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Abstract 
Selective synthesis of metastable polymorphs requires a fundamental understand-
ing of the complex energy landscapes in which these phases form. Recently, the 
development of in situ high temperature and controlled atmosphere transmission 
electron microscopy has enabled the direct observation of nucleation, growth, and 
phase transformations with near atomic resolution. In this work, we directly observe 
the crystallization behavior of amorphous TiO2 thin films grown under different 
pulsed laser deposition conditions and quantify the mechanisms behind metastable 
crystalline polymorph stabilization. Films deposited at 10 mTorr chamber oxygen 
pressure crystallize into nanocrystalline Anatase at 325°C, whereas films deposited 
at 2  mTorr crystallize into significantly larger needle-like grains of Brookite and 
Anatase at 270°C. Increasing film deposition rate by a factor of 4 results in a 10× 
increase in the crystalline growth front velocity as well as a decrease in crystalliza-
tion temperature from 270°C to 225°C. Engineering the amorphous precursor state 
through deposition conditions therefore provides routes to microstructure control and 
the accessibility of higher energy metastable phases. 
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1 | INTRODUCTION 

Metastable materials open avenues to increased functional-
ity and performance beyond classical equilibrium crystalline 
materials, only if we can target and stabilize them.1‒6 This 
is often observed in polymorphic material systems where 
stoichiometrically identical, but structurally dissimilar mate-
rials can have diverse functionality. For example, the meta-
stable Brookite polymorph of titanium dioxide, TiO2, has 
an increased photocatalytic activity compared to the lower 
energy Anatase phase.7‒9 Many synthesis methods producing 
Brookite TiO2 have been published discussing a wide variety 
of processing conditions that result in the sought after meta-
stable phase.7,10‒17 However, very little is known about the 
mechanism by which Brookite is stabilized or the kinetics of 

its crystallization in relation to other TiO2 polymorphs.12 The 
synthetic pathways to metastable materials are thus an area of 
considerable current interest. 

In many material systems, it has been shown that phase 
formation can be strongly affected by the precise nature of 
the amorphous precursor.18‒23 Upon annealing, crystalliza-
tion behavior can differ dramatically based on the initial state 
of the amorphous precursor, opening up a diverse landscape 
of pathways to formation of different phases. Understanding 
the thermodynamic and kinetic pathways to both stable and 
metastable phases is essential to explaining the influence of 
amorphous precursor processing parameters on subsequent 
crystalline phase formation. Direct observations of crystal-
lization behavior can be achieved via in situ transmission 
electron microscopy (TEM) where amorphous precursors are 
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annealed under controlled atmospheres while imaging in real 
time. This allows for unambiguous examination of growth 
kinetics and transient states during annealing and provides 
insight into how initial processing conditions influence the 
resulting system after crystallization.24‒26 

In this work, we directly show through in situ TEM an-
nealing and real-time imaging that accessing higher energy 
polymorphs in titania thin films can be accomplished solely 
through controlling stoichiometry of their amorphous pre-
cursors. Furthermore, crystallization kinetics and resulting 
microstructures are also shown to change dramatically with 
both film deposition rate and amorphous precursor stoichi-
ometry. Based on our findings, we hypothesize that the driv-
ing force for crystallization correlates with the magnitude of 
the internal energy of the precursor state, which in this case 
is influenced by the degree of defects and strain introduced 
during deposition of the amorphous films. 

2 | EXPERIMENTAL PROCEDURE 

2.1 | Thin film growth 

Titanium oxide films were deposited by pulsed laser depo-
sition at room temperature from a TiO2 target (99.998%; 
Materion) directly onto the 50  nm thick amorphous SiNX 
window of the in situ heater chips provided by Hummingbird 
Scientific (HBS 5029). A Lambda Physik (Göttingen, 
Germany) KrF laser was used with a laser repetition rate of 
either 10 Hz or 40 Hz and an energy density of approximately 
2.2  J/cm2. Film deposition rate was approximately 1.5 nm/ 
min for the 10 Hz laser repetition rate and 6 nm/min for the 
40 Hz laser repetition rate. As previous studies have shown 
that chamber oxygen pressure (pO2) during pulsed laser dep-
osition directly influences the concentration of oxygen in the 
amorphous precursor films, we have decided to investigate a 
range of partial pressures during deposition.27,28 Decreasing 
deposition pO2 resulted in sub-stoichiometric TiOx composi-
tions, where 1.8 < x < 2.0.28 All films were deposited at a 
pO2 of either 2 or 10 mTorr. These pO2 values were selected 
specifically from prior studies on this material system to tar-
get crystallization of the Brookite and Anatase polymorphs, 
respectively. The thickness of the Titania films was kept 
nominally the same, within the range of 50-60 nm. 

2.2 | In situ and ex situ transmission 
electron microscopy 

Films were annealed in an in situ Single Channel Gas Flow 
1300 Series TEM specimen holder (Hummingbird Scientific 
LLC) that allowed for sample heating in an N2 gas envi-
ronment at approximately 1  atm. An environmental cell 

was formed between two microelectromechanical system 
(MEMS) chips containing 50  nm thick SiNx windows that 
are transparent to the electron beam. One chip contains a 
microheater and the deposited amorphous film, while the 
other chip contains an array of microchannels for gas flow. 
Temperature accuracy is on the order of ±10% of the holding 
temperature and the thermal field is uniform across all areas 
used for imaging. TEM imaging was performed with a JEOL 
2100 operating at 200 keV. Micrographs were acquired with 
a DE-12 direct electron detection camera (Direct Electron) 
with current densities <50 pA/cm2. A variety of magnifica-
tions were used between 300× and 15 000× to ensure both 
general and detailed analyses of crystallization behavior. 

Postcrystallization ex situ transmission electron micro-
graphs of the crystallized films were acquired with an FEI 
Co. Talos F200X Transmission Electron Microscope with 
scanning capabilities operating at an accelerating voltage 
of 200 keV. These ex situ micrographs provide a far better 
image resolution and contrast compared to the in situ mi-
crographs, allowing for more comprehensive analysis of the 
postcrystallization microstructures. Structural characteri-
zation was conducted by acquiring selected area electron 
diffraction (SAED) patterns on an FEI Co. Ceta 16M pixel 
CMOS camera at a camera length of 660 mm. Molybdenum 
carbide present in the heater chips was used to calibrate the 
camera constant, allowing SAED reflections to be accurately 
measured and indexed. 

Crystallization kinetics were calculated and quantified 
using the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equa-
tions 29‒32 Fraction of crystallized area over time was mea-
sured directly from the in-situ TEM frames at multiple time 
steps during the crystallization process using ImageJ.33 An in 
situ crystallization experiment recorded at 300× magnifica-
tion was analyzed for the film deposited at 2 mTorr. Analyzing 
the nanoscale grains crystallized from the 10 mTorr film re-
quired frames recorded at 15 000×. Even then, only grains 
large enough to be detected in the in-situ frames (approxi-
mately 5 nm diameter or larger) could be measured. The mea-
surable crystalline phase fraction from the in situ frames was 
compared to the total measurable crystalline area from the 
higher resolution ex situ micrographs and extrapolated upon 
by taking advantage of the linear form of the JMAK equation. 

3 | RESULTS 

As-deposited amorphous Titania films were annealed 
during in situ TEM analysis to investigate crystalliza-
tion behavior as a function of deposition conditions and 
post-deposition annealing temperature. Starting from 
200°C, the in situ MEMS chip temperature was increased 
by 10°C-15°C increments until the nucleation process 
began. Each temperature step was held for 30-60 seconds 
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to ensure nucleation and growth would be detected be-
fore stepping to the next temperature. Once nucleation 
had begun, temperature was kept constant while observ-
ing the time dependence of the subsequent crystallization 
and growth behavior. This process was repeated for films 
deposited under different partial pressures of oxygen at a 
constant deposition rate and then for films deposited at dif-
ferent rates at constant pO2 = 2 mTorr. Crystalline films re-
sulting from these in situ heating experiments exhibit final 
microstructures congruent with those observed from previ-
ous ex-situ heat treatments on films with similar deposition 
conditions.34 We have also shown the evolution of these 
same microstructures on a variety of amorphous substrates 
through ex situ heat treatments.17 These observations sug-
gest negligible or no influence on crystallization behavior 
arising from the SiNX windows nor the electron beam dur-
ing these in-situ heating experiments. 

Figure 1 shows TEM micrographs capturing different 
stages of nucleation and growth for films deposited under 
different partial pressures of oxygen. There is a significant 
difference in crystallization behavior between films depos-
ited at pO2 = 10 mTorr vs those deposited at pO2 = 2 mTorr. 
Based on prior research,28 the oxygen content is expected to 

be greater in the 10 mTorr film and therefore closer in com-
position to stoichiometric TiO2 as compared to the 2 mTorr 
film. All other deposition process variables (film thickness, 
laser energy, pulse rate, etc) were kept constant between these 
two films, suggesting that oxygen concentration influences 
the amorphous precursor state and plays a major role in crys-
tallization behavior. For the films deposited under 10 mTorr 
pO2 (Figure 1A-C), nucleation occurred at 325°C wherein 
many nanocrystalline nuclei formed and then grew radially 
outward to final crystallite diameter on the order of 5-10 nm. 
In contrast, the 2  mTorr film began exhibiting sparse nu-
cleation at 270°C; a crystalline growth front consisting of a 
few needle-shaped grains then grew across the imaging area 
(Figure 1E-G). Strain warping is observed in the crystallized 
2 mTorr film as the darker colored bend contours, suggest-
ing a large density change from the amorphous to crystalline 
state. Note, the scale of the imaging area was identical be-
tween both experiments. 

In conjunction with the stark contrast in the final mi-
crostructure, we observe a notable change in the crystalline 
TiO2 phases that form from these two amorphous precursor 
films. Anatase, the phase expected to crystallize at these 
temperatures and crystallite sizes,35,36 forms exclusively 

(A) (B) (C) (D) 

(E) (F) (G) (H) 

F I G U R E  1  In-situ crystallization experiments as a function of pO2 during deposition. Snapshots of the crystallization process are shown at 
various timesteps for both films; (A-C) pO2 = 10 mTorr, (E-G) pO2 = 2 mTorr. Crystalline phase and microstructure distinctly differ as function of 
pO2. The scale bars for (A-C) and (E-G) all measure 200 nm. Nanocrystals of Anatase (denoted by arrows in (B) and (C)) nucleate in the 10 mTorr 
film starting at 325°C. Conversely in the 2 mTorr film, needle-like grains crystallize radially outward from well-dispersed nucleation sites in a 
wavefront-like manner (denoted as the dashed line in (F)) starting at 270°C. Ex-situ bright field micrographs of the final crystalline microstructures 
are shown for (D) pO2 = 10 mTorr and (H) pO2 = 2 mTorr 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://treatments.17
https://conditions.34


4 | MANGUM et al.    

   
 
 

   
 
 
 

 
 
 

 
 
 
 

 

 

 

 
 

 
 
 

 
 

 
 
 
 

 
 

 

 

from amorphous precursor films with closer-to-stoichio-
metric oxygen content (pO2 =  10  mTorr), whereas both 
Anatase and metastable Brookite is observed to crystallize 
from precursors with more sub stoichiometric composition 
(pO2 = 2 mTorr). Figure 2 summarizes the microstructure 
and phase identification of these crystalline films. Final 
crystalline microstructures seen in this study agree with 
those observed in previous work using correlative Raman 
spectroscopy and SEM for TiO2 polymorph identifica-
tion.34 Selected area electron diffraction acquired from the 
crystallized 10 mTorr film shows a ring pattern consistent 
with the randomly oriented polycrystalline microstructure 
seen from ex-situ bright-field scanning transmission elec-
tron microscopy (STEM). An integrated 1D profile of this 
ring pattern is fully fit by the Anatase structure. Diffraction 
from the 2 mTorr film shows more distinct reflections, as 
expected from the larger-grained microstructure. Preferred 
orientation of these grains results in the absence of cer-
tain crystallographic reflections, for instance the Brookite 
(211) reflection that is commonly used to identify the pres-
ence of Brookite.7 However, an integrated 1D profile of this 

(A) 

(B) 

(D) 

(F) 

(C) 

(E) 

(G) 

pattern can be qualitatively fit by needle-like crystallites 
of Brookite, in agreement with the elongated microstruc-
ture of the crystalline film. This diffraction profile cannot 
be fit solely by the Anatase structure due to the presence 
of Brookite-specific reflections. However, some reflec-
tions are better fit by Anatase, implying a mixture of the 
Brookite and Anatase phases in the films crystallized from 
the 2 mTorr amorphous precursor films. A quantitative fit 
to the data has many convoluting factors arising from elec-
tron scattering. A March-Dollase function is used to model 
the preferred orientation with needle axes of [100] and 
[001].37 Direct confirmation of a preferred [100] growth di-
rection is seen in high-resolution TEM micrographs of the 
crystalline-amorphous boundary (Figure S1). The [001] 
preferred growth direction is suggested by diffraction, but 
was not directly observed in the same manner as the [100] 
growth direction. 

An identical annealing experiment conducted at lower 
magnification on a film deposited at pO2 =  2  mTorr pro-
vided a more detailed overview of the crystallization behav-
ior of the Brookite-containing films. Figure 3 outlines three 

F I G U R E  2  Phase identification of the 
two types of crystallization observed in this 
study. A, Correlative Raman spectroscopy 
and SEM reproduced from previous work 
identifies the nanocrystalline microstructure 
to anatase and the lamellar-type 
microstructure to brookite.34 Ex-situ (B, 
C) bright-field STEM and (D, E) selected 
area electron diffraction from crystallized 
films. Films deposited at pO2 = 10 mTorr 
form into phasepure nanocrystalline Anatase 
while those deposited at pO2 = 2 mTorr 
crystallize into a mixture of Brookite 
and Anatase with needle-like crystallites 
of preferred orientation. F, A 1D profile 
integrated from (D) shows a qualitative fit 
to the Anatase structure. G, A 1D profile 
integrated from (E) indicates a mixture 
of needlelike Brookite with [100] and 
[001] needle axes along with peaks likely 
associated with Anatase 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://brookite.34


| 5 MANGUM et al.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 

 
 
 
 
 
 

 

 
 
 
 

 

   
 

 F I G U R E  3  Overview of an intermediate point of the 
crystallization process of a film deposited at pO2 = 2 mTorr. Three 
distinct crystalline regions (colored) comprised of needle-like grains 
are observed originating radially outward from nucleation sites located 
at each corresponding × (green and red are outside of the field of 
view). The dark background (molybdenum carbide) and array of 
lighter colored squares (silicon nitride) are both part of the in-situ 
MEMS heater chip 

crystalline regions of elongated grains oriented radially out-
ward from their respective nucleation points (denoted by an 
×); these kinetics can be seen directly in Movie S1. This 
presents a major difference in the nucleation and growth 
kinetics between the 10  mTorr (Anatase) and 2  mTorr 
(Brookite + Anatase) films. The pure Anatase films show 
a high rate of nucleation and low growth rate, resulting in 
a nanocrystalline microstructure with average grain size on 
the order of 5-10 nm. Conversely, the Brookite-containing 
films crystallize with a low nucleation rate, but significantly 
higher growth rate. The resulting microstructure consists 
of elongated needle-like grains expanding radially outward 
from a few well dispersed nucleation sites, reminiscent of 
spherulitic growth. Coupled with the observation that the 
Brookite-containing films nucleate at lower temperatures 
with respect to the pure Anatase films, these results may in-
dicate an increased driving force for crystallization as oxygen 
content in the amorphous precursor decreases. Furthermore, 
the potential for controlling both microstructure and phase 

formation through amorphous precursor engineering could 
provide new avenues for enhancing or targeting desirable 
properties in the final crystalline products. 

Quantifying crystalline growth kinetics of these thin film 
systems was done using the JMAK equation. Kinetic vari-
ables such as reaction rate and the Avrami exponent, which 
relate to the mechanism and dimensionality of crystallization 
respectively, were established from measurements of the 
fraction of crystallized area over time. In its simplest form, 
the JMAK equation assumes the crystallization experiment is 
conducted isothermally, nucleation is random and homoge-
neous, growth rate does not depend on fraction crystallized, 
and growth occurs isotropically. For the in-situ experiments 
conducted in this study, crystallization takes place at a single 
temperature and precursor films are assumed not to contain 
any inhomogeneities that would cause preferential heteroge-
neous nucleation. Because we are only interested in relative 
changes in the kinetic variables between the various precur-
sor films, we assume the simplistic JMAK equation is suffi-
cient for these crystallization experiments: 

˜ ° 
X(t) = 1−exp −(kt)n , (1) 

where X is the fraction crystallized, k is the reaction rate, which 
includes kinetic contributions from both nucleation and growth, 
and n is the Avrami exponent. Rearranging this equation yields 
the more useful form for determining both k and n: 

˜ ˜ °° 

ln ln 
1 

= n ln [k]+n ln [t]. (2)
1−X(t) 

Plotting experimental data in this form (see Figure 4 
insets) gives a linear trend with the slope equal to n and 
the y-intercept equal to nln(k). Both kinetic variables can 
therefore be extracted from a linear fit to the data in this 
form. Crystallization kinetics for the films deposited at 10 
and 2 mTorr were evaluated using these two forms of the 
JMAK equation (Equations 1 and 2). The theoretically pre-
dicted and experimentally observed crystallization rates are 
shown in Figure 4. Both film types exhibit an Avrami ex-
ponent, n, reasonably close to 2, which is expected for the 
two-dimensional growth observed in thin film systems.38 

The reaction rate, k, is notably different between the two 
films. For the more oxygen deficient 2  mTorr precursor 
film (k =  0.017  ±  0.0005), the reaction rate is approxi-
mately three times greater than that of the 10 mTorr pre-
cursor film (k = 0.006 ± 0.0001). Reaction rate follows an 
Arrhenius dependence with temperature and relates to the 
overall activation energy for crystallization through the fol-
lowing equation: 

˜ ° 
−E c

k = k0 exp 
kBT 

, (3) 
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 F I G U R E  4  Crystallization kinetics as a function of deposition pO2. Fraction of crystallized film over time for films deposited at (A) 
pO2 = 10 mTorr and (B) pO2 = 2 mTorr. Insets show the data plotted in the linear form of the Johnson-Mehl-Avrami-Kolmogorov equation where 
the slope is equal to n and the y-intercept equal to nln(k). Reaction rate (k), which represents both nucleation and growth kinetics, increases by a 
factor of 3 with the decrease in the pO2 during deposition and thus variations in the oxygen content of the amorphous precursor film 

where k0 is the frequency factor, Ec is activation 
energy for crystallization, kB is the Boltzmann constant 
(8.62  ×  10−5 eV/K), and T is the temperature in Kelvin. 
Comparison of activation energies relative to one another 
can be made using the reaction rates calculated previously. 
A frequency factor of 1011 s−1 was used for both films based 
on typical values for similar crystallization experiments.25,39 

A decrease in activation energy for crystallization of ap-
proximately 12% was calculated for the more oxygen 
deficient precursor film deposited at 2 mTorr when com-
pared to that of the precursor film deposited at 10 mTorr. 
We therefore claim that the magnitude of energy required 
for crystallization is largely influenced by the extent of ox-
ygen deficiency in the amorphous precursors due to depo-
sition pO2 being the only major difference between the two 
films. 

Thin film deposition rate has also been shown to influ-
ence the crystallization pathways in amorphous materials.23 

To further investigate the driving force for crystallization 
as a function of deposition conditions, in situ annealing 
was conducted on films deposited at two different laser 
pulse rates, 10 and 40  Hz, at a constant deposition pO2 
of 2  mTorr. Figure 5 shows the evolution of the crystal-
line growth front over time for both films. As expected, 
the resulting crystalline microstructure in both films cor-
responds to that seen in the previous films deposited at 
pO2 = 2 mTorr. However, the growth front velocity in the 
40 Hz film is approximately ten times greater than that seen 
in the film deposited at 10 Hz. Note that the crystallization 

temperature for the 40 Hz film also decreased to 225°C as 
compared to 270°C for the 10 Hz film. See Movie S2 for a 
side-by-side comparison of the crystalline growth front for 
these two films. For films grown at higher pulse rates, we 
hypothesize that each deposited layer has less time to struc-
turally relax via surface diffusion before the next layer is 
deposited. This results in a greater degree of residual strain 
in the amorphous precursor film, pushing further from a 
lowest energy state comparative to those deposited at lower 
pulse rates. Consequently, the driving force for crystalliza-
tion would increase, leading to significantly faster growth 
rates and lower nucleation temperatures—both of which 
were observed in the film deposited at 40 Hz. 

Relative reaction rates for the two films deposited at 10 
and 40 Hz pulse rates can be determined from its mathemati-
cal relationship with the interface growth velocity: 

2k ∝ v (4)NArea, 

where v is the interface growth velocity and NArea is the 
area nucleation density.40,41 Growth rates for the 10 and 
40 Hz films were calculated as 32 and 300 nm/s, respec-
tively. From ex situ micrographs of total crystallized area 
(Figure S2), nucleation densities for these two films were 
determined to be approximately 6.9 × 10−10 nm−2 (10 Hz) 
and 1.2 × 10−9 nm−2 (40 Hz). This increase in growth ve-
locity results in a ~150× increase in reaction rate. From 
this, a decrease in activation energy for crystallization of 
approximately 23% is calculated, suggesting yet another 
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 F I G U R E  5  In-situ crystallization 
experiments as a function of deposition rate 
with constant deposition pO2 = 2 mTorr. 
Snapshots of the crystallization process are 
shown at various timesteps for both films; 
(top) 10 Hz pulse rate, (bottom) 40 Hz pulse 
rate. Scale bar for all micrographs measures 
200 nm. Note, that the time scale for the 
40 Hz films is an order of magnitude faster 
than those for the 10 Hz films. An increase 
in laser pulse rate from 10 to 40 Hz results 
in noticeably elevated kinetics. Crystalline 
growth front velocity speeds up by an order 
of magnitude while nucleation temperature 
decreases from 270°C to 225°C 

variable of the amorphous state that can be manipulated to 
influence crystallization kinetics. 

4 | DISCUSSION 

In our previous studies on the influence of pO2 on TiO2 
polymorph formation in these thin film systems, the driving 
force for crystallization was hypothesized to be influenced 
by the degree of internal energy of the amorphous precur-
sor.28 Manipulating parameters of the deposition process, 
such as oxygen pressure and laser pulse rate as shown here, 
contribute to the internal energy of the amorphous thin film 
system through strain and/or Ti–O polyhedral configuration 
arising from oxygen deficiency and unrelaxed microstruc-
tures. Greater extents of these internal energy-raising attrib-
utes push the system further from its lowest energy state, 
thus increasing the driving force for crystallization. When 
the crystallization temperature is reached during annealing, 
enough thermal energy is provided for reconfiguration of the 
higher energy amorphous structure into a resulting crystal-
line phase. In this study, three factors of the crystallization 
process are influenced by the internal energy of the amor-
phous precursor structure—nucleation temperature, growth 
rate, and phase stability. As the driving force for crystalli-
zation increases, nucleation temperatures decrease, growth 
rates increase, and the formation and retention of metastable 
phases becomes possible. 

Further studies are necessary for a deeper understand-
ing of TiO2 polymorph selectivity arising from vari-
ability in the amorphous precursors. Pair distribution 
function analysis, a technique for probing the structure 

of amorphous materials, can be utilized in this work to 
characterize local atomic structure and Ti–O polyhedral 
configuration of the amorphous precursor films by back-
ing out the ratios of corner- and edge-sharing octahedra as 
well as titanium coordination number. Studying changes 
in these attributes as a function of deposition conditions, 
namely oxygen deficiency, will provide key insights into 
the polyamorphism influencing crystallization behavior 
in the Titania system. 

5 | CONCLUSIONS 

Decreasing oxygen pressure and increasing pulse rate during 
pulsed laser deposition of amorphous Titania thin films were 
both shown to decrease the activation energy necessary for 
crystallization while also producing and retaining metastable 
crystalline polymorphs. Variability in nucleation and growth 
kinetics observed in amorphous precursors deposited under 
different oxygen pressures resulted in the evolution of dis-
tinct crystalline microstructures. Understanding the role of 
processing variables during the synthesis of amorphous pre-
cursors provides an opportunity for tuning the energy land-
scape for crystallization. 
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