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ABSTRACT

The discovery of ferroelectricity in polar wurtzite-based ternary materials, such as Al;_yBxN, has attracted attention due to their compatibility
with complementary metal-oxide-semiconductor processes and potential use in integrated non-volatile memory devices. However, the origin
of ferroelectricity and the fundamental control of the polarization switching in these materials are still under intensive investigation but appear
to be related to local disorder induced from the alloying. In this work, we report the effect of boron alloying on the local structure of Al;_xBxN
films deposited by magnetron sputtering. Our results reveal a diminished crystalline order as a function of boron concentration, accompanied
by a reduction in the spontaneous polarization. The film disorder is primarily associated with the dissimilar bond lengths between Al-N and
B-N and the formation of threading dislocations induced by B incorporation in the structure.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0179942

INTRODUCTION

Wourtzite nitrides have been extensively studied and used in
semiconductor devices due to their wide bandgap, high break-
down voltage, and stability.! These materials have large spon-
taneous polarization and exhibit piezoelectric response but have
not been conventionally considered to be ferroelectric. AIN, for
instance, has been used in optoelectronics, microwave devices,
and high-power electronics, thanks to its high thermal conduc-
tivity and stability, high electrical resistivity, and large bandgap.
In 2009, Akiyama et al.” showed a fivefold enhancement in the
piezoelectric response by alloying AIN with Sc, and since then,
different alloying elements have been evaluated as possible can-
didates to enhance the piezoelectric response of AIN.” Most
recently, ferroelectricity at room temperature was demonstrated in
high-alloy content Al;_«ScxN* and Al _«B«N,” as evidenced by
hysteretic and well-saturated PE loops,"” as well as by the switch-
ing behavior in piezoresponse force microscopy’ and scanning
transmission electron microscopy.” The Sc or B alloying concentra-
tion controls the coercive field and magnitude of the spontaneous
polarization. As a result of these properties and the processing
compatibility with the complementary metal-oxide-semiconductor
(CMOS), AIN has emerged as a candidate for integration in the

semiconductor industry for sensor, actuators, non-volatile memory
integration, etc.

The most intensive experimental research has been carried out
on Al;_4SckN, since ferroelectricity was first demonstrated in this
alloy by Fichtner et al.*. Al;_«ScxN has been investigated to under-
stand the effect of deposition conditions, phases, crystallinity, crystal
quality, etc., on the ferroelectric properties.s’” Increasing Sc con-
centration in epitaxial Al;_xScxN has been shown to decrease the
crystalline order and eventually induce precipitation of the rock
salt structure for Sc content >30 at. %."° Local structure and defect
densities have been shown to play a significant role in the perfor-
mance of Al;_,ScyN films, where the leakage current and breakdown
strength are improved by decreasing the dislocation density in the
film.”’ The coercive field and remanent polarization depend on the
Sc concentration, with the largest switchable polarization higher
than 100 4C cm™.* In addition, Lee et al?' have computationally
shown that increasing the chemical complexity, by increasing the
Sc content, alters the switching mechanisms in Al;_,ScN. How-
ever, more research is required to understand the effects of structural
features on the switchability and spontaneous polarization in these
ternary nitrides. Some studies suggest that the c/a ratio substantially
contributes to the polarization reversal via lattice strain;*> however,
recent studies show that the ferroelectricity in Al;_xScxN films is also
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affected by the chemical bonding and local distortions caused by Sc
incorporation.'’

Even less is known about the effects of B alloying on the
local structure in Alj_xBxN ferroelectric thin films, which main-
tains a higher bandgap relative to Al;_yScxN films. Furthermore,
relative to Sc, B is cheaper and has a lower supply-chain risk.
Density functional theory (DFT) calculations have shown signifi-
cant differences regarding the most favorable switching pathways
for both Al;_xScxN and Al;_4B«N,* which may indicate different
substituent effects on the structural characteristics. Zagorac et al.,
using first-principles simulations, showed that wurtzite remains the
most energetically favorable structure over the composition range
0.125 < x < 0.375 in Al;_«BxN,”* whereas Liu et al. later calculated
that wurtzite stability remains only up to 19% B.” Experimental
studies show that B incorporation leads to smaller lattice parameters
in sputtered thin films,””” but more research is necessary to under-
stand the effects of deposition conditions on the presence of phases,
defects, crystal quality, interfaces, and their ferroelectric behav-
ior to better design Al;_xBxN films ready for CMOS technology
integration.

Consequently, to better understand the effect of boron concen-
tration on the structural properties, we report a detailed character-
ization of Al;_yBxN (x = 0, 6, 13, and 20 at. %) films deposited by
magnetron sputtering. Structural analysis is carried out by conven-
tional and scanning transmission electron microscopies, where the
evolution of defects and spontaneous polarization is evaluated as a
function of boron content.

MATERIALS AND METHODS

Ali_«BxN films of 250-500 nm thickness are deposited on
100 nm epitaxially grown (110) W electrodes on (0001) sapphire
substrates. The substrate temperature is maintained at 400 °C for
the deposition of the bottom electrode and Al;_BxN layers. The
thermal budget is maintained at 400 °C or below such that the
process is CMOS back-end-of-the-line compatible. Al;_BxN films
are deposited by simultaneous reactive pulsed dc sputtering from a
2 in. Al (99.9995%, Kurt ]. Lesker) target and rf sputtering from
a 2 in. BN (99.5%, Kurt J. Lesker) target in a mixed nitrogen and
argon atmosphere at 0.227 Pa flowing at 10 SCCM Ar and 10 SCCM
Ny. The pulsed dc parameters for the Al source are kept constant
at 100 kHz and 1536 ns pulse width with a time-averaged power
of 200 W.

The B concentration in the films is controlled by modulat-
ing the BN target power from 0 to 150 W and is measured by
x-ray photoelectron spectroscopy (XPS) using a Physical Electron-
ics VersaProbe II. High-resolution spectra of the B 1s and Al
2p orbitals are collected and integrated using linear and Shirley
backgrounds, respectively. Multiple scans of the low-intensity B 1s
peak are recorded and averaged together to improve the signal-
to-noise ratio. Integrated area ratios normalized with relative sen-
sitivity factors from the CasaXPS software package are then used
to calculate the B concentration in the films using the formula
x = [B]/([Al] + [B]).

TEM images are acquired from mechanically polished and Ar
ion-thinned samples, using a Thermo Fisher Titan-Themis™ STEM
operated at 200 kV. Conventional bright field (BF) TEM and cen-
tered dark field (DF) images are acquired on a Thermo Scientific™
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Ceta™ camera. STEM images are acquired using a four-segment
annular detector (DF4) in the differential phase contrast (DPC)
mode to image N and Al simultaneously. Samples are crystallo-
graphically aligned with the detector segments to reduce errors in
the determination of the atomic column position.”® Differentiated
DPC (dDPC) images are calculated as the gradient of the DPC sig-
nal. A probe convergence angle of 17.9 mrad and a camera length
that results in acceptance angles between 11 and 43 mrad are used.
A set of 20 frames is collected using 200 ns dwell time and regis-
tered by cross correlation to correct for specimen drift that can cause
distortions in the images.

Position-averaged convergent beam electron diffraction
(PACBED) patterns are acquired with a probe convergence angle
of 17.9 mrad from a region with at least 200 Al;_ BN projected
unit cells. The sample thickness is then estimated by comparing
the experimental and simulated PACBED patterns, using the same
experimental conditions (see Fig. S1). Multislice image simulations
using abTEM”’ are used to simulate PACBED patterns with ten
variants in the frozen phonon configuration at 200 keV with a
spherical aberration of 1 ym, varying the sample thickness.

N-Al vector pair correlation functions (vPCFs) are calculated
using the Single Origin Python library, as described elsewhere.”
Briefly, atomic column positions are located from an atomic-
resolved STEM image, fitted with non-circular 2D-Gaussians, and
divided into Al and N sublattices. The atomic columns are fitted with
two Gaussians simultaneously as dumbbell features due to the prox-
imity of Al and N when observed along the [110] direction, ensuring
that the effect of the nearby atomic-column intensity is taken into
consideration. A 2D-histogram with the N-atomic-column to Al-
atomic-column distances and directions is plotted, as illustrated
from the simulated data shown in Fig. 1. N-atomic column posi-
tions are represented by the origin of the vPCF, shown as a yellow
circle in Fig. 1(a). A vector from the origin to the center of mass
of any vPCF peak indicates an average distance and direction from
the N-atomic column to the Al-atomic column in the structure, as
shown in Figs. 1(b) and 1(c). On the other hand, the distribution of
the peaks in the vPCF represents the vector variations in the region
where the vPCF was calculated, providing information about local
order/disorder.

The average lattice parameters and spontaneous polarization®’
are calculated based on the vPCF, as shown in Fig. 1(a). 7 represents
the mean displacement vector of the cations relative to the anions
along the [001] direction, which is used to calculate the polarization
per unit cell, based on the following equation:

€, y—
AP=2—Zur, 1
ol (1)

where AP is the change in polarization from a centrosymmetric
h-BN reference phase, e is the positive electronic charge, Q is the
unit cell volume, and Z}; is the Born effective charge for the Al
atom. Notice that 7 = 0 for a centrosymmetric hexagonal AIN struc-
ture; hence, AP can be interpreted as spontaneous polarization. The
¢ lattice parameter is extracted from the vPCF as twice the distance
between two Al atomic columns along the [001] direction (2-doo2),
while a is calculated as d 7, = a - cos (30°), where d, 7 is the distance
between two Al atomic columns along the [110] direction. Then, Q
is calculated as Q = a*c - cos(30°).
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c) N-Al vPCF

FIG. 1. (a) 2D-vPCF for N-Al, in which the interatomic distances to determine the lattice parameter (a and c) and the mean displacement between Al and N along the [001]
direction (r) are indicated, (b) atomic model projected along the [110] direction, and (c) 2D-vPCF for N-Al, in which the colored lines indicate the atomic-column distances in

the atomic model (b).

Density functional theory calculations are conducted using the
Vienna Ab initio Simulation Package (VASP) using the projected
augmented wave method, employing the generalized gradient
approximation and following the Perdew-Burke-Ernzerhof
(PBE) parameterization for exchange-correlation electronic
interactions. To investigate the influence of boron substitution
on the polarization properties of AIN, a 72-atom supercell is
constructed, which enables the exploration of the relevant Al;_yBxN
compositions. The boron atoms are randomly distributed within the
supercell using the protocol in the special quasi-random structure
(SQS) generation module of the Alloy Theoretic Automated Toolkit
(ATAT) package.”” The energy cutoff is set to 520 eV, and a
2 x 2 x 2 k-point grid based Monkhorst-Pack scheme is used for
calculations. More details of the calculation procedures can be found
in Ref. 5.

RESULTS AND DISCUSSION

A summary comparison of the structural and morphological
features observed by conventional TEM is shown in . Selected
area diffraction patterns from Al;_ BN as a function of boron
content are shown in the insets of . The patterns show the
orientation relationship between the sapphire substrate, the tung-
sten electrode, and the films as (001)s//(110)w//(001)ajgn (see Fig.
S2). For low boron contents, the epitaxial growth is maintained
along the thickness [ -2(c)]. However, for the largest B
content (20 at. %), the epitaxial growth is lost after ~100 nm, and
a randomly oriented polycrystalline growth is observed, as shown
in . No evidence of a secondary phase is observed within
the B concentration range studied in this report. This is consistent
with DFT calculations reported by Liu et al,” which show that
the wurtzite structure is the most stable phase in Al;_xBxN for B
contents up to 19 at.%. Furthermore, Zagorac et al.”* calculated
that under ambient conditions, wurtzite is the most energetically

favorable structure at standard pressure for B concentrations up
to 37.5 at. %.
shows the cross-sectional on-axis bright field (BF)
and dark field (DF) TEM images for Al;_BN for different boron
contents, x = 0, 0.06, 0.13, and 0.20. The figures show a colum-
nar growth, where the lateral grain size changes as a function of
boron content with a concomitant increase in the dislocation defect
density. To further characterize the defects, two diffraction condi-
tions are used to acquire the DF images, namely g = [002] (i.e.,
go02) and g orthogonal to goo2. The images reveal a higher density
of defects for larger boron contents independent of the diffraction
condition selected. DF images using the goo2 vectors show linear
features that are perpendicular to the surface of the substrate [see
- ], characteristic of threading dislocations, as observed
for similar structures.”* DF images acquired using a g vector perpen-
dicular to goo» show a more granular morphology. The dominant
dislocations reported in the wurtzite structure, such as GaN,” are
screw dislocations defined by the Burgers vector, b = (001), and edge
dislocations with b = 1/3(110). Mixed threading dislocations also
occur frequently and can be decomposed in edge and screw com-
ponents. It is worth noting that the higher defect densities occur
at the interface with the W electrode in all films. The dense defect
region is observed within the first 100 nm of film from the sub-
strate, which indicates the annihilation of the threading dislocation
as a function of thickness, as previously modeled.”® A high density
of threading dislocation can deteriorate the electrical performance of
the films, especially for screw threading dislocations,”” and increase
the leakage currents, in agreement that these films exhibit a high
insulation resistance up to ~6% B, above which the leakage current
values increase, consistent with the increased defect concentration
and structural disorder occurring in this range. It is important to
note that changes in B concentration are attained by altering the
deposition conditions, which may modify the plasma energy, local
strain, and ion bombardment, among others. Thus, combinations of
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FIG. 2. Cross-sectional on-axis bright field TEM images for Al{_xBxN with x equal to (a) 0, (b) 0.06, (c) 0.13, and (d) 0.20. The insets in panels (a)-(d) are the corresponding
selected area electron diffraction patterns. The yellow lines highlight the Al;_4BxN reflection to differentiate them from the substrate and W electrode. The corresponding dark
field TEM images for ggo vector for x = 0 (e), 0.06 (f), 0.13 (g), and 0.20 (h). The corresponding dark field images for a g vector orthogonal to gggp for x = 0 (i), 0.06 (j),

0.13 (k), and 0.20 (I).

these effects, together with the changes in the local structure, caused
by the B concentration are possible contributors to the Al;_yBxN
defect density and disorder.

To further quantify the disorder that emerges in the highest
B-content AlygBo2N film and its thickness dependence, 4D STEM
analysis is carried out. Figure S3 shows the epitaxial growth near the
substrate for the first 100 nm, transitioning to misoriented grains
for larger thicknesses. Any grains with [001] tilted off the substrate
normal will experience a smaller electric field component parallel to
the polar axis for a given voltage, which will make switching more
difficult, particularly in systems where coercive voltages are close
to the breakdown voltages. Previous studies have demonstrated that
high B-content films with a similar disorder do not show polariza-
tion reversal.” This additional analysis is included to demonstrate
that highly metastable compositions with 20% B can be experimen-
tally achieved, likely from quenching the high kinetic energy of

sputtered adatoms and interface epitaxy contributions. However,
this state may be difficult to sustain to arbitrary thickness val-
ues. In addition, it is important to note that the ~20% limit
reported here is likely not universal, ie., the width of the sol-
ubility window achievable by magnetron sputtering may depend
on deposition energetics and the substrate choice, among other
factors.

Atomic resolution images are acquired to determine the
local structural changes caused by the boron incorporation.
Figures 3(a)-3(d) show the dDPC-STEM images for Al;_BxN along
the [110] zone axis, with different boron contents x = 0, 0.06, 0.13,
and 0.20. Although less disordered regions are selected for atomic
resolution in all compositions, the images evidence a higher content
of defects for the 13 and 20 at. % of boron-concentration films, in
agreement with highly defective films observed by the DF images
(see Figure. S$4 for a larger field of view).
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FIG. 3. STEM-dDPC images for Al;_,B,N with x equal to (a) 0, (b) 0.06, (c) 0.13, and (d) 0.20.

Film growth exhibits an N-polar orientation [see Fig. 3(a),
inset] independent of the boron content. N-Al vector pair-
correlation functions (VPCFs), calculated from Figs. 3(a)-3(d), are
shown in Fig. 4. For clarity, the origin of the VPCF is marked
with a yellow circle, which represents the position of the N-atomic
columns, while the vPCF peak intensities represent the distribution
of the N-Al bonds projected along the [110] direction. To cor-
relate the experimental results and modeled structures, vPCFs are
also calculated from the projected atomic positions of the relaxed
SQS models with similar compositions, projected along the [110]

zone axis. Both experimental and simulated results evidence larger
structural dispersions as boron is incorporated. This is attributed
to the significant changes in the local bonding due to the smaller
bond length of B-N (~1.60 A) compared to Al-N (x1.91 A), as
observed in the SQS relaxed models, promoting local disorder.
Although both ¢ and a lattice parameters have been shown to
decrease monotonically as a function of B content maintaining a c:a
ratio of 1.6,° the vPCF standard deviation (i.e., 0.1 A) lies within
the variation range, which hinders the observation of such small
changes. However, the c:a ratio of 1.60 + 0.02 is observed among
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FIG. 4. (a) Experimental 2D N-Al(B) vector pair correlation function for Aly_yBxN with x = 0, 0.06, 0.13, and 0.20. (b) 2D vector pair correlation function for N-Al and N-B for
0%, 6%, 13, and 17 at. % of B in AIBN from DFT models, (c) lattice parameters and c:a ratio, and (d) structure-based polarization calculated from vPCFs.
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different compositions [see Fig. 4(c)], in agreement with previous
reports.

Figure 4(d) shows the structure-based spontaneous polariza-
tion calculated from the vPCF, indicating a slight increase from
118 + 8 uC/cm® in pure AIN to 128 + 6 uC/cm® for 6 at.%
boron, while decreasing for higher boron contents. Structure-based
spontaneous polarization was also calculated from the DFT mod-
els. The DFT-based calculations predict a monotonic increase in
polarization as a function of boron content. Such discrepancies
between experiment and theory are attributed to an overall decrease
in crystalline order with an increase in B concentration, which is
not accounted for in the DFT calculations. Hayden et al® also
reported decreasing remanent polarization values obtained by P-E
hysteresis loops in Al;_xBxN, demonstrating similar tendencies to
the structure-based spontaneous polarization measurements. In this
study, the authors attribute the diminishing value of the rema-
nent polarization for B contents that are larger than 6 at. % to a
reduced crystallinity and to an increase in in- and out-of-plane
mosaicity.

CONCLUSIONS

Al _xBxN films (with 0 < x < 0.2) deposited on W/sapphire sub-
strates using magnetron sputtering were investigated by transmis-
sion electron microscopy. Cross-sectional images revealed a typical
columnar growth of the films, with a high density of threading dislo-
cations that increase as a function of the boron content. A reduction
in the crystalline order is observed for larger contents of boron, to a
point at which the epitaxial growth is compromised and a random
orientation evolves as a function of thickness for AlypgBo,N films.
Structural analysis by vPCFs showed that the ¢/a lattice parameter
ratio remained constant at around 1.60, while providing informa-
tion in the local disorder from the spread in the peak distributions.
These vPCF distributions broadened substantially with the addition
of B to the AIN lattice. Spontaneous polarization in the films var-
ied from 99 + 10 to 128 + 6 /AC/CmZ, with a maximum at 6 at. % B,
attributed to the local increase in the Al-(N,B) bond lengths atten-
dant with the B alloying. Beyond 6 at. % B, we note a decrease in
spontaneous polarization, which is attributed to a greater crystalline
disorder in the films.

SUPPLEMENTARY MATERIAL

The supplementary material provides the additional simulated
PACBED patterns for AIN as a function of thickness and crystal
mistilt, SAED patterns for AIN, 4DSTEM analysis of the AlysBo.N
layer, and larger field of view STEM-dDPC atomic resolution images
for Al;_BxN.
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