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ABSTRACT: Understanding crystallization is crucial to enable
improved design approaches for inorganic materials. Despite this
importance, a deepened understanding of the mechanisms
controlling this phase transition is still lacking. Herein, we employ
in situ heating in a transmission electron microscope (TEM) to
unravel crystallization phenomena in an Al-Ti—O system.
Specifically, annealing of amorphous chemical vapor deposited
(CVD) AL TiOs-based coatings has been carried out in the
temperature interval 700—900 °C. Crystallization typically occurs
through a two-step process, where numerous smaller (<10 nm)
crystals are initially formed, followed by rapid crystal growth.
Examinations of the initial crystallization stages indicate that the
amorphous-to-crystalline transformation is polymorphic and that

.
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several phases may nucleate simultaneously, including AlsTi,O,3 and Al;(TisOs,. A transient (time-dependent) nucleation rate is
discovered based on the displayed nucleation behavior. Subsequent evaluations of the growth stages also reveal a preferential growth
into larger crystals, and the coherent findings of this study indicate that crystallization occurs through a diffusionless (displacive)

mechanism.

B INTRODUCTION

The transition between the disordered and ordered states has
tremendous importance not just in the chemistry field but also
in metallurgy,l’2 medicine,”* and biology.s’6 As such, it has
attracted significant research interest since the late 19th
century,” and its understanding has laid the foundation for the
development of many ceramics,*” pharmaceuticals,'”"" phase-
change memory devices,'” and products used within
information technologies.'”'* Notwithstanding this impor-
tance, knowledge about the uttermost mechanisms controlling
this transformation is still lacking. While classical nucleation
theory (CNT), initially developed by Gibbs and extended by
many other authors,'*~>* forms the central framework for this
understanding, it also carries several limitations. Foremost, the
theory does not provide any deepened explanations about the
chemical interactions that may happen on the atomic scale
during nucleation and growth. Such insights are increasingly
demanded in pursuing functional inorganic materials through
rational design approaches, particularly those that may tightly
integrate thermodynamic 2predictions with enhanced kinetic
selectivity of the syntheses.” Controlling the stages involved in
crystallization is essential to achieve this, which may also entail
improved capabilities to adjust the structure—property
relationships through the evolving microstructure. Above all,
controlling nucleation—the first step involved in the phase
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transformation—would enable improved selectivity to many
metastable phases that are otherwise hard to reach by many
conventional solid-state synthesis approaches.

However, understanding nucleation and growth remains
challenging, mainly because of its dynamic and sometimes also
unpredictable behaviors. In particular, the short time- and
length scales for which nucleation occurs make it challengin%
to analyze by most experimental and theoretical methods.”®™*
Similarly, nucleation is frequently regarded as a stochastic
event capable of scaling several orders of magnitude in both
time and geometrical dimensions, not least during the
subsequent growth stages. Thus, extensive spatial resolution
is required to capture these events thoroughly.”””" In addition,
while crystallization is a dynamic process, most analyses are
carried out ex situ, where the lack of temporal acquisition
capabilities makes it difficult, if not impossible, to arrange
observations into a proper time frame correctly.”> The latter
statement is especially true when competing or parallel
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Figure 1. (A) Overview of in situ heating setup in the TEM. One can observe the metallic heating spiral on the silicon nitride membrane. The
lamella can be placed at the center at one of the openings. The arrow points to the actual lamella. (B) Check of temperature control for the used
heating stage. The heating and cooling rates are approximately 100 °C/s and —500 °C/s, respectively.

processes may occur. Accordingly, few techniques allow one to
gain a comprehensive and deepened image of the steps
involved during crystallization.

Nonetheless, the continuous development of analytical in
situ techniques has provided unprecedented capabilities to
study chemical phenomena as they happen, when they happen.
Among these, the emergence of in situ transmission electron
microscopy (TEM) has allowed vastly improved mechanistic
insights to be made about many chemical processes, including
crystallization.””**

In light of this, this study aims to bring a new fundamental
understanding of the nucleation and growth processes in the
Al-Ti—O system by employing in situ heating in a TEM.
Herein, we focus on crystallizing Al,TiOs-based chemically
vapor-deposited (CVD) coatings, a material renowned for its
low-to-negative thermal expansion.”**> The findings of this
study illustrate a diminishing role of diffusion during
crystallization, thereby also highlighting nucleation’s role in
controlling the entire crystallization event.

B METHODS

As-deposited (amorphous) Al TiOg-based coatings were prepared on
p-type Si (100) substrates using an in-house built CVD instrument.
Titanium- (TIP) and aluminum isopropoxides (AIP) were simulta-
neously used as precursors during the depositions, which were made
at 450 °C for 1 h. Detailed experimental and technical descriptions of
the CVD process can be found elsewhere.*® The Al/Ti ratio of the
coating, determined in our previous studies using energy-dispersive X-
ray spectroscopy (EDS) and Rutherford backscattering spectrometry
(RBS),*” was 1.93(1), i.e., close to the ~ ideal 2:1 ratio.

The TEM lamellae were prepared using a focused ion beam (FIB)
Crossbeam 550 (Zeiss) and cut vertically from the top surface
downward, following the thin film’s deposition direction. To protect
the thin film and limit the drift during the preparation, the sample was
coated ex situ with a layer of carbon followed by 30 nm of Au/Pd,
then in situ with Pt. All the FIB lamellae were lifted-out using an
Omniprobe 200 (Oxford instruments) and soldered directly on the
heating chips (Wildfire, DENSsolution). As shown in Figure 1A, the
lamellae were positioned in the vicinity of the heating coil center,
where the temperature is expected to be the most uniform.*®

The ion polishing of the lamellae was performed on the chip itself,
and the jon beam damages were minimized by applying a final
polishing at 2 kV on both sides. The temperature calibration
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corresponding to each chip was carefully set before starting each
experiment.

A Titan Themis 200 (Thermofisher, formerly FEI) was used for the
transmission electron microscopy analyses. In situ heating experiments
were achieved employing the Wildfire setup (DENSsolution). The
chemical composition was measured with a SuperX energy dispersive
X-ray detector (EDS, Oxford instruments), and the data were
evaluated using the HyperSpy Python package.”” The selected area
electron diffraction (SAED) patterns were analyzed using CrysTBox
software.*” In total, five lamellae were prepared for analyses, whose
experimental details are outlined in Table 1. The used heating
temperatures varied between 700—900 °C during the in situ
examinations, depending on the chip.

Table 1. Summary of Performed Analyses and the Main
Crystallization Features Observed

chip examined T range (° heating
designation sample preparation times
1. Ok 700—800 108 min
2. Surface Precipitates 750—800 31 min
800—900 14 min
3. Good 750 60 min
900 <300 ms
4. Good 800 6.5 min
800 4 min
S. Good 800 S min
780—900 9 min

Irradiation from the electron beam is an intrinsic part of any TEM
investigation, which may induce radiation effects in solid materials.
These include, for example, (1) ionization (i.e., radiolysis), (2)
electron-beam heating, and (3) knock-on atomic displacements. "In
particular, exposures to ionizing radiation may lead to the migration
and annihilation of defects that may either retard or promote
structural transitions, including crystallization and nanocrystal
formations.”” Furthermore, depending on the sample’s thermal
conductivity, irradiations from the electron beam may also lead to a
heat increase due to an accumulation of phonons.*' In terms of
crystallization, we note that even after prolonged irradiations of the
samples at high temperatures (but below the main crystallization
onset temperatures for ALTiO;, AlgTi,O.3 and Al;(TisO;,), all
samples remained amorphous, and no visible alterations could be
observed. Likewise, the temperatures where crystallization of these
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phases readily occurs upon heating conform with our previous
investiggaltions.aﬁ’%’44 For these reasons, the potential contribution
from the electron beam on the overall crystallization behavior can be
deemed small compared to the overall effect of the annealing
temperature.

Because of the low thermal inertia of the TEM lamellae, the
possible heating rates can be swift (i.e,, about 100 °C/s), which is
outlined in Figure 1B. Similarly, as soon as the heating is turned off,
rapid cooling of the lamella occurs (about —500 °C/s). Therefore, the
crystallization process can be “frozen” in its present condition,
allowing its features to be studied at room temperature.

When changing the annealing temperature, the focus was adjusted
to compensate for the evolving bulge of the silicon nitride membrane.
However, no other alterations, such as extensive thermal drifting, were
observed during the measurements.

B RESULTS AND DISCUSSION

Figure 2A is a bright-field (BF) image showing an ion-polished
cross-sectional lamella of an as-deposited AlTi,O, coating

ALTI,0,

Surface layer :

10 nm™

Figure 2. (A) Bright-field TEM image of a cross-section for the
ALTi,O, coating and (B) the corresponding electron diffraction
pattern, confirming that the as-deposited coating is amorphous.

before starting the in situ annealing. The thin film appears
amorphous, which is also supported by selected area electron
diffraction (SAED, Figure 2B). The surface layer at the top of
the thin film is Al-enriched and originates from the deposition
process, where AIP resides for a slightly longer time in the
deposition chamber at the end of the coating process.

Initial annealing experiments (Chips 1 and 2) revealed that
the coatings crystallized with reasonable speed in the examined
temperature interval of 800—900 °C. For example, at 800 °C,
numerous smaller crystals started to appear after about 5—8
min of isothermal annealing. These crystals nucleated mainly
in the upper half of the lamella with different sizes and shapes,
as illustrated in Figure 3B.

In order to examine the growth behavior and subsequent
stages of crystallization, the isothermal annealing was resumed.
In the case of Chip 3—4—5, numerous smaller crystals
continued to nucleate within the amorphous matrix upon
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Figure 3. Bright-field TEM overview images of initially formed
crystals in the lamella of Chip 5, seen as a large needle-like crystal in
(A) and numerous smaller crystals within the amorphous matrix in
(B). Black rectangles mark where the images in (A) and (B) are taken.

further annealing. As a general note, the growth of these
initially emerged crystals occurred very slowly. On the
contrary, a rapid and anisotropic crystal growth is noticed at
the finalizing stages of the crystallization process, as shown in
Figure 3A. Particularly, after a few minutes of additional
annealing, a crystalline phase wave suddenly emerges from the
side of the lamella, rapidly sweeping through the amorphous
matrix at various speeds in different directions. As seen from
Chip 4 and Figure S1 in the Supporting Information, the phase
wave envelops any preformed crystals without any apparent
alterations to their general appearances or sizes.

The fact that crystals emanate within the amorphous matrix
(cf. Figure 3) suggests that they may nucleate through a
homogeneous mechanism; however, one cannot exclude the
possibility that these features arise at the surface of the lamella.
Irrespectively, previous kinetic evaluations using the Avrami
equation have indicated a homogeneous nucleation process
when the Al/Ti ratio of the coating is close to 2:1.%

To evaluate any possible changes in chemical composition
during the crystallization process, high-angle annular dark field
imaging in scanning mode (STEM-HAADF) was used
together with EDS. These results are compiled in Figure 4.

Figure 4. (Top) STEM dark-field and bright-field images coupled
with STEM HAADF. Images are taken at room temperature after
annealing at 800 °C for 7 min from Chip 4 (cf. Table 1). The white
“dots” that are seen in the images are tiny precipitates at the surface of
the lamella, which appear in the first minutes of heating in the TEM.
(Bottom) EDS chemical composition maps (atom % relative) around
the crystal. No compositional difference or gradient between the
amorphous and crystalline regions can be detected.

https://doi.org/10.1021/acs.cgd.3c00395
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While clear diffraction contrast can be noticed by the dark-field
(DF) and bright-field (BF) images, the STEM-HAADF image
shows no substantial contrast between the crystalline and
amorphous regions. This indicates that these two regions
comprise a similar average atomic weight and that no
significant phase separation occurs as part of the crystallization
event. The EDS maps corroborate these findings, showing no
compositional variation between the crystalline and amorphous
regions. Consequently, these results indicate that the phase
transformations are predominantly polymorphic (i.e., without
compositional changes), which is also coherent with our
previous examinations using in situ Rutherford backscattering
spectrometry.44

Based on the initial nucleation behavior in Chip 4, it is
possible to estimate a nucleation rate (I,) from manual
counting of the emerging crystal population N as a function of

time, ie. I, = %. This is compiled in Figure 5A, showing an
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Figure S. (A) N—t plot demonstrating the evolution of the nucleation
population with time. A transient (time-dependent) nucleation
behavior is observed. An exponential trend is emphasized by the
black dotted line. (B) Progression of the nucleation rate with time.

exponentially increasing crystal population density character-
istic of a time-dependent (transient) nucleation behavior. The
nucleation rate increases until the crystallization front converts
the remaining amorphous bulk, incorporating any preforming
crystals.

Knowing that the nucleation rate eventually reaches its
uppermost (steady-state) value, the nucleation rate can be
approximated from the first derivative of the curve (Figure SB).
The highest calculated value, representing the stages before the
nucleation rate decreases as part of the crystal phase wave
progression, was 0.3 N X pum™> X s\,

A new experiment (Chip S) was set up to further understand
the crystal front wave’s progression and its corresponding
growth behavior; see Figure 6. Similar to Chip 4, initial crystals
were observed after around S min, after which a crystal front
wave appeared from the side of the lamella. Notably, the
growth of the crystal front also occurred anisotropically,
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growing in the form of needle-like extensions (cf. Figure 3A).
Due to the rapid growth of the crystal front wave at elevated
annealing temperatures, it was not possible to follow the
crystallization events in real-time with, for example, detailed
diffraction analyses. However, in the middle of the crystal front
wave’s progression, the heating was switched off, and the rapid
cooling of the lamella (cf. Figure 1) allowed us to freeze the
current state of the crystallization front to study its features
back at room temperature.

Based on the image series and the expansion of the crystal
front wave, an upper phase-boundary velocity (v,,) can be
given, having units of distance per time.* This is shown in
Figure 7, where the lateral expansion of the crystal front
follows a linear relationship with a constant phase-boundary
velocity of 0.052(1) ym X s~

The rapid progression of the crystal front wave, along with
the relatively slow nucleation rate, emphasizes the role of
nucleation (rather than diffusion) during the crystallization
event. Notably, our previous kinetic evaluations have indicated
a nucleation-controlled crystallization process in cases where
the overall stoichiometry of the coating is close-to-ideal with
respect to the main Al TiO; phase.”” A characteristic feature of
a nucleation-controlled process is a strong temperature
dependency on the transformation rate.” Interestingly, such
strong temperature dependency can be observed from the
peculiar transformation of Chip 3, given by an image series in
the Supporting Information, Figure S2.

As seen from this supporting figure, after an initial annealing
period of approximately 1 h at 750 °C, the isothermal
annealing temperature was raised to 900 °C. At this
temperature, the rapid growth of the crystalline phase occurs
until the entire amorphous matrix suddenly collapses and
crystallizes virtually instantaneously (i.e., in one image frame,
which is less than 300 ms). In actuality, the duration of the
crystallization process is much shorter than that since the
frame rate was too low to capture the complete transformation.
Note that a slight radial blur also occurs in the image series due
to a change in magnification during the transformation.

Similar to the crystal front wave progression in Chip S, the
rapid transformation in Chip 3 not only indicates a nucleation-
controlled crystallization process where the typical slow crystal
growth by diffusion is not the rate-limiting step. Because
structural relaxations are a much faster process than any
growth by diffusion,”” it also indicates that the transformation
does not require any substantial diffusion to occur in the first
place. Thus, it demonstrates that the coatings undergo a
diffusionless (displacive) amorphous-to-crystalline transforma-
tion, in coherence with our previous results and findings.**

Besides the rapid growth of the crystal front wave, its
anisotropic growth behavior is also interesting to note. Seen
particularly for Chip S on further annealing at 800 °C, the
growth rate diminishes and eventually stops close to the
substrate until the temperature increases to higher values.
Following the rise, the growth continues until it is stopped
again, leaving a bed of untransformed amorphous material
close to the underlying silicon substrate. The untransformed
layer was examined using EDS mapping (Figure 6, right),
which shows that the layer is Al-enriched and contains a
compositional gradient in the CVD-growth direction. An EDS
profile acquired in a SEM from a cleaved sample (without any
beam exposure) can also be found in the Supporting
Information, Figure S6.

https://doi.org/10.1021/acs.cgd.3c00395
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Figure 6. (Left) Image series from isothermal annealing of Chip S at 800 °C, displaying the progression of the crystal wave with time. (Right)
Bright-field overview image of the untransformed layer close to the silicon substrate, along with an integrated composition profile starting from the
bottom toward the front interface (as marked by the white arrow). Compositional values derived from EDS analysis, showing the presence of a
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Figure 7. Calculation of the linear phase boundary velocity (v,,) for
the progression of the crystal front wave in Chip S.

The compositional gradient and slow growth near the
substrate suggest that crystallization are impeded in Al-
enriched environments. it also indicates that nucleation and
subsequent growth occur more preferably as the Ti-content in
the coating increases. Accordingly, these notions highlight the
potential elemental influence of titanium in the crystallization
process, which agrees with our previous examinations.’’

Interestingly, the potential elemental influence of titanium
has previously been examined in the literature regarding the
AL, TiO; phase. For example, while Al TiOy, in particular, has
been shown to display cationic disordering, Norberg et al.
demonstrated that a slight site preference exists for titanium in
the M1 (4c) site of this phase.48’49 In that regard, Skala et al.
have also demonstrated that significant bond reconstructions
that mainly occur to the MI site in AL TiOs occur upon
increasing temperature.34 Thus, these earlier results, along with
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our newer ones, support the perception that titanium, as an
element, likely plays an essential part in the crystallization of
AL TiOg, and possibly AlTi,0,; and Al;(TisO;, as well.
Electron diffraction was used to analyze the crystalline phase
content, where diffraction patterns of some emerged crystals in
Chip 4 are shown in Figure 8a—f. Distinct electron diffraction

SAED
B

5nm

Figure 8. (Left) Interrupted crystallization process from Chip S,
showing a TEM BF image of the fast-growing needle-like crystal and
its associated electron diffraction patterns. The white dashed circles
indicate the locations of the patterns. (Right) Evaluation of initially
emerged crystals in the amorphous matrix from the topmost half of
the lamella in Chip 4, seen by an overview in (a) and the
corresponding electron diffraction in (b). Closer inspections of
some crystals are given in (c) and (e), and their two distinct electron
diffraction patterns can be viewed in (d) and (f). The white stripes
seen in the images are present before heating. All images and analyses
were performed at room temperature after annealing at 800 °C.
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patterns are seen for the crystallites formed in the amorphous
matrix. Here, the SAED for the overview in (b) shows a
complicated pattern related to several different crystallites.
Further measurements of individual crystals in (d) and (f)
indicate that the probed crystals correspond to either different
crystalline phases or a single phase with different lattice
orientations. In order to evaluate this, indexing of the emerged
patterns was made, whose results can be found in the
Supporting Information, Figures S3—S4. The goodness of the
fittings shows that the observed patterns can be indexed to the
phases AL TiOs, AlsTi,0,;, and Al;(TisO;,, which implies that
more than one phase may nucleate as part of the crystallization
process. Notably, this conforms to our previous studies using in
situ X-ray diffraction’” and Raman spectroscopy,™ which
illustrates that no other phases (like binary Al,O; or TiO,)
seem to nucleate when the Al/Ti content of the films are either
close-to-ideal or Al-enriched with respect to the AL, TiO; phase.
However, in regards to electron diffraction, it must be noted
that it is possible to index Al TiOg, AlgTi,0,;, and Al;(TisO3,
interchangeably to the emerged patterns, which is likely
because the phases are very structurally similar. For instance, in
the structural models of AlsTi,O,; and Al 4TisO3,, the phases
share almost the same structural features as Al TiO;, with
similar a- and b-axes but with significant extensions of their c-
axes.”® ! These extensions are, in turn, caused by the
presence of lower coordinating sites.’”>! For that reason,
separating these phases from each other by merely considering
the emerged electron diffraction patterns remains challenging,
as it likely depends on the imaged zone axis.

As noticed from SAED, the tip and core of the needle-like
crystal domain in Chip S (Figure 8, Left) are actually the same
crystal, as confirmed by the identical electron diffraction
patterns and the indexing of these (see Figure SS of the
Supporting Information). This supports that the crystal front
wave predominantly grows and propagates into larger crystals.
However, in that regard, it is recalled that no easy separation
between the AL, TiOs, Al Ti,0,3, and Al 4TisO3, phases can be
made by fitting these diffraction patterns.

In the HRTEM image of Figure 9, a sharp interface between
the amorphous and crystalline regions can be seen. Addition-
ally, similar to the results in Figure 4 (Top), a STEM-HAADF
overview image of the crystalline region (Figure S7, see
Supporting Information) demonstrates an insignificant con-
trast deviation between the amorphous and crystalline regions.
Consequently, these observations suggest that only small

HRTEM

Figure 9. HRTEM image of the needle-like crystal from Chip S, with
corresponding fast-Fourier transform images in the crystalline region
and the immediate surrounding. A sharp transition between crystalline
and amorphous regions can be seen.

structural reorganizations are involved in the amorphous-to-
crystalline transformation, in other words, a transformation
requiring limited diffusion to occur. This notion is consistent
with our previous findings combining in situ heating hard X-ray
photoelectron spectroscopy (HAXPES) and theoretical
calculations, showing that structural relaxations of oxygen are
predominantly involved in the crystallization process.”

The possibilities of a displacive (i.e., diffusionless) trans-
formation can be rationalized based on a strong structural
homology between the amorphous and crystalline states of
AL TiO;, AlgTi,O3 and Al(TisO34. To exemplify, our
previous examinations by Raman spectroscopy have shown
that an extensive short-range ordering of heterometallic Al—
O—Ti bond assemblages exists in the amorphous as-deposited
coatings.36 In addition, AL, TiO;, Al{Ti,0,5, and Al,Ti;O;, are
structurally similar, both on the short-range and long-range
ordering,”’ ™" and these phases also display cationic disorder-
ing in their crystalline states.> 3293 In other words, few
crystallographic restrictions are imposed on these phases. In
such conditions, the difference in configurational entropy
(Sconfi) between the amorphous and crystalline states becomes
small,”” implying that only short-range bond reconstructions
(relaxations) should predominantly be required for the
transformation to occur. The rapid progression of the phase
wave seen in Chip S supports this perception, as demonstrated
by the image series in Figure 6. Therefore, this study highlights
a situation where nucleation, rather than diffusion, controls the
crystallization process.

B SUMMARY AND CONCLUSIONS

The crystallization of Al TiOs-based CVD coatings has been
examined using in situ heating in a transmission electron
microscope. Measurements were conducted on five lamellae
from the same sample, yielding similar results. Coatings readily
crystallize above 800 °C by illustrating the initial formation of
several nanometer-sized crystals, followed by growth from a
rapidly expanding and propagating phase wave. Evaluations of
the initially formed crystals by selected area diffraction show
that the emerged diffraction patterns can be interchangeably
indexed to the phases AL, TiOg, Al{T1,0,3, and Al;(TisO5,. This
indicates that more than one phase may nucleate as part of the
crystallization event.

Further examinations of the emerged crystallites by STEM-
HAADF and EDS corroborate that no chemical fluctuations or
phase separations occur as part of the crystallization event.
Thus, the amorphous-to-crystalline transformation appears to
be entirely polymorphic.

The continuous expansion and growth of the phase wave
were also examined. Figure 6 shows that growth occurs
anisotropically in seemingly preferred directions and slows
down dramatically toward the rear interface, leaving a small
bed of untransformed coating at the bottom close to the
underlying silicon substrate. Further inspections by EDS
revealed that this layer was Al-enriched and that a vertical
compositional gradient existed in this layer. Coupled with
previous kinetic examinations and a literature survey, these
findings highlight titanium’s specific involvement in the
crystallization process of the AL, TiOs-based coatings.

An estimated nucleation rate (I,) was extracted for one of
the examined crystallization processes. The highest value was
calculated to be 0.3 N X um™ X s™', and the exponential trend
in nuclei population with time indicates a transient (time-
dependent) nucleation behavior.
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The rapid heating and cooling capabilities of the in situ
heating setup allowed us to freeze the growth of the
crystallization wave to study its features at room temperature.
Interestingly, the core and front of the formed crystalline
domain exhibited identical electron diffraction patterns; thus,
these findings support that the crystal front wave grows into
larger crystals.

High-resolution imaging of the crystal—amorphous interface
showed a sharp transition to the amorphous region. Combined
with HAADF-imaging, yielding insignificant contrast differ-
ences, the observations indicate that the amorphous-to-
crystalline transformation occurs through a diffusionless
(displacive) mechanism. This perception is also strengthened
by the rapid crystallization of the lamellas, particularly when
the annealing temperature is further increased. Overall, these
behaviors highlight a situation where nucleation—rather than
growth by diffusion—controls the crystallization process.
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