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Abstract

AlixScxN thin films have emerged as a technologically important material for several
piezoelectric and ferroelectric device applications ranging from acoustic filters, and micro-
electromechanical systems (MEMS), to memories. Such applications require materials to be
grown with high structural quality and optimal properties. However, it is challenging to
completely eliminate oxygen contamination, which is persistently present in Al;xScxN thin
films produced by sputtering deposition, particularly with increasing Sc content. In this study,
we examine the role of oxygen on the structure and its effect on the piezoelectric and dielectric
properties of AlossScossN thin film. Our theoretical analysis and experimental results
suggested that depending on concentration oxygen can have contrasting effects on the
piezoelectric properties of Alo.esSco.3sN thin films. Oxygen concentration in the range of 1.2
at% to 4.3 at% severely degrades the structural coherence of the films, and consequently the
piezoelectric coefficient from 10.5 to 8.2 pm/V. Electrical characterization and DFT
calculations indicated the existence of defects of On type and (30n-Vai) type depending on
oxygen concentration. Our DFT calculations further suggested that at low oxygen
concentrations where the substitutional defect of On is favored, the piezoelectric coefficient

can be nearly 1.5 times higher compared to its counterpart without oxygen.
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I. Introduction

The demonstration of fivefold enhancement in longitudinal piezoelectric coefficient
(ds33) in scandium doped aluminum nitride (Al;-xScxN, for x = 0.43) thin films and ferroelectric
switching (for 0.27<x<0.43) has attracted tremendous interest for their piezoelectric and
ferroelectric based device applications[1-4]. They are particularly promising for fabricating
high-frequency acoustic filters, as the enhancement in d3; leads to an increase in the
electromechanical coupling coefficient and the bandwidth of the acoustic filters[5]. For
example, a bulk acoustic wave resonator based on Alo72Sco2sN operating at 3 GHz with an
effective electromechanical coupling coefficient (ker?) of 16% and a figure of merit (FOM) of
158 has already been demonstrated[6]. Even a tunable frequency resonator based on
Alo.gsSco.12N for filtering multiple bands on a single chip with an operating range of 1.96 - 2.11
GHz, ker? of over 10%, and FOM 87 has been developed[7]. Also, AlixScxN exhibits larger
remanent polarization (P;> 100 uC/cm?) compared to conventional ferroelectric materials such
as PZT or doped HfO», and ferroelectric switching has been demonstrated down to 5 nm-thick
film[2,8]. In addition, AlixScxN (0<x<0.43) offers several advantages over conventional
piezoelectric materials such as lead zirconate titanates (PZT). Firstly, AlixScxN (x<0.43)
maintains both piezoelectric and thermodynamic stability up to 1150 °C, which makes them a
promising candidate for high-temperature sensor and actuator applications[9,10]. Secondly, the
material possesses chemical and thermal compatibility with complementary metal-oxide-
semiconductor (CMOS) backend-of-line processes. The compatibility with the fabrication
techniques of microelectronic devices enables the integration of Ali-xScxN based MEMS with
CMOS technology. These features of Ali.xScxN make it an attractive candidate for fabricating

miniaturized devices through massive production with improved performance and lower cost.

The piezoelectric Ali.xScxN (0<x<0.43) crystallizes in a wurtzite structure with polar
axis along the c-axis. Beyond x = 0.43, AlixScxN crystallizes in non-piezoelectric rock-salt
structure[1,11]. Enhancement in piezoelectric coefficient (d33) of wurtzite phase of AlixScxN
(w-AlixScxN) originates from elastic softening and increase in sensitivity to the strain along
lattice parameter ¢ with Sc substitution of Al[12,13]. Hence, for most of the practical
applications, w-AlixScxN thin films with out-of-plane orientation (002) is desirable. Several
experimental works have investigated the influence of preparation conditions on the crystalline
quality and orientation of the film and their correlation with piezoelectric performance. These

studies indicated that the films with lower (< 2°) X-ray rocking curve full width half maximum
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(FWHM) of (002) planes i.e., higher c-axis orientation had higher piezoelectric
performance[11,14]. On the other hand, the exitance of misoriented grains in the films was
found to degrade the film quality and thereby reduction in piezoelectric performance[14]. The
formation of undesirable misoriented grains in (002) oriented w-Ali.xScxN films is attributed
to increased instability of the c-axis with increasing Sc content, underlying intermediate layer

and residual stress of the film[15-17].

The presence of impurities such as oxygen in depositing atmosphere or sputtering
targets was found to result in mixed polarity and affect the piezoelectric response of the
films[18,19]. Due to the thermodynamically large affinity of scandium to oxygen, relatively
higher oxygen contents have been found persistently in the sputtering targets and the films
containing higher scandium content[20,21]. Such aliovalent impurities in w-AIN are known to
create oxygen substitutional defects and compensating cation vacancy defects or [On - Vai]
defect complex[22]. Similar observations are made in w-AlixScxN with oxygen impurities
using photoluminescence study[23]. Further, in ferroelectric devices based on Alp7Sco3N,
oxygen incorporated during the deposition has been reported to induce wake-up behavior[18].
Also, a reduction in the magnitude of polarization after the wake-up behavior at temperatures
above 400 °C has been observed. This would limit the high-temperature application of Al.
xSCxN.

As known in general, unintentional incorporation of oxygen into AlixScxN has negative
impacts on final device performance. Incorporated oxygen can affect Al1xScxN film in multiple
ways i.e., degradation of structural quality, creation of domain inversion boundary and creating
charged point defects altering dielectric properties and spontaneous polarization, etc. Here we
study the effect of oxygen on piezoelectric properties of AlixScxN film in terms of structural
coherency and point defects from both theoretical and experimental approaches. Correlating
observed structural changes with electrical and piezoelectric properties revealed a reduction in
structural coherency and piezoelectric coefficient with increasing oxygen concentration. From
a defect point of view, DFT calculations indicated that a small concentration of oxygen
substitution at the nitrogen site favors the enhancement of the piezoelectric coefficient
compared to the counterpart without oxygen or with other defect complexes. Our study
suggests that at higher oxygen concentrations structural coherency plays major role over the

oxygen point defects on the piezoelectric properties of AlixScxN film.
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II. Methods
A. Sample preparation and characterization

Alo.65Sc0.35N thin films were deposited on (111) TiN-coated c-sapphire substrates using
a pulsed DC magnetron sputtering system. The films were deposited in an atmosphere
containing Ar, N> and O at a pressure of 7.6 x 10 torr. While the Ar/N; flow (in sccm) ratio
was maintained at 2 for all the samples, the oxygen partial pressure varied from 0 to 5.6 x10
torr. The depositions were carried out at ambient temperature. A pulsed DC power of 120 W
of 1 ps pulse width at 10 kHz was applied on a high pure 3-inch Alp.49Sco.s1 alloy target to
obtain a series of films with an approximate thickness of about 400 nm. The chemical
composition of the resulting films was determined using X-ray photoelectron spectroscopy
(PHI Quentera SXM Scanning X-ray microprobe), with the oxygen impurities in the range of
1.2 to 4.3 at%. The structural quality of the films was determined using a Bruker Discovery D8
X-ray diffractometer with a 2D detector and high-resolution X-ray diffractometer at Singapore
synchrotron light source facility. The microstructure and morphology of the films were studied

using FEI Tecnai Transmission Electron Microscope.

To determine the effective longitudinal piezoelectric coefficient (d*33.r) of the films, Au
top electrodes with a diameter of 200 um were deposited on the films. TiN intermediate layers
were used as bottom electrodes. The d*33 ¢ values of the films were measured under alternating
current (AC) using a laser scanning vibrometer (LSV, PSV OFV-3001-SF6 PolyTec
GmbH)[24]. The dielectric properties of the samples were further tested using an LCR meter
(HP 4294A, Agilent Technologies Inc.) under various temperatures, frequencies, and electric

fields.
B. First-principles calculations

In this study, first-principles calculations were conducted using density functional
theory (DFT) within the Vienna Ab-initio Simulation Package (VASP)[25,26]. The electron-
core interactions were treated utilizing the projector-augmented wave (PAW) method[27],
relying on plane wave basis sets. The exchange-correlation function was addressed through the
generalized gradient approximation (GGA), specifically the Perdew—Burke—Ernzerhof (PBE)
function[28]. Grimme's DFT-D3 method was employed to account for dispersion
correction[29]. The energy cutoff was set to 600 eV. Full optimization was carried out until the

force convergence on each atom was smaller than 0.01 eV/A. The electronic iteration
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convergence criterion was set to 10°® eV. The Brillouin zone is sampled with a Monkhorst-
Pack k-point mesh of 4x4x4 for all the calculations[30]. The piezoelectric e;; tensors and Born
effective charges (Z;*) are predicted by the Density Functional Perturbation Theory (DFPT)

method[31,32]. The elastic constants are obtained using the energy-strain method.
C. Finite element analysis

The finite element analysis (FEA) was conducted to simulate the surface displacement
response of Alo.s5Sco.35N films using COMSOL, a commercially available tool for Multiphysics
simulation. The dimensions of the experimentally fabricated device were used to construct the
FEA model (see Figure S7[33]). For the simulations, the material parameters such as elastic,
piezoelectric, and dielectric constants of Alos25Sc037sN layers were obtained from DFT
calculations and the parameters for Au, TiN, and sapphire are provided in supporting
information[33]. The piezoelectric coefficient values in the FEA model were varied to fit the
top surface displacement obtained by LSV measurement, which was then used to determine
the actual piezoelectric coefficient (ds3). For the mechanical boundary conditions, the bottom
of the sapphire substrate was set to a fixed boundary to assume perfect clamped conditions. For
electrical boundary conditions, the bottom electrode was set to ground and an AC voltage (3 V

at 10 kHz frequency) was applied to the top electrode.

I11. Results
A. Structure and piezoelectric properties

A series of 400 nm-thick AloesSco3sN films on 40 nm-thick (111) TiN on c-sapphire
substrates were obtained with oxygen content varying from 1.2 at% to 4.3 at%. The chemical
composition and oxygen concentration in the films were determined from the analysis of XPS
core levels of each constituent element (Figure S1[33]) with an estimated uncertainty of 10 %.
Prior to XPS compositional analysis, the samples were sputter cleaned for 25 mins with Ar ions
with a sputter rate of 2.8 nm/min at 10 kV. We observed that after sputter cleaning the sample
surface for 25 minutes, the compositional variation of the film was not significant (see
supporting information Figure S2[33]). This ensures that the contribution from the surface
oxide layer is avoided in determining the oxygen content of the film. The XPS analysis
confirms that the oxygen concentration in the lattice of Alo.ssSco3sN films increases with the
rise in oxygen partial pressure during the growth. 2D X-ray diffraction pattern (2D XRD) and
selected area electron diffraction pattern (SAED) pattern confirm wurtzite phase Alo.s5Sco.35N

with (002) out-of-plane orientation (Figure 1). The oxygen concentration from XPS and

5



Published in Physical Review Applied, DOI: 10.1103/PhysRevApplied.22.044071, online on 25
October 2024

corresponding lattice parameters estimated from the SAED pattern are listed in Table SI
(supporting information[33]). The estimated lattice parameters agree well with those reported
in the literature with similar Sc concentrations[1]. The diffraction spots in Figure 1 (a, e)
corresponding to AlossSco.ssN with 1.2 at% oxygen impurity, show the existence of high
structural coherence in the film. As the oxygen concentration increased from 2.1 to 4.3 at%,
the diffraction spot in Figure 1 (b-d) became streaky in the chi () dimension. This angular
spread of the diffraction spot in the 2D XRD pattern indicates an increase in mosaicity with
increasing oxygen concentration. Similarly, the SAED patterns (Figure 1 f-h) of Alo.6sSco.3sN
films with oxygen concentration 2.1 to 4.3 at% show elongation of diffraction spots
perpendicular to the growth direction. These results imply that increasing oxygen concentration
introduces inhomogeneous structural distortion in the film thereby reducing structural
coherency. The cross-sectional transmission electron micrographs of the films are presented in
Figure S3 in supporting information[33]. The cross-sectional images reveal the columnar
growth of the film and shows increase in misorientation of grains with increase in oxygen

content.

Further, we investigated the XRD peak broadening in the omega (®) dimension using
an X-ray rocking curve at the position of Alp.ssSco3sN (002) Bragg reflection (Figure 2a). The
FWHM of the rocking curves is determined by fitting a pseudo-Voight function. As seen from
Figure 2b, the FWHM increased from 2.4 + 0.02° to 7.9 £ 0.12° with increasing oxygen
concentration from 1.2 at% to 4.3 at%. The broadening of the peak could be due to several
reasons such as the reduction of coherently scattering domain, accumulation of defects or
dislocations, and local lattice strain. The peak fitting of rocking curves suggested that peaks
are Gaussian in shape. Broadening of the rocking curve with a Gaussian peak shape is
commonly ascribed to imperfections and misorientations of a set of planes[34,35]. The peak
width of the (002) rocking curve in our scenario is therefore mostly caused by the increased

misorientation of the (002) plane with respect to surface normal.
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Figure 1. Structural analysis of Alo.6sSco.3sN films using XRD (a-d) and TEM (e-h) with oxygen
content of (a, e) 1.2 at%, (b, ) 2.1 at%, (c, g) 2.6 at % and (d, h) 4.3 at%.
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Figure 2. Misorientation of grains in Al.esSco3sN. (a) Omega (®) scan of (002) peak of
AloesScossN films with oxygen content 1.2 at% to 4.3 at%. (b) FWHM of (002) peaks of

Alpe5ScossN films as a function of oxygen content.

The lattice parameter of Alo.ssSco3sN films remains almost constant with increasing
oxygen content from 1.2 at% to 4.3 at% and the observed variations in experimental data are
within the estimation error. Previous studies on oxygen incorporation in wurtzite AIN suggest
that oxygen has limited solubility in AIN, and the amount of incorporation depends on the

growth method. In the case of single crystal growth, which involves high temperature and
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equilibrium conditions, oxygen incorporation is around 0.75%][36]. Whereas in low-
temperature growth conditions such as sputter depositions oxygen incorporation in grains can
be up to 8%][37]. Further addition of oxygen is found to form amorphous grain boundary phase
that increases in volume with increasing oxygen content. Based on this, we can conclude that
in our case only a fraction of oxygen may be incorporated into the lattice and the rest of the

oxygen at the grain boundary region.

To study the piezoelectric response of Alo.esSco3sN films with oxygen impurities we
measured the displacement of the film surface using a laser scanning vibrometer (LSV) under
an AC electric field at 10 kHz. The displacement signals were obtained from multiple points
by scanning across a larger area that includes the top electrode and its surrounding film area
(see Figure S4[33]). Covering a large area allows for easy correction of errors caused by
substrate bending or movement, which is difficult with several single-point measurement
techniques. The effective longitudinal piezoelectric coefficient (d*33,r) is then calculated from
the net surface displacement. Figure 3a shows the dependence of the d*33 rof Alo.65Sco35N films
on oxygen impurity concentration. As oxygen concentration increased, the piezoelectric
response of AlossSco3sN films was found to degrade with d*33,r decreasing from 7.1 + 0.04
pm/V (1.2 at% oxygen) to 5.5 + 0.09 pm/V (for 4.3 at% oxygen). The d*s3¢ value for
Alpe5ScossN film even with low oxygen (1.2 at%) and coherent structure (square symbols in
Figure 3a) is considerably lower than those reported for a similar composition[1,38]. However,
the comparison of piezoelectric coefficients measured using different methods is not
straightforward, as the measured values depend on electrode size and mechanical boundary
conditions. For instance, the values determined by the Berlincourt method and single-beam
interferometer are reported to be affected by the electrode size and substrate bending
effect[39,40]. In our case, the substrate bending effect is minimized by using an optimal top
electrode size and fixing the back side of the substrate to a rigid holder. Also, when an electric
field is applied to a piezoelectric film, displacement can occur on both surface and interface
(film/substrate)[41,42]. Since the interface is constrained by the substrate, the extent of
displacement at the interface is unknown. As a result of this the measured value of d*33¢ can

be substantially lower than the actual ds3.

To determine the actual piezoelectric coefficient, we applied finite element analysis
(FEA) to simulate the complete displacement profile of the film including top and bottom

surface deformation at the active region. In the simulation, we varied the piezoelectric
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coefficient of the films to fit the experimental data of top surface displacement (see Table I).
Figure 3a (circle symbols) shows the piezoelectric coefficient (ds33) obtained by FEA
simulations and fitting approach for AlosSco3sN films with different oxygen content. Figure
3b shows the corresponding displacement profile of the top and bottom surfaces of the films.
It is evident from the simulation results that there is considerable deformation at the interface
between the film and substrate. Hence, it becomes essential to use displacement measurement
and subsequent FEA simulation to determine a more precise real piezoelectric coefficient in
the case of films elastically constrained by the substrate. Table I presents the piezoelectric
coefficients obtained by LSV measurement, FEA simulations and DFT calculations. The
difference in the piezoelectric coefficients determined by the combined approach of
measurement and FEA simulation compared to the DFT calculated could be due to several
reasons such as DFT calculation does not account for substrate constraint and increased

mosaicity caused by oxygen in Alo.¢sSco3sN films.

M

a —o—d*33;(Exp.) 25tb —12at% 0 -
—0—d,; (Exp.+FEA) L,:\J —14at% O
10 1 201 21at% 0
— — |  —26at%0
ot 1§ 43at%0
S T 10} ‘ .
E ol | E
= 8 5l i
3 o)
© % -
7r 18 9r T
'5 - ] 4 -1
6 . bazozaiiee; {
-10 + P J -
5 1 " 1 1 1 L 1 L _15 1 1 1 " 1 L 1 i 1
1 2 3 4 46 4.8 5.0 52 54
Oxygen concentration (at%) X-Position (mm)

Figure 3. Piezoelectric properties of AloesScossN films as a function of oxygen content. (a)
Effective piezoelectric coefficient (d*33¢) under ac driving field at 10 kHz (square symbols),
and piezoelectric coefficient (ds3) obtained from FEA simulation to fit the experimental data
(circle symbols), (b) quantitative displacement profile of top and bottom surface of the film at

active region obtained from FEA simulation.

The literature suggests that oxygen substitution at the nitrogen site (On) is energetically
favored[22]. Since oxygen has one excess valence electron compared to nitrogen, the formation
of every 3 On is compensated by one Al or Sc vacancy (Vai or Vsc). Such types of defects
along with defect complexes (30n-Valorsc) can create trap states in energy bandgap[23]. They
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can also be charged upon trapping electrons or holes, which can affect the dielectric and
piezoelectric properties of the film[43]. Alternatively, the piezoelectric response of the films is
closely related to (002) FWHM][11,14,44]. Narrow FWHM is preferred for higher piezoelectric
performance[45]. As we have seen in the previous section, the FWHM has increased
substantially evidencing a reduction of structural coherence, which could be a reason for the
observed reduction in d*33 . At higher oxygen concentrations, the clustering of (30ON-Vaai or sc)
defect complex can lead to the formation of various extended defects such as polarity inversion
boundary or amorphous grain boundary phase[36,46]. However, no polarity inversion
boundaries were observed in the TEM analysis of our samples. In previous cases of sputtered
AIN and AIScN films, polarity inversion was reported when the oxygen concentration in the
film exceeded 7 at% [18,19]. The oxygen concentration range investigated in this study is much
lower than this value and less likely to form extended defects such as inversion boundaries.

Therefore, the following sections will focus more on oxygen-related point defects.

Table I: Summary of the measured value of top surface displacement and effective piezoelectric
coefficient, (d*33 ), piezoelectric coefficient, (d33) obtained by FEA simulation to fit measured

top surface displacement and DFT calculated piezoelectric coefficient (d33).

Experimental value FEA simulation DFT calculation
Oxyogen Displacement x ds3 dss
(at %) (pm) d*33,¢ (pm/V) (pm/V) (pm/V)
1 - - - 20.99
1.2 21.31£0.12 7.1 £0.04 10.5 -
1.4 19.46 £0.39 6.5+0.09 10.1 -
1.6 - - - 23.51
2.1 19.44 £0.19 6.4 £0.07 9.5 16.82
2.6 18.06 £ 0.15 6.0 £0.03 8.8 -
3.1 - - - 18.57
43 16.71 £0.24 5.5+£0.09 8.2 -
4.8 - - - 17.53

To get further insight into the trap states that may have formed due to the incorporation of
oxygen, we studied the temperature dependence of conductivity and impedance spectra of
Alpe5ScossN films with 4.3 at% oxygen under applied ac field of 12.5 kV/cm in the frequency
range of 10> to 10° Hz. The film exhibited thermally activated DC conductivity at low
frequencies (Figure 4a). The activation energy E. estimated from the Nernst-Einstein plot
(Figure 4b) is about 0.34 £ 0.017 eV. Additionally, we estimated the activation energy (E. =
0.41 £0.038 V) from the impedance relaxation (Figure 4 c-d), which is quite close to the value

estimated from conductivity. Similarly, we determined activation energy for the films with

10
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lower oxygen concentration (1.4 — 2.6 at%) as shown in Figure S§[33]. We did not find
significant variation in the activation energy of the samples with different oxygen
concentrations. A similar range of Ea value is reported for single crystal AIN by physical vapor
transport method, which they attributed to a donor type of oxygen defect at the nitrogen
site[47]. While O is reported to contribute to electrical conductance at moderate temperatures
(27 °C- 425 °C), the charged defect complex (30On-Vai) is reasoned for causing thermally
activated electrical and mechanical inelastic relaxation at about 350 °C[48]. While the room
temperature DC resistivity of the films ranged between 0.8 to 2.2 GQ at 80 kV/cm, the
temperature-dependent transport measurements clearly show the existence of trap states. Such
trap states have been associated with leakage current, electromechanical losses, as well as
dielectric relaxation in the AIN films[47,49]. For further corroboration of possible defect
configuration and its effect on the piezoelectric coefficient, we modeled AlixScxN with oxygen

concentration in the range of 0-4.8 at% and performed first-principles calculations.
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Figure 4. Electrical characterization of AloesScossN films with 4.3 at% oxygen. (a) AC
conductivity measured at different frequencies and temperatures. (b) Corresponding activation

energy is calculated from the DC part at a lower frequency. (c) Normalized imaginary part of
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complex impedance, (Z”) measured at different frequencies and temperatures. (d) Activation

energy is calculated from peaks from impedance relaxation at various temperatures.
B. First-principles calculations of defect formation and piezoelectric coefficients

To determine the formation energies of various oxygen and related vacancies, we
constructed supercells consisting of Al, Sc, N, and O atoms with a composition close to
experimental AlixScxN films (i.e., with x = 0.375). In our computations, the candidate
structures were constructed by the equivalent-site substitution method based on the structural
symmetry as shown in Figure S5[33]. Among them, the doping configuration with the lowest
total energy was selected to do the subsequent property calculations as shown in Figure S6 (see
supporting information[33]). In addition, we chose models containing either 64 atoms or 96
atoms, which is large enough to avoid serious finite-size effects and small enough to keep the
computational resources for further evaluation of materials parameters. The formation energy
of 9 types of oxygen-related defect configurations including On, Oi, On-O;, and Vaysc-On
(means substitution of an N atom by an O atom, an interstitial O atom, a complex of
substitutional O and interstitial O, and a complex of an Al/Sc vacancy and substitutional O,

respectively) with oxygen concentration in the range of 0 —4.8% in the Alo.s25Sco.375N supercell.

For calculations, we utilized the Zhang—Northrup scheme[50], as outlined by:
Ef(def) = E(Aaefect) — E(Aperfect) + 2i itk (1)

Here, E( Agefect) and E( Aperfect) are the calculated total energy of the supercell with and

without defects, respectively. The variables y; denote the chemical potential of the element
added in or removed from the pristine supercell to create a defect supercell, and #; signifies the
number of atoms added in (or removed from) the pristine supercell to form the defect supercell.
For the determination of the chemical potential of nitrogen uy in nitrogen-rich conditions, we

employ Eq. (2), which is expressed as:

iy = Eror (N)—Do(N). (2)

The chemical potential of oxygen is computed under both oxygen-rich and oxygen-poor

conditions, as expressed in Egs. (3) and (4). In oxygen-rich conditions,

to = Eto:(0)—Dy(0). (3)

In oxygen-poor conditions, the chemical potential of oxygen p, is determined by the equation:

12
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1
Ho =73 [Etor(Sc203)—2 X pgc]. 4)

Here, E:d{N) and E;A{O) represent the total energy of N and O atoms, respectively. The
calculations are refined with the consideration of a single atom within a 25 x 25 x 25 A3 box.
Do(N) and Dy(O) are the experimental dissociation energies of nitrogen (9.80 eV) and oxygen
(5.16 eV), respectively[51]. Ew:(Sc203) is the total energy of Sc2Os3 in the cubic crystal system.
use1s the chemical potential of Sc, calculated in their metallic form. A lower formation energy

at a given chemical potential means a higher equilibrium concentration of defects.

10,-20,

-4 -3 -2 -1 0
Ay, (€V)
Figure 5. Defect formation energy (Er) as a function of oxygen chemical potential for various

O defect configurations in Alg.6255co375N.

Figure 5 shows the results of formation energy calculations. It indicates that On i.e.,
oxygen substitution at the nitrogen site, has the lowest formation energy (2.85 eV) at low
oxygen concentration conditions. Whereas interstitial oxygen (O;) is less favorable as the
formation is positive throughout the range of oxygen chemical potential. As oxygen
concentration increases, the (30n-Vai) complex becomes the most favourable defect (with a
formation energy of -5.62 eV at high oxygen concentration). These findings conform with that
previously reported and our experimental observations[22,23]. Based on the outcome of DFT
calculations and activation energy of electrical conduction, we considered On and (30n-Vai)
type of defects with increasing oxygen concentrations i.e., 1% and 1.6% (10n), 2% and 3.1%
(20n) and 4.8% (30n-Vai) for DFT calculations of the lattice parameter and piezoelectric

coefficient.
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Theoretical piezoelectric coefficients were calculated considering contributions from

clamped non-clamped clamped .
both e;; Pe% and iy P€% components. The e P€% represent the electronic response

non—clamped

to the strain and e;; represents the local structural sensitivity to external strain. This

can be expressed as follows,

__clamped non—clamped
€33 = €34 + e (%)

non—clamped __ 4eZzz du

where, e = == —
’ 733 V3a? de (6)

Here, Z35 is the dynamical Born charge, a is the in-plane lattice parameter and du/de is the
sensitivity of internal parameter u to strain along the c-axis. The elastic coefficient Cs;3 is
calculated using the energy-strain method. For this purpose, a strain in the range of (-0.015 to
0.015) was applied along the c-axis and the total energy was calculated for different levels of
applied strain. The computed total energy is fitted as a polynomial function of applied strain to
extract the elastic coefficient Cs3. To validate this methodology, we used w-AlIN as an example.
The results obtained are in good agreement with the values found in the literature. The matrix
representing piezoelectric and elastic tensors ideally has three independent non-zero
coefficients ejj and five independent non-zero coefficients Cjj due to the hexagonal symmetry
of wurtzite structure. However, the presence of impurities and defects reduces the symmetry
of the supercell, resulting in a full set of 18 independent piezoelectric and 21 elastic coefficients
(see Supporting Information[33]). Even then, the resulting matrices exhibit closer to hexagonal
symmetry, as 15 of the piezoelectric coefficients and 12 of the elastic coefficients have values

closer to zero.

3335 T T T T T T T 502 30 T T T T T T T T T T T
a b
3.330 -45.00 o5 L i
3.325 44.98
_ R 20 | .
< < £
© 3.320 1496 ©
< 15+ .
3315 4494
10 + e
3.310 44.92
1 " 1 i 1 " 1 " 1 " 1 5 1 n 1 n 1 n 1 L 1 " 1
o 1 2 3 4 5 0 1 2 3 4 5
Oxygen concentration (at%) Oxygen concentration (at%)

14



Published in Physical Review Applied, DOI: 10.1103/PhysRevApplied.22.044071, online on 25
October 2024

Figure 6. DFT calculations of oxygen concentration dependency on structures and piezoelectric
properties. (a) Lattice parameter and (b) piezoelectric coefficient (d33) of Alo.s25Sco375sN with

different oxygen concentrations and defect configurations.

Figure 6 illustrates the variation of lattice parameters and ds3 values for Alo.s25Sco375sN
as a function of oxygen concentration obtained from DFT calculations. The lattice parameters
are close to those obtained from the SAED pattern (Table SI[33]) and agree well with the
literature values reported for similar composition [1]. Further, the DFT calculated ds3 value for
pristine Alo.s25S¢c0375N (i.e., without oxygen impurity) is comparable with the reported ds3 value
for similar scandium composition[52]. When a small amount (< 1.6%) of oxygen substitutes
for the nitrogen site (On) without creating a vacancy, the lattice parameter ¢ is found to contract
while a expands. This is probably due to the smaller ionic size and larger electronegativity of
oxygen compared to nitrogen. Interestingly, in such a case where around 1.6% of O is present
without forming a vacancy, DFT calculations predict a 1.5-fold increase in the ds3 value
compared to the counterpart without oxygen substitutions. However, at higher oxygen
concertation ds3 decreased to lower or comparable values that of Alo.625Sco.375N without oxygen
defects. The initial increase in d3; for a small amount of Ox could be due to an increase in
ionicity, which is then compensated by vacancy creation that nullifies enhancement in dss.
Furthermore, the dsz values obtained by our measurement with the assistance of FEA
simulations are significantly lower compared to d33 values obtained by DFT calculation due to
the substrate clamping effect. The overall trend of measured ds3 and that obtained from DFT
calculations as a function of oxygen concentration (in the range of 1.6% - 4.8%) is consistent.
It is evident from both experimental results and DFT calculations that oxygen creates various
types of defects depending on its concentration in Ali.xScxN, which can potentially impact the
electrical, dielectric, and piezoelectric properties of AlixScxN. This could be either due to the
creation of localized states or local structural distortion caused by different valency, ionic size,
and coordination preferences of oxygen. The localized states [shallow, Ox, or deep, (30n-Vai)]
can induce leakage current, dielectric relaxation, and increased losses. On the other hand, local
structure distortions can lead to structural incoherency, reduced crystallite size, and increased

microstrain[37,46].

IV. Conclusions

In summary, we have investigated the effect of oxygen on the structural and

piezoelectric properties of Alo.ssSco3sN thin film through both theoretical and experimental
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approaches. The structural studies showed that with increasing oxygen concentration mosaicity
of (002) oriented grains increased, indicating oxygen severely affects the structural coherence.
The piezoelectric coefficient determined by LSV precisely with the assistance of FEA
simulation showed a reduction in ds33 value from 10.5 pm/V to 8.2 pm/V as the oxygen
concentration in the film increased from 1.2 at% to 4.3 at%. Further, temperature-dependent
transport studies indicated the existence of trap states with an activation energy of about 0.34
eV corresponding to the On point defect. DFT calculations further revealed that at lower
oxygen concentrations On type of point defects are energetically more favorable. As oxygen
concentration increases, defect complexes (30n-Vai) become more favorable. DFT calculation
further suggested that at low oxygen concentration (1.6 at%) where On type of defect is
favored, the piezoelectric coefficient can be nearly 1.5 times higher compared to its counterpart
without oxygen, which provide a valuable reference for future experiments. While at higher
concentration, where (30n-Vai) is energetically favored, the piezoelectric coefficient becomes
comparable to Alo.625Sc0375sN without oxygen. Our theoretical and experimental results show
that the On type of oxygen point defects formed at lower concentrations may potentially
enhance the piezoelectric coefficient of AloesScossN thin film, while higher oxygen
concentration reduces structural coherence and plays a dominant role in the degrading

piezoelectric response.
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