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ABSTRACT: The integration of emerging complex-oxide compounds into sophisticated 

nanoscale single-crystal geometries faces significant challenges arising from the kinetics of vapor-

phase thin-film epitaxial growth. A comparison of the crystallization of the model perovskite 

SrTiO3 (STO) on (001) STO and oxidized (001) Si substrates indicates that there is a viable 

alternative route that can yield three-dimensional epitaxial synthesis, an approach in which STO 

is crystallized from an amorphous thin film by post-deposition annealing. The crystallization of 

amorphous STO on single-crystal (001) STO substrates occurs via solid-phase epitaxy (SPE), 

without nucleation and with a temperature-dependent amorphous/crystalline interface velocity. In 

comparison, the crystallization of STO on SiO2/(001) Si substrates requires nucleation, resulting 

in a polycrystalline film with crystal sizes on the order of 10 nm. A comparison of the temperature 

dependence of the nucleation and growth processes for these two substrates indicates that it will 

be possible to create crystalline STO materials using low-temperature crystallization from a 

crystalline seed, even in the presence of interfaces with other materials. These processes provide 

a potential route for the formation of single crystals with intricate three-dimensional nanoscale 

geometries. 
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Introduction 

The integration of complex-oxide crystals in three-dimensional nanoscale geometries has the 

potential to enable a variety of new materials, including those exhibiting facile oxygen transport, 

single-crystal composites for the control of thermal properties, and large volumes of nanostructures 

in which mechanical, optical, and electronic phenomena are modified by size effects.1-2 

Considerable effort has been devoted to the synthesis of crystalline complex oxides in the form of 

thin films yielding low defect densities, while simultaneously controlling the phase, strain, 

crystallographic orientation, and elemental composition.3 This creation of single-crystalline oxide 

layers via heteroepitaxy largely employs growth from a vapor, relying on elevated surface 

temperatures to favor processes facilitating long-range surface diffusion and the formation of the 

crystalline phase directly at the surface.4-6 Deposition in line-of-sight geometries in epitaxial 

deposition via molecular beam epitaxy, sputter ion deposition, or pulsed-laser deposition most 

often produces two-dimensional thin-film heterostructures. Complementary growth techniques 

facing different kinetic constraints have the potential to allow deposition and crystallization under 

much more flexible conditions. 

The two-dimensional constraint facing heteroepitaxy from the vapor can in principle be lifted 

by crystallizing the desired complex oxide crystalline phase from an initially amorphous form, 

which can be deposited using techniques that do not rely on maintaining line-of-sight during 

deposition. This approach can be applied to complex geometries by crystallizing layers on a 

patterned three-dimensional substrate, part of which is composed of crystalline seeds.7-8 The 

eventual use of crystallization to create complex geometries requires understanding the 

propagation of a crystal growth front from a crystalline seed and nucleation either within the 

amorphous material or at interfaces that do not act as crystalline seeds. 
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Figure 1. (a) Schematic of the crystallization of amorphous STO on (001) STO substrates by SPE: 

(i) As-deposited amorphous STO layer, (ii) and (ii) Crystallization of STO through the motion of 

the amorphous/crystalline interface towards the surface, and (iv) Fully crystallized epitaxial STO 

thin film. (b) Schematic of the crystallization of amorphous STO on SiO2/(001) Si substrates by 

nucleation and growth: (i) As-deposited amorphous STO, (ii) Persistence of the amorphous 

structure in the interval before nucleation, (iii) Polycrystalline nucleation and growth of STO 

crystals, and (iv) Fully crystallized polycrystalline STO thin film. 

 

Here we report the relative rates of nucleation and growth in the crystallization of the model 

complex oxide SrTiO3 (STO) on surfaces differing in structure and composition and demonstrate 

that the scaling of these rates is favorable for crystallization in complex geometries. The crucial 

insight is that there is a difference in the kinetics of crystallization of amorphous STO thin films 

deposited on two substrates: (i) (001) STO single-crystals and (ii) Si surfaces with a native oxide, 

termed SiO2/(001) Si. The amorphous-to-crystalline transformation is dramatically different on the 

two substrates, as shown schematically in Fig. 1. We show here that the temperature dependence 
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of nucleation and growth processes for STO crystals reveals that the effective activation energy 

for nucleation of crystalline STO from an amorphous STO layer is higher than the activation 

energy of the motion of the crystal/amorphous interface. It thus is particularly important to 

consider crystallization at low temperatures, approximately 450 °C in the present study, where the 

rates of crystal growth for STO on STO and nucleation for STO on SiO2/Si are significantly 

different and favor the growth of large STO crystals even in the presence of interfaces with other 

materials. 

STO serves as a model for perovskite systems of technological interest and has experimental 

advantages arising from its simple-cubic symmetry and lack of competing polymorphic phases. 

Because of the similarity of structural and chemical issues, it is likely that the growth kinetics of 

STO are applicable to the formation of structurally similar complex oxides on other crystalline 

substrates and in various geometries. In addition, STO itself has a range of functionalities, 

including as a high-k gate insulator in field effect transistors,9 a nanoscale ferroelectric,10 and 

through formation of two-dimensional electron gases at LaAlO3/SrTiO3 (LAO/STO) interfaces.11  

The crystallization of STO on single-crystal (001) STO substrates occurs through solid-phase 

epitaxy (SPE), the motion of a smooth amorphous/crystalline interface towards the surface.12 The 

kinetics of SPE in STO have been probed in amorphous layers created by ion implantation,12-13 

sputter deposition,14 and pulsed-laser deposition,15 revealing that interface velocities are thermally 

activated and that a planar interface is preserved. The series of kinetic processes is more complex 

at high temperatures, where motion of the interface by SPE is accompanied by nucleation of 

crystals in the region of the film far from the amorphous/crystalline interface.14  

In contrast to SPE, much less is known about crystal nucleation in amorphous complex oxide 

thin films on substrates, such as amorphous SiO2/(001) Si, which do not provide a crystalline 
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template for epitaxial STO. Molecular dynamics simulations of other oxide materials show that 

nucleation involves a set of atomic-scale processes associated with the rearrangement of the 

nanometer scale structure into local metal-oxygen coordination favorable for crystal formation.16 

Larger-scale processes within the amorphous form can also have an important role. The evolution 

of TiO2 nanostructures in ALD follows a path from amorphous layers to amorphous particles to 

metastable crystallites and ultimately to stable crystalline forms.17 The atomic scale processes of 

nucleation thus differ from the crystal-interface-dependent atomic processes of growth, and can be 

expected to have a different activation energy. The difference in the temperature dependences of 

nucleation and crystal growth can be exploited to find regimes favoring crystal growth and limiting 

nucleation. 

Results and Discussion 

The nucleation and growth of crystalline STO from initially amorphous layers was investigated 

by sputter depositing amorphous STO thin films on room-temperature substrates and 

crystallizing via ex situ annealing. As described in the methods section, amorphous STO films 

were deposited by on-axis radio-frequency magnetron sputter deposition onto substrates held at 

room temperature, conditions that are expected to yield amorphous layers.14, 18 STO was 

deposited at a rate of 15 nm h-1 to total thicknesses of approximately 60 nm. The precise 

thickness of each as-deposited film was measured using x-ray reflectivity (XRR). As-deposited 

STO layers on both STO and SiO2/Si substrates exhibited grazing incidence x-ray scattering 

patterns consistent with an amorphous thin film, as in Figures 2(a) and (b). The slight difference 

in the intensities of the scattering patterns in Figures 2(a) and (b) arises from the different x-ray 

incident angles, and thus illuminated volumes, for STO on STO (3.2°) and STO on SiO2/Si 

(1.4°). All annealing and crystallization experiments were conducted in air. 
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Figure 2. Grazing-incidence x-ray scattering patterns of (a) amorphous STO on (001) STO and 

(b) amorphous STO on SiO2/(001) Si, with a ring of scattering from amorphous STO at 2θ = 29.5°. 

Scattering patterns of crystallized STO on (c) (001) STO and (d) SiO2/(001) Si. Rings of powder 

diffraction intensity appear 2θ angles of 22.8°, 32.3°, and 39.8° arising from the (100), (110), and 

(111) reflections of polycrystalline STO appear following crystallization on SiO2/(001) Si. 

 

The crystallization of STO on the STO (001) substrate results in the disappearance of the 

amorphous scattering signal without the appearance of polycrystalline diffraction rings. Figure 

2(c) shows the x-ray scattering pattern of the same STO film shown in Figure 2(a) following 
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annealing at 650 °C for 5 min, a temperature and duration yielding full crystallization of the film. 

Transmission electron microscopy (TEM) provides further evidence of the crystallization of STO 

on STO by SPE. Annealing an as-deposited amorphous film at 600 °C for 32 min results in full 

crystallization, as shown by the cross-sectional high-resolution TEM images in Figure 3(a). The 

images were obtained from a <100>-oriented cross-sectional specimen and show lattice fringes 

with spacings that are consistent with <001> oriented STO. The preparation of the TEM samples 

is described in detail in the Methods section. The image with a larger field of view includes the 

sample surface, at which there is no interlayer between the amorphous carbon and the crystallized 

STO layer, indicating that the STO layer has fully crystallized under these conditions. The 

orientation of the lattice fringes is constant throughout the entire crystallized layer and identical to 

the substrate. These observations are consistent with the expectation that the layer is epitaxial and 

that the crystallization of STO on STO occurs via SPE. 

For STO on SiO2/(001) Si, heating transforms the amorphous layer into a nanocrystalline 

microstructure. Figure 2(d) shows the x-ray scattering pattern of a crystallized STO thin film after 

annealing at 650 °C for 18 min, exhibiting a series of powder diffraction rings arising from (100), 

(110) and (111) reflections of STO. The integrated intensities of the (100) and (111) reflections 

are 3.3% and 19.8% of the intensity of the (110) peak, respectively. The peak positions and ratios 

of peak intensities agree with the powder x-ray diffraction pattern of STO,19 indicating that the 

STO crystals form on SiO2/(001) Si in random orientations. The (100), (110) and (111) reflections 

have angular widths of 0.8°, 1.2°, and 1.5°, respectively, giving crystal sizes of 11 nm, 7 nm and 

6 nm, respectively, based on Scherrer’s formula. The x-ray reflections of STO thin films on 

SiO2/(001) Si crystallized at lower temperatures, from 450 °C to 600 °C, have similar angular 

widths and relative intensities. The 10 nm size of the STO crystals is much smaller than the total 
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film thickness of approximately 60 nm. The small STO crystal size, even after the completion of 

crystallization indicates that nucleation for STO on SiO2/(001) Si occurs within the volume of the 

film and is not limited to the free surface or to the STO/SiO2 interface. 

The crystallized STO layer and SiO2/(001) Si substrate are shown in the high-resolution TEM 

image in Figure 3(b) for a STO layer with an initial thickness of 61 nm heated to 600 °C for 36 

min. The image was obtained from a Si <110>-oriented cross-sectional specimen. The spacing of 

the fringes is 2.76 Å, which matches the spacing of {110} planes in STO and is indicative of the 

local orientation of the crystallized STO. A high-resolution image of one STO nanocrystal within 

the layer exhibits lattice fringes with a misorientation of 11° with respect to the Si substrate. Other 

domains containing {110} crystal planes, with different angular orientations with respect to Si, 

were also observed in the high-resolution TEM analysis. Figure 3(b) shows a high-resolution TEM 

image in which a STO single lattice orientation is apparent across the entire image. The crystalline 

domain size in Figure 3(b) is on the order of tens of nanometers, which is larger than the mean 

value of the crystal size, determined from the widths of STO x-ray reflections. The difference 

between crystal sizes estimated with these methods can arise from inhomogeneity in the grain size 

of the polycrystalline STO.  

Insight into the kinetic mechanism of crystallization can be obtained by examining the structure 

of partially crystallized STO layers. The evolution of the scattered x-ray intensity for an amorphous 

STO layer on (001) STO for a series of crystallization times at 600 °C is shown in Figure 4(a). The 

data shown in Figure 4(a) were acquired in a series of separate heating steps, each of which was 

followed by x-ray scattering characterization. The integrated intensity of the scattering feature 

arising from amorphous STO is shown as a function of heating time for annealing temperatures 

from 450 °C to 650 °C in Figure 4(b). The intensity of scattering arising from amorphous STO 
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decreases continuously with increasing annealing time. Details of the determination of the x-ray 

intensity scattered from amorphous STO are given in the Methods section. The intensity in the 

angular range of scattering from the amorphous layer is slightly higher than the background 

intensity even at long annealing times, an effect that is accounted for in the analysis below. We 

hypothesize that this difference, which is on the order of 10-30% of the total intensity of the 

scattering from the amorphous layer, may arise from small differences in the run-to-run alignment 

of the sample on the x-ray diffractometer, the formation of very small crystallites, or scattering 

from surface contamination accumulated during processing. 

 

Figure 3. High-resolution TEM micrographs of fully crystallized STO films on (a) (001) STO and 

(b) SiO2/(001) Si substrates. 
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Figure 4. (a) Grazing-incidence x-ray scattering intensity for an STO film deposited on (001) STO 

and annealed at 600 °C in a series of steps with the indicated total duration. The curves represent 

as-deposited (red), partially crystallized (blue), and fully crystallized (purple) layers. Scattering 

intensity from the bare STO substrate (black) is shown for comparison. (b) Integrated x-ray 

intensity from the amorphous STO as a function of annealing time at temperatures of 450 °C, 550 

°C, 600 °C, and 650 °C. The lines indicate the fit used to determine the crystalline/amorphous 

interface velocity at each temperature. (c) Growth velocities determined using the data shown in 

(b) (squares) and growth velocity at 600 °C determined using XRR (triangle). The line is a fit to 

determine the effective activation energy. 

 

The growth velocity for crystallization of STO on (001) STO via SPE was determined using the 

rate of decrease of the scattered x-ray intensity from the amorphous layer. The x-ray intensity 

scattered from amorphous STO, I, can be modelled as I=C x(t) + DI. Here C is a constant set by 
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the incident x-ray intensity, the scattering per unit volume from the amorphous layer, detector 

parameters, and beam footprint on the sample surface; x(t) is the thickness of the amorphous layer 

at time t, and ΔI is the non-zero intensity of x-rays scattered from the fully crystallized film. The 

velocity v of the amorphous/crystalline interface is determined using 𝑣 = #$
#%
= &

'
#(
#%

. The constant 

C can be obtained by comparing the initial and final states, 𝐶 = (*+∆(
$*

, where x0 is the initial 

thickness of the amorphous STO film and I0 is the initial scattered intensity of the as-deposited 

film. The growth velocity, v, is then: 

     𝑣 = #(
#%

$*
(*+-(

       (1) 

The growth velocities found by applying equation (1) are plotted as a function of temperature in 

Figure 4(c). Velocities range from 0.6 nm min-1 at 450 °C to 12.3 nm min-1 at 650 °C. The velocity 

of 1.7 nm min-1 at 500 °C has the same order of magnitude as the value of 3.7 nm min-1 that can 

be inferred from the previously reported time required to crystallize a sputter-deposited STO film 

at the same temperature.14 The differences between the rate reported here and the value from the 

literature are discussed in more detail below. 

Previous studies of SPE of STO, as well as Si, SiGe, and other semiconductors have found that 

the growth velocity at temperature T can be described by an Arrhenius temperature dependence 

given by 𝑣(𝑇) = 𝑣1𝑒+34/678.12, 20-21 Here Ea is the effective activation energy for the processes 

determining the velocity, v0 is a velocity prefactor, and kB is the Boltzmann constant. A fit of this 

expression to the growth velocities reported in Figure 4(c) for the temperature range from 450 °C 

to 650 °C gives an activation energy of 0.7 eV.  

The activation energy reported here is in reasonable agreement with the value of 0.77 eV 

observed for the crystallization of amorphous STO produced by ion implantation.12 Other reported 



 13 

activation energies range from 1.0 eV in an H2O atmosphere to approximately 2.1 eV in vacuum.13 

The activation energy of the amorphous/crystalline interface velocity for crystallization of STO on 

STO substrates depends on the gas ambient during annealing and the sample preparation method. 

Hydrogen, provided by the dissociation of water molecules at the surface, penetrates the 

amorphous layer to the amorphous-crystalline interface to increase the rate of the crystallization 

of amorphous STO. The crystallization velocity increases at higher concentration of diffusing 

hydrogen at the interface and exhibits a lower activation energy.13, 22 The differences in activation 

energy and velocity reported here may thus arise from sensitivity to the ambient atmosphere during 

crystallization. 

XRR studies provide further support for the crystallization of STO on (001) STO through the 

motion of a planar crystal/amorphous interface by SPE. Figure 5(a) shows XRR curves for an 

amorphous STO layer on a STO substrate for a series of annealing times at 600 °C. The XRR 

curve fit employed a two-layer model consisting of an amorphous STO layer on a uniform 

underpinning layer consisting of the STO substrate and crystallized STO layer. The densities of 

amorphous STO and crystalline STO were constrained in the range 4.2 ± 0.1 g cm-3 and at 5.1 g 

cm-3, respectively, based on their literature values.13, 23-24 Thickness and roughness parameters for 

reflectivity curve fits are shown in Table 1. It is apparent from the XRR study that the amorphous 

layer thickness decreases continuously as a function of time during crystallization, as in Figure 

5(b).  

The XRR data indicates that a sample annealed at 600 ºC for 35 min has a remaining amorphous 

layer with a thickness of approximately 10 nm. The TEM and XRD data, however, show that a 

separate sample nominally annealed at 600 ºC for 32 min is already fully crystallized. This small 

difference can arise from uncertainty in the annealing temperature and time, including factors 
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associated with the loading of the samples within the furnace at each step. In addition, there is a 

slight shift between the XRR data and fit at low 2θ angles near the regime of total external 

reflection for the sample annealed at 600 ºC for 35 min exhibits. Despite difficulties in fitting this 

regime, we note that the thickness measured using the fit is essentially given by the fringe spacing 

at higher 2θ angles, where the fit is a good match to the data. 

 

Figure 5. (a) XRR measurements of as-deposited amorphous STO on STO (orange) and after 

annealing at 600 °C for 5 min (purple), 15 min (green), 25 min (blue), and 35 min (red). Black 

lines show calculated reflectivity curves using the parameters given in the text. The intensity of 

the annealed samples has been shifted vertically to allow the curves to be distinguished. (b) 

Amorphous STO layer thickness, derived from the fringe spacing in XRR data, as a function of 

annealing time at 600 °C.  

 

The velocity determined from the rate of amorphous/crystal interfaces motion in Figure 5(b) is 

0.8 nm/min, which is slightly less than the value deduced from the x-ray scattering data (1.9 

nm/min), but consistent with the overall temperature dependence of the crystallization velocity. 

The discrepancy in crystallization front velocities for these two samples can be explained by a 
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combination of random and systematic errors: temperature variation by several °C in the furnace 

can result in a velocity variation of 0.5 nm/min by applying the Arrhenius relationship, and the 

magnitude of ΔI, as discussed earlier with respect to equation (1), can influence the velocity as 

much as 0.2 nm/min. The continuously decreasing thickness and the constant roughness of the 

STO interface are signs of crystallization at a planar crystalline/amorphous interface.  

 

Table 1. Thickness and interface roughness determined from XRR measurements during the 

crystallization of amorphous STO on a crystalline STO substrate.  

STO/STO 
annealing 
conditions 

Amorphous STO 
layer thickness 

(nm) 

Amorphous STO 
layer roughness 

(nm) 

Substrate/crystallized 
STO interface 

roughness (nm) 

As-deposited 46.04 1.06 2.38 

600 °C 5 min 35.92 0.74 2.55 

600 °C 15 min 31.67 1.07 1.72 

600 °C 25 min 33.07 1.24 2.46 

600 °C 35 min 13.17 0.66 2.20 

 

The crystallization of STO on SiO2/(001) Si lacks the crystalline template provided by the STO 

substrate and instead occurs by a nucleation and growth process that results in a nanocrystalline 

microstructure. The time dependence of the intensity of x-ray scattering from amorphous STO 

layers on SiO2/(001) Si at an annealing temperature of 600 °C is shown in Figure 6(a). Intensity 

rings appear in the diffraction pattern after annealing for 16 min, indicating the formation of 

randomly oriented polycrystalline STO and marking the point when a large number of nuclei have 

formed at this temperature. The nucleation time depends on the temperature of the crystallization 

process.  
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Figure 6. (a) Grazing-incidence x-ray scattering intensity for an STO layer deposited on 

SiO2/(001) Si substrate and annealed at 600 °C for different time periods. The curves represent as-

deposited (red), partially crystallized (blue), and fully crystallized (purple) films. (b) XRR 

measurements of an as-deposited amorphous STO (orange), and the same sample annealed at 600 

°C for 4 min (purple), 8 min (green), 16 min (blue), and 24 min (red). Fits using the parameters 

given in Table 2 are shown as black lines. (c) Film thickness and density as a function of annealing 

time at 600 °C. 

 

XRR studies of crystallized STO on SiO2/(001) Si reveal the changes in the density of STO that 
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accompany crystallization. Figure 6(b) shows XRR curves of a STO layer deposited on SiO2/(001) 

Si and annealed at 600 °C for different durations. The XRR fits for STO on SiO2/(001) Si were 

performed with a three-layer model consisting of the STO film, native SiO2, and Si substrate. The 

densities of the SiO2 and Si were set at 2.196 g cm-3 and 2.329 g cm-3, respectively. The density of 

partially crystallized STO film was allowed to vary between the densities of amorphous and 

crystalline STO. The thickness and roughness derived from the fits are shown in Table 2. The XRR 

study shows that the STO thickness decreases upon crystallization, from 46 nm to 40 nm, as shown 

in Figure 6(c), indicating that the as-deposited density of amorphous STO is 87% of the density of 

crystalline STO. The observed change in density upon crystallization is consistent with reported 

densities of 4.2 ± 0.1 g cm-3 and 5.1 g cm-3 for amorphous and crystalline STO, respectively.13, 23, 

25 The XRR results thus indicate that a volume contraction of on the order of 13% can be expected 

during the crystallization of amorphous STO thin films. 

 

Table 2. Thickness and interfaces roughness determined from XRR measurements during the 

crystallization of amorphous STO on an SiO2/(001) Si substrate. 

STO/SiO2/ (001) 
Si annealing 
conditions 

Total thickness of 
polycrystalline and 

amorphous STO layers 
(nm) 

STO 
roughness 

(nm) 

As-Deposited 46.17 0.79 

600 °C 4 min 45.10 0.13 

600 °C 8 min 43.63 0.10 

600 °C 16 min 40.40 0.74 

600 °C 24 min 39.72 0.77 
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The role of nucleation in the crystallization of STO on SiO2/Si can be quantified by considering 

the nucleation time t*, which we define to be the longest time at which the x-ray intensity scattered 

from amorphous STO is equal to its as-deposited value. The t* for STO on SiO2 is sufficiently long 

that at low temperatures it exceeds the total crystallization time of STO on STO substrates. At 450 

°C, for example, as in Figure 7(a), t* is more than 14 h whereas the crystallization of STO on STO 

(001) is completed within 1.5 h. The nucleation time at 650 °C is less than the minimum practical 

annealing time, and thus was not measured.  

 

Figure 7. Time dependence of the x-ray intensity scattered from amorphous STO for STO on 

SiO2/(001) Si (black) and STO on (001) STO (red) for annealing temperatures of (a) 450, (b) 550, 

(c) 600, and (d) 650 °C. 

 

In addition to the eventual decrease in the scattering from amorphous STO due to crystallization, 

there is also a reproducible increase in the scattered intensity from the amorphous layer of 
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approximately 10% at short times in Figure 7, which we hypothesize arises from a rapid 

rearrangement of the amorphous structure at the initial stages of heating. There is also a slight 

narrowing of the angular distribution of intensity, as can be seen in the difference between the as-

deposited and 16 min scattering patterns in Fig. 6(a). Annealing-induced changes in the amorphous 

scattering pattern in tin-doped indium oxide (ITO) amorphous thin films and linked to a unit-cell-

scale rearrangement of the In-O bonding.3 An evolution of the bonding configuration is also 

observed in photoelectron spectroscopy studies of annealed amorphous Al2O3.26 Changes in 

electronic transport parameters are observed following heating of ITO films and are a further 

signature of structural rearrangement.27 We note, however the rearrangement of the amorphous 

structure in ITO leads to large angular shifts of the amorphous scattering, which are not observed 

here. Amorphous STO incorporates multiple metal ions, and we hypothesize that an unknown local 

ionic rearrangement leads to the sharpening observed in Fig. 6(a) and the increase in amorphous 

scattering intensity observed at short times in Fig. 7. 

Assuming that the nucleation process is also thermally activated, the nucleation time t* for STO 

on SiO2/Si can be expressed using an Arrhenius temperature dependence: &
%∗
= &

%*∗
𝑒+3:/678, as has 

previously been applied in the crystallization of glassy materials.24 It is reasonable to expect a 

thermally activated nucleation time t* because the time required to reach any given density of 

nuclei is inversely proportional to the nucleation rate.28 Here 1/t0
* is a temperature-independent 

constant and Eb is the activation energy for nucleation. The variation of the experimentally 

observed t* with temperature is shown in Figure 8(a). The nucleation activation energy obtained 

by fitting the expected temperature dependence to the experimentally observed nucleation time is 

1.4 eV. The difference between the activation energies for crystal growth and nucleation is a key 

effect that allows us to find a window in which growth proceeds over long distances without 
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significant nucleation.  

This relatively long nucleation time and high activation energy for nucleation of crystalline STO 

on SiO2 provides the insight required to form STO and other complex oxides in sophisticated 

geometries. In such cases, crystalline STO can act as a crystalline template and materials with 

other compositions, such as SiO2 can serve as a mask. As is apparent from the long nucleation time 

in Figure 7, SiO2 can form interfaces with amorphous STO without providing nucleation sites for 

crystallization. 

 

Figure 8. (a) Nucleation time for STO on SiO2/(001) Si as a function of annealing temperature. 

The line is a fit to determine the effective activation energy. (b) Maximum STO crystallization 

distances before nucleation (LC) as a function of temperature. Points are the product of measured 

interface velocity and nucleation time, v and t*. The temperature dependence predicted based on 

the measured activation energies of v and t* is shown as a solid line. 

 

The key parameter for the process of guiding the path of crystallization using a SiO2 mask is the 

maximum film thickness or distance over which the amorphous STO can crystallize before the 

nucleation of crystalline STO occurs away from the moving interface. This maximum 



 21 

crystallization distance, LC, can be expressed as LC=vt*, where v is the velocity of the 

amorphous/crystalline interface due to SPE and t* is the nucleation time. The values of LC at 

annealing temperatures in the range of this study are plotted in Figure 8(b) based on values of v 

and t* determined from STO on (001) STO and STO on SiO2/(001) Si, respectively. As would be 

expected from the difference in the activation energies of the two processes, the distance covered 

before nucleation increases as the temperature decreases. The largest LC is in the present study is 

achieved at the relatively low temperature of 450 °C. Figure 8(b) indicates that for temperatures 

above 600 °C the crystallization lengths that can be achieved are less than 50 nm, lower than the 

thickness of as-deposited amorphous layers. Crystallizing amorphous films by SPE at temperatures 

above 600 °C can lead to highly defective crystalline layers due to nucleation away from the 

amorphous/crystalline interface. The high-temperature regime of Figure 8(b) is thus consistent 

with previous observations that STO solid-phase epitaxy becomes highly defective at high 

temperatures due to nucleation ahead of the crystallization interface.14 LC is a function of v and t*, 

which are both thermally activated, and can be expressed as: 

   𝐿' = 𝑣𝑡∗ = 𝑣1𝑡1∗𝑒+(34+3:)/678 = 𝑣1𝑡1∗𝑒+-3/678   (2) 

Figure 8(b) shows a plot of the measured product vt*, illustrating that the maximum crystallization 

distance at different annealing temperatures can be estimated using equation (2). 

The increase in the crystallization distance LC at low temperatures, apparent in Figure 8(b), 

shows that flash heating or other rapid thermal processing techniques at high temperatures are not 

appropriate for suppressing nucleation to create thick single-crystalline layers of STO. A similar 

consideration is important in the crystallization of STO within high aspect ratio structures e.g. 

narrow and deep trenches or pores. Very large distances of the progression of crystalline interfaces 

are obtained at low temperatures e.g. 500 nm at 450 °C. Equation (2) further suggests that LC can 
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be increased by optimizing the difference between the activation energies for nucleation and 

interface motion, for example by varying the environment during heating. 

Conclusion 

A comparison of the kinetics of crystallization of amorphous STO on STO single crystals and 

SiO2/Si substrates shows that at low temperatures SPE can result in the propagation of the 

crystalline/amorphous interface over large distances without leading to polycrystalline nucleation 

at non-epitaxial interfaces. The results indicate that it will be possible to synthesize single-

crystalline oxides in nanoscale geometries via crystallization from the amorphous layer. In addition 

to STO, crystallization by SPE has already been demonstrated in other complex oxides, for 

example in the perovskites EuTiO3,29 CaTiO3,12 BiFeO3 on STO,30-31 and SmNiO3 on LaAlO3.32 The 

discovery of the crystallization kinetics of STO thus points to methods for which a wide range of 

functional oxides, e.g. ferroelectrics and multiferroics, can be grown in complex geometries. There 

is now the exciting possibility that the difference between the kinetics of nucleation and 

amorphous/crystalline interface motion can be exploited in the crystallization of other complex 

oxide compositions and oxides in intricate geometries, including those relevant to electronic and 

thermal applications in which it has not been possible to integrate complex oxides. More generally, 

crystallization from an amorphous layer provides a route to the synthesis of nanoscale complex-

oxide materials that have been discovered and studied at the scale of individual structures,33-34 but 

for which routes to large-scale fabrication for applications are lacking. In addition, there are 

indications in the literature that complex oxide electronic interfaces can be created by 

recrystallization.35 The prospect of three-dimensional crystallization can also yield epitaxial 

interfaces, for example those hosting two-dimensional electron gases or functionality originating 

from control of the octahedral rotation.11, 28, 36-38  Such interfaces have potentially widespread 
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applications in three-dimensional nanoscale geometries, but can presently be synthesized only in 

planar epitaxial systems. Further exploration of nucleation and growth effects in these systems will 

facilitate the integration of complex oxides in 3D electronic, optoelectronic, and ionic devices.   
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Methods 

STO substrates (Shinkosha Co., Ltd.) were purchased with one side polished. TiO2 terminated-

surfaces were prepared before growth by an annealing and deionized (DI) water treatment.39-40 

Substrate preparation employed a three-step process that consisted of annealing at 1000 °C for 1 

h, sonicating the substrates in DI water to dissolve superficial strontium oxide that resulted from 

the first anneal, and annealing again at 1000 °C for 1 h. The STO substrates were then sonicated 

in acetone, isopropyl alcohol (IPA), methanol and DI water, for 2 min in each solvent. Unlike the 

STO substrates, the (001) Si substrates were not subjected to additional processing steps prior to 

solvent cleaning. This preserved the native SiO2 layer on which amorphous STO was deposited. 

Prior to depositing the amorphous STO films, the sputter-deposition vacuum chamber was 

evacuated to 2 ´ 10-6 Torr. STO layers were grown with the substrate at held room temperature at 

a total pressure of 18 mTorr with an Ar:O2 flow-rate ratio of 6:1.  

During the crystallization process, samples were inserted into a preheated furnace and reached 

temperatures 50 °C and 5 °C below the nominal temperature after less than 300 s and 600 s, 

respectively. The shortest reported time at 550, 650 and 600 °C is 300 s, thus there is some 

uncertainty in the reported temperature for these samples, which we have not explicitly considered 

in the analysis. The TEM cross-sectional specimens were prepared with a focused ion beam lift-

out process. An electron-beam assisted carbon protective layer was deposited on the sample 

surface before its exposure to the Ga ion beam in order to prevent surface damage. High-resolution 

TEM imaging was conducted using a Tecnai TF-30 transmission electron microscope operated at 

300 keV.  

Grazing incidence x-ray diffraction studies employed a Bruker D8 Advance diffractometer with 

Cu Kα radiation at a wavelength of 1.54 Å, operating at a tube voltage 50 kV and current 1 mA. 
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The scattered intensity was recorded using a two-dimensional x-ray detector. The incident angle 

of the x-ray beam was chosen, based on the beam width and sample size, to optimize the 

amorphous peak signal by maximizing the x-ray footprint on the sample surface. The incident 

angles for STO on STO and STO on SiO2/Si were 3.2° and 1.4° respectively. The 2θ angle at the 

center of the detector was 30° for all measurements.  

The crystallization kinetics of STO on STO and SiO2/Si substrates were compared by analyzing 

the time evolution of the x-ray scattering intensity at a series of annealing temperatures. Integrating 

the 2D detector images along the scattering ring azimuthal angle provide measurements of the 

scattered intensity as a function of 2θ. The total x-ray intensity scattered from amorphous STO 

was obtained by the following steps: (i) subtracting the scattering pattern of a bare substrate and 

(ii) integrating the difference over the 2θ range from 24° to 30°. The upper limit of integration was 

set at 30° to avoid the (110) STO peak at 32° in thin films deposited on SiO2/(001) Si. 

XRR data were collected using a Panalytical X’Pert MRD with monochromatic Cu Kα1 x-ray 

radiation at a wavelength of 1.5406 Å. XRR data shown in Figs. 5 and 6 were interpreted using 

the interdiff model of the GenX software package.20 A simpler interpretation of XRR results based 

on a measurement of the mean period of the oscillation of the reflected intensity was used to 

determine the initial thickness in growth rate results derived from x-ray scattering in Fig. 4. 
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