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ABSTRACT

In this study, a combinatorial AIN-TiN nanocolumangposite composition spread
(library) was fabricated using reactive sputteriagd the formation of JAl; 4N at the
interface between AIN and TiN thickness gradientss winvestigated. Moreover, the
intimate coupling between ;Al; 4N, AIN, and TiN, which enhanced the piezo-related
properties of AIN, was analyzed. Location 1 [(X)AIN — xTiN, 0 < x < 0.03] on the
library exhibited superior piezotronic and piezofhnic effects because of the
piezopotential modulation at the two ends of theatcalumn. The location also exhibited
excellent reliability and the highest piezophotadeigtion coefficienk of approximately
7.5x 10 ¥min for all samples under study. The improved pjgmtodegradation reaction
was a result of the enhanced optical absorptiauyaed recombination of photogenerated
electron—hole pairs, and intimate coupling betw&gAl; 4N, AIN, and TiN. Moreover,

the applied bias photon-to-current efficiency af thezophotoelectrochemical reaction at



Location 1 was approximately 14 times higher thdame tefficiency of the

photoelectrochemical (PEC) reaction under a bigd®/ (versus Pt). The improvement
was due to the favorable valence band positionwater splitting and the enhanced
piezophototronic effect. The study of the PEC reast indicates the novel

environmental sustainability of (1AIN — XTiN (0 <x < 0.03) on the library.

Keywords: AIN-TiN nanocolumn composite composition spreBdactive sputtering;

Ti Al xN solid solution Piezophotocatalysi®iezophotoelectrochemical reaction.



1. Introduction

Nitride-based piezoelectric materials are promislgrause of their outstanding
properties [1]. However, these materials are fas leequently studied than oxide-based
piezoelectric materials [1,2]Typical nitride-based piezoelectric materials imgu
wurtzite group Il nitrides (e.g., GaN, InN, andM[1]. However, some of the nitrides
have certain limitations [1]. For instance, althbube energy band gdg, of GaN and
INN exists within the visible light region [3], Gand In are not abundant on the Earth,
and In is biotoxic. These problems considerablytlitme application of these nitrides on

a wide scale.

By contrast, AIN is ecofriendly and has various epttional properties, such as high
chemical and thermal stabilities, high electriagistivity, and a low thermal expansion
coefficient [4,5]. Thus, many studies have emplegbian the mechanical properties of
AIN. For instance, AIN has been widely used forpamreng heat dissipation components
[5,6], wear-resistant materials [6,7], and corragmwotective coatings [8]. Moreover, AIN
has a high Curie temperature of approximately 11G(9]. Thus, AIN exhibits high
sustainability in its piezoelectric response athhigmperatures. However, the low
piezoelectric coefficientls; (approximately 5.5 pC/N) [1GInd largeEy (approximately
6.2 eV) [5]substantially restrict its potential applicatiomsadvanced devices, such as
piezopotential-modulated field effect transistofsl][ high-power or high-frequency

transducers [12,13], and light-emitting diodes [14]

Efforts have been devoted to doping TiN into AINretent years for modulating its
conductivity, piezoelectric property, aiig, although TiN [15-17] has been extensively

investigated as a means of enhancing the mechamopérties of AIN [18]lwazaki et
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al. employed a first-principles calculation to stualycodoping strategy by using low-
formation-energy dopants, including “Tiand Mdg*, to enhance the stability and
piezoelectric performance of AIN [10]. Iborret al. reported the structural and
piezoelectric properties of M—xTixNos compounds as a function of the Ti contenk (6
at%) by using reactive alternating current sputtgriAlysTixNos films exhibited
features superior to AIN films, including piezodlsx activity, thermal stability of
frequency, and temperature resistance [19]. Orgatallit chemical vapor deposition
was used by Gillest al. to synthesize nanosized (Ti,Al)N antioxidatioratings at low
temperatures. Moreover, thermodynamic calculatismese performed to predict the
nature of phases [20]. Het al. reported the microstructural evolution, phase
development, and chemical composition of fractweghness-enhanced TilN-AIN
composite powders fabricated using high-temperaiuntering. These studies pertaining
to TiN revealed the positive influence of TiN orethiezoelectric performance of AIN.
However, theoretical calculations have mostly bgesrformed, and only a few
experimental results have been obtained. Furthernmr piezotronic, piezophototronic,
or extended piezo-related applications, includingiezgphotocatalysis and
piezophotoelectrochemical (PPEC) reactions, wegyerted. As indicated in the Ti—Al-N
ternary phase diagram, the thermodynamically stpheses of BAIN and TLAIN are
centrosymmetric. Thus, they do not exhibit any p&ectricity. The mutual solubility of
TiN and AIN is limited because of their extremeligth hardness. In this study, small
amounts of TiN were doped into AIN through a nostehtegy of combinatorial AIN-TiN
nanocolumn composite composition spreads (librabgusing reactive sputtering. This

strategy was used for the following reasons. FiAdt-predominant libraries were



fabricated systematically by depositing a subsadlgtithicker natural gradient of AIN
than the gradient of TiN. A relatively small amowftnonpiezoelectric TiN was used to
distort the lattice of AIN for enhancing the pielsstricity of the system. The optimal
ratio of AIN:TiN was then identified through piezelated characterizations. Second, the
lattice mismatch between the preferred TiN (11a&jtilte constana = 0.0300 pm) and
AIN (002) (@ = 0.0311 pm) planes was only approximately 3.6%ickv resulted in an
excellent interface between them to sustain namomolarrays. Third, the formation of
Ti,Al.4xN was modified at the interface between AIN and Thckness gradients.
Finally, the intimate coupling between AIN, TiN, c&adiAl;«N improved the piezo-
related performance of the system. We observed.thation 1 [(1 —X)AIN — XTiN, 0 <

x < 0.03] on the library exhibited the most favoraplezotronic and piezophototronic
features and piezophotodegradation and PPEC raadto all samples under study, thus

indicating the promising piezo-related applicatioh&ocation 1.

2. Experimental

Combinatorial reactive sputtering was used to msite AIN-TIN nanocolumn
libraries on fluorine-doped SnAFTO)—glass substrates (24 mm24 mm). FTO—glass
substrates were employed because of their excetlentiuctivity and transparency,
which are essential for the characterizations cotedbin this study. The substrates were
cleaned ultrasonically with acetone, alcohol, ispyt alcohol, and deionized water, in
sequence, for 5 min each. The background press$uhe @hamber and working distance
between the target and substrate were approximatelg0° Torr and 7 cm, respectively.

Before deposition, a 10-min presputtering proceas wonducted using pure Ar plasma
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to remove surface contaminants on the Al and Theis: Various sputtering parameters,
including operation power and pressure, As+itio, and deposition temperature, were
modified to obtain crystalline AIN and TiN nanocolos. A natural AIN thickness
gradient [inset of Figure 1(a)] was obtained byiropting the angle of the Al-target
sputtering gun. The AIN thickness gradient was itated to couple with the reversed
TiN thickness gradient to obtain a combinatorialNATIN nanocolumn composite
composition spread, as discussed in TEM analysks. réquired crystallinity of AIN
nanocolumn arrays was achieved using the followmditions: radio frequency (RF) of
450 W, working pressure of 10 mTorr, and Ag-fldw rate of 10:2 sccm at 450 °C. The
reversed natural TiN thickness gradient [insetiguFe 1(a)] was analogously deposited
on the AIN layer by using the following conditiorBF of 350 W, working pressure of 10
mTorr, and Ar—N flow rate of 10:1 sccm at 450 °C. To adjust thenawmlumn
morphologies and modify the effective coupling betw AIN and TiN, both thickness
gradients were modulated by tuning the deposiiimed of each layer (e.g., 5-7 and 2-5
min for AIN (deposition rate: approximately 23 nnwinand TiN (deposition rate:
approximately 18 nm/min), respectively). In tosgyen layers were fabricated to achieve
the required sample thickness (AIN-rich end: appnately 1100 nm). For the
convenience of characterization, the FTO subswatecut into six equivalent piecesX4
24 mnf each), which were subsequently assembled forriibdeposition to enable

various characterizations on a specific singleigacation) across libraries.

Glancing-angle X-ray diffraction (XRD) was used tetermine the phase and
crystallinity of the libraries. Transmission elestrmicroscopy (TEM) and selected-area

electron diffraction (SAED) were employed to studige microstructures. The



morphologies and optical properties of the samplese analyzed by conducting field
emission scanning electron microscopy (FE-SEM) altdaviolet—visible (UV-Vis)
spectroscopy. X-ray photoelectron spectroscopy P& conducted to investigate the
bonding states of the constituent elements of dmepges. The depth profiling mode was
also employed to verify the variation in the Al<&tio and interface between AIN and
TiN across thdibrary. The valence banf, positions of libraries were determined using
ultraviolet photoelectron spectroscopy (UPS). Plumtinescence (PL) spectroscopy was
applied to probe the electronic structure of the@as by studying the recombination of
photoinduced electron—hole {’) pairs. A custom-made probe station comprising a
sensitive stress and voltage tungsten (W) prolmymgled W probe, black box, and light
source was used. W is an excellent conductor arehlidor the piezo-related
measurement. The grounded and stress—voltage pwdresin contact with the bottom
electrode (FTO substrate) and library samples,ecsgely. The current—voltagd—{V)
curves were then obtained as a function of the iegpstress for the piezotronic
properties. When a UVA lamp (power density: appmatiely 1 mW/crf) was externally
applied, the piezophototronic effect was charaoteri The photodegradation activities of
the library samples were determined by decomposiathylene blue (MB) solutions (5
ppm and 20 mL) by using a xenon lamp (power denajtproximately 130 mW/cfhas

a light source. A cycling test was conducted byfgrering the degradation procedure
thrice to ascertain the stability and reusabilifyttee photocatalysts. The corresponding
photoelectrochemical (PEC) activities were measusedg a PEC cell that comprised a
reference electrode (Pt-coated FTO substrate), raimgpelectrode (library), N&Ou(ag)

electrolyte (0.5 M and 100 mL), a potentiostat, amdb UVA lamps (wavelength:



approximately 324 nm and power density: approxifgate mW/cnf) [21]. The
illuminated sample area was approximately 20 mnf. A 15-mm-wide binder clip was

externally used to supply stress for the PPEC nmeasnt in addition to illumination.

3. Results and discussion

The library, comprising 7- and 3-min natural AINdafiN thickness gradients in each
cycle, respectively, was desirable and subjecteXRD analysis [Figure 1(a)]. Pure AIN
(red curve) and TiN (blue curve) nanocolumn arnagse also compared. For Locations
1 to 6 on the library, the AIN characteristic peélest dashed lines) gradually shifted to
lower diffraction angles. This indicated the susbes expansion of interplanar spacing in
each corresponding plane based on Bragg's law becaluthe continuously increasing
amount of Ti (ionic sizes of i and AP* were 81 and 53 pm, respectively) and the
formation of TjAl1_«N solid solutions. This result was further indichtey the TEM
(Figure 2) and XPS analyses (Figure 3). Howeve,iibensities of peaks pertaining to
the TiN on the library (blue dashed line) were sabsgally lower compared with the
intensities of the peaks pertaining to pure TiNawse of poor crystallinity caused by the
incorporation of AIN. No other phases were observElde columnar morphologies,
which were enabled under a short working distamcehagh working pressure [22], were
noticed at all locations by conducting SEM analyEigure 1(b)]. Due to the nature of
thickness gradient, the properties exhibited byhepiece varied on the basis of the
location. Thus, average properties were measuregbith piece on the library [23, 24].

The layered structure and microstructures of Locatil and 6 on the library were

further examined. Figure 2(a) (Location 1) and ((o)cation 6) display typical TEM



images. Seven layers with distinctive interfacesd arolumnar structures were
ascertained, which was consistent with our expertaledesign for fabricating seven-
cycle nanocolumn libraries. The thicknesses offtist five layers were approximately
equal but were lower than those of the last tweeldgay The thickness variation was
attributed to the employed fabrication conditioattivas not completely stabilized in the
initial growth phase (first five layers), thus |&aglto low deposition rates. This condition
was not ideal for regular thin-film fabrication. Wever, the condition was desirable for
inducing nanocolumns because of the reduced mphalitd mean free path of the
generated plasma species [Zdjen, the thickness variation profiles of naturéiN And
TiN thickness gradients were determined becausentdms variation typically follows a
Gaussian distribution [25]. To examine the phas#idution across nanocolumns, SAED
was used on three positions, as displayed in Fig(be[enlarged image of the red square
presented in Figure 2(a)]. The patterns capturenh fthe left and center positions were
verified as the planes (100), (002), and (101) iAlT«N [Figure 2(d)] and AIN [Figure
2(e)], respectively. This indicated thatAli;—«N formed near the interface between AIN
and TiN. The planes indexed at (111), (200), ai2D)>f TiN were also ascertained from
the patterns displayed in Figure 2(f), which wasedwsined from the right position in
Figure 2(b). The resolvable spots along the rimghése SAED patterns implied highly
textured orientations of the nanocolumns.

XPS was employed to study the chemical and eleictisiates of constituent elements
in the samples (Figure 3). To determine the vanmatn AIN, TiN, and TjAl;«N along
the nanocolumns, XPS depth profiling was condudtedr points were characterized for

each location: depths of approximately 0, 0.4, @YJ 1um. Figure 3(a) displays the



profiling data of Location 1. The Ti (blue) and Aled) proportions varied along the
nanocolumns however, the proportion of N (gray) did not varybstantially. The
detected O signals (black) were attributed to theddtamination during the sputtering
process. Based on the profiling data for each iocand the formation of JAl; N at
the interface between AIN and TiN (Figures 1 andaXchematic of the layered structure
of the library, containing AIN (red), TiN (blue)nd Ti,Al,«N (yellow), was prepared and
is presented in Figure 3(b). The black dots infitpere denote the measured points. The
atomic proportions of AIN, TiN, and JAl;«N were then determined using the following
equation: [Thickness x Location area x Density]/&ilar weight [26], where the layer
thicknesses were determined using SEM, the locaiiea was 4 24 mnf for each piece,
the molecular weights of AIN, TiN, and (Al,,N were 41, 62, and 50 g/mole,
respectively, and the densities of AIN, TiN, angATi_«N were 3.26, 5.4, 4.3 g/én
respectively [Figure 3(c)]. The AIN-TIN ratio wasgher than four across the sample
area, in which TiN varied on an average from appnaexely O at.% to approximately 3
at.% at Location 1 [red mark, Figure 3(c)]. Thuse tatomic proportion of TiNxj at
Location 1 on the library [(1 ¥)AIN — XTiN] was between approximately 0 and 0.03.
Figure 4(a) displays the UV-Vis diffuse reflectarsgeectra of the samples. Pure AIN
(green) and TiN (purple) were also plotted for cangon. The reflectance edge observed
at a short wavelength (one purple star) corresptmdiseEy of pure TiN, and the edge
was estimated to be approximately 3.2 eV througfaac plot. The other edge at the
longer wavelength (two purple stars) was associaidid the defect-induced absorption.
These observations were ascertained by conductsubsequent PL analysis. However,

the reflectance edge of AIN was not available wtiencurrent incident light source was
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used because of its extremely lafge (approximately 6.2 eV). The decay below the
wavelength of approximately 350 nm was attributedhie UV absorption by the FTO-
glass substrate. The remaining wavelength ranges eféectively reflected. Compared
with pure AIN and TiN, Locations 1 to 6 on the Aby exhibited variations in the
reflectance edges. To elucidate the variation, drdgations 1 (red) and 6 (blue) are
illustrated. The trend is indicated by two blackoars (two red to two blue stars and one
red to one blue star) and shifted toward the Tijesdoecause of the gradual increase in
the Ti content. The two edges of each location wassociated with defect-induced
recombination, as suggested by subsequent PL &nalys

To analyze the features observed in the UV-Vis ts@aePL was used to examine the
recombination behavior of photoinduced-l& pairs in the samples [Figure 4(b)]. Pure
AIN exhibited extremely high intensities (greenght scale), thus indicating the
substantial recombination of-eh" pairs. The two peaks at approximately 410 and 540
nm were associated with the defect-induced recoatioim. Pure TiN (purple) and
Locations 1 to 6 on the library exhibited much wezaiktensities (left scale). The minor
peak at approximately 410 nm (one purple star) wkpliN was associated with the
intrinsic band-to-band transition. The other peala@proximately 530 nm (two purple
stars) was attributed to defect-induced recomlmnatThese observations justified the
reflectance behavior of pure TiN, as presentediguré 4(a). The spectra of Locations 1
to 6 on the library were similar to the spectrunpofe AIN because of predominant AIN
in the system [Figure 3(c)]. The two peaks were alssociated with the defect-induced
recombination. When TiN was continuously doped iatN from Locations 1 to 6, the

two peaks shifted toward the positions of the pedlsure TiN, as indicated by the black
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arrows in the figure. Both trends indicated thdewhnce behavior of the library in
Figure 4(a). The substantially reduced PL inteesiindicated weak recombination 6fe
h* pairs, which was excellent for enhancing the ptiegwadation properties (Figure 7).

To derive the energy band diagrams of the samtileE, positions were determined
by conducting UPS measurements [Figure 4(c)]. Bwels negatively decreased from
Locations 1 (approximately 1.2 eV) to 6 (approxiehat2.1 eV), which is relative to the
work function of the facility (approximately —4.9/eof Au). By combining the PL and
UV-Vis results, the energy band diagrams of theafyg pure AIN, and TiN were
prepared. The conduction band of AIN was determiinech a previous study [27]. The
tunability of the energy band of the library wasarly based on the amount of TiN. The
diagram was also prepared by referring to the gntrgel of the standard hydrogen
electrode, which provided a crucial basis for elatihg the enhanced mechanisms of
photodegradation and PEC reactions.

The extended applications to piezotronics and ileatotronics of the materials were
inferred using our custom-buikV system. The insets (a) and (c) of Figure 5 disghay
side and top views of the measurement configuratiespectively. Two contacts were
formed. In the contacts, the stress and bias [ifigetf Figure 5] and grounded probes
were in contact with the sample (S2) and the FTissate (S1), respectively. An ohmic
contact at S1 was achieved by eroding the coatinthe sample surface. Chemical
etching was not applied to minimize unexpected ébainmeactions during the process.
Pure TiN and AIN were also measured as referentase TiN exhibited an ohmic
behavior in the bias range of —10 to 10 V, thusdating no piezo-related properties (not

shown). However, the asymmetrieV characteristics of pure AIN as a function of
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pressure (0.005, 0.05, and 0.25 ¢GBalid line) and both pressure and illumination
(dashed line) implied weak piezotronic and piezaptronic effects, respectively [inset
(d) of Figure 5]. By contrast, Location 1 [(QAIN-XTiN, 0 < x < 0.03] on the library
exhibited substantially enhanced piezotronic (sdihe) and piezophototronic (dashed
line) features (Figure 5) compared with the featuoé pure AIN, which were almost
negligible in the plot (purple line). The Schottsrrier heights at S1dk,¢-¢, F: FTO, s:
sample] and S2 &syw-s¢] (pink double-headed arrow) were determined frome t
measured threshold voltage in the/ characteristics, for which the current denslgy
was activated. When the stress applied at S2 veasased from 0 to 0.25 GPa, the value
of Jp under positive bias was substantially enhanceds iFicrease was attributed to a
decrease inds - In this operational mode, electrons flowed froth 8§ S2. Thus,
®s1¢-9 Was crucial for controllingp. When a positive piezopotential was generated on
the bottom of the sampl@xi¢-s decreased. Thudp increased. By contrast, the essential
Psw-¢ inCreased because of the negative piezopotentilaupuat the top of the sample
when a negative bias and stress were applied & SBwed from S2 to S1), although a
negative bias increased the electron energy Ia\ls, the value alp decreased. Other
locations were also measured; however, an enhanced ohmic behavior was obsereed fr
Locations 1 to 6 [inset (e) of Figure 5] becaudggher amount of conducting TiN was
involved.

To quantitatively verify the Schottky barrier heighariation at S14®s;¢-9] and S2
[APso-9], the |-V characteristics were further examined. Based @n tkiermionic

emission—diffusion theory [28], when an appliedsbia is greater than the built-in
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potentialVy andkT/q (k: Boltzmann’s constant,: absolute temperature, aqdelectronic

charge), a Schottky curredfor a Schottky diode can be simplified as follows:

Iy o Va (1)
The details of this equation were explained in puevious study [28]. Figure 6(a)
displays the plot of In (3p) as a function of (V)”“from approximately =3 to -4 V under
varying applied pressures for S1, in which a linedationship was observed®s;¢-
was also determined [0.005 GPa as a referenceupeedsigure 6(c)]. For example, a
decrease ind®sie-g of approximately 60 mV was observed under 0.25 .GPa
Analogously, the Schottky behavior at S2 was velifby observing a similar trend in the
positive bias range from approximately 5 to 6 V emsiress [Figure 6(b)A®s -5 Was
also determined [Figure 6(d)], in which an increadeapproximately 30 mV was
observed under 0.25 GPa.

Photodegradation [Figure 7(a)] and piezophotodegdiawa [Figure 7(b)] of MB
solutions by using pure TiN, pure AIN, and the dityr were examined [29]. The first 30
min (indicated by —30 to O min) in both plots ofgkie 7 denote the dark absorption
study. In Figure 7(a), the self-degradation regalick dashed line) indicates a negligible
decay of MB under irradiation. Pure AIN (dark greealso exhibited a trivial
photodegradation activity because of its extrematge Ey value. Pure TiN (purple)
exhibited better performance than AIN. For thediyr approximately 50% of MB was
photodegraded at Location 6 (blue) within 80 mimgl #his location outperformed other
locations. These results were interpreted usingetiexgy band diagram, as presented in
Figure 4(c). Location 6 exhibited a more desiralllge position to produce the
predominant *«OH radicals (Figure 8) compared wittheo locations and TiN.
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Piezophotodegradation was studied by externallylyapp stress (two pieces of FTO
substrate) and ultrasonication [Figure 7(b)]. Tleefgrmance of AIN improved slightly
because of its weak piezoelectricibpwever, no enhancement was noticed for pure TiN
and at Locations 2 to 6 on the library becauséeir thonpiezoelectricities. By contrast,
Location 1 (red line) exhibited substantial imprment. The performance of Location 1
within 80 min was almost comparable with that ofcation 6. This considerable
enhancement indicated that when the sample wamifated, light absorption was
stronger with TiAl;«N because of its defect-reduced band gap, thusnigad more
photogenerated eh’ pairs. When external stress was applied, thetesgpiezopotential
buildup and band bending in the piezoelectric camepts of TjAl;«N and AIN created
smooth migration paths for the photogeneratédh'e pairs andstrengthened their
separation. The conducting TiN component furtheilifated charge carrier transport in
the composite system by coupling among the comstitucomponents, which
substantially inhibited the recombination of phaograted e-h’ pairs. These features
complemented each other and then triggered symiergigezophotodegradation. To
further investigate the piezophotodegradation ciéipatof Locations 1 and 6, the
reaction time was extended to 120 min [inset oliFég7(b)]. Location 1 continued to be
active evenafter 120 min; however, Location 6 became inactive after 90 min. Thus,
overall, Location 1 outperformed Location 6. Thefauegradation coefficierk of the
samples was calculated [Figure 7(c)], and Locafioon the library was discovered to
have the highest of approximately 7.5 10 ¥/min.

A three-run cycling test of the piezophotodegramatctivity was conducted to verify

the photostability and reusability of Location 1 d¢ime library [Figure 8(a)]. No
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discernible deterioration was observed, thus ingliga the sample’s reliable
piezophotocatalysis. This result suggests thattaeerial has the potential to be used for
environmental sustainability related applicatiomert-butanol [hydroxyl radical (*OH)
scavenger] and sodium disulfate [superoxide radx® ) scavenger] were added to the
MB solution in the scavenger study to evaluate ttreicial radicals in the
photodegradation and piezophotodegradation meahanig Locations 1 and 6. In the
photodegradation study, no evident differences vadeseovered between «OH and O
scavengers for Location 1 because of its poor mlegfiadation activity [Figure 8(b)] and
unfavorable energy band position for generating e<Qatlicals [Figure 4(c)].
However, «OH scavengers exhibited inferior photwddgtion activity to «@ scavengers
for Location 6 [Figure 8(c)], thus indicating theedominant role of «OH in the process.
This observation is supported by the favorable ggndvand position of Location 6
[Figure 4(c)]. For the piezophotodegradation attjv¢OH radicals again predominated
for both locations [Figures 8(d) and (e)]. ThusHe@adicals were determined to be
crucial for decomposition reactions.

Another potential application of the material is #pplication as a photoelectrode for
PEC water spitting. The photocurrent densjiyof various samples was measured as a
function of the applied voltage (versus Pt) witld avithout stress and illumination [inset
of Figure 9(a)]. In general, pure AIN and pure Ekhibited a negligiblgy, value under
illumination or under both stress and illuminati@ata not shown). Although Location 1
also exhibited a trivialJsn value under illumination (PEC, solid red linejy, was
substantially enhanced when stress was appliedGPRE dashed line). A similar trend

was observed for Location Bowever, the enhancement was not as substantial as that for
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Location 1. These observations were also intergréem the locations’ energy band
positions [Figure 4(c)] and-V characteristics (Figure 5). Both locations exleithit
favorable E, positions for water splitting. However, under s#e the strong
piezophototronic effect exhibited by Location 1 sed substantial enhancementJgf
This enhancement wé#rgerthan that for Location 6 under stress. The PECRIREC
capabilities of both locations were elucidatedha torresponding applied bias photon-
to-current efficiency (ABPE) [Figure 9(a)]. In geak the PPEC performance (dashed
lines) was considerably superior to the PEC peréorre (solid lines), thus indicating the
positive influence of external stress. Although A&PE of both PEC and PPEC reactions
of Location 1 was lower than that of Location 6 tAPEC performance of Location 1
was approximately 14 times higher than the PECoperdnce under 0.5 V (versus Pt).
Such improvement substantially exceeded the impneve obtained for Location 6, in
which an approximate fivefold enhancement was abthiunder the same bias. To
determine the photostability of the two locatiofisg cycles with light-on (60 s) and
light-off (60 s) modes for each cycle were conddaiader a bias of 0.5 V [Figure 9(b)].
Both locations exhibited stable and reliald}g in both PEC and PPEC reactions, thus
indicating their use in novel PEC-related applimasi. The dramatic increaseJs at the
beginning of each cycle was attributed to the ragideration of e-h" pairs.Jy, gradually

stabilized once equilibrium was attained.

4. Conclusions
Combinatorial AIN-TIiN nanocolumn libraries were felated using magnetron

sputtering, and their various properties were itigated. Highly textured orientations of
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the nanocolumns comprising AIN, TiN, andAli; N were observed by conducting XRD
and TEM analyses. By combining the XPS depth pragfiresults, the layered structure
and atomic proportions of the constituent compamehthe library were ascertained, and
AIN was found to be predominant. Location 1 [(X)AIN — XTiN, 0 < x < 0.03] on the
library exhibited substantially enhanced piezottor@nd piezophototronic features
compared with other samples because of piezopatemthdulation, andi®s;e-s and
APsyw-) Were quantitatively verified in this study. Loaati 1 also exhibited reliable
piezophotocatalysis and exhibited the higHestlue of approximately 7.8 103/min.
This study determined that «OH radicals are crucigdhotodecomposition reactions. The
enhancement of the piezophotocatalytic reaction atabuted to the coupling between
TixAl.xN, AIN, and TiN. A stable and reliabli, was obtained for both PEC and PPEC
reactions. For Location 1, the ABPE of the PPECtiea was approximately 14 times
higher than that of the PEC reaction under 0.5 MsTresult was attributed to the
favorableE, position for water splitting and the enhanced gmototronic effect. The
study of the PEC reactions [2hicates the novel environmental sustainability(bf

X)AIN = X TiN (0 <x < 0.03) on the library.
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Figure Captions

Figure 1. (a) XRD results of the library (Locations 1 to @dicated by #1 to #6,
respectively). Pure AIN and TiN were compared. Relde, and green dashed lines
indicate the characteristic peaks of AIN, TiN, aie FTO substrate, respectively. A
schematic of the layered structure is displayethentop inset (not to scale). (b) Side-
view SEM images of Locations 1 to 6.

Figure 2. TEM results of the library. (a) Typical image dddation 1. (b) Three positions
for conducting SAED analyses [enlarged image of ek square in (a)]. (c) Typical
image of Location 6. (d)—(f) SAED patterns captufr@an positions indicated in (b).
Figure 3. (a) XPS depth profiling of Location 1 on the libra(b) Detailed schematic of
the layered structure of the library. (c) Calculsgomic proportions of AIN, TiN, and
TiyAl1N in the library.

Figure 4. Optical and electronic properties of pure AIN, @UiN, and the library. (a)
UV-Vis diffuse reflectance spectra, (b) PL spectred (c) energy band diagram.

Figure 5. -V characteristics of Location 1 as a function oéstr (0, 0.005, 0.05, and
0.25 GPa; solid lines) and both stress and illumination (dashed lines) on the library. The
characteristics of pure AIN (purple line) are prase for comparison. Inset (a) and (c):
side and top views of the measurement configuratespectively. Inset (b): photo of the
stress probe. Inset (d):V characteristics of pure AIN. Inset (¢}V characteristics under

a pressure value of 0.05 GPa from Locations 1 to 6.

Figure 6. Analysis of Schottky behavior under various stessga) In (Jp) versus (V)"

at S1.(b) In @) versus Y)**at S2. (c), (d) Schottky barrier height variation S

[APs1¢-g] and S2 APso-9).
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Figure 7. Photodegradation study of pure AIN, pure TiN, ahd library (a) under
illumination and (b) under stress and illuminatidrhe inset presents a comparison
between Locations 1 and 6 over 120 min. (c) Catedlgphotodegradation coefficiekt
Stress and illumination are denoteddmndi, respectively.

Figure 8. (a) Cycling test of Location 1 on the library. (i) Photodegradation
scavenger test for Locations 1 and 6, respectiv@y, (e) Piezophotodegradation
scavenger test for Locations 1 and 6, respectively.

Figure 9. PEC and PPEC performance of Locations 1 and @efilirary. (a) Calculated
ABPE. Jyn values are presented in the inset. (b) Cycling ®sess and illumination are

denoted by andi, respectively.
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Figure 1. Hsin-Yi Leeet al.
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Figure 2. Hsin-Yi Leeet al.
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Figure 3. Hsin-Yi Leeet al.
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Figure4. Hsin-Yi Leeet al.
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Figure5. Hsin-Yi Leeet al.
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Figure6. Hsin-Yi Leeet al.
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Figure 7. Hsin-Yi Leeet al.
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Figure 8. Hsin-Yi Leeet al.
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Figure9. Hsin-Yi Leeet al.
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