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Nanoscale Phase and Orientation Mapping in Multiphase
Polycrystalline Hafnium Zirconium Oxide Thin Films Using
4D-STEM and Automated Diffraction Indexing

Garrett Baucom, Eitan Hershkovitz, Paul Chojecki, Toshikazu Nishida, Roozbeh Tabrizian,

and Honggyu Kim*

Ferroelectric hafnium zirconium oxide (HZO) holds promise for
nextgeneration memory and transistors due to its superior scalability and
seamless integration with complementary metal-oxide-semiconductor
processing. A major challenge in developing this emerging ferroelectric
material is the metastable nature of the non-centrosymmetric polar phase
responsible for ferroelectricity, resulting in a coexistence of both polar and
non-polar phases with uneven grain sizes and random orientations. Due to
the structural similarity between the multiple phases and the nanoscale
dimensions of the thin film devices, accurate measurement of phase-specific
information remains challenging. Here, the application of 4D scanning
transmission electron microscopy is demonstrated with automated electron
diffraction pattern indexing to analyze multiphase polycrystalline HZO thin
films, enabling the characterization of crystallographic phase and orientation
across large working areas on the order of hundreds of nanometers. This
approach offers a powerful characterization framework to produce a
quantitative and statistically robust analysis of the intricate structure of HZO
films by uncovering phase composition, polarization axis alignment, and
unique phase distribution within the HZO film. This study introduces a novel
approach for analyzing ferroelectric HZO, facilitating reliable characterization
of process-structure-property relationships imperative to accelerating the

potential applications in information
storage and processing technologies,
such as non-volatile memory devices
and field-effect transistors.'* A notable
feature of HfO, is its ability to stabi-
lize regions with spontaneous electric
polarization (domains) at mnanoscale
dimensions. For example, ferroelectricity
and electric-field-controlled polarization
switching have been demonstrated in
HfO, thin films with thicknesses well
below 10 nm with the thinnest reported
thickness being a mere 1 nm, offering
the exceptional scalability desirable for
realizing devices with high density and
low power consumption.>® This is
in stark contrast to conventional fer-
roelectric materials with a perovskite
structure, which suffer from a loss
of spontaneous polarization with de-
creasing size.”1% In addition, the thin
film growth and processing methods
required for building HfO,-based ferro-
electric devices are currently employed
for conventional semiconductor fabri-

growth optimization, performance, and successful implementation of

ferroelectric HZO in devices.

1. Introduction

Ferroelectricity in Si-doped hafnium oxide (HfO,) dis-
covered in 2011 has garnered significant interest for its
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cation and have a low thermal budget,
thus offering a straightforward path
toward complementary metal-oxide-
semiconductor (CMOS) integration of
HfO, thin films.[''12] These advantages have spurred the rapid
development of a wide range of emerging HfO,-based ferro-
electric devices, including ferroelectric tunnel junctions, 3D fer-
roelectric random-access memory, nanoelectromechanical res-
onators, and ferroelectric analog synaptic transistors.[*313-18]
Structurally, HfO, is unique in that it can adopt multiple
polymorphs. At room temperature and atmospheric pressure,
it adopts a monoclinic structure (m-phase), which transforms
to tetragonal (t-phase) and ultimately cubic (c-phase) structures
with increasing temperature.[*22l These thermodynamically sta-
ble phases are all centrosymmetric and are therefore irrespon-
sible for ferroelectricity. The widely accepted origin of ferro-
electricity is a metastable orthorhombic structure (o-phase) with
space group Pca2;, which has been thoroughly explored through
computational and experimental methods.!'*?023-2°] Extensive
research has demonstrated that the ferroelectricity in HfO,
emerges when HfO, thin films are doped with other elements
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(e.g., Si, Al, Sr) and are geometrically confined (e.g., metal-
ferroelectric-metal structure), followed by a high-temperature an-
nealing process.?-*7] While this approach achieves macroscopic
ferroelectricity, challenges persist regarding the mixture of the
polar o-phase with non-polar ¢- and m-phases as well as the ran-
dom orientation and non-uniform size of the o-phase grains. The
ability to produce phase pure thin films with controlled orienta-
tion is critical for maximizing device performance metrics such
as power consumption and retention in memory devices. The
polycrystalline nature and the lack of characterization methods
with high spatial resolution and phase sensitivity pose increas-
ing challenges in building robust process-structure-property re-
lationships. Therefore, accurately characterizing the microstruc-
ture of ferroelectric thin films such as the phase composition,
spatial distribution, and orientation of multiple phases is crucial
for understanding the impact of thin film growth parameters on
the microstructure of HfO, thin films and ultimately establish-
ing materials design strategies aimed at achieving targeted per-
formance for relevant devices.

Grazing-incidence x-ray diffraction (GIXRD) is the most com-
mon method for the structural characterization of HfO,-based
ferroelectric thin films due to its phase sensitivity and non-
destructive sample preparation.['>3#3%] However, distinguishing
the polar o-phase from non-polar phases of fluorite-structured
HfO, remains challenging due to their similar lattice constants
and peak broadening arising from finite size effects, hampering
the isolation of diffraction signals from individual phases.[202140]
As a result, many x-ray diffraction peaks are labeled as a mix-
ture of multiple phases.!'*3**42] Other techniques such as Ra-
man or infrared spectroscopy have also been used in identify-
ing and distinguishing HfO, phases.[***4] However, GIXRD, Ra-
man, and infrared spectroscopy are bulk measurements and lack
the ability to provide site-specific crystallographic information
about the material. Low-energy transmission Kikuchi diffraction
(TKD) in scanning electron microscopy (SEM) has been used to
reveal the plan-view microstructure of HfO, thin films, allow-
ing for spatially resolved microstructure analysis.[**’] However,
its spatial resolution is on the order of tens of nanometers, in-
sufficient for ultrathin HfO, films with nanoscale grains. In ad-
dition, the signal from both the top and bottom electrodes par-
tially contributes to the transmitted diffraction patterns, likely de-
grading the data signal-to-noise ratio. High-angle annular dark-
field (HAADF) imaging in conjunction with position averaged
convergent beam electron diffraction (PACBED) in scanning
transmission electron microscopy (STEM) has been successfully
used to identify phase information of individual grains and un-
cover the structural origin for ferroelectricity in doped HfO, thin
films.[*-31] However, such atomic-scale structure information is
available only for grains whose major zone axes align close to
the observation direction in STEM, limiting the statistical analy-
sis of the microstructure. More recently, scanning based electron
diffraction techniques in STEM have been employed to charac-
terize grain size distributions and reveal the phase and orienta-
tion information of individual grains in fluorite-structured oxide
thin films.’?] While these studies hold promise in the high-
resolution microstructural analysis of thin films, the informa-
tion is restricted to either a limited range of orientations or a few
specific polymorphs. Therefore, there is a pressing need to de-
velop a methodology that enables unambiguous determination
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of both phase and orientation information of individual grains in
HfO, thin films featuring multiple phases, non-uniform grain
size, and random orientation.

Here, we demonstrate high-resolution phase and orientation
mapping of multiphase polycrystalline hafnium zirconium ox-
ide (Hfy5Zr,;0,, HZO) thin films using 4DSTEM. This tech-
nique generates a 4D dataset consisting of 2D diffraction pat-
terns captured at every position of the electron probe scanned
over a 2D region within the specimen. Utilizing an automated
diffraction pattern indexing technique established in this work,
we reveal the spatial distribution of grains with both polar and
non-polar phases, providing the phase and orientation informa-
tion of a 10 nm-thick polycrystalline HZO film with a spatial res-
olution of ~1.5 nm. The resulting phase and orientation maps
are further confirmed and validated using HAADF and annular
bright-field (ABF)-STEM imaging. Our approach enables a quan-
titative analysis of the HZO microstructure such as phase compo-
sitions and preferred alignment of the polarization axis of polar
phase grains. This comprehensive microstructure analysis with
high spatial resolution over a large field of view (500 nm wide)
highlights the ability to conduct robust statistical analysis of the
complex structure of HZO thin films, crucial for understanding
the effectiveness of thin film growth controls and establishing
thin film growth and processing strategies toward predictable
and controllable microstructure and ferroelectric performance.

2. Results and Discussion

2.1. Automated Diffraction Indexing Method

We used a TIN-HZO-TiN heterostructure as a model system, rel-
evant to ferroelectric random access memory devices and ferro-
electric tunnel junctions, to perform the microstructure analysis
of HZO thin films. The metal-ferroelectric-metal (MFM) struc-
ture was subject to a cyclic application of electric fields (i.e.,
wake-up cycling), exhibiting a single-loop hysteresis in the po-
larization and voltage curve (Figure S1, Supporting Information)
which is the characteristic feature of ferroelectric materials. The
low-magnification HAADF-STEM image in Figure 1a shows the
cross-section view of the MFM structure consisting of a 10 nm-
thick HZO thin film confined by 10 nm-thick TiN electrodes as
well as the top Pt layer. To characterize the phase and orientation
of individual grains within the HZO thin film, 4D-STEM was em-
ployed to collect spatially resolved electron diffraction patterns
across the MFM structure. Figure 1b shows the schematic of the
4D-STEM data acquisition using an electron microscope pixel ar-
ray detector (EMPAD).*] In this work, we acquired a series of
nanobeam electron diffraction (NBED) patterns in 4D-STEM us-
ing a near-parallel electron probe with the semi-convergence an-
gle of ~0.9 mrad. As a result, each NBED pattern displays a col-
lection of well-separated diffraction spots whose geometric posi-
tions and intensities offer crystal structure and orientation infor-
mation. 4D-STEM data was collected from the red dotted box area
(500 nm X 26 nm) in Figure 1la that covers the MFM structure.
The electron probe with a diameter of ~1.5 nm full-width half-
maximum (Figure S2, Supporting Information) was employed
to secure high spatial resolution and cover the local area larger
than the projected unit cell sizes of all the reported polymorphs.
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Figure 1. a) HAADF-STEM image showing the structure of the MFM device; the area of the sample scanned with 4D-STEM is indicated by the red dotted
rectangle. b) Schematic of the 4D-STEM acquisition and c) the pattern matching procedure used in this study. The procedure starts with preprocessing
raw data from the detector and simulations, and then a radially integrated intensity profile is calculated for each image. The profiles of the experimental
and simulation patterns are compared using cross-correlation to narrow the number of patterns to finally compare directly, accounting for rotation to

find the single best match.

Thus, the resultant NBED patterns are representative of the local
crystal structure.

Figure 1c illustrates the procedure of the automated diffrac-
tion indexing process. To determine the phase and orientation in-
formation from the 4D-STEM dataset, each experimental NBED
pattern is compared with dynamic electron diffraction simula-
tion data for the reported polymorphs along all possible orien-
tations. To determine which phases to perform electron diffrac-
tion simulation for, we used GIXRD to identify possible phases
that may be present in our sample. The GIXRD spectrum (Figure
S3, Supporting Information) shows strong reflections at 26 val-
ues associated with m-phase (space group P2, /c), t-phase (space
group P4,/nmc), and o-phase (space group Pca2;). We note that
reflections associated with the polar rhombohedral phase (space
group R3m)5738] are not observed in our sample. Matching each
experimental NBED pattern with a large volume of simulation
data (> 10* unique patterns) using an exhaustive search is com-
putationally slow. To address this, we utilized the radially inte-
grated 1D diffraction intensity profiles to create a screened group
of the most similar simulated NBED patterns using normalized
cross-correlation (NCC). Then, the best match from the screened
group was ultimately determined by performing NCC between
the 2D simulated and experimental NBED patterns with the con-
sideration of the in-plane rotation of NBED patterns. This sig-
nificantly accelerated the computational process by reducing the
number of 2D image comparisons needed. As the grain size in
HZO thin films is on the order of tens of nanometers, we pre-
pared a thin TEM lamella with a thickness of ~8 nm to miti-
gate the occurrence of multiple grains within a single diffraction
pattern caused by overlap along the viewing direction. The best-
matched simulation data for individual NBED patterns in the 4D-
STEM dataset offers the phase identity and orientation informa-
tion, resulting in corresponding 2D maps across the films over a
relatively large working area that are discussed in the following
section. The NBED simulation parameters (Table S1, Support-
ing Information), matching procedure, and preprocessing of the
data (Figure S4, Supporting Information) are further discussed
in detail in the Supporting Information.
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2.2. Phase and Orientation Maps

Figure 2a,b displays the phase map and corresponding orienta-
tion maps of the m-, 0-, and t-phases. The phase map in Figure 2a
shows that the dominant phase present is the polar o-phase, as
expected from the measured hysteresis loop in Figure S1 (Sup-
porting Information). The phase fraction of the o-phase is 52%
while those of the non-polar m- and t-phases are 11% and 37%,
respectively. While macroscopic ferroelectricity was measured in
the HZO thin film after the high-temperature heat treatment and
wake-up cycling, a large fraction of the film remained non-polar.
The coexistence of both polar and non-polar phases observed in
this work is consistent with previous experimental studies on
HZO thin films grown with similar growth methods and process-
ing conditions (e.g., atomic layer deposition, confined geometry,
and high-temperature annealing).'®%! The orientation maps for
the three HZO phases are shown in Figure 2b, providing the spa-
tial distribution of each phase with the in-plane orientation infor-
mation along the viewing direction in STEM.

To evaluate the reliability of our analysis, we inspected both the
experimental and matching simulated NBED patterns from sev-
eral well-defined grains. Representative diffraction patterns from
three areas in the o-phase are shown in Figure 3b. Excellent agree-
ment is found between the experimental diffraction patterns and
the matched simulated patterns. Comparisons between exper-
imental and matching simulated NBED patterns from the m-
and t-phases are shown in Figure S5 (Supporting Information).
Among the three areas examined in the o-phase region, Area 2 is
close to a low-index zone axis, that is, [010], thus we performed
atomic-resolution STEM imaging to further confirm the correct-
ness of our measurements.

Figure 4a,b displays HAADF and ABF images that show the
arrangement of constituent atoms. HAADF imaging provides an
image contrast that depends on the atomic number.*”) Due to
the low atomic number of oxygens, only cation (Hf/Zr) atomic
columns are visible in Figure 4a. On the other hand, ABF imag-
ing enables simultaneous visualization of heavy and light ele-
ments, in which atomic columns appear as dark contrast.[1-6]
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Figure 2. a) Phase map of the HZO layer, showing the dominance of the o-phase phase, with residual m- and t-phase. b) Determined in-plane (zone-axis)

orientation maps for each phase.

Both cation and anion atomic columns revealed in HAADF and
ABF images are matched with the [010] projection of the o-
phase, confirming the 4D-STEM analysis results in Figure 2.
In Figure 4b, the Hf/Zr atomic columns are the darkest, while
the O columns appear lighter. We note that Areas 1 and

Orientation Map for
Polar o-phase

[001] r
—= 50 nm [100] ‘[010]

(b) Area 1

(@)

Area 2 Area 3

Area 1 Area 2

Area 3

Figure 3. a) Orientation map of the o-phase. b) Experimental diffrac-
tion patterns from the areas indicated by the arrows in (a) with the
best-matched simulation pattern given below. Scale bars in (b) indicate
1A
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3 represent grains highly tilted from major zone axes, thus
atomic-resolution HAADF and/or ABF images are not avail-
able. However, the unique geometry and intensity of diffrac-
tion spots enable the phase and orientation determination for
both grains, demonstrating the phase and orientation analysis

O Hf*/zr
° 0% (ND)
[100] o 0% (D)

[010]

Figure 4. a) Atomic resolution HAADF- and b) ABF-STEM images from
the region identified by the arrow in Figure 3 as Area 2. Scale bars in-
dicate 1 nm. Yellow boxed regions are simulated STEM images, which
show agreement with the experimental images. c) Schematic of HZO cor-
responding to the region in (a,b) marked with the yellow dotted box. ND
denotes an oxygen atom that is not displaced during polarization switch-
ing while D indicates an atom that is displaced.
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Figure 5. a) Polarization alignment map computed via the dot product
showing how well the o-phase grains are aligned with the [001] polarization
axis. b) Histogram of the polarization alighments showing strong align-
ment with [001], with a small secondary distribution of alignments ~60
degrees from [001]. ) Inverse pole figure showing the out-of-plane texture
of the o-phase.

of multiphase polycrystalline materials which is critical for HZO
research.

2.3. Orientation of Polar Axis

The orientation of the polarization axis within the o-phase grain
is an important structural property relevant to ferroelectric per-
formance. Recently, Lee et al. reported a detailed analysis of the
effects of crystallographic orientation on the ferroelectric prop-
erties of HZO and revealed a drastic difference in polarization
switching and domain dynamics between (111) and (001) tex-
tured HZO films.[¢ This result along with previous studies fo-
cusing on the microstructure texture in HfO,-based ferroelectrics
highlights the importance of comprehensive characterization of
the HZO crystallographic microstructure.[¢7%]

Here, we present a statistical analysis of the orientation of
the polarization axis in the polar o-phase grains. 2D electron
diffraction patterns provide crystallographic orientation informa-
tion along the viewing direction and normal to the viewing di-
rection. Here, we define the crystal orientation along the growth
direction (vertically normal to the viewing direction) as the vec-
tor G and the polarization axis in the HfO, system (the [001] di-
rection) as the vector P. Then, we calculate the dot product of
G and P to inspect how the polarization axis is aligned within
the MFM structure. Because the polarization direction is switch-
able, we are interested only in the magnitude of this dot prod-
uct, not the sign. Figure 5a shows the map of the magnitude of
this dot product ranging from 0 to 1, representing an alignment
of the polarization axis perpendicular or parallel to the growth
direction, respectively. While the in-plane orientation of the po-
lar o-phase seems random in Figure 2b, the statistical analysis
of the dot product and the corresponding inverse pole figure in
Figure 5b,c reveals that a large volume of the o-phase in this re-
gion is aligned close to the [102] direction, ~26 degrees from
the [001] direction. We performed the same analysis for two ad-
ditional areas in the film, which show similar agreement with
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this area (Figure S6, Supporting Information). Previous studies
report that the microstructure of HZO films can be influenced
by the texture of the electrodes.’*¢¢7!] The analysis of the TiN
electrodes in this film using 4D-STEM shows that the electrodes
are not strongly textured, so there is no obvious effect of the tex-
ture of the electrode on the HZO film (Figures S7 and S8, Sup-
porting Information). This result suggests that the preferential
orientation in the HZO film is not controlled only by the elec-
trode texture, but rather that control of thin film growth and
post-growth processing parameters may also serve as a means
to manipulate the orientation of the polar o-phase grains within
HZO films.

2.4. Domain Structure and Phase Distribution

As demonstrated above, the combination of 4D-STEM and auto-
mated diffraction indexing facilitates the analysis of microstruc-
tures in HZO films. This includes determining the phase frac-
tion and alignment of the polarization axis within the polar o-
phase, offering insights into the formation of multiple metastable
phases. Furthermore, utilizing cross-section imaging with a
nano-sized electron probe enables the characterization of the lo-
cal domain structure and phase distribution across the MFM
structure.

First, using our approach, we determined the presence of 90°
domain walls within a polar o-phase grain, a feature previously
identified in Gd-doped HfO, via HAADF-STEM imaging.”?! In
the orientation map of the polar o-phase (Figure 6a), the red box
highlights a small region oriented along [001] (blue), within a rel-
atively large o-phase grain oriented along [010] (green), indicating
the presence of a 90° domain wall. To corroborate this informa-
tion, we collected HAADF images displayed in Figure 6b. The
yellow dotted lines indicate the location of the domain bound-
ary detected by the automated indexing method. The magnified
HAADF image from the [010]-oriented region (green dotted box
in Figure 6b) is displayed in Figure 6¢. Correspondingly, the im-
age from the [001]-oriented region (blue dotted box in Figure 6b)
is displayed in Figure 6d. The arrangement of the cations (Hf/Zr)
exhibits a notable difference. Specifically, in the [010] projection,
four adjacent cations form a parallelogram, while in the [001] pro-
jection, they appear as a trapezoid. These unique cation atomic
arrangements agree with the atomic models along both projec-
tions as depicted in Figure Ge.

Another notable feature revealed by our analysis is the forma-
tion of the t-phase near the interface between the HZO film and
electrode. Shown in Figure 7a is the magnified portion of the
phase map where the t-phase exists between the o-phase and the
bottom TiN electrode. Figure 7b,c shows representative NBED
patterns from the o- and t-phase, respectively, with the corre-
sponding simulated NBED patterns below (Figure 7e,f). Addi-
tionally, the experimental and simulated NBED patterns for the
TiN electrode directly below this area are given in Figure 7d,g. We
observed that the [110] projection of the t-phase is aligned with
the [010] projection of the o-phase while the (110) plane of the
t-phase is parallel with the (001) plane of the o-phase. We note
that there are extra diffraction spots found in the experimental
t-phase NBED pattern (white arrows in Figure 7c) that are not
seen in the simulated NBED pattern (Figure 7f). Due to the finite
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Figure 6. a) Orientation map of the o-phase. b) HAADF-STEM image showing the existence of 90° domain boundaries (dashed yellow line) within an
o-phase grain. c) Magnified HAADF-STEM image of an o-phase [010] region (green dotted box in a). d) Magnified HAADF-STEM image of an o-phase
[001] region (blue dotted box in a). e) Atomic model of o-phase [010] (left) and [001] (right). ND denotes an oxygen atom that is not displaced during
polarization switching while D indicates an atom that is displaced. The difference in Hf/Zr atom arrangement between the two orientations is highlighted
with a parallelogram and trapezoid. Scale bar in (b) indicates 5 nm and scale bars in (c,d) indicate 1 nm.

size of the electron probe (~1.5 nm) and the t-phase formed in
proximity to the bottom electrode, the extra peaks arise from the
diffraction signal from TiN (white arrows in Figure 7d). Figure 7h
highlights the transition from o-phase to t-phase at the bottom
electrode interface with an ABF-STEM image. The atomic ar-

rangements revealed by the image show excellent agreement
with the projected structures of o-phase [010] and t-phase [110]
given in Figure 7i, with the atomic arrangements of the Hf/Zr
columns changing from a parallelogram to a square arrange-
ment. Additionally, STEM multislice simulations (Figure S9,

(a)

10 nm —=m

. Monoclinic . Tetragonal
. Orthorhombic . TiN

O Hfi++/zr+
o 02 (ND)
° 0%(D)

Figure 7. a) Magnified portion of the phase map from Figure 2a. b—d) Experimental diffraction patterns from the areas indicated by the grey arrows in
(a). The white arrows in (c,d) indicate diffraction spots that arise from overlap with the TiN electrode. e—g) Simulated diffraction patterns of o-phase
[010], t-phase [110], and TiN matching the patterns shown in (b—d). h) ABF-STEM image of the interface between t-phase and o-phase taken from the
area indicated by the red box in (a). The boxed green and blue regions highlight the o-phase and t-phase, respectively. i) Atomic models of o-phase [010]
(top) and t-phase [110] (bottom). ND denotes an oxygen atom that is not displaced during polarization switching while D indicates an atom that is
displaced. The difference in Hf/Zr atom arrangement between the two orientations is highlighted with a parallelogram and square. Scale bars in (b—g)
indicate 1A,
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Figure 8. Phase composition profiles across the TiIN-HZO-TiN structure.

Supporting Information) show excellent agreement with our ex-
perimental STEM images in both the Hf/Zr columns and the
O columns.

The t-phase formation at local regions, identified above, mo-
tivated us to inspect the spatial distribution of polar and non-
polar phases across the MFM structure over a large field of
view. Figure 8 displays the phase composition profile along the
growth direction constructed using the phase map in Figure 2a.
The t-phase exhibits peak concentration adjacent to the bottom
electrode while the o-phase shows high concentrations through-
out the HZO film. It is widely accepted that oxygen vacancies
play a critical role in stabilizing the t- and o-phases over the m-
phase.>”73] Due to the oxygen scavenging characteristic of Ti in
the TiN electrode, oxygen vacancies preferentially form near the
interface between the HZO and TiN electrode.[”>! This suggests
that the t-phase near the interface is likely associated with oxy-
gen vacancy generation during the film deposition and rapid ther-
mal annealing process. Analyzing the phase profile in Figure 8,
we also observed an asymmetric t-phase distribution, indicating
that the bottom interface is a favored site for t-phase formation.
Additionally, mild asymmetry was observed in the o-phase pro-
file, with a lower o-phase concentration near the bottom inter-
face compared to the top interface. We performed a similar phase
analysis for different areas within the same MFM sample (Figure
S10, Supporting Information), showing a consistent result featur-
ing asymmetric phase profiles for the t- and o-phases. We note
that the asymmetry in the phase profile can be linked with the
asymmetry in oxidation conditions for the top and bottom TiN
electrodes.”®! Specifically, the bottom TiN electrode, exposed to
the atmosphere after its growth when using a sputter and an
oxygen-rich environment during atomic layer deposition (ALD)
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processes, tends to form a more complete TiO, layer compared
to the top TiN electrode. This leads to the suppression of the
oxygen scavenging effect near the bottom TiN electrode. As a re-
sult, the formation of oxygen vacancies near the bottom TiN elec-
trode is less significant than near the top TiN electrode. Further
experiments are needed to gain a deeper understanding of the
impact of oxygen vacancies on the phase stability. For example,
coupling our analysis method with systematic control of oxygen
vacancies through growth and fabrication processes (e.g., usage
of various oxidant gases during the ALD process)!’”! would be
highly desirable to establish the process-structure-property rela-
tionships and ultimately offer novel engineering knobs to control
the phase within the HZO film. We also note that additional de-
fect chemistries such as residual carbon, nitrogen, and hydrogen
introduced during the ALD process also have a significant impact
on the performance, phase stability, and resulting phase profile
of the HZO film.[7879]

Lastly, the stabilization of the t-phase at the interfaces can be
linked with the suppression of ferroelectric behaviors of thin
HZO films. Walters et al.””] observed a significant reduction and
even absence of switched polarization — the polarization relevant
for memory applications — as the thickness of HZO films de-
creases, even following wake-up cycling. They attributed this phe-
nomenon to the presence of the t-phase within the HZO films,
evidenced by slight shifts and broadening of diffraction peaks in
GIXRD patterns. The phase profile analysis presented in Figure 8
delineates the specific location of the t-phase, not just locally but
across a relatively large area (>10,000 nm?). This result under-
scores the necessity for site-specific strategies during thin film
growth to stabilize the polar o-phase and enhance ferroelectricity
in ultrathin films.

3. Conclusion

We have demonstrated the characterization of phase and crystal-
lographic orientation for multiple polar and non-polar phases in
ferroelectric HZO utilizing 4D-STEM and automated diffraction
indexing. This approach provides detailed phase and orientation
mapping with near-unit-cell spatial resolution and sub-micron
field-of-view allowing for quantitative, site-specific characteriza-
tion of phase information (i.e., phase composition, alignment
of the polar axis, and phase/domain boundaries) of multiphase
polycrystalline HZO films. Our results exemplify this novel char-
acterization method as a powerful tool for investigating and iso-
lating the effects of individual growth, fabrication, and design pa-
rameters in HZO. Furthermore, the success of our method with
polycrystalline HZO showcases its capability for being utilized in
other complex material systems where new functionalities stem
from the phase metastability and nanoscale competition of mul-
tiple phases. The findings from this method show great potential
to support novel nanoscale microstructure engineering routes for
HfO,-based ferroelectrics aiming for improved, controllable, and
predictable performance. Lastly, we emphasize that the character-
ization framework established here can be readily coupled with
in situ experiments (e.g., heating and/or biasing) in STEM, en-
abling precise characterization of the dynamic behaviors of mul-
tiple phases in HZO films, critical to understanding the cyclic
performance of ferroelectric HZO films (e.g., wake-up effect, im-
print, and fatigue).
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4. Experimental Section

Sample Growth Methods: The TiN — HZO — TiN capacitors were
deposited on p+ silicon substrates by ALD using a Cambridge Nano
Fiji ALD reactor. The 10 nm TiN layers were deposited by alternating
tetrakis (dimethylamido) titanium(IV) and N, plasma, and the 10 nm
HZO layer was deposited using tetrakis (dimethylamido) hafnium(IV) and
tetrakis (dimethylamido) zirconium(IV) precursors that were each oxidized
using a sequential O,, H, plasma process as described in the previous
study.l”’] 50 nm thick Pt top electrodes were then deposited via sputter-
ing. Finally, rapid thermal annealing (RTA) was performed at 500 °C for
20sin N,.

Sample Preparation and STEM Imaging: ~ Cross sectional TEM samples
of the HZO thin films were prepared using a FEI Helios G4 PFIB CXe Dual
Beam FIB/SEM. Final cleaning cycle of the TEM specimens was conducted
using Xe ions at 5 kV. STEM imaging was performed using a Themis Z
(Thermo Fisher) C, probe corrected microscope with an acceleration volt-
age of 200 kV and a probe semi convergence angle of 22 mrad. HAADF-
and ABF-STEM imaging was performed with a 50-200 mrad and 12-23
mrad collection angle, respectively. 4D-STEM acquisitions were conducted
at 200 kV with an electron probe semi-convergence angle of 0.9 mrad and
a full-width at half-maximum probe size of ~1.5 nm (Figure S2, Support-
ing Information). The electron probe was measured using an FEI CETA 16
bit CMOS camera. The electron probe was formed in puProbe mode us-
ing a 50 um C2 condenser aperture. The electron diffraction patterns were
recorded using an electron microscope pixel array detector (EMPAD) with
a dwell time of 10 ms.[®] A camera length of 580 mm was chosen for
clear separation of adjacent diffraction spots while still capturing many
weak high-order reflections. Each scan region was 500 nm x 40 nm with
500 X 40 scan points, which was cropped to 500 X 26 in post-processing to
exclude the sample outside of the MFM structure. The sample thickness
was measured by acquiring position averaged convergent beam electron
diffraction (PACBED) patterns from the Si substrate directly below the
HZO film stack with an FEI CETA 16 bit CMOS camera.[8%] Comparison
with simulated PACBED patterns of varying thickness (Figure S11, Sup-
porting Information) generated using the multislice method indicated a
sample thickness of ~8 nm [80:31]

Diffraction Pattern Simulations: The simulation library of electron
diffraction patterns used for matching with 4D-STEM data was con-
structed using computationally determined structural information given
for pure-phase HfO,.[*] The atomic structure of the mixed-phase
Hf,Zr,.,O, is not often explored via computational methods, but due to
the physical and chemical similarity of Hf and Zr, it is reasonable to con-
sider HZO to be similar enough to pure-phase HfO, or ZrO,. The most
experimentally observed phases were simulated, the m-, o-, and t-phases.
In other implementations of 4D-STEM orientation mapping algorithms,
simple kinematic diffraction simulations are usually used for comparison
with experimental data.[32-3%] For orientation determination of simple sys-
tems, such as cubic silicon, using kinematic simulations is more than suf-
ficient for the complexity of the given problem. However, the HZO system
is more complex and requires a precise and clear distinction between very
similar structures. Some diffraction patterns from similar phases in HZO
possess similar spot positions but differ in intensity due to multiple scat-
tering effects. As such, the effects of multiple scattering were considered
in these simulations to achieve more accurate simulations by using dy-
namical diffraction simulations based on the Bloch wave method.[®¢] In
this work, a library of 18,500 total diffraction patterns was used covering
the full range of unique crystallographic directions in the most experimen-
tally observed m-, o-, t-phases for HZO as well as the cubic TiN. Detailed
information about the simulations is given in Table S1 (Supporting Infor-
mation).

Multislice STEM Simulations: The abTEM Python packagel®”! was uti-
lized to create the ABF and HAADF-STEM multislice simulations shown in
Figure 4 and Figure S9 (Supporting Information). The structure files used
were the same as those used for the Bloch wave diffraction simulations,
pure-phase HfO, from a computational study.[?*] A total supercell thick-
ness of 8 nm was chosen to match the thickness provided by this PACBED
analysis (Figure S11, Supporting Information). Shot noise was simulated
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with Poisson noise corresponding to an electron dose of 10° e~ A=2 and to
approximate the effect of source size, a 0.4 A standard deviation Gaussian
filter was applied to the final image.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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