reducing conditions of ammonia at 550 °C. These electrodes
produced an exceptional photocurrent onset potential of ~ 0.3 V vs. RHE with a maximum
photocurrent of ~ 2.4 mA cm?at 1.23 V vs RHE. Results of photoelectrochemical investigations
as a function of film thickness and illumination direction reveal that the performance of Ta3Ns is
controlled by a hole diffusion length of ~50 nm. These results are crucial for the successful

integration of Ta3Ns in efficient unassisted water splitting applications.



Introduction

Tantalum nitride (TasNs) is one of the most promising semiconductor materials for
photoelectrochemical (PEC) water oxidation. Several reports have shown that TasNs
photoelectrodes are capable of producing a photocurrent approaching its theoretical band-gap limit
of ~12.5 mA cm™."* Despite this promising performance, the instability under PEC water
oxidation conditions, low surface charge collection efficiency, and positive photocurrent onset
potential with respect to its flat band potential limit the overall PEC water oxidation efficiency on
Ta3Ns. In order to improve the surface charge collection efficiency, the surface of photoelectrodes
are commonly modified with a combination of water oxidation catalysts and hole storage layers.'”
358 For example Li and coworkers? introduced the state-of-the-art Tas;Ns photoanode by
deposition of several successive layers - including a thin layer of TiOx as an electron blocking
layer, FEOOH and Ni(OH), as hole storage layers, and finally a layer of molecular catalyst to
promote the kinetic of water oxidation reaction. The integrated electrode produced a photocurrent
density of > 12.0 mA cm? at water oxidation potential with a photocurrent onset potential of ~
0.65 V vs. RHE. The instability of TasNs originates from the fast and irreversible surface
photocorrosion forming surface tantalum oxide which results in a fast decay in the PEC
performance.®’ Surface treatments such as doping, surface modifications with catalyst and surface
protection layers have shown as effective strategies to circumvent this issue.>'%!! For example,
Domen and coworkers'? have recently shown that a combination of GaN as a protection layer and
CoPi as the water oxidation catalyst stabilized the TasNs electrode under 10 h of continuous
illuminations of water oxidation conditions, which to date is the most stable Ta3;Ns photoelectrode

reported.

The synthesis of almost all of the high-performing TaszNs electrodes reported to date start with the
oxidation of a Ta-substrate via electrochemical anodization or by heating a Ta-substrate in air to
oxidize the top Ta layer to produce nanostructured or planar tantalum oxide films,
respectively.!*>12714 The tantalum oxide samples are subsequently nitridized in a flow of ammonia
at elevated temperatures (850 - 1000 °C) for a prolonged period of time (2 - 15 hours). The Ta-
substrate serves as the source of Ta, the conductive layer to collect the majority charge carriers
necessary to fabricate electrode, and the substrate. For example, Domen and coworkers' adopted

a two-steps procedure of mask anodization followed by ammonolysis at 1000 °C for 2h to fabricate



a high aspect ratio films of undoped and Ba-doped Ta3Ns on Ta substrate. The mask anodization
resulted in a well-defined vertically oriented nanorods of Ta3Ns with a 60 nm diameter and 600
nm length. These electrodes produced a photocurrent density of ~ 5 mA ¢m at the thermodynamic
water oxidation potential. While this synthesis method is relatively simple and resulted in the best
performing Ta3;Ns photoanodes, from the synthetic point of view there are multiple drawbacks: it
is very energy intensive, produces a sizable quantity of chemical waste, results in the formation of
electronically resistive phases at the TaszNs|Ta junction limiting electron collection efficiency, Ta
as a substrate becomes very brittle after heating in ammonia which makes the post-annealing
electrode processing very challenging, Ta is not transparent, and this method provides a strongly
reducing condition. The last two drawbacks are specifically important as they precludes the
applicability of Ta3;Ns in the tandem cell configuration, i.e. the most efficient cell configuration
for PEC water splitting systems.'*>"!” Transparent conductive substrate is the indispensable part of
a dual band gap tandem cell, creating electrical contact between a photoanode (top electrode) and
a photocathode (bottom electrode) while having minimal light absorption in the visible to near IR
region (Figure 1). The commercially available transparent conductive substrates are not stable
under the high-temperature ammonolysis conditions utilized for synthesis of TasNs. As a result,
Ta or noble metals like Pt>!* which indeed are not transparent to the Ta3;Ns sub-bandgap photons
are the most viable substrates, to date. The known examples of transparent Ta3Ns photoanodes are
only limited to special transparent conductive substrates such as Ta-doped TiO; and n-type GaN

which are stable under highly reactive synthesis conditions of Ta3Ns.!>!8
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Figure 1. Scheme showing the absorption of the solar spectrum by a top TaszNs photoanode and
the transmitted light available for a bottom photocathode. Growth of Ta3Ns on such transparent
substrates is critical to allow such a tandem PEC water splitting cell to achieve efficient unassisted
water splitting.

Jaramillo et al.'?

studied the structure and phase transformation of tantalum oxide to tantalum
nitride films on various substrates including Ta foil and fused silica. They showed that the films
on fused silica were single phase Ta3;Ns, but that the films prepared on Ta substrates were
comprised of impurity phases, and upon rising the ammonolysis temperature, the formation of
TaxN and TasNs phases were favored.!? These observations, along with the depth profiling GIXS
analysis, confirmed that N-poor phases are exclusively formed at the Ta3Ns|Ta junction.>%!31°
Domen ef al.! showed that the ammonolysis of anodized Ta-substrate results in the formation of
N-poor phases, e.g. TasNs, which limits the electron collection efficiency at the back contact.
Interestingly, doping with barium suppressed the formation of the interfacial TasNg resistive layer,

which substantially improved the PEC water oxidation performance of the electrode.

Importantly, these examples highlight the complexity of the synthesis of pure Ta3Ns which
requires a precise control over ammonolysis temperature, atmosphere, and reaction duration.?%?!
For example, Henderson and Hector?® studied the structural and compositional evolution of TasNs
from amorphous tantalum oxide as a function of ammonolysis temperature (from 680 to 900 °C)

and duration (from 8h to 120h). Their results are quite remarkable, showing that regardless of



ammonolysis conditions (temperature or duration), all samples contained oxygen impurities - even
after annealing at 900 °C for 120 h. In addition, Terao®' showed that at elevated temperatures
(>1000 °C) TasNs has a dynamic structure and composition where nitrogen is successively pulled
out of the structure upon increasing temperature in vacuum — this is accompanied by the
concomitant reduction of Ta¥ — which subsequently results in the formation of various phases of
tantalum nitride. Therefore, it is highly beneficial to directly synthesize crystalline Ta3Ns films at
lower temperatures from oxygen-free precursors and atmosphere by eliminating the ammonolysis
step. This approach is additionally beneficial as it allows integration of TasNs with different

materials, e.g. with transparent conductive oxide (TCO) substrates for PEC investigations.

The vacuum deposition techniques such as atomic layer deposition (ALD) or chemical vapor
deposition (CVD) provide an oxygen-free atmosphere suitable for the synthesis of non-oxide
materials with a controllable thickness and composition. A series of previous studies for the
deposition of tantalum nitride using ALD or CVD are listed in Table S1. Briefly, these studies
indicate that tantalum halides, e.g. TaCls and TaBrs, coupled with ammonia are commonly used
as the tantalum and nitrogen sources to directly deposit crystalline TasNs thin
films,222324251826272829303132 The pear atmospheric pressure CVD synthesis of TasNs from these
sources require a high deposition temperature of > 900 °C, while the low-pressure CVD or ALD
deposition can be done at considerably lower temperatures in the range of 400 — 500 °C. Inspired
by these reports, we have endeavored to directly deposit crystalline Ta3Ns films on FTO substrates
via a custom-built and fully automated ALD system capable of operating at elevated temperatures
with a maximum temperature of 640 °C. We showed that this technique provides a suitable method
to integrate TaszNs on relatively chemically unstable substrates like FTO in reducing atmospheres
of ammonia. Success allowed the photoelectrochemical performance of Tas;Ns[FTO electrodes
with various thicknesses as a function of illumination direction to be explored, which elucidated

the performance controlling processes of Ta3;Ns electrodes.
Experimental

Deposition of TasNs Film

The deposition of TazNs was carried out in a custom built ALD system described in detail in the

supporting information. The films were deposited on F-doped tin oxide (FTO) coated glass



substrates (Tech 15, Hartford Glass Co) with the softening point of ~600 °C. The FTO-glass
substrates were cut into hexagonal pieces with the diameter of ~ 5.2 cm. Prior to deposition,
substrates were cleaned twice by sequential sonication in soap, water, and isopropyl alcohol for 15
minutes each (with the total time of 90 minutes). Prior to loading into the instrument, the FTO
substrate was dried in a gentle flow of nitrogen. The Tas3Ns films were deposited via sequential
pulses of TaCls (Alfa Aesar, 99.9%) as the source of tantalum and anhydrous ammonia (Airgas)
as the co-reactant. The purified N2 (99.9%) with the flow rate of 20 SCCM was used as the carrier
gas. The TaCls cylinder was kept at 120 °C and it was pulsed for 2 s which was followed by 15 s
waiting/purging under the flow of nitrogen. Prior to pulsing ammonia, the nitrogen line is closed.
This step is required to avoid contamination of carrier gas or TaCls precursor. After a 5 s wait time,
ammonia was pulsed for 0.1 s. This step is followed by a 10 s waiting time while the nitrogen line
is closed and an additional 15 s purging time while the nitrogen line is in open position. The
schematic representation of this recipe is shown in Figure S9. A range of substrate temperatures
from 450 to 550 °C were investigated. The temperature of the substrate heater was externally
calibrated with a secondary thermocouple (digital meter model 680211 equipped with a K-type
thermocouple) and the calibration points can be found in Table S2. The measured temperature by
both thermocouples are within & 10 °C and throughout this manuscript we referred to the setpoint
temperature. To study the stability of FTO under the deposition conditions of tantalum nitride we
annealed the FTO|glass substrate at 550 °C under a continuous flow of ammonia with a flow rate
of ~100 SCCM for 5 hours in a tube furnace equipped with a quartz tube (2.5" % 18"). We note
that this annealing condition is far more extreme than the deposition conditions (as ammonia is
continuously flowing and is not diluted with N3) thus it represents the upper limit for the stability

of FTO.

Film Characterization

The morphology and thickness of the deposited films were examined using scanning electron
microscopy (SEM, Carl Zeiss Auriga, Dual Column FIB-SEM). For the cross-section analysis, the
films were coated with 5-10 nm tungsten conductive layer via sputtering (Denton Vacuum Desk
IT sputter coater). ImageJ software was utilized to analyze the thickness of the films from cross-
section SEM.** The compositions of the deposited films were evaluated via energy dispersive

spectroscopy (CARL ZEISS EVO LS 25) equipped with Ametek-EDAX Apollo X detector and



TEAD EDS software. The spectrum for each sample was normalized to its total area. The Raman
spectra were collected via inVia Raman Microscope (Renishaw) equipped with 45 W cobalt DPSS
laser (532 nm line) and a 100x microscope. Prior to Raman measurements, the instrument was
quickly calibrated against an internal silicon standard. Raman spectra were normalized to the total
area. The crystallinity and phase purity of the films were evaluated via X-ray diffraction (XRD)
using Bruker D8 advanced diffractometer using Cu radiation at 1.5118 A. It is important to note
that during the XRD measurements the sample was spun to eliminate the artifact arising from the

2D structure of film by contributing all the plane and crystallites.

The optical properties of the TazNs|FTO films were determined with a PerkinElmer Lambda 35
UV-vis spectrometer equipped with Labsphere integrating sphere. The % absorptance (% A) was
corrected for the substrate using a model previously described.** The Beer-Lambert law in
combination with the absorption coefficient of Ta3;Ns at 450 nm (188,000 cm™)* was utilized to
calculate the film thickness. Photoluminescence (PL) spectra were measured using Hamamatsu
Absolute PL quantum yield spectrometer C11347. Atomic force microscopy (AFM, Cypher
Atomic Force Microscope/Scanning Probe Microscope (AFM/SPM)) in the tapping mode
equipped with silicon AFM probe (Budget Sensor) with 300 kHz resonant frequency and 40 N/m
force constant was utilized to measure the film roughness and topology. Reflectance mode
spectroscopic ellipsometry (SE) measurements were acquired via Horiba Jobin Yvon, Smart-SE
instrument, centered at Brewster angle of 70° over a photon energy range of 1.23 to 2.78 eV.
Optical modeling were performed using DeltaPsi2 software (version 2.6). The SE measurement
was performed on a TazNs (115 nm) film on a quartz substrate. The surface at the bottom of the
quartz substrate was roughened with a coarse sandpaper to eliminate the backside light scattering
and reflections. Hall measurements, using the van der Pauw method, were performed on Ta3Ns
layer having a thickness of ~115 nm as determined by cross-sectional SEM images. Indium
contacts displaying ohmic characteristics were used to probe the samples. The measured electron
concentration is 2.31 x 10'° (£ 0.34) cm™, with an electron mobility of 0.19 (£ 0.02) cm?/V-s. The
corresponding resistivity of the layer was measured to be 1.43 (+ 0.08) Q-cm. X-ray photoelectron
spectroscopy (XPS) was performed utilizing PerkinElmer Phi 5600 ESCA equipped with Mg Ka

source where sample was illuminated at a takeoff angle of 45°. The binding energies (B.E.) were

corrected by setting the C 1s peak at 284.8 eV.



Photoelectrochemical Measurements

The electrochemical measurements were carried out with an Autolab potentiostat (PGSTAT128N)
equipped with Nova electrochemical software. A custom-built glass electrochemical cell equipped
with a quartz window was used for all of the PEC measurement. The active surface area of the
electrode is determined by the internal area of the O-ring (0.19 cm™) that was used to clamp the
electrode on the cell. The photoelectrochemical performance of the electrodes were carried out in
contact with an aqueous solution containing 0.1 M K4[Fe(CN)s] as the hole scavenger with a pH
of ~7. The current density (J) vs. potential (E) curves were measured at a scan rate of 20 mV/s.
The photo-responses of the electrodes were measured as a function of illumination direction: the
back illumination referring to illumination through the substrate and the front illumination
referring to illumination through the solution. A 4500 W Xe lamp (Horiba Jobin Yvon) and AM
1.5 solar filter were used to simulate sunlight at the power of 100 mW cm™ (1 sun). The light
intensity at the position of the electrode was calibrated with a certified reference cell (Oriel
Reference Solar Cell & Meter). A homemade Ag/AgCl electrode which was calibrated against a
commercial calomel electrode (Koslow Scientific), and a platinum mesh electrodes were utilized
as the reference and counter electrode, respectively. The J-E performance of Ta3Ns was also
measured under monochromatic LED light (Autolab Blue LED, Catalog No.
SNGECOLELDC470) with the wavelength of 470 nm. The light intensity at the position of the
electrode was determined with a Si photodiode (Thorlabs, FDS100-CAL). To accurately account
for light attenuation due to electrolyte absorption, a quartz substrate (instead of working electrode)
was mounted on the electrochemical cell. The cell was then filled with electrolyte and placed in
front of Si photodiode. A low light intensity of 0.8 and 4.20 mW c¢cm™ and a relatively higher scan
rate of 50 mV/s was used to minimize the surface photocorrosion. The potential was scanned from

-0.6 to 0.8 V vs. Ag/AgCl.

Electrochemical impedance spectroscopy (EIS) measurements were carried out at 10 mV
amplitude perturbation in the 0.01 to 10,000 Hz frequency range. Under dark conditions, only one
semicircle was observed in the Nyquist plot. The data were fit to the Randle circuit model using
Zview software. The incident photon-to-current efficiency (IPCE) measurements were carried out
in a three-electrode setup under monochromatic light in the 400 to 700 nm range with the 10 nm

intervals. The white light was separated using a Horiba Jobin Yvon MicroHR monochromator with



600 line/mm. The entrance and the exit slits of the monochromator were set at 0.75 mm which
corresponds to an 8 nm linewidth. The light intensity at the electrode position under
monochromatic light was measured with Nova II Ophir. The IPCE and absorbed photon-to-current
efficiency (APCE) values were calculated according to Equation 1 and Equation 2, respectively,
where A is the wavelength of excitation, and Jph, Pmono, and %A are the photocurrent density, power

density, and absorbtance of the film respectively measured at wavelength A.

Jon(mA cm?) x 1239.8 (V nm)

IPCE(%) = 100 x Equation 1
(%) Ppono (MW cm2) x A (nm)
% IPCE .
APCE(%) = 100 x °0/ - Equation 2
0

Results and Discussion

A range of substrate temperatures from 450 to 550 °C was investigated for the deposition of TasNs
on FTO using TaCls as the Ta-source and NHj3 as the N-source. From the results of XRD
measurements, it was found that 550 °C is the minimum temperature required to deposit crystalline
TasNs on the FTO substrates used here. In agreement with our previous observations,'® we find
that at the temperatures beyond 550 °C the FTO substrate is not stable under ammonia/ vacuum
conditions (a highly reducing atmosphere) and it becomes flaky and loses its inherent properties
of conductivity and transparency as a TCO. We note that this temperature is higher by 50 - 150 °C
in comparison to the previous studies on ALD deposition of Ta;Ns (summarized in Table S1).24*
The higher temperature required to deposit crystalline films found here may be due to the

difference in the ALD reactor configuration and substrate used.



Normalized Intensity (a. u.)

0N 2 4 6 8 10 12 2

N, 0 Energy (keV)

Figure 2. The EDS spectra of the bare FTO (black) and the deposited films as a function of the
number of cycles; 150 cycles (blue), 300 (green) and 500 (red). The highlighted graph on the right-
hand side represents the peak located at 1.7 keV in a reverse order showing a progressive growth
of Ta peak as the number of cycles increases. The inset represents the configuration of the film
and the origin of signals.

Energy dispersive spectroscopy (EDS) was utilized to assess the composition of the deposited
films. The EDS spectra for the bare FTO and the as-deposited films as a function of the number of
cycles are compared in Figure 2. Due to the large sampling depth of this technique, in addition to
the deposited film (top layer), the FTO substrate (SnO.) is detected. The observed peaks are then
assigned to Ta, Sn, O, and N (the list of characteristic X-rays for these elements is summarized in
Table S3). The broad peaks located at 0.69 and 3.4 keV are attributed to tin (Sn) from the FTO
substrate. For a similar beam energy (15 kV), this peak has the highest intensity for the bare FTO
substrate but its intensity progressively declines as the number of deposition cycles increases.
Concomitantly, the intensity of Ta peaks (at ~ 1.7 and 7 > keV) grows with the number of cycles
used. This is an important observation as it readily indicates that the deposited material forms a
layer on top of the FTO substrate and that its thickness grows with the number of cycles. While
these spectra confirm the presence of nitrogen (peak at ~ 0.4 keV), due to the low sensitivity of
this technique to the light elements the ratio of Ta to N cannot be determined accurately. We also
note that for all thicknesses no signature of chloride as an impurity was observed. This observation
is further supported by the XPS analysis of Ta3Ns films with different thickness where Ta, N, and
O were the primary signals observed (Figure S10 and Figure S11). Altogether, these observations

indicate that the reaction between ammonia and tantalum chloride runs to completion. Based on
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both survey and detailed XPS measurements, no signal for Sn was observed (except for the film
with 150 cycles, discussed following Figure S11). Importantly, this observation implies that the
ALD deposition conditions used here is mild and excludes the diffusion and doping of Sn, yielding

pristine TazNs films.
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Figure 3. The XRD patterns of the FTO (SnOy) substrates before (black) and after (orange)
annealing in ammonia and tantalum nitride films with various thicknesses on FTO substrate. Films
with 150 cycles, 300, and 500 cycles are shown in blue, green, and red colors, respectively. The
vertical black dashed lines represent the Bragg positions for the standard crystalline Ta3Ns powder
with random crystal orientations (PDF # 01-079-1533). The numbers represent the Miller indices
of the corresponding diffraction peaks of TasNs. The yellow diamonds represent the Bragg
positions of the standard SnO, (PDF # 00-046-1088).

The XRD diffraction patterns of the bare FTO substrates before and after annealing in ammonia
with a flow rate of 100 SCCM at 550 °C for 2 h are compared to the deposited films with various
numbers of cycles in Figure 3. The diffraction patterns for the bare FTO substrates before and after
ammonolysis (control samples) are identical and are assigned to SnO». The measured diffraction
patterns for the deposited films (for all thicknesses) are unambiguously assigned to TasNs and
SnO;. In addition, the peak positions of SnO; for the deposited films are identical to that of the
control samples. These observations collectively indicate that FTO is structurally stable under the
deposition conditions of the crystalline TaszNs. Interestingly, we note that under identical XRD

measurement conditions, the ratio of the diffraction intensities of SnOz to TasNs progressively
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decreases with increasing TaszNs thicknesses. In agreement with the EDS data shown in Figure 2,

this observation indicates that the deposited films form a layer over the FTO substrates.

A closer inspection of the XRD pattern as a function of film thickness reveals a strong correlation
between the pattern of diffraction (relative peak intensities) and the number of deposition cycles.
In comparison to the diffraction pattern of the randomly oriented reference TazNs (vertical dashed
lines), it can be realized that the diffraction peak located at 24.6° (Miller indices of (110)) - which
is one of the most intense diffractions for the reference - is missing for all of the films. For this to
occur, the (110) plane must be perpendicular to the substrate, implying that the deposited films
exhibit a preferential orientation. A detailed analysis of the crystal orientation of the films is
discussed following Figure S12. In addition, the relative intensity of the (130) plane to the (113)
plane strongly depends on the number of deposition cycles; it approaches the relative ratio
observed for the randomly oriented reference pattern as the number of cycles increases. It can
therefore be hypothesized that the different lattice structure of TazNs compared to SnO» results in
a lattice mismatch, such that the initial growth mode of TasNs is different and proceeds through
the formation of a buffer layer on the FTO substrate. Following the formation of the buffer layer,
as the number of cycles increases, the effect of the lattice mismatch on the rest of the bulk film is
minimized and Ta3;Ns grows approximately randomly. Therefore, the growth rate and morphology

of the crystalline Ta3N5 formed by this method are expected to be strongly substrate-dependent.

To further investigate this point a film with 300 cycles of TasNs was deposited on a quartz
substrate. The crystallinity, morphology, and thickness of the film were investigated via XRD and
SEM. Based on the cross-section SEM, 300 cycles deposition results in a TasNs film with ~ 115
nm thickness (Figure S13.a) which is somewhat close to the thickness of the film found on FTO
substrate (discussed below). Interestingly, the top morphology of the TasNs films with
approximately similar thicknesses varies between quartz and FTO substrate (Figure S13b and
Figure 4). In addition, as shown in Figure S14, the X-ray diffraction pattern (the relative intensity
of the peaks) of TazNs films on quartz is drastically different than the Tas;Ns films on FTO with
relatively the similar thicknesses (115 vs. 103 nm). Altogether, these data strongly indicate that
the growth mode of crystalline Ta3Ns (i.e. rate, crystal orientations, and morphology) depends on

the substrate.

12



The Raman spectra of films with different thicknesses are compared in Figure S15. In line with
the XRD measurements, the observed phonon modes are consistent with crystalline Ta3Ns. The
SEM images of the bare FTO substrates before and after annealing in ammonia are shown in Figure
S16. As depicted, while after annealing in ammonia some surface aggregations are observed, the
film thicknesses are a constant ~ 240 nm. In line with the XRD patterns of the FTO (Figure 3), this
observation further indicates that the SnO, phase is stable under the reducing atmosphere of
ammonia. The top view and cross-section SEM, as well as the AFM images of TaszNs films of
various thicknesses, are compared to the bare FTO substrate in Figure 4. The cross-section SEM
images clearly show that the films are comprised of two distinct layers of Ta3;Ns (top layer) and
FTO (bottom layer). The TaszN;s films are compact, and their thicknesses increase with the number
of cycles, whereas the thickness of the FTO layer remains constant. Due to the lack of a visually

sharp interface between these two layers, the thickness of the TasNs film was calculated by

subtracting the original thickness of the FTO layer (240 nm) from the total thickness.

Figure 4. The SEM and AFM images showing the cross-section, morphology, and topography of
the bare FTO and Ta3Ns films of different thicknesses. The scale bars for the SEM images are 200
nm with ~ 200,000X magnification. The 3D AFM images are shown in Figure S17.

The thicknesses of the films with 150, 300, and 500 cycles was found to be 70, 103, and 230 nm,
respectively. Based on the top view SEM and AFM topography images, the morphologies of the

films is strongly correlated to the number of cycles (film thickness). The film with 70 nm thickness
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has a similar spherical morphology to the FTO substrate but with bigger features and a porous
morphology. Interestingly, the morphology of the film with 103 nm thickness begins to deviate
from the FTO substrate exhibiting new oval-shape features where the film with 230 nm thickness
only exhibit a randomly distributed oval-shape features perpendicular to the surface. AFM was
used to assess the surface roughness as a function of ALD cycles (summarized in Table S4).
Consistent with SEM results, it was noted that the mean RMS roughness of Ta3Ns films with 70
and 103 nm are similar to the bare FTO substrate, ~ 15 nm. However, an increase of 5 nm in RMS
roughness was observed for the film with 230 nm thickness. The morphology and surface
roughness evolutions as a function of the film thickness described here follow the same trend as
the evolution of the XRD pattern which similarly can be ascribed to the difference in the crystal

structure of TasNs and FTO as described above.
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Figure 5. a) Plots of the absorptance of TasNs films on FTO substrate with various thicknesses.
The corresponding transmittances and reflectances are shown in Figure S19. The data shown here
are corrected for the FTO substrate using the previously reported procedure.** b) The thickness of
deposited films as a function of the number of cycles grown at 550 °C on FTO substrate. The
thickness of the these films was determined via two independent methods of cross-section SEM
analysis (black square) and the optical absorbance at 450 nm (red circle) in combination with beer-
lambert law using the known absorption coefficient reported previously for a compact film of
TasNs.3

The optical properties of bare FTO substrates before and after annealing in ammonia are shown in
Figure S18. While the reflectance of the FTO substrate is not affected by the annealing in ammonia,

the transmittance is reduced by ~ 10%. This reduction can be ascribed to the surface agglomeration
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observed in the SEM image (Figure S16). The absorptance spectra for various thicknesses of TazNjs
on FTO substrates are shown in Figure 5a. The absorptance edge for these films occurs at 575 -
600 nm which is in good agreement with the known 2.1 eV bandgap of Ta3;Ns.!83637 Clearly, the
absorptance beyond the bandgap edge does not reach zero and it is more pronounced for thicker
films. In addition, a well-resolved sub-bandgap absorption peak centered at ~ 700 nm is uniquely
observed for the film with 300 and 500 cycles. It is important to note that the non-zero sub-band
gap absorption is not specific to the ALD deposited Ta3Ns films and indeed is observed for TasNs
synthesized with various methods.?>** % The origin of this absorption feature has been assigned
to two completely distinctive sites: (1) the reduced Ta®" sites, i.e. Ta*" or Ta** 3% and (2) N-
vacancy as a deep donor accompanied by a free electron in the conduction band to compensate the
positive charge of the anion vacancy.>** The main difference between these two sites is that the
first one can serve as a trap state where the charges are localized on the Ta-sites while in the second
one the charge is delocalized in the conduction band. The Hall measurements revealed a high
dopant density (10" (+ 0.34) cm™) and a low electrical resistivity (1.43 (£ 0.08) Q-cm) for these
films. The high dopant density further indicates that the sub-band gap absorption originates from
the N-vacancy defects. Interestingly, non-zero sub band gap absorption is also observed the for
the-state-of-the-art Ta3;Ns with porous cubic morphology by Li and coworkers.? Moreover,
Jaramillo and coworkes'? concluded that a high density of defects improves the charge mobility
and are beneficial to realize high performing TasNs photoelectrode. Collectively, these
observations indicate that the presence of these defects are not detrimental to the PEC performance

of TasNs.

Previously, it was shown that TazN;s films prepared by ammonolysis of Ta>Os exhibited a PL peak
at 561 nm which was ascribed to a deep-level defect recombination of oxygen contaminated
(doped) TasNs phase.*! We note that the room temperature PL spectrum for different thicknesses
of TazNs prepared in this study are noisy and featureless (Figure S20). The lack of a clear PL peak
suggests that oxygen contamination is minimized for these ALD prepared TasNs films and that
vacuum deposition techniques, e.g. ALD or CVD, are promising approaches to prepare pristine

non-oxide semiconductors.

Figure 5a also shows that the absorptance of all the films do not scale with the number of cycles

as expected; the film with 300 cycles has only a slightly higher absorptance than the film with 150
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cycles. The plot of thickness vs. number of cycles acquired by the cross-section SEM and
absorbances are shown in Figure 5b. We note that the film thicknesses found by these methods are
different by as much as ~ 50 nm for the thickest film which can be ascribed to the uncertainty in
the absorption coefficient and/or the calculated absorbance or change in the density of the films
with various thicknesses. The trend in the film thickness as a function of the number of cycles
between two methods are remarkably similar, however. As shown, within the window of the
number of cycles studied here, the growth of tantalum nitride on FTO substrate is not linear. This
phenomenon can be better understood by considering the growth of the crystalline tantalum nitride
on FTO films. Consistent with the XRD and SEM images, the trend of the film growth indicates
that the deposition of the tantalum nitride initiates by seeding and formation of a buffer layer for
the first 150 cycles. Based on these thicknesses, the apparent growth rate of the TaszNs films on
FTO is ~ 0.46 nm per cycle. We note that this growth rate is substantially higher than the previously
reported values for the ALD deposition of crystalline tantalum nitride by a factor of ~ 18 (see

1.%* utilized TaCls and NH; to deposit TazNs on soda lime glass

Table S1). For example, Ritala et a
and ITO glass substrates. Under ALD growth conditions, i.e. self-terminating surface reaction,
they reported an average growth rate of 0.025 nm per cycle at the temperature range of 400 to 500
°C. It 1s also worth noting that a growth rate of 0.46 nm per cycle is larger than the average bond
length of Ta-N (0.21 nm) in Ta3Ns by a factor of ~ 2.2.*? These observations collectively indicate
that the deposition of TazNs reported here is not under self-limiting ALD deposition conditions.
However, the higher growth rate of the film with a controlled thickness found here is advantageous

as it minimizes the processing time to prepare tantalum nitride films.
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Figure 6. a) The chopped light J-E curves of TasNs on FTO substrate as a function of film
thickness in contact with an aqueous solution containing 0.1 M K4[Fe(CN)¢] as the hole scavenger
with the pH of 7. The potential was scanned at 20 mV s and the electrodes were illuminated
through the electrolyte with 1 sun intensity. b) The photograph of the electrodes with various
thicknesses of Ta3Ns on FTO substrate. As shown all the edges of the rectangular shape electrode
were coated with Ag epoxy and the electrode was clamped to a custom made electrochemical cell
with an O-ring with the diameter of 0.19 cm™ (the mark of the O-ring is partially visible on the
500 cycles electrode).

The J-E curves in presence of the one-electron fast hole scavenger along with the photograph of
the electrodes with various thicknesses are shown in Figure 6. A prior example of TazNs on FTO

substrates was reported by Higashi et al.**

. They used the electrophoretic deposition to prepare
mesoporous films from nanoparticle TazNs. The best performance was achieved by treating the as-
prepared films with TaCls followed by ammonolysis at 500 °C. The other example of Ta3Ns
photoanode on a transparent conductive substrate was reported by our group prepared via ALD of
tantalum oxynitrides on Ta-doped TiO> followed by ammonolysis.'® To the best of our knowledge,
this is the first example of directly deposited crystalline Ta3Ns photoanode on a transparent
conductive substrate. The J-E curves reported here produce a photocurrent onset potential of ~ 0.3
V vs. RHE. This potential is comparable to the onset potential reported by Jaramillo et al. for the
tandem core-shell Si-Ta;Ns photoanode and also the high performing nanostructured TasNs
photoanodes introduced by Wang and coworkers.*** The early photocurrent onset potential

readily implies that FTO is sufficiently conductive that the energy lost for electron collection and

transport is minimized. This observation is further supported by the conductivity measurement of
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the FTO substrate before and after annealing in ammonia. As shown in Figure S21 the slopes of
the J-E curves for both electrodes are nearly identical confirming that FTO is stable and remains
conductive under the reducing conditions of ammonia at 550 °C. Another feature of the chopped
light J-E curves shown in Figure 6 is the saturation of photocurrent density for the film with 103
nm thickness. The current saturation indicates that the transport of the holes (minority charge
carrier) is limiting while electrons are efficiently collected at 230 nm thickness. The latter can be

ascribed to the high dopant density found for TaszNs (discussed below).

The chopped light J-E curves for TasNs films with various thicknesses as the function of
illumination direction (front vs. back) are compared in Figure S22. We note that while the
photocurrent onset potential is independent to the illumination direction, the photocurrent density
strongly correlates to the illumination direction, however. In addition, unlike front illumination,
the back illumination photocurrent versus film thickness initially grows by increasing the thickness
from 70 nm to 103 nm, then it declines to lower values for the film with 230 nm film, following a
peak shape profile. The 70 nm film produces a relatively constant photocurrent regardless of the
illumination direction. However, as the film thickness grows the photocurrent density for the front
and back illumination start to diverge with the front illumination constantly producing higher a
photocurrent density with a maximum value of ~ 2.4 mA cm™ at 1.23 V vs. RHE. While this value
falls short of the theoretical photocurrent (~ 12.5 mA cm?) and the best examples of Ta3Ns
photoelectrode!™, though, it is important to note that these high performing electrodes are high
aspect ratio with nanostructured morphologies whereas the ALD deposited electrodes in this study
are compact planner films (Figure 4). Jaramillo and coworkers® have recently shown that the
photocurrent density of Ta3Ns predominantly depends on the effective surface area of electrode.
Altogether, we tentatively ascribed this relatively low photocurrent to the limited hole transport
characteristics of TazNs and the planner morphology of these ALD deposited electrodes. The PEC
performance of TasNs under water oxidation conditions was also assessed by linear sweep
voltammetry under chapped light illumination (Figure S23). In comparison with ferrocyanide hole
scavenger, under water oxidation condition, the planner TasNs photoelectrode produced lower
photocurrent density (~ 0.4 mA cm™ at 1.23 V vs. RHE) with the photocurrent onset potential
shifted anodically to ~ 0.8 V vs. RHE. Successive J-E measurements showed a fast decay in the
PEC performance of Ta3;Ns photoelectrode. These observations are consistent with the fast surface

photocorrosion of TazNs and its low surface catalytic activity toward water oxidation.
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Figure 7. Wavelength dependence of the a) IPCE% and b) APCE% values at 1.0 V vs. RHE for
the TaszNs films with different thicknesses as a function of illumination direction in contact with
an aqueous solution containing 0.1 M K4[Fe(CN)s] as the hole scavenger with the pH of 7. The
solid and open shapes represent the values under front (through the solution) and back (through
the substrate) illumination, respectively. Ta3Ns films with 230, 103, and 70 nm thicknesses are
shown in red diamond, green circle, and blue triangle, respectively.

Figure 7a shows the wavelength dependence of IPCE for various thicknesses of TazNs as a function
of illumination direction. The onset of IPCEs for all the thicknesses of these electrodes is located
around 575 nm which is in good agreement with the known 2.1 eV band gap for Ta;Ns,!83637
indicating that the observed photoresponse is due to the Ta3Ns film. The sharp decline in the IPCE
values observed in the front illumination (through electrolyte) at the wavelengths below 450 nm
can be ascribed to the absorption of the ferri/ferrocyanide solution.*® In agreement with the J-E
curves shown in Figure S22, the front IPCE is larger than the back IPCE, which indicates that the
transport of holes is kinetically limiting. The back IPCE response initially increases as the film
thickness grows but steeply declines for the 230 nm thick film. In addition, the back IPCE values
for the films with 70 and 103 nm thicknesses plateau with average values of approximately 10 and

15%, respectively. Conversely, the back IPCE% for the 230 nm Ta3Ns electrode produced a peak

at 525 nm and declined to zero for the lower wavelengths.
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Figure 8. The schematic representation of the profile of charge generation as a function of
illumination direction; a) back illumination (through the FTO), b) front illumination (through the
solutions).

These observations can be better understood by considering the absorption penetration depth of
tantalum nitride and the profile of photogeneration of charge carriers as a function of illumination
direction (shown in Figure 8). The penetration depth of light for TasNs for the photons with the
wavelength of 525 and 450 nm are 120 and 52 nm, respectively.'®?> As a result, the back
illumination photons with larger penetration depths (red photons) produce charge carriers within
the diffusion length of the holes to the surface while the short wavelength light (blue photons) with
short absorption lengths predominately generate holes close to the FTO substrate. As the result,
for the film with 230 nm thickness, the back IPCE produces a peak rather than a constant value.
The APCE values of these films as a function of illumination direction for various thicknesses are
shown in Figure 7b. The maximum APCE is observed for the film with 103 nm thickness. For 230
nm thick Ta3Ns films, even though the absorptance is quantitative (Figure 5a), the APCE decreases
which indicates that for this films the charge carriers are produced outside of the holes diffusion

length and thus do not contributed to the photocurrent.

EIS measurements were used to assess the electrical properties of TazNs films on FTO substrates.
The EIS responses were fit to the Randle circuit to extract the capacitance of the space charged

region (Couik). The Mott-Schottky (MS) plot of Ta3Ns with 103 nm thickness in dark is shown in

20



Figure S24. The dopant density (Ng) was calculated by fitting the linear region to the MS equation
(Equation 3)*’:

2
(Cilk) B (qeezoNd> (Vapp Ve — I%T) Equation 3

In this equation, A, kg, T, q, &, €0, and Vapp are the geometrical surface area, Boltzmann’s constant,
absolute temperature, elementary charge, the dielectric constant of semiconductor, permittivity of
free space, and applied voltage, respectively. We note that in the literature there is no agreement
on the dielectric constant of Ta3;Ns and different values ranging from 7 to 110 have been reported
(Table S5).!23364849 This wide range of dielectric constant can be ascribed to variations in
crystallinity and composition (presence of oxygen impurity and vacancies) of Tas3Ns. For
consistency of our analysis, thus, we utilized SE to assess the dielectric constant for TazNs films
prepared in this study. The detailed description of SE modeling and results are discussed following
Figure S25 and Table S5. Using a previously developed procedure for modeling the optical
properties of TasNs,*° a dielectric constant of 21.6 (£ 1.2) was calculated. This value is in close

agreement with a dielectric constant of 17 (calculated optically).*

From linear fit of data to MS equation (Equation 3) and using a dielectric constant of 21.6, a dopant
density of 3.26 x 10?° cm™ was calculated (the dopant density for different values of dielectric
constant are summarized in Table S6). To independently evaluate the dopant density of Ta3Ns, the
Hall-effect measurement was utilized, and a dopant density of 2.31 x 10! (x 0.34) cm™ was
calculated. We note that this value is about 14 times smaller than the number calculated from EIS
method. This difference can be ascribed to the uncertainty in the actual surface area of the electrode
that was used for EIS calculations. Flat band potential was calculated from the intercept of the
linear fit to Equation 3, as 0.19 V vs. RHE. The solution potential of [Fe(CN)s]*"* is 0.68 V vs.
RHE (measured in two-electrode system), and the built-in voltage (V4i) is = 0.49 V. The depletion
width (w) was calculated according to Equation 4. The calculated depletion width based on the
dopant density from EIS and Hall measurements are 1.9 and 6.87 nm, respectively. As summarized
in Table S6, the depletion width for various dielectric constants found in literature all lie below 10

nm. This narrow depletion width can be ascribed to the high dopant density.
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Due to the narrow depletion width and the large absorption depth of TaszNs, a significantly small
number of charge carriers are generated in the depletion region which cannot account for the
observed photocurrent densities. Since the depletion width is narrow in comparison to the thinnest
film here (70 nm), thus the PEC performance of Tas;Ns is controlled by the diffusion of

photogenerated holes.
To calculate the hole diffusion length (minority charge carriers) in TaszNs, the Gértner model and

corrected-Girtner model (Equation 5) were utilized: %2

M = l-e-mW(V)SC (I-R) TE(V) Equation 5
7o 1+aL, ) \100

where Jphoto, Jo, @, Lp, R, and TE are photocurrent response, theoretical current density, absorption

coefficient, diffusion length of holes, reflectance, and surface hole collection efficiency,
respectively. The Gértner model (shown in curly bracket on the right-hand side of Equation 5)
assumes that the reaction of holes at the surface of electrode is fast and the hole collection at the
surface of electrode is quantitative. In addition, it is assumed that electron-hole recombination at
the surface of electrode and depletion region is negligible.’>>! Clearly, these conditions are only
valid for ideal semiconductor and semiconductor|electrolyte junctions. To accurately account for
surface recombination and slow hole transfer at the surface of electrode, an additional term,
“surface hole collection efficiency”, was added to the Girtner model. Wang and coworkers
successfully applied this correction to simulate the photocurrent—potential performance of
hematite electrodes. In this study, we used transient current measurements>>~® to determine TE at
various potentials. The detailed description of calculations are discussed in supporting information

following Figure S26.

The normalized experimental and simulated J-E curves of Ta3Ns under monochromatic blue light

(470 nm) are shown in Figure 9. As shown, the corrected-Géartner model using the experimentally
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determined TE at various potentials (Figure S24) results in a hole diffusion length of 50 nm.
Evidently, the simulated curve using corrected-Gértner model closely reproduces the experimental
results and closely predicts the J-E curve. On the other hand, while the simulated curve based on
the Gértner model for a hole diffusion length of 50 nm accurately predicts the photocurrent onset
potential, however, the simulated J-E curve is drastically different than the experimental results.
The difference in simulated curves using Gértner model and corrected-Gértner model readily
indicates that the surface electron-hole recombination is a serious issue for TaszNs|laqueous
electrolyte junction. Clearly, even in presence of a fast hole scavenger, surface recombination
substantially suppresses the performance of TazNs. This observation is further in agreement with
a recent study by Wang and coworkers® on the surface corrosion of TasNs. They showed that in
aqueous electrolyte, even in presence of fast hole scavengers, and under PEC conditions the surface
of TasNs is readily oxidized, forming an insulating layer of tantalum oxide on the surface which

pins the Fermi level of Ta3zNs.

0.4 Gartner Model\
o Corrected //
:20 1 Gartner Model //’
‘6 =~ T~ -~ rd
£ 02 >
= //
- '/'
7
0.1+ /,’ Measured
i /
0.0 L I I Il' I ) I ) I 1 l L] l
00 02 04 06 08 10 1.2
Evs.RHE/V

Figure 9. The normalized J-E curve of Ta3;Ns in contact with an aqueous solution containing 0.1
M K4[Fe(CN)¢] as the hole scavenger. A blue LED light with a wavelength of 470 nm (solid line)
and an intensity of 4.2 mW cm™ was used as the light source. The experimental data is shown in
solid blue line, simulated curve using Gértner model is shown in solid black line, and simulated
curve using corrected-Gértner model for surface charge transfer efficiency is shown in black
dashed line. Note: a diffusion length of 50 nm was used in both simulations. Experimental and
calculated data for light intensity of 0.81 mW cm™ is shown in Figure S28.
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We note that the best examples of Ta3Ns electrodes are nanostructured with nanorods, nanotube,
and porous cubic morphologies with a diameter/thickness of ~ 100 nm.!*1437-38 These high aspect
ratio electrodes have long been used for various material suffering from limited diffusion length
and low absorptivity to maximize their PEC performance by maximizing the light harvesting
efficiency while keeping the feature size within the charge collection length, i.e. the distance that
minority charge carriers need to travel to reach the surface.””® Interestingly, for TasNs electrodes
these feature size are in agreement with the diffusion length of holes estimated by corrected-
Giértner model of our model thin film electrodes. On the other hand, this diffusion length
contradicts with the previous study by Van de Krol and coworkers'® where they predicted that the
diffusion length of charge carriers for TazNs is ~ 18,000 nm. They used time-resolved microwave
conductivity measurements to analyze charge transport characteristics of Ta3Ns. For preparation
of Ta3Ns film they used a two-step procedure consisting of oxidation followed by ammonolysis.
First, metallic Ta was sputtered on a fused silica substrate coated with 5 nm Ti. This electrode was
then oxidized and nitridized to synthesis TazNs film. We hypothesize that during the oxidation
process of the Ta layer, the Ti layer is also oxidized.®!** After annealing in ammonia in presence
of tantalum oxide the Ti layer forms Tantalum-doped TiO> (TTO).'"® We have previously shown
that TTO is in fact a transparent conductive substrate.'® Thus, we speculate that formation of TTO
as a conductive substrate can greatly influence their analysis and might be the source of the

difference in the calculated diffusion lengths.
Conclusions

In this study, a home-built ALD instrument using a combination of TaCls and ammonia was
utilized to directly deposit crystalline Ta3;Ns with various thicknesses on various substrates. It was
shown that the growth mode (crystallinity, morphology, topography, and growth rate) of Ta3;Ns
films strongly depend on the number of ALD cycles and the substrate. The variation in growth
mode was attributed to the crystal mismatch between substrate and crystalline Tas;Ns. This
observation readily opens up a new opportunities to utilize ALD to deposit films of TasNs with
controllable crystallographic properties and precise thicknesses by simply modifying the substrate.
Furthermore, ALD deposited Ta3Ns films can further be protected in sifu against photocorrosion

with an overlayer of GaN or TiO prior to exposure to the ambient atmosphere.'%!!:63

24



Furthermore, it was shown that reducing Ta3;Ns synthesis temperature allows the realization of
TasNs on FTO as the state-of-the-art TCO to study the PEC performance of pristine TasNs
independent of the substrate conductivity. Based on the dependency of PEC and EIS analysis and
their dependency on the illumination direction and film thickness, it is clear that the PEC
performance of TazN5s is controlled by the diffusion of hole (minority carriers). Using a modified
Girtner model, we calculated a hole diffusion length of ~ 50 nm which consistent with the best
example of Ta3Ns further indicates that a high aspect ratio nanorods electrode with the feature size
of ~100 nm is probably the optimum electrode architecture to realize a high performing electrode
Ta3Ns. In addition, in high aspect ratio electrode the density of hole at the surface is minimized

which in return can suppress the surface photocorrosion of TazNs.
Supporting Information

detailed description of design and build of ALD; SEM images, AFM analysis, UV-Vis
transmittance and reflectance analysis, XRD, and Raman spectrum, of bare FTO and ALD
deposited TasNs films on FTO substrate; the J-E curves of Ta3Ns|[FTO electrode as a
function of illumination direction; spectroscopic ellipsometry characterization of Ta3N5
thin films; photocurrent transient measurement of TasNs[FTO electrode under
monochromatic illumination; list of various methods for thin film synthesis of Ta3Ns;

tabulated values of experimental and calculated physical properties of Ta3Ns.
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