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Ferroelectric wurtzites have the potential to revolutionize modern microelectronics because they are
easily integrated with multiple mainstream semiconductor platforms. However, the electric fields
required to reverse their polarization direction and unlock electronic and optical functions need
substantial reduction for operational compatibility with complementary metal-oxide semiconductor
(CMOS) electronics. To understand this process, we observed and quantified real-time polarization
switching of a representative ferroelectric wurtzite (Alp94Bo.06N) at the atomic scale with scanning
transmission electron microscopy. The analysis revealed a polarization reversal model in which puckered
aluminum/boron nitride rings in the wurtzite basal planes gradually flatten and adopt a transient
nonpolar geometry. Independent first-principles simulations reveal the details and energetics of the
reversal process through an antipolar phase. This model and local mechanistic understanding are a
critical initial step for property engineering efforts in this emerging material class.

etween 2019 and 2021, researchers world-

wide demonstrated unexpected ferro-

electricity in solid solutions in the AIN-ScN

(I), AIN-BN (2), GaN-ScN (3), and ZnO-

MgO (4) composition families. These re-
ports disrupted the more than 100-year-old
perspective that wurtzite crystals are pyro-
electric and piezoelectric but cannot be ferro-
electric because the polarization cannot be
switched with an electric field. The important
scientific and technological consequences that
accompanied this understanding were that (i)
we have a previously unknown class of ferro-
electrics that violates the long-standing rela-
tionship linking polarization and ferroelectric
transition temperature (5)—that is, they are
likely not soft-mode ferroelectrics; (ii) the new
physical mechanisms that enable ferroelectricity

IDepartment of Materials Science and Engineering, Carnegie
Mellon University, Pittsburgh, PA 15213, USA. ?The
Pennsylvania State University, Department of Materials
Science and Engineering and Materials Research Institute,
University Park, PA 16802, USA.

*Corresponding author. Email: ecdickey@cmu.edu

B

Vacuum
Alp 94Bo 06N

Fig. 1. Structure of (Al,B)N. (A) dDPC-STEM images for (Al,B)N film. (B) Fast
Fourier transform calculated from the (AlB)N region of image in (A). (C) dDPC-STEM
image of an (Al,B)N grain oriented along the [110] direction, where the location of

Calderon et al., Science 380, 1034-1038 (2023)

will almost certainly impart different manifes-
tations of physical scaling trends and differ-
ent property dependencies on temperature,
pressure, and time; and (iii) these materials
can be processed at or near room temperature
with a robust property response, and in some
cases (for example, Al;_,B,N) they consist ex-
clusively of elements that are already common
and essential in the silicon complementary
metal-oxide semiconductor (CMOS) front end.

This emerging ability to directly integrate a
strongly hysteretic nonlinear dielectric is trans-
formational for future logic, memory, high-
power, acoustic, or electro-optic devices (6-8).
These ferroelectrics, however, bring their own
challenges, the most notable being that the
margin between the coercive field and break-
down field is uncomfortably small at room tem-
perature. Consequently, devices are operated in
close proximity to their failure thresholds, which
invariably erodes electrical endurance and can
induce degradation pathways.

Lowering the energetic switching barriers is
a principal goal necessary to realize the full po-
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tential of ferroelectric wurtzites in electr
optical, and acoustic devices. Empirically, ..~
know that epitaxial tensile strain and an in-
creased dopant concentration can reduce coer-
cive fields in Al,_,Sc,N (9, 10) and Al,_,B,N (2),
presumably by reducing the energy barriers
that regulate the polarity switch, and that in-
creasing temperature also reduces the coercive
field by thermally activating the nucleation
and switching processes (11). These trends are
based on macroscopic observations—that is, on
measuring millimeter-scale capacitors—and
although the trends demonstrate possibilities
to reduce the coercive field, they do not pro-
vide local mechanistic insight.

Understanding these trends and phenomena
at global and local-length scales is essential so
that the property response of wurtzite ferro-
electrics can be further developed for practical
use. We addressed this challenge by measur-
ing in situ the polarization reversal process at
the atomic scale. Our experimental approach
takes advantage of local electrostatic sample
charging occurring during the illumination of
dielectric materials in the electron microscope,
which can induce the necessarily large local
electric fields (12, 13) for polarization switch-
ing in ferroelectrics (14, 15). We used scanning
transmission electron microscopy (STEM) in
differentiated differential phase contrast mode
(dDPC) to observe in situ polarization inversion
in thin films of the composition Al 94Bg 06N
[(Al,B)N]. Materials in this composition space
have remanent polarization (P,) values exceed-
ing 125 uC cm™ while maintaining bandgaps
above 5.8 €eV; this is a substantial advantage
relative to other wurtzite-based ferroelectrics,
albeit the coercive fields are also larger (2). Our
experimental analysis documents polarization
switching with quantitative information at
the atomic scale that is coinformed with first-
principles calculations of the same compo-
sition. The first-principles simulation analyses
provide an atomic-scale understanding of the
switching pathways and energetics in these
emerging ferroelectric materials. Covalidation
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the atomic columns has been highlighted with blue (N) and gray (Al) circles after
Gaussian fitting. “P" with arrow shows the direction of polarization. (D) dDPC image
overlapped with a vector map indicating the calculated polarization at each unit cell.
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of STEM imaging and density functional the-
ory support a switching mechanism in which
atransient antipolar structure mediates the
switching process; the transient structure is
similar to long-standing models for inversion
domain boundaries in III-nitrides.

Effect of boron and wake-up process on
the structure

We show a dDPC-STEM image of an (AL,B)N
film grown by means of reactive pulsed dc sput-
tering on a W electrode, showing a columnar
grain structure with a nominal epitaxial relation
of (ALB)N <001> // W <110> // growth direction
(Fig. 1). The W electrode is faceted, and we
observed small variations in the orientation of
(ALB)N grains, leading to the low density of
dislocations that are observed in the image. We
detected the out-of-plane crystalline mosaicity
in the rocking curves of the 002 reflection of the
(ALB)N films, with full width at half-maximum
(FWHM) values of 1.44° (fig. S1).

From the STEM images, we made structural
polarization measurements to compare with
macroscopic measurements. To quantify the
spontaneous polarization, we acquired dDPC
images along the <110> zone axis (Fig. 1C),
where the growth direction points from the
bottom to the top of the image along the [001]
direction of (AL,B)N. We determined the polar-
ization orientation from the images by estab-

A Pure AIN

N-polar

lishing the nitrogen tetrahedral orientation
(Fig. 1C, inset). This orientation is polarization
down—that is, the positive end of the perma-
nent dipole points to the substrate, which is
commonly referred to as an “N-polar” growth
direction. Among the observed regions, the
N-polar orientation is uniform with no evi-
dence of Al-polar orientations, which is consist-
ent with prior studies that show uniformly
N-polar-oriented films (I6). The atomic-column
positions of both Al(B) and N were determined
with a Gaussian fitting process on the dDPC
images, which allows precise location of the
atomic-column positions and thus an accurate
quantification of the polarization, as previously
reported (17). The polarization was quantified
by using the Born effective charges calculated
from density-functional perturbation theory
(18). We show a vector-map representation of
the calculated polarization per unit cell for an
as-deposited (ALB)N film (Fig. 1D), which we
discuss in comparison with other samples.
We constructed a summary comparison of
the calculated polarization per unit cell for
as-deposited pure AIN film (Fig. 2A), an as-
deposited (Al,B)N film (Fig. 2B), and a field-
cycled (ALB)N film left in the opposite polarity
from the as-deposited film (Fig. 2C). The
sputtered AIN film (Fig. 2A) exhibits an average
polarization magnitude of 1.13 = 0.07 C m™>.
The standard deviation is close to the measure-
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ment uncertainty arising from the atomic-
column fitting process. The average measured
polarization magnitude is 6.6% less than that
of the ideal AIN structural model (1.21 C m™2).
The as-deposited (Al,B)N film (Fig. 2B) exhib-
its an average spontaneous polarization of
1.30 C m 2, 13% larger than the undoped film,
which is in agreement with the trend pre-
dicted by first principles (2). The (Al,B)N film
exhibits peak-to-peak variations of 1.13 to
136 Cm 2 and a standard deviation of 0.10 C m™
within the measured area. These variations,
which exceed the measurement error, are
consistent with the chemical and structural
inhomogeneities associated with the 6% B
substitution—for example, FWHM x-ray peak
widths of ~1° in w and 26 circles and a large
radial misfit of B for Al.

Electric field-induced polarization switching
from the as-deposited unipolar state can be
highly frequency dependent. For Kilohertz
pulses just above the coercive field, full reversal
per cycle may take many tens of cycles. For
slow cycling (for example, 0.1 Hz), one sweep
can be sufficient. This “wake-up” process that
precedes fast polarization reversal is ascribed
to low initial domain-wall density and mobility
(16). To better understand this wake-up pheno-
menon, we completed the same STEM polar-
ization analysis on a field-cycled sample and
compared those results against bulk electrical

C Fully woken-up AIBN

I-polar
Paverage= -1.40 £ 0.14 C/m?

Fig. 2. Polarization evolution. (A to C) dDPC images for (A) pure AIN, (B) (Al,B)N as-deposited, and (C) field-cycled (Al,B)N. (D) Schematic of the structure
modification after boron incorporation and field cycling. dDPC-STEM images showing the full field of view are presented in fig. S2.
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Fig. 3. In situ polarization switching. (A) dDPC-STEM frames at O, 209, 266,
and 361 s for in situ polarization switching. (B) AIN dumbbell-angle evolution as a
function of time for the corresponding frames in (A). The Roman numerals in

(A) and (B) indicate the different regions in the images going from the top of the

measurements. For a fully woken-up sample,
hysteresis loops yield P, of 1.38 = 0.01 C m™2,
whereas dDPC-STEM imaging yields 1.40 +
0.14 C m™2 Furthermore, the STEM-based
polarization measurements allow us to com-
pare the intrinsic spontaneous polarization in
the as-deposited and field-cycled states (Fig.
2, B and C). The similarity of these STEM-
quantified polarization magnitudes (average
values within ~7%) suggests that the wake-up
process does not substantially alter the bulk
material structure.

To further explore this possibility, we ana-
lyzed the average local structure evolution
using two-dimensional vector pair correlation
functions (vPCF) calculated from dDPC-STEM
images that can be found in the supplemen-
tary materials (fig. S3) (19). The relevant param-
eter extracted from vPCF is Ar (Fig. 2D), which
describes the distance between the nearest
(ALB) basal-plane layers and N layers, also
referred to as the “puckering” of the wurtzite
basal planes. Whereas the average Ar increases
10% on alloying AIN with 6% B, the Ar in as-
deposited and field-cycled (Al,B)N states are the
same within one standard deviation of the
measurement distribution, supporting the con-

Calderon et al., Science 380, 1034-1038 (2023)

numbered from 1 to 8 for
evolution as a function of

clusion of no major structural phase transitions
during the wake-up process. We therefore
infer that the wake-up phenomenon is more
likely associated with interfacial or nucleation
site-based mechanisms than bulk crystal-
structure changes.

In situ switching observations

Electron microscopy can visualize ferroelectric
polarization reversal at length scales that
reveal local atomic and domain structures
(15, 20). In these cases, preparation of extremely
thin parallel-plate capacitor structures that
can be field cycled either in situ or by imple-
menting a nanoprobe that applies a local bias
is common (20). Wurtzite ferroelectrics are
difficult to analyze with these methods because
of the large coercive fields that invariably
accelerate surface migration of atomic species
across the sample surface and create short-
circuit pathways. Alternatively, prior reports
demonstrate that the charge accumulation
from beam-solid interactions in electron and
ion microscopes can create internal fields large
enough to reverse ferroelectric polarization
(14, 15). By using extended beam exposures
during STEM image acquisition, polarization

9 June 2023

frame (1) to the bottom (IV). The rows of AIN dumbbells in the images are

reference between (A) and (B). (C) Dumbbell-angle
time for one unit cell. (Inset) The schematics of the

dumbbell angle and the dDPC images at specific times.

reorientation can be achieved from the large
lateral electric fields that emerge from the
beam-solid interactions that produce positive
sample charging, as described in detail by
Cazaux (12). For very thin samples, incident
electrons do not contribute substantially to
charge accumulation because they are fully
transmitted. However, some electrons are
scattered inelastically, promoting ionization
and secondary and Auger electron emission
and a net positive charge accumulation for
electrically insulating materials. This super-
imposes additional built-in electric fields, which
can reach the megavolt-per-centimeter range
needed to switch (AL,B)N. Our primary data-
set is an in situ domain switching movie collected
on an (AlLB)N film (movie S1). We summarize
the in situ data with a set of frames spanning
the roughly 7-min experiment (Fig. 3). The
images are indexed from top to bottom with
row numbers and divided into four regions
(L, 11, III, and IV), with region I closest to vac-
uum (the top of the sample), where the charge-
induced field is expected to be largest in the
vertical direction (and thus capable of inducing
switching), and region IV closest to the bottom
electrode, which provides a physical path to
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Fig. 4. Nudged-elastic-band simulation of polarization reversal pathways. (A) Nudged-elastic-band simulation of polarization reversal pathways for AIN and
Alis,16B1/16N. (Insets) The structural models at specific stages of the simulation. (B) Structural model of the nonpolar transient state calculated for Alis,16B1/16N
viewed along different projections. (C) Atomic models, STEM image simulations, and experimental images for the N-polar, nonpolar, and Al-polar states.

microscope ground. This distinction is impor-
tant because the electric field in the experiment
will necessarily be spatially heterogeneous in
magnitude and evolve over time; nonetheless,
it serves as an important mechanism to in-
duce switching in these large-coercive-field
samples. Our STEM images are overlayed with
red, white, and blue lines, which indicate quan-
titatively (from image analysis) the dumbbell
angles associated with the bond puckering in
the wurtzite basal plane; red is positive, blue is
negative, and white is 0° on average. We show
four graphs that quantify the average dumb-
bell angles for regions I through IV (Fig. 3B),
each one representing a unit-cell-thick layer.
We note four observations: (i) In region I,
the transition between red and blue is the
most clear and uniform and occurs first; this
observation is consistent with expectations for
maximum charging fields in this zone. (ii) As
one progresses from the top zones to the bot-
tom zones, the dumbbell-angle transition is
less uniform, and the switching process takes
longer; this is again consistent with the antic-
ipated electric-field evolution and gradient
direction. (iii) Region IV and below do not
completely switch, which is attributed to dimin-
ishing electric field toward the bottom of the
sample. (iv) The regions of the sample that
switch do so through a transient state in which
the integrated intensities of all associated
scatterers yield an average dumbbell angle of
0° (Fig. 30).

We also note the 209-s panel in Figure 3A,
and in particular, the yellow highlighted rectan-
gular region where the largest electric field is
expected. The dumbbell-angle rotation, and
thus switching, initiates first at the top of this
rectangle and progresses laterally and verti-
cally with time; the structure in this region is

Calderon et al., Science 380, 1034-1038 (2023)

identified as a local domain nucleation site
with attendant domain walls.

Last, we show the average AIN dumbbell-
angle progression for one unit cell in the movie
close to the location of maximum anticipated
electric field (Fig. 3C). The angle evolution from
positive to negative values, and thus polariza-
tion down to up, is clearly visible. Figure 3C also
contains inset images of the initial N-polar
(polarization-down) state, the final Al-polar
(polarization-up) state, and the transient inter-
mediate state of this region of the sample.

To further understand the switching path-
way and identify the transient state observed
experimentally, we carried out first-principles
calculations using the nudged-elastic-band
method for determining the minimum energy
pathway for polarization reversal in both AIN
and Aly5/6By/16N, which closely matches the
experimental composition. After structural
optimization, we calculated the polarization
reversal pathways (Fig. 4A). The results high-
light two distinct mechanisms, in which AIN
switches coherently in one step at 0.523 eV/
formula unit (fu.), whereas Al;5/16B;/16N switches
sequentially in nine steps at 0.200 eV/f.u.
The coherent polarization reversal suggests
that pure AIN switches through a nonpolar
hexagonal (h)-BN-like structure, whereas in
Aly5/16B1/16N, we observed an average non-
polar supercell in the middle of the switching
process (Fig. 44, insets). This metastable state
is not a ~-BN-like structure but consists of anti-
polar arrangements of wurtzite motifs when
viewed along the [100] direction, as shown in
our atomic models (Fig. 4B). A more convoluted
structure is observed when projecting the
structure along the [110] or [010] orientation
(Fig. 4B), where N-polar and Al-polar unit
cells are overlapped in this projection, which

9 June 2023

agrees qualitatively well with the transient
structure observed during the in situ switch-
ing experiments. Both in situ data and first-
principles calculation independently show that
the anion and cation sublattice contribute com-
parable distortions along the switching path.

To correlate the experimental observations
and the first-principles calculations, we carried
out dPDC-STEM image simulations using the
atomic models of the Alys16By/16N, at the initial
(N-polar), middle (nonpolar), and final (Al-polar)
step in the simulation (Fig. 4C). The simulated
images correlate well with the experimental
STEM images at different stages during the
switching process, corroborating the nonpolar
state predicted with the nudged-elastic-band
simulations. Similar projected local structures
have been observed with TEM and STEM
images in polarity inversion domain boundaries
(IDBs) in other wurtzite structures (21-23),
and the four- and eightfold rings of bonds that
were found in simulations of IDBs in GaN (24)
are present in this metastable Als6B1/16N
structure (fig. S4)). The low-energy IDB in GaN
exhibits no interface electronic gap states
because the Ga and N atoms can maintain
similar local coordination as the parent wurtz-
ite phase.

These results provide insight into the induced
ferroelectricity of wurtzite structures such as
AIN, where the incorporation of alloying ele-
ments, such as B, in the parent wurtzite struc-
ture, results in substantial local-bonding and
local-structural distortions, as has been pointed
out in the (ALSc)N system (25). We demonstra-
ted that this disorder provides low-energy path-
ways to nucleate the switching process and that
the switching is mediated by a metastable
transient nonpolar state. This nonpolar meta-
stable state maintains a local structure similar
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Atomic-scale polarization switching in wurtzite ferroelectrics
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Editor’'s summary

Nitride-based ferroelectric wurtzites are an emerging family of crystals that are highly attractive as switching materials
for modern microelectronics. The chemistry of these materials is a good match for current semiconductor platforms.
Calderon et al. used an array of characterization tools to determine exactly how a representative wurtzite composed of
aluminum, boron, and nitrogen undergoes polarization switching. A more detailed understanding of this process is vital
for lowering the electric field under which these materials switch, because this is a limiting factor in moving them into
applications. —Brent Grocholski
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