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In this article, we review recent developments in the experimental study of
grain growth in nanocrystalline metallic thin films, emphasizing transmission
electron microscopy-based imaging and orientation mapping techniques and
highlighting useful experimental and data analytical frameworks for dynamic
experiments. Studies of grain growth have fallen short of the scale required to

fully characterize the coarsening process, and models still fail to fully capture
the true behavior of grain growth in polycrystalline systems as they pertain to
geometric, topological and crystallographic metrics. Moreover, existing grain
growth studies are either coarse in time and temperature or otherwise limited
in scope. Nevertheless, important observations such as the stagnation of thin
film grain growth at a universal grain size distribution and the strong cor-
relations between the grain boundary character distributions in thin film and
bulk materials motivate larger-scale dynamic studies. Additionally, recent
hardware and software advances have removed bottlenecks to large-scale and
in situ data acquisition via (1) automated grain boundary segmentation in
micrographs, (2) low thermal mass microelectromechanical systems and (3)
integrated hardware-software drift correction and data management solu-
tions. We argue that these innovations render thin films a key integrated
experimental platform for the next generation of grain growth studies.

INTRODUCTION

Due to their immense technological, scientific and
engineering importance, polycrystalline thin film
materials and, in particular, their microstructural
evolution have been studied extensively.”* Grain
size, grain morphology and grain boundary struc-
ture and motion characterize the mesoscale behav-
ior of polycrystalline materials and dictate their
associated macroscopic behavior, properties and
performance, including their mechanical progerties
and failure modes,>® chemical resistance,”™ mass
transport characteristics,”!° propensity for phase
transformations'’ and electronic properties.!?1*
While experimental observations of grain growth
and microstructural evolution have yielded consid-
erable insights into the coarsening process,® 2 it is
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fair to say that existing theories of grain growth and
computer simulations fail to fully capture some
salient aspects of microstructural development,*2°
particularly as they pertain to topological features
of the structure, such as grain-neighbor correla-
tions.? In other words, scientists and engineers still
lack the predictive, quantitative tools needed for
realistic microstructural design and must therefore
largely rely on trial and error to optimize
microstructures.

This article addresses some recent advances made
in experimental characterization of grain growth in
nanocrystalline thin films and is structured as
follows. We first summarize the problems associated
with characterizing grain growth and present thin
films as an attractive experimental platform for
conducting dynamic coarsening studies (sections
“Challenges in Characterizing Grain Growth”,
“Thin Films as an Experimental Platform for Grain
Growth Studies”). We then describe transmission
electron microscopy (TEM)-based techniques for
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static characterization of grain growth, highlighting
advances in image processing for high-throughput
data analysis (sections “Static Imaging and Char-
acterization”) and key results obtained from scan-
ning (S/)TEM-based orientation mapping of thin
films, emphasizing grain boundary character and
energy considerations as they pertain to microstruc-
tural evolution in thin films (sections “Static Ori-
entation Mapping and Grain Boundary Character
Distributions”, “Thin Film Considerations for Grain
Boundary Character Distribution”). Finally, we
present developments and perspectives on in situ
S/TEM-based studies of the dynamics of grain
coarsening, including recent results and future
directions for experiments and data analytical
frameworks (sections “Information Technology and
Instrumentation for In Situ TEM Experiments’—
“Data Analytics and Model Integration of Dynamic
Grain Growth Experiments”).

CHALLENGES IN CHARACTERIZING GRAIN
GROWTH

Grain growth is governed by complex interactions
among the ensemble of crystallites comprising the
microstructure and their delimiting grain bound-
aries. The interactions, in turn, result in a wide
array of energy reduction mechanisms, particularly
in thin films. Each aspect of the microstructure can
only be described in large parameter spaces, even
when detailed atomic-scale structure is ignored.
More specifically, a mesoscale description of
microstructure comprises, in part, (1) strictly geo-
metric and topological considerations (e.g., grain
size distributions, number of nth nearest ne 2gghbors
of grains, and integral mean curvature®* ) and
(2) crystallographic features (e.g., orientation tex-
ture and grain boundary character distribution
(GBCD)®). Further complicating this description
is the spectrum of anisotropic grain boundary
energies associated with the boundary network
and its role in governing coarsening behavior.?*3!
Finally, other factors (e.g., grain boundary pinning,
grooving and drag) exemplify important interplays
among the crystallograghlc and geometric aspects of
the microstructure. 7 As just one example of
these interactions, crystallographic considerations
are intricately related to certain geometric aspects
of the network, especially near triple junctions.?®
Conservation laws, for example, dictate the allowed
boundary character distribution associated with a
given triple junction,®**!' while the interfacial
energy associated with boundary character plays
an important role 1n determining the dihedral
angles of the junction.?® Given these considerations,
it is evident that designing integrated experlments
for holistic characterization of grain growth is
paramount.

Beyond experimental design, integrated analysis
of coarsening presents daunting statistical chal-
lenges. For example, the acquisition of a grain size

distribution typically requires ~ 1000 grains to
draw conclusions within 5% uncertainty.**> More-
over, a crystallographic enumeration of boundary
geometries, even in coarse 10° binning of the five-
dimensional GBCD, yields > 6500 macroscopic
boundary characters for cubic crystals, and so
statistically slgnlﬁcant results require the charac-
terlzatlon of > 10* boundaries for a single sam-
ple.*>** As a result, when microstructural features
are nalvely treated separately, experiments con-
cerning grain growth offer incomplete information,
as decoupling the effects of one microstructural
aspect from another is often impossible. Instead, the
keys to understanding coarsening lie in informed
reductions of the problem-space and large-scale
correlative and dynamic measurements. We note
that dynamic experiments concerning grain growth
are only now becoming feasible, but their results
might allow researchers to mine -cross-cutting
datasets for relationships that further illuminate
the grain growth process. This is as much a data
science problem as it is one of materials physics, but
large-scale data must first be acquired.

Grain growth is, irreducibly, a dynamic process,
and ex situ characterization through static imaging
and analysis only provides a piecemeal picture. Due
to technological constraints, however, most cur-
rently available data concerning grain growth have
been collected at relatively coarse time intervals
and only recently has the examination of the same
sample region before, during and after processing
become practical.*>~*° Thus, it has been difficult to
connect the various microstructural descriptors to
the dynamic evolution of the system, despite their
centrality to the problem. As a recent example of the
importance of such dynamic studies, and the con-
tradictory nature of the existing body of work,
recent experiments on microcrystalline bulk mate-
rials have suggested that the previously well-ac-
cepted curvature-driven model of grain boundary
migration is likely, at best, a partlal description of
the behavior of grain boundarles in polycrystals.*’
Nonetheless, recent computer simulations of grain
growth have consistently shown curvature as an
important consideration for grain growth.?®

THIN FILMS AS AN EXPERIMENTAL
PLATFORM FOR GRAIN GROWTH STUDIES

Nanocrystalline thin film materials offer an excel-
lent experimental platform for studying the dynam-
ics of the process of grain growth and grain
boundary migration, and their structure makes
them ideal candidates to address some of the issues
summarized above. Thin film microstructures are
especially amenable to in situ and correlative
microscopy techniques in ways that bulk materials’
structures are not. In particular, owing to a film’s
(straightforwardly achieved) columnar microstruc-
ture, where grains span the full thickness of the
sample and boundaries are perpendicular to the
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surfaces of the film, a strong approximation of the
3D structure is known a priori from 2D projections
captured in transmission. Micrographs from the
transmission electron microscope (TEM) therefore
contain virtually complete direct-space information
about the sample. Even in this limit, thin film
microstructures act as a close proxy to bulk mate-
rials,*”?%3 but microstructural interrogation can
be accomplished while avoiding complications
inherent to boundary network reconstruction in
bulk materials.®* Furthermore, direct TEM images
can be captured rapidly and nondestructively using
widely available instrumentation present at many
institutions.

Precession enhanced electron diffraction (PED)-
based orientation mapping is also available in the
S/TEM.?5-°7 This technique offers the highest avail-
able spatial resolution for orientation mapping,
typically ~ 1 nm,*® but comes at the cost of slow
acquisition on the order of tens of minutes per field
of view. PED also typically has an angular resolu-
tion limited to > 0.5°, although recent work improv-
ing template matching for spot patterns has reduced
this in some instances to < 0.2°.°%5% Furthermore,
by deconvolving overlapping patterns via multi-
indexing, in some instances deviations from colum-
narity in the grains can be resolved via through
thickness information in the film where it is not
fully columnar.”® For more complex microstruc-
tures, 3D orientation mapping in the TEM has also
been proposed and shown some recent success.?% 53

Employing thin films in conjunction with new
technologies for in situ experiments permits non-
destructive, dynamical characterization of both a
region’s local geometric and crystallographic struc-
ture non-destructively, without any change in
instrumentation. More specifically, recent advances
in microelectromechanical system (MEMS) chips
and low thermal-drift TEM holders®* coupled with
computer vision for microstructural analysis®®®®
are enabling this next generation of in situ
microstructural measurements in the TEM. This
experimental workflow permits non-destructive,
high time resolution direct-space imaging [~1 frame
per second (fps)] of grain growth during in situ
heating experiments and intermittent PED-based
orientation mapping, offering the possibility of
complete, one-stop characterization of the
microstructure during grain growth.

These advantages can be contrasted with difficul-
ties associated with corresponding studies in the
bulk. Non-destructive, dynamic characterization of
bulk materials can still only be accomplished at
relatively coarse intervals in time and space. For
example, using a technique like scanning electron
microscopy (SEM) or electron backscatter diffrac-
tion (EBSD)-based crystal orientation mapping,
only a single planar section of data can be collected
at a time, as sampling is restricted to surfaces. To
fully reconstruct 3D microstructures using SEM or
EBSD, inherently destructive focused-ion beams
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(FIB) or mechanical polishing must be emgloyed to
generate serial sections of the sample.®”"° These
techniques cannot be used to directly characterize
the dynamics of grain growth. More recently, non-
destructive high-energy X-ray diffraction (HEXRD)-
based orientation mapping has been developed to
reconstruct the entire 3D microstructure of bulk
materials,”! even between multiple ex situ process-
ing steps. These experiments have yielded ground-
breaking results concerning grain boundary
velocities, mobilities and driving forces for migra-
tion.*?">~"* This method is still rapidly developing;
at the time of writing, the approach boasts out-
standing angular resolution (< 0.1°) with only
limited spatial resolution (= 1 um), requires access
to a synchrotron radiation source and employs
solely reciprocal space information for microstruc-
tural reconstruction.”> HEXRD of data is still
therefore relatively expensive to collect and process
and is still relatively coarse in time and space
compared to what is now possible in S/TEM instru-
ments present at many institutions.

STATIC CHARACTERIZATION OF GRAIN
GROWTH IN THE TEM

Static Imaging and Characterization

Due to the relevant microstructural length scale,
nanocrystalline thin film materials typically must
be characterized using TEM techniques.”® In their
simplest incarnation, conventional TEM approaches
leverage diffraction contrast to distinguish grains
from one another.”® Unfortunately, bright-field
TEM images of polycrystalline materials, like those
shown in Fig. 1a and b, present certain challenges
in their interpretation. In particular, two adjacent
grains may have identical diffracted intensities and
thus show no contrast, such as the regions labeled
“2”in Fig. 1a and b; in addition, the small de Broglie
wavelength of the electron beam renders the imag-
ing sensitive to small orientation gradients, result-
ing in bend contours that are sometimes difficult to
distinguish from grain boundaries. Examples of this
phenomenon are visible in the regions labeled “1” in
Fig. 1a and b. Taking multiple images at a variable
beam-sample tilt angle mitigates this issue, as
changing the diffraction condition causes contrast
between grains to appear and disappear and bend
contours to move smoothly across a region.

Conventional gradient-based edge detection algo-
rithms, however, generally fail to accurately seg-
ment images into grains and delimiting boundaries
or do not readily generalize.**%%"7 Until recently,
the sole method for extracting reliable microstruc-
tural information from these types of images was
laborious hand tracing of the grain boundary net-
work.%%7%7 The manual extraction of unbiased and
reproducible results from data that are inherently
ambiguous requires significant time and exper-
tise.” Nonetheless, many data have been collected
in this manner, and these data have been
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Fig. 1. (a, b) Example BF TEM micrographs of an Al thin film. Regions labeled 1 show bend contours; regions labeled 2 show limited contrast
between grains. (c) Typical time profile of grain size for a nominally 100-nm-thick Al thin film annealed at 400°C. (d) Comparison of universal
experimental grain size distribution with grain size distributions obtained from a sharp interface model with isotropic boundary energies.?* (e)
Comparison of dihedral angle distributions between experimental results at stagnation and simulated results.>* (f) Comparison of experimental
fraction of grains as a function of grain faces with those for simulations with grain boundary grooving. (a, b) Reproduced from Ref. 66, (c, d)

reproduced from Ref. 24, with permission.

extensively compared to, and in many cases shown
to disabgree with, the results of simula-
tions. 2426758081 Without correlations to crystallo-
graphic information about the samples, and because
of their labor-limited scale, these results have, in
fact, generated more questions than they have
answered.

In thin films, for example, grain growth stag-
nates, as seen in Fig. 1c; furthermore, the grain size
distribution takes a universal form shown in Fig. le,
independent of virtually all experimental condi-
tions. This universal distribution has been experi-
mentally observed from hand-traced images of films
of various materials at various stages of grain
growth.?*®? The observed stagnation has not yet
been fully explained mechanistically. While a sim-
ulation of grain growth might match experimental
results for a single metric, generally there is
disagreement for others, especially those related to
topological features such as nearest neighbor corre-
lations.?*? In one early case of computer simula-
tions of grain growth, the effects of grooving were
modeled, reproducing the experimentally observed
stagnation at log-normal distribution of grain
sizes;®® yet, as shown in Fig. 1d, front-tracking
and sharp interface models still do not capture the
distribution of the number of sides of grains in
experimental microstructures.??® Even for basic
geometric properties, such as dihedral angles at
triple junctions, models do not agree with

experimental measurements as illustrated in
Fig. 1f. In short, no theory simultaneously explains
all experimentally observed aspects of
microstructure.

To address these disparities, extensive experi-
ments must be performed to first sample the
parameter-space of annealing time and tempera-
ture. Unfortunately, tedious manual tracing has
long limited the scale of experimental results.”®
Some automated methodologies for grain boundary
identification in the late 1990 s showed some suc-
cess,*? but these approaches did not generalize, and
little progress was made in the 2000 s.”” The
software revolutions of the 2010 s, including major
advancements in deep learning (DL) and fully
convolutional neural networks, have catapulted
progress in computer vision, finally opening the
door to high-throughput analysis of BF TEM images
of nanocrystalline thin films. The most notable ar-
chitecture in this context is U-Net, first introduced
for the segmentation of TEM images of stained
biological samples.?+56 Machine learning
approaches for semantic segmentation, including
U-Nets, have been applied to solve a wide variety of
materials microscopy problems.®>87%® In many
instances, however, simulated labels have been
used as ground truth training data,?®°° and so the
connection with experimental microstructure is, at
best, indirect. Unfortunately, due to the complex
image formation of conventional TEM images of
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polycrystals, at the time of writing the only viable
source of training data is hand-labeled images;
indeed, the quality and quantity of these tracings
are important factors in determining the perfor-
mance of the model.”*

Recent work has leveraged hand-labeled micro-
graphs as ground truth data to train a model based
on the U-Net architecture to solve the longstanding
problem of automated grain boundary segmentation
in BF TEM micrographs. These approaches identify
grain boundaries with minimal artifacts and offer
statistically comparable results relative to hand
tracings, even for materials unseen during train-
ing.%®  Given post-processing hyperparameters
tuned for a small number of ground-truth labeled
images per material, the model generated segmen-
tations comparable to those of exgert—generated
tracings for Al, Pt and Pd thin films,%® as shown in
Fig. 2, and transfer learning approaches using a
small amount of additional training data improve
performance on unseen materials.’”® A separate
implementation of the architecture employed
assumptions about the grain morphology and an
implementation of the CHAC algorithm?? to analyze
BF TEM images of nanocrystalline UO, samples
and their microstructural development during
in situ irradiation-induced grain growth experi-
ments, without the use of ground truth data for
explicit tuning of any post-processing hyperparam-
eters.”® This work also independently demonstrated
that the U-Net model does not require a large
amount of training data, generating satisfactory
results with about 1000 manually labeled grains in
the training set and saturating with 5% improved
performance with around 3000 training grains.

Looking ahead, other, unsupervised, techniques
might be adopted from those shown to work in
optical microscopy applications and other
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modes.”®?* Such techniques provide an attractive
option to address the artifacts and inherent ambi-
guity in TEM micrographs. In short, advancements
in image processing and computer vision present a
path forward for high-throughput analysis of sam-
ples processed both ex and in situ at a scale that
would not be possible via hand tracing. Neverthe-
less, no matter the extent of geometric data col-
lected from direct-space images, the description of
microstructural evolution is incomplete without
accounting for the crystallographic character of
the boundaries and the orientation texture of the
crystallites.

Static Orientation Mapping and Grain
Boundary Character Distributions

In bulk materials, grain growth is understood to
be driven by the reduction in grain boundary energy
in the system by the migration of grain boundaries,
distinguishing the process from recrystallization
where a volumetric driving force is present.”
Coarsening is primarily accomplished by the net
reduction in the total grain boundary area but is
also driven by the favored growth of lower energy
boundaries relative to their higher energy counter-
parts.*®% Even in samples lacking crystal orienta-
tion texture, this growth asymmetry leads to an
anisotropic interfacial distribution, known as the
grain boundary character distribution
(GBCD).30’31’97

Representing a given macroscopic boundary char-
acter requires five parameters, represented through
its misorientation (three parameters) and its plane
inclination (two parameters).”® The misorientation
describes the rotation required to bring a given
crystal lattice into coincidence with its neighbor
across the grain boundary (Fig. 3a and b) and can be
represented in one of several equivalent ways,
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Fig. 2. (a) Bright-field TEM image of a 100-nm Al film with its (b) hand tracing and (c) U-Net + post-processing segmentation overlaid. (d, e) The
respective grain size distributions for a set of 1429 manually identified and 1359 automatically identified grains. (f, g) Bright-field TEM images of a
50-nm-thick Pt thin film and 30-nm-thick Pd thin film collected during in situ heating experiments. (h, i) Overlay of the U-Net + post-processing
segmentations of these images. Figures reproduced from Ref. 66, with permission.
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Fig. 3. Schematic representation of (a, b) two fcc crystals with a fixed misorientation of 45° about their shared axis, in this case the [100]
direction. (c—e) For this fixed misorientation, three possible grain boundary plane inclinations are shown as examples, having indices (010), (021)
and (011) in the reference frame of the left crystal. Note that (c) and (e) are macroscopically equivalent grain boundaries due to crystal-exchange

symmetry.

including: by three Euler angles in the Bunge
convention, by a rotation matrix or, often most
conveniently, as the axis shared between the two
crystals and a single disorientation* angle. The
plane inclination is independent of misorientation
and describes which crystallographic plane in each
crystal divides the two abutting crystals (Fig. 3c, d,
and e), as represented in the sample reference frame
by its normal vector in spherical coordinates, i.e.,
two parameters. Figure 3 shows how, for a given
misorientation, an arbitrary plane may divide the
crystallites.

Given the difficulties associated with grain
boundary plane characterization, boundaries are
sometimes represented only by their misorientation.
This representation is typically couched in terms of
a one-parameter misorientation angle, a three-pa-
rameter misorientation or a X-designation of the
coincidence site lattice (CSL) model, but this
reduced description is fundamentally incomplete;
large anisotropies are observed even for a single
misorientation relationship since the grain bound-
ary plane inclination dominates many key proper-
ties, such as excess energy.’’ Indeed, the plane
inclination plays a key role in determining the
nature of the surfaces that participate in the

*Due to crystal symmetries, many representations of a single
misorientation relationship may be equivalent. The term “dis-
orientation” angle is used here to refer to the representation
which requires the smallest angle of rotation among a set of
symmetrically equivalent misorientation relationships.

interface,® and the properties of individual bound-
aries and polycrystalline materials have been doc-
umented to be strong functions of the full five-
parameter grain boundary character.!1%7 Fur-
thermore, the theoretical treatment of grain bound-
aries only through the lens of highly symmetric
special relationships can lead to incorrect conclu-
sions regarding the behavior of polycrystals.'®®

The distribution of these interfaces in a sample,
i.e., the five-parameter GBCD, and related mea-
sures are thus indispensable tools for characterizing
microstructure and the kinetics of microstructural
evolution. Nevertheless, the precise role of GBCD in
grain growth is still under investigation. Some
recent dynamic experiments, for example, have
found that grain boundary character is clearly
correlated to dynamic properties like boundary
velocity and mobility, and geometric properties like
boundary curvature,”® indicating that the GBCD is
central to microstructural development. Other
experiments have found no such correlation
between the five parameter character of the bound-
aries and their mobilities, suggesting that atomistic
or other physical descriptions are required to fully
explain the observed variation in mobilities and
velocities.*?

Statically, GBCDs have been measured for a wide
variety of bulk materials with grain sizes in the
micrometer range wusing a variety of tech-
niques*”°%52:53,67.110-113 94 have been uniformly
observed to be highly anisotropic. Moreover, they



3628

usually show a strong inverse correlation with the
material’s intrinsic anisotropic grain boundary
energy distribution (GBED).3%!* Measurements of
GBCDs were first made using electron backscatter
diffraction (EBSD) and serial sectioning,''® then
using stereologlcal analysis of single layers of EBSD

or PED data*®*"11® and more recently using hlgh-
energy X-ray diffraction = (HEXRD) micro-
scopy.’ " Serial sectioning and HEXRD micro-

scopy technlques can reconstruct the full 3D
microstructure of the material, although only
HEXRD is non-destructive and can map the same
3D region of a sample before and after processing
steps. In thin films, coarse grained samples with
thicknesses on the order of a micrometer can be
mapped using EBSD, but the resolution is conven-
tionally limited to 25 100 nm by the Kikuchi pat-
tern source volume.!'® Nanostructured thin films
must therefore be investigated using transmission
techniques, which include transmission Kikuchi
diffraction (TKD) in the SEM (resolution ~ 2—
10 nm''®) and TEM-based techniques to reach the
spatial resolutions required to resolve the details of
the microstructure. In particular, 4D-STEM tech-
niques like scanning precession enhanced electron
diffraction (PED)-based mapping have brought the
spatial resolution of orientation maps down to 1 nm,
although this advance comes with a tradeoff of
lower orientation angular resolutions of only 0.5°-
1°, since indexing i is based on spot patterns rather
than Kikuchi lines.”® Importantly, for most hard
materials, these are nondestructive techniques that
in principle allow for the analysis of the same region
between processing steps.

PED mapping has been used to characterize the
microstructures and GBCDs of thin films of copper,
aluminum and tungsten.*”5%115:119:120 mhe yegults
have conclusively demonstrated that, absent strong
orientation texture, the GBCDs of materials are
largely invariant to grain size and sample geometry,
except for elevated populations of coherent twins in
films.*”5° Figure 4b, d, and f shows this correlation
between several th1n film materials and comparable
bulk materials. Since grain boundary energies
would not be expected to Vargr as a function of
sample and grain geometry,? it is perhaps
unsurprising that films lacking orientation texture
retain the GBCD texture observed in bulk materi-
als. Indeed, in both the bulk and nanocrystalline
thin film cases, the populations of grain boundaries
show a distinct log-linear inverse correlation with
their computed energies. Figure 4a, ¢, and e illus-
trates this inverse correlation for several materials,
including bulk and thin film samples, where it is
evident that the lowest energy boundaries occur
with the greatest frequency compared to a random
distribution, and the highest energy boundaries
occur with the lowest frequency when similarly
normalized.
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Thin Film Considerations for Grain Boundary
Character Distribution

While evidence suggests that in bulk materials
the GBCD develops by preferential elimination of
higher energy grain boundaries during grain
growth,?” #1723 in thin films the common GBCD
has been observed in as-deposited films of Al, Cu
and in films of W which did not experlence an 5y
significant post-deposition grain growth.*’
These GBCDs still exhibit an inverse correlatlon
with their expected GBEDs,'?*?® indicating that
grain boundary selection is an important energy
reducing factor in the very earliest stages of film
formation. Indeed, the GBCD of Al and Cu films,
when compared to bulk samples of the same mate-
rials, show a significantly larger population of the
very low energy coherent twin boundarles which
likely form as the film coalesces.*”?® It is argued
that large atomic mobilities result in relatively
unconstralned crystalhte orientations during film
formation.'??13% This permits the nonrandom selec-
tion of mterfaces between nelghborlng c Ystalhtes
favoring lower energy grain boundaries.”’ In thin
films, however, the large relative contribution of the
top and bottom surfaces to the system’s total energy
favors grain orientations W1th hlgh atomic packmg
at the external interfaces.? This results in
grains with lower surface energies [e.g., grains
oriented with the (111) plane parallel to the plane
of the film in fcc materials] growing at the expense
of grains terminating at free surfaces of greater
interfacial energies and driving the development of
orientation texture.’

As this orientation texture develops in thin films,
geometric constraints dictate the available grain
boundary planes for a given misorientation. Con-
sider the case of a columnar thin film, like that
represented in the inverse pole figure maps in
Fig. 4. As annealing proceeds, the sample develops a
stronger (111)-fiber texture. Here, a large fraction of
grains is oriented with the (111) plane parallel to
the surface of the film with concomitant free in-
plane orientations. In this case, any two (111)-
oriented grains are constrained to have a common
[111] axis of misorientation, and because no two
{111}-type planes are perpendicular to one another,
a X3 boundary (60°| [111]) between these grains
cannot be a coherent twin and instead must be a
[111]-tilt boundary. For this misorientation, these
are relatively high-energy boundaries, yet their
formation is favored during grain growth. This
behavior can be seen in Fig. 4d, e, and f where the
average X3 grain boundary has an ever greater
preference for higher energy boundaries as the
sample is annealed and develops a stronger orien-
tation texture.

The unique geometric constraints associated with
thin films suggest other theoretical questions for the
study of microstructural evolution in these poly-
crystalline systems. Take for example the extraction
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Fig. 4. (i) Experimental populations of grain boundaries in thin film samples, binned by the population as a multiple of the random distribution and
by their energies, determined experimentally for (a) Cu, and computed by molecular dynamics for (c) Al and (e) W. (ii) Experimental populations
of grain boundaries in nanocrystalline films compared to comparable bulk materials for (b) Cu, (d) Al and (f) W. (a, b) Reproduced from Ref. 50,
(c, d) reproduced from Ref. 124, (e) reproduced from Ref. 114 and (f) reproduced from Ref. 52 with permission.

of relative energies from triple junction geometries.
To retain stable configurations, grain boundaries
must meet at triple junctions; the geometry at these
junctions, i.e., the dihedral angles formed between
the boundaries and the inclination of the triple line,
is governed by a force balance between the normal
and tangential forces on the boundaries related to
the anisotropy of grain boundary energy; this
relationship is embodied the Herring equation.>®
In bulk materials, the capillarity vector formulation
of this particular equation'®*~'% has been repeat-
edly used to extract relative grain boundary
energies from triple junction geometries'**!*! from
3D reconstructions of the microstructures in a
variet, metallic and  ceramic  sys-
tems. 143 This approach has been vali-
dated via comparisons with molecular dynamics
(MD) calculations of grain boundary energies as
well as universal reproducibility of the log-linear
inverse correlation between grain boundary ener-
gies and populations,30:47:50:122,125,143-147

Because of the columnar microstructure of thin
films, triple junction lines in these systems are
almost uniformly perpendicular to the surfaces of
the film, and thus an approximate reconstruction of
the 3D microstructure is possible from just one layer
of PED data. In this situation, similar relative
energy reconstruction techniques can, in principle,
be applied to these microstructures as well. How-
ever, for both films that have experienced grain
growth and those that have not, it has been found
that the Herring equation does not fully describe
the energetics of the system. In particular, it was
demonstrated that for a series of Al and W thin films

of
0,67,112,142,

the relative grain boundary energies extracted from
triple junction geometry using the method intro-
duced by Shen et al.'*! were neither correlated to
energies calculated via MD nor inversely correlated
to boundary populations, with the notable exception
of boundaries with the greatest energetic anisotropy
in aluminum (including the X3 and X5 boundaries,
with misorientations about the [111] axis).'?*

As shown in Fig. 5, however, in nanocrystalline
thin films, the measured grain populations do show
an inverse correlation with grain boundary energy
as calculated via MD, absent strong orientation
texture. This finding indicates that while the ther-
modynamics of grain boundary character selection
remain largely unchanged, factors not considered in
the conventional Herring analysis control the
behavior of the grain boundaries near triple junc-
tions and represent forces on the boundaries which
compete with those included in the Herring equa-
tion. As noted above, in cases where the energy
anisotropy of the grain boundaries is large, the
Herring equation does describe the system, indicat-
ing that, in these situations, the grain boundary
energy anisotropy dominates the triple junction
geometry. Indeed, for the case of coherent twins as
an example, the dominance of the driving force
toward (111) inclinations of planes for £3 misorien-
tations leads, in many cases, to boundaries inclined
relative to the columnar approximation. For other
boundaries, particularly those with misorientation
axes outside of the < 111> family, other docu-
mented drivers of boundary migration and grain
growth, including the geometric driving force

toward columnarity, free-surface energy®® and
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Fig. 5. Inverse pole figure maps for a 100-nm-thick Al thin film (a) as-deposited, (b) after 30 min at 400°C and (c) after 150 min at 400°C. The
orientation texture increases from 2.6 MRD to 6.0 MRD preference for the [111]. (d—f) Corresponding grain boundary plane distributions for the
=3 misorientation. (g) Relative surface energies for crystal orientations in fcc materials, following the broken bond model'3':132 Sh) Grain
boundary energy distribution the 3 misorientation as a function of grain boundary plane for Al as computed by molecular dynamics.'2*128 (a—,

h) reproduced from Ref. 124, with permission.

strain energy,'®® likely have a greater relative
magnitude compared with the energy associate with
capillarity forces and thus exert notable influence
on the triple junction geometry. Ultimately, these
considerations render the conventional Herring
equation an incomplete descriptor of thin film
systems and indicates that the geometric con-
straints of the films do play a non-negligeable role
in the grain boundary network behavior.

Despite the expanded understanding of thin film
microstructural behavior offered by orientation
mapping, these techniques suffer from a key draw-
back, namely significant acquisition time, and
therefore cannot be used to characterize evolving
systems. Recent developments in direct electron
detector technologies and 4D-STEM techniques!*®
have pushed the frontiers of PED-based orientation
mapping and have the potential to further increase
spatial resolution and rate of acquisition for thin
film materials. Nevertheless, cost, data storage and
acquisition rate constraints remain problematic for
the requisite enormous data collection.

DYNAMIC CHARACTERIZATION OF GRAIN
GROWTH IN THE TEM

Information Technology and Instrumentation
for In Situ TEM Experiments

In situ study of grain growth in the TEM has been
of interest for decades,’® but early heating exper-
iments suffered from the large thermal mass of

holders, samples and stages that contributed to long
temperature ramp times, inconsistent temperatures
and substantial thermal drift. All told, these limi-
tations rendered studies of the dynamics of grain
growth impractical. Furthermore, as noted above,
automated approaches for reproducibly identifying
grain boundaries in a large number of TEM micro-
graphs, especially those leveraging artificial intelli-
gence techniques developed in the past decade,”®®¢
have only just been introduced.

The advent of microelectromechanical systems
(MEMS), including heating chips with precise tem-
perature control and low thermal mass, as well as
chips that can strain samples, apply electrical
biases or control liquid and gas environments, has
enabled a revolution in in situ studies of a wide
variety of phenomena, from catalysis to nucleation
and growth.'?® For heating experiments, chips with
electron transparent windows with or without sup-
port films have been developed with the ability to
quickly ramp up temperatures. Although only a
small region of the chip is heated, the thermal drift
is still of concern for high-resolution imaging. This
drift effect has become more manageable, even over
only the past few years,%* thanks to commercially
available machine-vision driven drift correction and
data management solutions like AXON™ from
Protochips (Morrisville, NC). Today, the confluence
of technologies required to perform large-scale
in situ studies of grain growth in the TEM positions
the thin film grain growth community at the
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precipice of a revolution in experimental capabili-
ties. In the following sections, we summarize the
ways in which these innovations can be leveraged
for studies in the very near future and discuss novel
frameworks to understand the analysis of these
large, complex and dynamic datasets.

Dynamic Grain Growth Experiments
in the TEM: Imaging

Using modern hardware and software solutions,
it has recently become possible to capture a series of
drift corrected images during in situ annealing of
nanocrystalline thin films deposited on specialized
MEMS chips. Paired with modern charge coupled
device (CCD) cameras, frame rates of around 1 fps
can be captured. Using more recent direct electron
detector (DED) technology,'®’ these rates may be
further increased. In the foreseeable future, how-
ever, the cost of these detectors may outweigh the
benefits for studies of grain growth, which typically
are performed on time scales of minutes to hours.
Indeed, these experiments are generally still in
their early stages. Thus far, in situ TEM studies of
grain growth in nanocrystalline thin films have
been used to analyze the process of grain growth at
the population level and grain boundary migration
at the level of individual boundaries and grains,
with impressive, if not yet transformative, results.
Studies have yet to treat the problem holistically,
integrating local boundary migration information
with broader information collected on the entire
network, partly because experimental capabilities
are still being actively developed and partly because
the frameworks for analyzing this type of cross-
cutting microstructural data are still in their
infancy.

As one example of such experiments, a nanocrys-
talline copper film annealed in situ in the TEM, the
growth kinetics, average grain boundary velocities
and average mobilities were estimated, experimen-
tally confirming that the driving force for boundary
migration is much higher in nanocrystalline Cu
than in its microcrystalline counterpart.'®® An
increased density of coherent twins was also
observed by local analysis, consistent with ex situ
PED orientation mapping-based experiments on
copper samples with large grain population statis-
tics.'? In another study, concerning an ultrafine-
grained titanium film, the effect of the thickness of
the film on grain growth and recrystallization
behavior was investigated via in situ TEM imag-
ing.'%® It was demonstrated that in a foil of variable
thickness, the growth rate and stagnant size of
grains after annealing correlated with the film
thickness. Again, statistics regarding the aggregate
material are reported in the different regions, but
only a select number of grains and grain boundaries
is tracked individually, and little is uncovered
concerning the kinetics of grain growth and bound-
ary migration in the different thickness regimes. In

this work, grain growth stagnation is attributed to
grain boundary grooving, observed via atomic force
microscopy across select boundaries, but no statis-
tically significant population of grains is investi-
gated, and the nature of the grooving is not
analyzed in detail.

Grain growth can also be induced via stress in the
material, as has been observed in situ in thin
films.'®*~156 In an Al thin film study,'® for example,
it was clearly demonstrated that in regions experi-
encing significant plastic deformation and necking,
grains experienced much greater coarsening rela-
tive to regions which experienced lower true
stresses and less plastic deformation. Large-scale
local measurements of grain boundaries and grains
were not performed; instead, the evolution of
selected grains and associated boundaries was
directly characterized, and the global microstruc-
tural evolution is captured using PED measure-
ments before and after deformation. Unfortunately,
the rich crystallographic information available from
the orientation mapping is not integrated into the
analysis of the grain coarsening. In a similar study
of coarsening in a 75-nm Pt film,'®* interesting
conclusions are drawn about the driving forces for
boundary migration near a crack tip, but because no
crystallographic information about the grains is
available, and the vast space of boundary parame-
ters is not sampled, little is revealed for the general
case of grain growth.

In other cases, individual boundaries or grains
are studied in great detail. For example, conven-
tional and high-resolution TEM and scanning TEM
(S/TEM) have been used to study the migration of
boundaries at the atomic scale under the irradiation
of the electron beam,'®”'%® as a result of thermal
annealing’®® or under mechanical stress'®® to better
understand the underlying mechanisms of grain
boundary migration. In situ observations of crystal
growth in amorphous matrices do not suffer from
many of the limitations that have been encountered
for grain growth measurements, and so these
experiments at statistically meaningful scale have
been possible for decades.'®!"1% Still, recent obser-
vations have been made using STEM imaging of the
appearance and growth of individual grains, for
example, in Zr-doped InyO; films during an amor-
phous to crystalline transition. Recent advances in
Bragg coherent X-ray diffraction imaging further
enabled the full characterization of the 3D structure
of individual grains in impressive detail.'®® The
results of this work showed single grain growth in
the amorphous matrix is interface controlled, lead-
ing to growth anisotropy in the film. Despite the
greater detail available, however, this treatment
still only examines a small number of grains and the
data presented here are not suited to address the
more general grain growth scenario.

While the goals of the existing in situ studies are
varied and not necessarily oriented toward devel-
oping generalized explanations for grain growth,
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their common limitation is one of scale for both data
collection and analytics. Identification of grains and
grain boundaries in a high-throughput and auto-
mated fashion, appropriate for large-scale in situ
data acquisition, vastly improves the available
grain population by overcoming the bottleneck
inherent to the generation manual tracings. These
automated techniques have already been useful for
in situ characterization of grain growth,’®!®* but
studies which examine population-level behavior of
the grain size using such automated approaches are
only beginning to appear.” Nevertheless, determin-
ing which grains grow or shrink and how this
behavior is determined by their geometric, topolog-
ical and crystallographic characteristics remains a
priority for understanding grain growth. While
much work remains in optimizing and conducting
experiments, as well as developing data mining
techniques to extract quantitative information from
automated segmentations, the tools which now exist
and those which are currently in development
position thin films as a prime platform for the next
generation of image-based grain growth
experiments.

Frontiers: Correlative Electron Microscopy
for Grain Growth Studies

Direct BF TEM imaging of grain growth is
unrivaled in spatial-temporal resolution and is the
only technique available to directly resolve the
complete geometric evolution of a microstructure
in real-time. Unfortunately, these images do not
contain any detailed information about the crystal-
lographic orientation and therefore lack any infor-
mation about the crystallographic character of the
grain boundaries. This is a critical omission. While
orientation mapping is too slow to be used to acquire
data in real time during microstructural evolution,
valuable insights can still be obtained during heat-
ing experiments by intermittently measuring grain
orientations. This can be accomplished straightfor-
wardly in the TEM since the instrumentation
required to perform direct-space imaging is identi-
cal with that required for orientation mapping.
Thus, the same region imaged during evolution can
be seamlessly characterized using S/TEM-based
orientation mapping, keeping the same sample
region in the imaging path of the electron beam.

Figure 6 shows an example of this type of
experiment for a 30-nm-thick Pd film, with bright-
field TEM images captured near the beginning and
near the end of a heating step at 400°C shown
alongside PED orientation maps acquired before
and after the heating step. This type of experiment
is still preliminary, but similar frameworks have
already begun appearing in archival conference
papers and have led to initial characterizations of
grain growth in thin films. As an example, a recent
study provides evidence of a correlation between
grain rotation and grain growth during in situ
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Fig. 6. Bright-field images of a 30-nm-thick Pd film sputter deposited
onto a MEMS heating chip captured during an in situ heating
experiment (a) before and (b) after 45 min at 400°C, with inverse
pole figure maps shown of the same region (c) before and (d) after
annealing. Arrows indicate a region which experienced evolution.

heating experiments in nanocrystalline Pt films.'%®
Another study, concerning a nanocrystalline nickel
sample, discovered reversible lattice rotations dur-
ing deformation using dark-field image-based 3D
orientation mapping in the TEM.® Despite their
promise, however, the value of integrated image-
and orientation-based measurements remains to be
proven for grain growth studies. Reliable feature
tracking in time, for example, remains a significant
problem for this type of experiment.

Data Analytics and Model Integration
of Dynamic Grain Growth Experiments

Given the aforementioned advances in experi-
mental interrogation of grain growth and associated
data collection in thin films, it is now becoming
possible to draw statistically meaningful conclu-
sions from quantitative analyses of sufficiently large
datasets. These analyses typically focus on correla-
tions existing among key microstructural features
and the information content of discretized images.
In conjunction with such studies, various mathe-
matical descriptions of 6g;rain coarsening (e.g., multi-
state spin models,'%%1%" phase-field models'®® and
triple-junction motion models®3®) have been
advanced that capture much of the underlying
physics of coarsening in these and related systems.
We note, however, that these models typically
require inputs of energetic and dynamic information
(i.e., grain-boundary excess energies, mobilities and
related parameters) that must be obtained from
experiments and/or computer simulations of atomic-



Advances in Experimental Studies of Grain Growth in Thin Films 3633

= .
5 2 — as deposited
after 150 min.
A
1+ \//\\\/\/ SETSSAANAA S~
%.0 0.5 1.0 1.5 2.0

r/d(t)

Fig. 7. The radial distribution function, g(r) versus scaled distance
where r is the ftriple-junction separation and d(f) is the (time-
dependent) effective circular grain diameter, for an as-deposited Al
film (blue line) and for one annealed for 150 min (gold line) at a
temperature T = 400°C. (Reprinted from Ref. 170 under the CC-BY
license) (Color figure online).

scale behavior. Thus, one current challenge in the
formulation of physically realistic models of coars-
ening is the establishment of a direct connection
between these models and grain growth
experiments.

Several descriptors of coarsening can be obtained
from TEM micrographs of evolving polycrystalline
thin films. For this purpose, it is convenient to focus
on markers that may be identified and tracked
experimentally in a micrograph. For example, one
can regard the collection of triple junctions in a
given microstructure as a representative configura-
tion of a marked (non-Poisson™*) point process, with
the marks representing the three grain disorienta-
tions associated with each junction.'%?

With this framework, triple junctions interact to a
good approximation via pair potentials specific to
the grain disorientations associated with a given
junction. These potentials may be determined from
calculations of the associated static, triple-junction
(partial) correlation functions and embody grain-
boundary energetics. More specifically, the triple-
junction radial distribution function,g(r), summa-
rizes the conditional probability of finding a triple
junction at a distance r from a given triple junction.
Figure 7 shows the calculated value of the radial
distribution function from an analysis of PED
orientation maps of 100 nm-thick, sputter-deposited
Al films.'"°

It is also useful to quantify the complexity of a
microstructure as a proxy for the microstructural
entropy. We note first that the pair correlation
function described above may be employed for this
purpose;'” other authors have suggested a Shan-
non entropy based on the grain-size distribution.'”*
More recently, Rickman et al.'”® advanced two
complementary microstructural complexity mea-
sures based on (1) compressed strings that embody
the information contained in the time evolution of a
system and (2) the spectra of graph Laplacians that
reflect the information contained in a coarsening

**This point process is non-Poissonian owing to effective inter-
actions between the triple junctions.

microstructure. These approaches permit the char-
acterization of dynamically evolving microstruc-
tures and the identification of associated
correlation times, providing a bridge to existing
theoretical frameworks for analyzing grain growth.

CONCLUSION AND OUTLOOK

Grain growth behavior is essential to understand-
ing the processing-structure and structure-perfor-
mance characteristics of polycrystalline materials,
yet no prescriptive theory exists which allows
scientists and engineers to map a path from a
starting microstructure to a final structure. Still,
studies of grain growth have seen major develop-
ments in recent years, especially with the advent of
automated orientation mapping techniques like
automated FIB serial sectioning and EBSD and
HEXRD for bulk microcrystalline materials and
PED-based 4D-STEM for nanocrystalline thin film
materials. The five-parameter grain boundary char-
acter distribution has emerged from these measure-
ments and has been established as a critically
important factor in describing microstructure,
emphasizing the importance of both the full char-
acter of the grain boundary network on properties
and structural evolution as well as the analogous
behavior of bulk and thin film materials.

Due to their simplified 3D structure, thin films
offer a robust experimental platform for studying
grain growth. Columnar grains and one-stop, non-
destructive characterization render thin films ideal
candidates for seamless TEM-based in situ correl-
ative microscopy, weaving direct-space imaging
together with crystal orientation data with spatial
and temporal resolution in a way which is not
currently possible in bulk materials. Technological
advances in MEMS chip technology, computer-vi-
sion driven drift correction, deep learning-based
image segmentation and increases in computational
power and digital storage capacity have brought
this type of experiment to the frontier of possibility,
offering a unique opportunity for the large-scale
data acquisition and mining required to integrate
the myriad of observations and microstructural
metrics into theoretical and mathematical frame-
works in service of a more complete and prescriptive
theory of grain growth.
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