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Abstract 

Integrating functional perovskites on an amorphous microchannel plate (MCP) glass faces 
challenges regarding the lack of ordered nucleation sites and stringent thermal budgets. 
Herein, we propose a surface energetics-based atomic layer deposition (ALD) strategy to 
achieve template-assisted oriented BaTiO3 growth via a (101)-oriented anatase TiO2 seed 
layer. Systematic investigation of the TiCl4/O3 process reveals a kinetic-to-thermodynamic 
transition at 300 °C, triggering a singular (101) preferred orientation. Combined DFT cal-
culations and Wulff construction elucidate that this texture evolution is governed by a 
thermally activated surface energy minimization mechanism, driven by the intrinsic sta-
bility of the (101) facet. Crucially, the optimized seed layer acts as a multifunctional tem-
plate: it not only transforms BaTiO3 growth from random polycrystalline morphology to 
a singular (100) orientation with suppressed bulk carbonate impurities but also ensures 
excellent conformality and uniformity throughout the high aspect ratio microchannels. 
This study clarifies the thermodynamic mechanism of oriented growth on amorphous 
substrates, providing a versatile surface engineering pathway for constructing high-per-
formance MCP-based heterojunction devices. 

Keywords: atomic layer deposition (ALD); microchannel plate (MCP); TiO2 seed layer; 
template-assisted oriented growth; surface energy minimization; crystal facet orientation; 
BaTiO3 
 

1. Introduction 
In the rigorous environments of cryogenic physics and deep-space exploration, Mi-

crochannel Plates (MCPs) are facing unprecedented performance demands. Under ultra-
low temperature conditions, traditional lead silicate glass substrates suffer from the sem-
iconductor ‘freeze-out’ effect, where the bulk resistance increases exponentially, leading 
to the depletion of strip replenishment current and gain instability [1–5]. To overcome this 
intrinsic limitation, integrating high-quality functional oxide thin films (such as perov-
skite-type BaTiO3) inside the microchannel arrays is essential to engineer the electrical 
transport behavior [6–11]. However, a formidable obstacle exists: the MCP substrate is 
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typically composed of amorphous lead silicate glass, which lacks long-range ordered lat-
tice templates. Direct growth of complex perovskite materials on such amorphous sub-
strates inevitably leads to random polycrystalline orientation and high-density grain 
boundary defects [12,13]. These structural imperfections severely scatter charge carriers, 
further impairing the electrical performance of the device. Therefore, constructing a high-
quality intermediate ‘crystalline seed layer’ to induce the template-assisted oriented 
growth of subsequent functional materials has become key to solving this issue [14–17]. 

Although lattice-matched materials like SrTiO3 are often used as ideal seed layers for 
BaTiO3 growth [18,19], this traditional strategy faces insurmountable physical bottlenecks 
in MCP fabrication. First is the stringent Thermal Budget Constraint: the softening point 
of the MCP glass matrix is typically below 600 °C [20,21], which precludes the high-tem-
perature annealing crystallization processes required for traditional perovskite seed lay-
ers; otherwise, it would lead to the structural collapse of the microchannels. Second is the 
geometric limitation: the extremely High Aspect Ratio (40:1) of MCPs demands deposition 
techniques with exceptional conformality, rendering line-of-sight deposition techniques 
such as Pulsed Laser Deposition (PLD) or Sputtering ineffective. Consequently, All-
Atomic Layer Deposition (All-ALD) processes have become the only viable pathway [22–
28]. Thus, there is an urgent need to develop an alternative seed layer material that can 
crystallize at low temperatures (<400 °C) and is compatible with ALD processes to over-
come these dual limitations. 

Anatase titanium dioxide (TiO2), with its relatively low crystallization temperature 
and mature TiCl4/O3 ALD chemistry, stands out as an ideal candidate to resolve this di-
lemma [26,29–31]. In particular, the (101) facet, known for its high surface activity [32,33], 
can theoretically serve as an effective template for inducing perovskite growth. However, 
on the Pb-rich and chemically inert amorphous MCP glass surface, lacking the necessary 
conditions for epitaxial growth, overcoming the nucleation barrier and precisely controlling 
the crystal facet orientation of TiO2 remains a challenge. Current research is mostly limited 
to phenomenological descriptions, lacking an in-depth physical interpretation of the tex-
ture evolution mechanism in a “non-epitaxial growth” environment that combines Sur-
face Energetics. 

Based on this, we propose a strategy to construct (101)-oriented TiO2 seed layers via 
surface energetics regulation. We systematically investigated the growth behavior of the 
TiCl4/O3 ALD process on MCP glass across a wide temperature range of 150–400 °C. Com-
bining DFT calculations with Wulff construction principles, we confirmed that under 
high-temperature thermal relaxation, a surface energy minimization mechanism drives 
the film to grow preferentially along the thermodynamically most stable (101) direction. 
Through process optimization, a (101)-oriented TiO2 seed layer was obtained on the amor-
phous substrate, which successfully induced the singular orientation growth of BaTiO3, 
effectively suppressing random nucleation on the amorphous substrate. 

2. Materials and Methods 
2.1. TiO2 Thin Film Deposition 

Titanium dioxide (TiO2) thin films were deposited on circular lead silicate glass sub-
strates (diameter: 25 mm, thickness: 0.5 mm) specifically designed for MCP applications. 
Prior to deposition, the substrates were ultrasonically cleaned in ethanol to remove sur-
face contaminants. The deposition process was carried out using a thermal atomic layer 
deposition (ALD) system manufactured by MNT Micro and Nano Tech Co., Ltd.(Wuxi, 
China). 

Titanium tetrachloride (TiCl4) and ozone (O3) were employed as the titanium precur-
sor and oxygen source, respectively. High-purity nitrogen (99.999%) served as both the 
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carrier and purge gas. To investigate the temperature-dependent growth behavior, the 
deposition temperature was varied from 150 °C to 400 °C with an interval of 50 °C. 

To ensure complete precursor adsorption and saturation of surface reactions within 
the high aspect ratio structures (simulated here by the exposure process), an “Exposure 
Mode” was utilized. A single ALD growth cycle consisted of the following sequence: (1) 
TiCl4 pulse (0.02 s); (2) Exposure (5 s); (3) N2 purge (7.5 s); (4) O3 pulse (1.0 s); (5) Exposure 
(5 s); (6) N2 purge (10 s). The schematic diagram of this ALD reaction cycle is illustrated 
in Figure 1. The planar glass samples used for the systematic mechanism study were de-
posited for 1000 cycles. Additionally, to verify process applicability within real high as-
pect ratio structures, a validation experiment was conducted using a real Microchannel 
Plate (MCP) substrate (China Building Materials Academy, Beijing, China). The MCP fea-
tures a pore diameter of 6 µm and an aspect ratio of 40:1. For this specific sample, the 
deposition temperature was set to the optimized 350 °C, and the number of cycles was 
increased to 1800 to ensure the film thickness was sufficient for clear cross-sectional mor-
phological observation under SEM. 

To ensure the reliability of the results, five parallel glass substrates were loaded into 
the reaction chamber for each deposition run to verify intra-batch uniformity. The quan-
titative metrics reported (e.g., GPC, thickness) represent the average values derived from 
these parallel samples. For spectral characterizations (e.g., XRD patterns, XPS spectra), 
representative data reflecting the consistent trends observed across the samples are pre-
sented. Additionally, independent repetition runs were performed for the critical TiO2 
seed layer deposition at the optimized temperature (350 °C) to confirm the reproducibility 
of the preferred orientation. 

 

Figure 1. Schematic diagram of the thermal ALD process using TiCl4 and O3 precursors in exposure 
mode. The detailed pulse sequence for one full cycle is depicted. 

2.2. Template-Assisted Oriented Growth of BaTiO3 Layer 

To evaluate the efficacy of the optimized TiO2 seed layer in modifying the amorphous 
surface, barium titanate (BaTiO3) thin films were subsequently grown in the same ALD 
reactor. A comparative study was conducted between bare MCP glass substrates and sub-
strates pre-coated with the (101)-oriented TiO2 seed layer (fabricated at 350 °C for 1000 
cycles). 

The BaTiO3 films were deposited using a super-cycle strategy involving the alternat-
ing deposition of binary oxides. Bis(triisopropylcyclopentadienyl)barium [Ba(iPr3Cp)2] 
and TiCl4 were employed as the barium and titanium precursors, respectively, with high-
concentration ozone (O3) serving as the oxidant for both steps. To ensure sufficient vapor 
pressure for saturative adsorption, the Ba precursor canister was heated to 135 °C. 
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To achieve stoichiometric perovskite BaTiO3, one ALD “super-cycle” was defined as 
a sequence of 1 BaO sub-cycle + 1 TiO2 sub-cycle. The specific pulse parameters for the 
BaO sub-cycle were set as follows: (1) Ba source pulse (1.6 s); (2) Exposure (5 s); (3) N2 
purge (6 s); (4) O3 pulse (1.0 s); (5) Exposure (5 s); (6) N2 purge (20 s). The parameters for 
the TiO2 sub-cycle remained consistent with those described in Section 2.1. The schematic 
diagram of this ALD reaction cycle is illustrated in Figure 2. The exposure steps were 
incorporated to enhance precursor diffusion and adsorption within the high aspect ratio 
microchannels. 

The deposition temperature was maintained at 400 °C, and the total growth process 
comprised 100 super-cycles. It is noteworthy that due to the limited number of cycles, the 
resulting films were ultrathin, rendering the XRD signals highly sensitive to the intrinsic 
crystalline quality. No post-deposition high-temperature annealing was performed to 
strictly preserve the thermal budget of the MCP glass. 

 

Figure 2. Schematic illustration of the ALD super-cycle sequence for BaTiO3 growth. The process 
involves alternating BaO and TiO2 sub-cycles. One full super-cycle consists of a Ba(iPr3Cp)2/O3 sub-
cycle followed by a TiCl4/O3 sub-cycle. The incorporation of exposure steps ensures conformal cov-
erage within the complex MCP structures. The total process repeats for 100 super-cycles to form the 
oriented film. 

2.3. Material Characterization 

The crystallographic structure of the thin films was analyzed using a Bruker D8 Ad-
vance X-ray diffractometer (XRD, Bruker, Billerica, MA, USA) equipped with a Cu Kα 
radiation source. A field-emission scanning electron microscope (FE-SEM, Hitachi S-4800, 
Tokyo, Japan) was employed to examine the surface morphology and cross-sectional mi-
crostructure of the films. The surface chemical states were investigated using X-ray pho-
toelectron spectroscopy (XPS, Shimadzu Kratos AXIS Supra, Manchester, UK). All bind-
ing energy values were calibrated by referencing the adventitious C 1s peak at 284.8 eV. 

2.4. Computational Details 

Density functional theory (DFT) calculations were performed using the CASTEP 
module implemented in the Materials Studio 2020 software package [34]. The exchange-
correlation energy was treated using the Perdew-Burke-Ernzerhof (PBE) functional within 
the Generalized Gradient Approximation (GGA) [35]. OTFG ultrasoft pseudopotentials 
were employed to describe the interactions between electrons and ions, with a plane-wave 
cutoff energy set to 489.8 eV [36,37]. This cutoff energy aligns with the typical range (380–
500 eV) for TiO2 calculations as summarized in Table 2 of the recent review by Zavatski et 
al. [38]. 
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To simulate semi-infinite crystal surfaces, periodic slab models were constructed for 
the (101), (100), and (001) facets of anatase TiO2. A vacuum layer of 15 Å was applied in 
the direction perpendicular to the surface to eliminate interlayer interactions under peri-
odic boundary conditions. The slab models consisted of three stoichiometric O-Ti-O re-
peating layers; the bottom layer was fixed to mimic the bulk environment, while the top 
layers were allowed to fully relax during geometric optimization. According to recent 
benchmark studies on DFT strategies for TiO2 [38], this model thickness is sufficient to 
screen the interaction between opposite surfaces and capture the correct relative stability 
trend among different facets. The convergence criteria for geometric optimization were 
set as follows: energy tolerance < 2.0 ×10−5 eV/atom, maximum force <0.05 eV/Å, and max-
imum displacement < 0.002 Å. 

Specifically, for the preferentially oriented (101) facet, a large supercell containing 
108 atoms was constructed to minimize finite-size effects. Given the extensive size of this 
supercell, Brillouin zone sampling was restricted to the Γ-point (1 × 1 × 1). This sampling 
strategy is consistent with current research standards for large-scale TiO2 systems, as evi-
denced by the survey of computational parameters in Table 2 of Zavatski et al. [38], where 
low-density k-point meshes (e.g., 1 × 1 × 1 or 2 × 2 × 1) are commonly adopted for supercell 
geometries. For the bulk unit cell calculation used to obtain the accurate bulk energy ref-
erence (𝐸௕௨௟௞), a 3 × 3 × 3 Monkhorst-Pack grid was employed. 

The surface energy (γ) was calculated using the following equation: γ ൌ 𝐸௦௟௔௕ െ 𝑛𝐸௕௨௟௞2𝐴  (1)

where 𝐸௦௟௔௕ is the total energy of the optimized slab model, 𝐸௕௨௟௞ is the energy per for-
mula unit of bulk TiO2, 𝑛 is the number of formula units in the slab, and 𝐴 is the surface 
area of one side of the slab. The optimized geometries of the slab models are illustrated in 
Figure 3. 

 

Figure 3. Optimized atomic structures of the anatase TiO2 slab models used for surface energy cal-
culations: (left) (101) surface (supercell), (middle) (100) surface, and (right) (001) surface. Gray and 
red spheres represent Ti and O atoms, respectively. 

3. Results and Discussion 
3.1. Growth Characteristics and Morphology 

Figure 4 illustrates the variation in the growth per cycle (GPC) of TiO2 films as a func-
tion of deposition temperature. To identify the optimal process window for MCP seed 
layers, we categorized the growth behavior into three distinct regimes based on the un-
derlying surface reaction mechanisms. 
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Figure 4. Temperature−dependent growth behavior of ALD TiO2 films. The plot shows the Growth 
Per Cycle (GPC) derived from cross-sectional SEM measurements. (Error bars represent the stand-
ard deviation calculated from 4 measurements; in some cases, the error bars are smaller than the 
data symbols). The growth process is categorized into three regimes: (I) Amorphous region (<300 
°C) with kinetically limited growth; (II) Crystalline region (300–350 °C) where GPC increases due to 
crystallization-induced surface area expansion; and (III) CVD region (400 °C) dominated by para-
sitic precursor decomposition. 

In Region I (150–250 °C), the GPC exhibits a distinctive “rise-and-fall” evolutionary 
trend, reaching a minimum of ~0.39 Å/cycle at 250 °C. This non-monotonic behavior re-
veals a competition between ligand steric hindrance and film densification mechanisms 
within the low-temperature range [29–31,39]. The initial increase in GPC from 150 °C to 
200 °C is attributed to the kinetic activation of surface reactions and the elimination of 
steric hindrance. As evidenced by the XPS data, significant Cl residues exist at 150 °C. 
These bulky Cl ligands occupy surface active sites, creating strong steric hindrance that 
blocks the adsorption of subsequent TiCl4 precursors, thereby limiting the amount of Ti 
deposited per cycle. As the temperature rises to 200 °C, enhanced thermal energy pro-
motes ligand exchange reactions, effectively removing surface Cl. The elimination of steric 
hindrance releases more adsorption sites, increasing the areal density of deposited Ti at-
oms, which directly leads to the rise in GPC [29–31]. However, as the temperature further 
increases to 250 °C, the GPC decreases. This stage is primarily dominated by the physical 
densification mechanism. Although reaction efficiency improves at 200 °C, the resulting 
amorphous film remains in a low-density state (containing physisorbed layers or mi-
cropores). At 250 °C, higher thermal energy drives the structural relaxation of the amor-
phous network and the complete desorption of physisorbed species, causing significant 
volumetric shrinkage [39]. Therefore, the minimum GPC at 250 °C represents the intrinsic 
growth rate of the densest, defect-free amorphous TiO2. Nevertheless, as shown in the 
subsequent XRD analysis, films in this regime are amorphous and lack the lattice template 
function, rendering them unsuitable as effective seed layers for oriented growth. 

In Region II (300–350 °C), the GPC jumps to ~0.96 Å/cycle. This sharp increase is 
closely related to crystallization-induced surface area expansion. The phase transition 
from amorphous to polycrystalline anatase leads to a surface morphology characterized 
by faceted grains (Figure 5d,e) [40–43]. This increase in microscopic roughness is actually 
a signature of improved crystal quality—indicating the emergence of thermodynamically 
stable facets (such as the (101) plane). Crucially, although the GPC increases, the process 
remains primarily controlled by surface chemical reactions (ALD mode). This ensures that 
precursors can deeply penetrate the microporous structure of MCPs [1,6], making this the 
ideal window for constructing high-quality seed layers. 
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In Region III (400 °C), the GPC surges to 1.35 Å/cycle, marking the transition from 
self-limiting ALD to a parasitic CVD-like regime. This indicates that at such elevated tem-
peratures, thermal energy is sufficient to activate significant surface diffusion of adatoms. 
The enhanced mobility allows adatoms to migrate laterally, preferentially filling surface 
depressions, which effectively smoothens the growth front despite the high deposition 
rate. However, this “smoothness” comes at the cost of the key advantage of ALD: confor-
mality. The non-linear surge in GPC serves as a kinetic indicator that the surface reaction 
rate has exceeded the limit of surface site saturation. According to reaction-diffusion the-
ory, such rapid surface kinetics in the CVD mode typically lead to precursor depletion 
near the pore entrances before they can penetrate deep into high aspect ratio structures 
via Knudsen diffusion [44–46]. Therefore, although 400 °C yields higher crystallinity, the 
kinetic data strongly implies a drastic degradation in step coverage, failing to meet the 
uniform coating requirements for MCP channels. 

 

Figure 5. Cross-sectional SEM images of TiO2 thin films deposited at various temperatures: (a) 150 
°C, (b) 200 °C, (c) 250 °C, (d) 300 °C, (e) 350 °C, and (f) 400 °C. The films deposited at 150–250 °C (a–
c) exhibit a smooth, featureless morphology characteristic of an amorphous structure. The onset of 
crystallization at 300 °C (d) and 350 °C (e) leads to a roughened surface with distinct faceted grain 
structures. At 400 °C (f), the film becomes significantly thicker due to parasitic CVD growth, while 
the surface appears smoother due to enhanced surface diffusion at elevated temperatures. 

To verify the geometric conformality, TiO2 was deposited on a real MCP substrate. 
The deposition was extended to 1800 cycles to facilitate cross-sectional SEM visualization. 
As shown in Figure 6, the film exhibits exceptional uniformity across the top, middle, and 
bottom sections of the microchannels, with a consistent thickness of ~172 nm, correspond-
ing to a step coverage of nearly 100%. Notably, the intrapore GPC calculated from this 
thickness (~0.095 nm/cycle) aligns closely with the planar GPC (~0.094 nm/cycle). This 
cross-scale consistency strongly attests that the ‘Exposure Mode’ effectively eliminates 
transport limitations within high aspect ratio structures, achieving ideal self-limiting ALD 
growth. 
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Figure 6. (a) Cross-sectional SEM image of a TiO2-coated MCP microchannel (deposited at 350 °C 
for 1800 cycles). High-magnification views of the (b) Top, (c) Middle, and (d) Bottom sections. 

3.2. Crystallographic Evolution and Texture Analysis 

Figure 7 presents the X-ray diffraction (XRD) patterns of ALD-TiO2 thin films depos-
ited across the temperature range of 150–400 °C. 

 

Figure 7. XRD patterns of TiO2 thin films deposited at temperatures ranging from 150 °C to 400 °C. 
The inset displays the evolution of the Full Width at Half Maximum (FWHM) of the (101) peak. 
Note the exclusive emergence of the (101) reflection at 300 °C, marking the onset of the texture for-
mation required for the seed layer. The asterisks (*) denote the observed scattering features, includ-
ing the diffraction peaks of anatase TiO2 and the broad amorphous hump from the glass substrate. 

The specific film thicknesses were measured to be 45.1 nm (150 °C), 55.1 nm (200 °C), 
39.1 nm (250 °C), 95.7 nm (300 °C), 94.3 nm (350 °C), and 134.5 nm (400 °C). Notably, 
within the critical window of 300–350 °C, the film thickness reaches ~94 nm, which is suf-
ficient for reliable phase analysis. To rigorously exclude detection limits, we analyzed the 
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signal-to-noise ratio (SNR) based on the 300 °C sample. Referring to the standard card 
(JCPDS No. 75-1537), the relative intensities of the (200) and (004) reflections for randomly 
oriented anatase should be 21.4% and 13.8% of the (101) peak, respectively. In our exper-
iment, the (101) peak exhibits a net intensity of ~4000 counts (above the ~3000 counts amor-
phous background). Theoretically, a random (200) peak would appear with a net intensity 
of ~850 counts. Given that the statistical noise fluctuation (σ ≈  √𝑁) of the background is 
only ~55 counts, such a secondary reflection would be >15σ above the noise floor. The 
complete absence of these secondary reflections strongly confirms that the observed sin-
gular (101) texture is genuine, ruling out artifacts caused by limited film thickness or XRD 
noise limits. 

In the low-temperature regime (150–250 °C), no characteristic diffraction peaks were 
detected. The patterns exhibit only a broad hump originating from the amorphous glass 
substrate. This indicates that within this temperature window, the surface diffusion of 
precursor adatoms is kinetically limited, resulting in the formation of a disordered amor-
phous network. Such an amorphous structure lacks the necessary long-range order to 
serve as an effective lattice template, thereby possessing no capability to induce template-
assisted oriented growth of subsequent functional layers. 

A critical phase transition occurs when the deposition temperature reaches 300 °C. 
Notably, a distinct diffraction peak exclusively emerges at 2θ ≈ 25.3°, corresponding to 
the anatase TiO2 (101) plane, while signals from other common facets (such as (004) and 
(200)) are entirely absent. This “single-peak” characteristic implies that the system spon-
taneously selects an anisotropic growth path during the nucleation stage. 

The physical mechanism underlying this phenomenon can be interpreted on two lev-
els: 

First, the absence of the rutile phase aligns with the classical theory by Zhang and 
Banfield [40], which posits that the anatase phase is thermodynamically stable at the na-
noscale. 

More critically, regarding the orientation selection within the anatase lattice, this ex-
perimental result is highly consistent with our DFT calculations (Section 3.4). Our calcu-
lations confirm that among the low-index facets—(101), (100), and (001)—the (101) facet 
possesses the lowest surface energy. Consequently, during thermal relaxation, the system 
preferentially drives the nucleation and growth of the (101) plane to minimize the total 
surface free energy. This thermodynamic screening effect directly leads to the singular 
(101) texture observed in the experiments. 

As the deposition temperature increases further, the crystallization behavior exhibits 
complex evolution. At 400 °C, although the intensity of the (101) peak increases substan-
tially, weak new diffraction peaks begin to appear near 38.4° (004) and 48.7° (200). The 
emergence of these secondary facets indicates that excessive thermal energy activates the 
nucleation of other non-lowest-energy planes, thereby compromising the texture purity 
of the film to some extent. 

To evaluate the crystalline quality of the dominant phase, we focused on the evolu-
tion of the Full Width at Half Maximum (FWHM) of the (101) peak (Figure 6). The peak 
exhibits a significant “sharpening trend” with increasing temperature; the monotonic de-
crease in FWHM confirms that as the thermal activation energy increases, the defect den-
sity within the lattice decreases, and long-range order improves significantly. This sug-
gests that while high temperature introduces trace amounts of stray crystal phases, it ef-
fectively promotes the structural refinement of the primary lattice [32,43,47–49]. It is worth 
noting that due to the overlap between the TiO2 (101) peak and the broad background 
signal from the amorphous glass substrate, direct calculation of absolute crystallite size 
via the Scherrer equation may be subject to artifacts from background subtraction. There-



Nanomaterials 2026, 16, 281 10 of 21 
 

https://doi.org/10.3390/nano16040281 

fore, we rely on the relative reduction in FWHM as a robust qualitative indicator of en-
hanced crystallinity and grain growth, rather than pursuing absolute size quantification. 
Complementing this qualitative crystallinity analysis, we further quantified the texture 
evolution using the Lotgering factor (f). The calculated f values are 1.0, 0.863, and 0.680 
for films deposited at 300, 350, and 400 °C, respectively. The unity value (f = 1.0) at 300 °C 
corresponds to the initial pure-phase nucleation. At 350 °C, although the f value decreases 
slightly to 0.863 due to the emergence of trace secondary facets, it indicates that the (101) 
orientation remains overwhelmingly dominant. When combined with the sharp FWHM, 
this confirms that 350 °C represents the optimal trade-off between orientation purity and 
crystalline quality. Conversely, the significant drop to 0.680 at 400 °C quantitatively re-
flects the intensified competitive growth and texture degradation at elevated tempera-
tures. 

While 300 °C marks the exclusive onset of the (101) texture, its relatively weak dif-
fraction intensity suggests that crystallinity remains in the incipient stage. Conversely, 
although 400 °C yields the highest crystallinity, it is accompanied by secondary facet im-
purities and surface degradation caused by the CVD mechanism. The observed texture 
degradation (i.e., the appearance of secondary peaks) at 400 °C can be attributed to the 
synergistic interplay of thermal activation and thickness effects. At 400 °C, the film thick-
ness increases to ~133 nm, reducing the surface-to-volume ratio and thereby weakening 
the absolute dominance of surface energy over crystal growth. Concurrently, the elevated 
thermal energy enables precursors to overcome the higher nucleation barriers required to 
form the energetically costlier (004) and (200) facets. Thus, while surface energy minimi-
zation dictates the orientation during the initial nucleation stage (300–350 °C), bulk 
growth kinetics and increased thickness at elevated temperatures tend to induce entropy-
driven orientation randomization. 

In contrast, the sample deposited at 350 °C demonstrates an optimal balance between 
crystalline quality and orientation purity. At this temperature, the intensity of the (101) 
peak is significantly enhanced—implying sufficient lattice order to provide clear diffrac-
tion signals—while maintaining extremely high texture purity (free of stray peaks) and a 
smooth surface morphology. Therefore, 350 °C was selected as the optimal processing pa-
rameter for the subsequent oriented growth of BaTiO3 (detailed in Section 3.5). 

3.3. Chemical Composition and Valency State 

To gain in-depth insights into the chemical composition, elemental valence states, 
and surface microstructure evolution of the ALD-TiO2 films, X-ray photoelectron spec-
troscopy (XPS) analysis was performed. All binding energy data were calibrated referenc-
ing the C 1s peak at 284.8 eV. 

The XPS survey scans (Figure 8a) confirm that the films are composed of Ti and O, 
accompanied by adventitious carbon contamination. Notably, the evolution of chlorine 
(Cl) impurities provides critical clues regarding the chemical purity of the films. As de-
tailed in Figure 8d, the film deposited at 150 °C exhibits a distinct Cl 2p signal (~0.43 at.%). 
This residue is attributed to insufficient thermal energy at low temperatures, which pre-
vents ozone from completely substituting the Cl ligands in the precursor. In sharp con-
trast, for films deposited at 200 °C and above, the Cl signal drops below the detection 
limit. This indicates that highly efficient ligand exchange is achieved within the ALD win-
dow, ensuring that the seed layer does not introduce lattice distortions or nucleation cen-
ters induced by Cl impurities when serving as an epitaxial template [50]. 
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Figure 8. XPS spectra and quantitative analysis of ALD TiO2 films. (a) Survey scans indicating the 
presence of Ti, O, Cl, and C. (b) High-resolution Ti 2p spectra showing the stable Ti4+ state. (c) High-
resolution O 1s spectra deconvoluted into lattice oxygen (Olat) and non-lattice oxygen (Onon-lat). 
(d) High-resolution Cl 2p spectra, highlighting the complete removal of chlorine impurities at tem-
peratures ≥ 200 °C. (e) Quantitative evolution of the non-lattice oxygen ratio (Onon-lat/Ototal) as a 
function of temperature. The “U-shape” trend is driven by low-density porosity at 150 °C and crys-
tallization-induced roughening at 300–350 °C. 

The high-resolution Ti 2p spectra (Figure 8b) display characteristic doublet peaks lo-
cated at 458.5 eV (2p3/2) and 464.2 eV (2p1/2), with a spin–orbit splitting of 5.7 eV. This 
confirms that across all deposition temperatures, titanium exists exclusively in the stable 
Ti4+ oxidation state within the TiO2 lattice [51,52]. The absence of shoulder peaks associ-
ated with Ti3+ (oxygen vacancies) suggests that the films possess excellent stoichiometry, 
which is crucial for maintaining the insulating and dielectric properties of the seed layer. 

The O 1s spectra (Figure 8c) reveal the oxygen bonding environment, with the main 
peak corresponding to the Ti-O-Ti framework and the shoulder peak assigned to surface 
hydroxyls or adsorbed water. The evolution of the non-lattice oxygen ratio (Onon-lat/Oto-
tal) exhibits a remarkable “U-shaped” trend (Figure 8e), revealing three distinct stages 
governed by different physical mechanisms: 

Steric-hindrance-dominated regime (150 °C): An anomalously high Onon-lat ratio 
(~60.9%) is observed. Combined with the aforementioned Cl residue, we hypothesize that 
the bulky residual Cl atoms act as steric hindrance centers, disrupting the formation of a 
continuous Ti-O network [50]. This results in a “sponge-like” low-density porous struc-
ture, making the film highly permeable to atmospheric water molecules. This loose mi-
crostructure further proves that low-temperature amorphous films are unsuitable as high-
quality seed layers. 
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Densification transition regime (200–250 °C): With the complete removal of Cl, the 
ratio drops precipitously to a minimum (~13.8%). This marks the transition of the film into 
a dense, impurity-free amorphous phase, effectively blocking subsurface moisture ab-
sorption. 

Crystallization-roughening-dominated regime (300–350 °C): The ratio rebounds, 
reaching a peak at 350 °C (~28.8%). It must be emphasized that this increase does not stem 
from a degradation of internal film quality, but rather from a “geometric effect” induced 
by crystallization. As confirmed by SEM and XRD, the phase transition to polycrystalline 
anatase induces grain faceting, significantly increasing the specific surface area. These 
newly exposed (101) facets and inter-granular boundaries become active sites for post-
deposition moisture adsorption [53]. Therefore, the high Onon-lat here is driven by crys-
tallization and surface roughening increasing hydroxyl adsorption sites, rather than by 
lattice defects. 

High-temperature CVD and thermal dehydroxylation regime (400 °C): The ratio falls 
back to ~19.4%. This reduction is highly consistent with the CVD-dominated growth mode 
and surface planarization observed in Section 3.1. At 400 °C, intense thermal energy trig-
gers two key processes: First is the physical morphology change—enhanced surface dif-
fusion and CVD deposition preferentially fill surface depressions, significantly reducing 
the specific surface area and thus physically reducing water adsorption sites. Second is 
chemical thermal dehydroxylation—high temperature promotes surface condensation re-
actions (2Ti-OH → Ti-O-Ti + H2O), resulting in a chemically cleaner surface environment. 
However, although the oxygen environment here appears “purer,” this does not imply it 
is the preferred seed layer process, as the CVD mode sacrifices the deep-pore conformality 
critical for MCPs [44–46]. 

3.4. DFT Calculations and Growth Mechanism 

To gain deeper insights into the preferred orientation behavior of ALD TiO2 films on 
amorphous lead silicate glass substrates, we employed density functional theory (DFT) 
calculations to investigate the surface energies of the primary low-index facets of anatase 
TiO2—namely, (101), (100), and (001). 

First, geometric optimization was performed on the bulk unit cell of anatase TiO2. 
The calculated lattice constants were a = b = 3.804 Å and c = 9.753 Å. Compared to the 
standard XRD card (JCPDS No. 75-1537: a = 3.730 Å, c = 9.370 Å), the relative deviations 
are +2.00% and +4.09%, respectively. This error margin is consistent with the well-known 
tendency of the GGA-PBE functional to slightly overestimate lattice constants, confirming 
that the selected exchange-correlation functional and computational parameters are suffi-
cient to accurately describe the ground-state structural properties of TiO2, providing a re-
liable model basis for subsequent surface energy calculations. 

Since the glass substrate possesses an amorphous structure, epitaxial growth effects 
induced by lattice matching are absent. Therefore, under sufficient thermal relaxation, the 
crystallographic orientation of the film tends to follow the Surface Energy Minimization 
principle to reach a thermodynamic equilibrium state [40,54]. Figure 9 presents the relaxed 
surface atomic structural models and the calculated surface energy values. The calculation 
results indicate that the surface energies (γ) of different facets follow the order: γଵ଴ଵሺ0.867 J/mଶሻ < γଵ଴଴ሺ1.058 J/mଶሻ < γ଴଴ଵሺ1.072 J/mଶሻ 
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Figure 9. Optimized atomic structures and calculated surface energies of anatase TiO2 low-index 
facets. From left to right: (101), (100), and (001) surfaces. The (101) facet exhibits the lowest surface 
energy of 0.867 J/m2. 

Evidently, the (101) facet possesses the lowest surface energy, indicating it is the ther-
modynamically most stable surface, which aligns with previous theoretical studies [53,55]. 
According to the Gibbs-Curie-Wulff law, crystal growth always tends to minimize the 
total surface free energy; thus, facets with lower surface energy will occupy the largest 
surface area and be preserved during competitive growth [42,56]. 

Although the initial nucleation process may be influenced by complex kinetic factors 
(such as nucleation barriers), our DFT results showing that the (101) facet has the lowest 
surface energy are highly consistent with the classic findings of Yang et al. [42]. They 
demonstrated that in the absence of surfactant modification, anatase TiO2 always tends to 
expose the thermodynamically most stable (101) facet. Furthermore, according to the ther-
modynamic model established by Zhang and Banfield [40], for nanomaterials with high 
surface-area-to-volume ratios (such as the thin films in this study), the contribution of 
surface energy to the total Gibbs free energy is decisive. Therefore, the experimentally 
observed trend of enhanced (101) preferred orientation with increasing temperature pro-
vides compelling evidence that under high-temperature thermal relaxation conditions, 
the surface energy minimization mechanism is indeed the plausible criterion governing 
the texture evolution of the film. 

To visually demonstrate the impact of surface energy anisotropy on crystal morphol-
ogy, we constructed the Wulff Equilibrium Crystal Shape (ECS) of anatase TiO2 based on 
the aforementioned calculation results, as shown in Figure 10. The results show that the 
ideal equilibrium morphology manifests as a typical truncated bipyramid structure. 

 

Figure 10. Wulff Equilibrium Crystal Shape (ECS) of anatase TiO2. The morphology is constructed 
based on the calculated surface energies. The thermodynamically stable (101) facets dominate the 
crystal shape. Light blue and red spheres represent Ti and O atoms, respectively. 
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The (101) facet, with the lowest surface energy, occupies the vast majority of the sur-
face area, constituting the main body of the bipyramid. The (001) facet is located only at 
the top and bottom, with a smaller area. Notably, although the (100) facet is also a low-
index plane, it is geometrically eliminated in the Wulff construction. This indicates that 
the (100) facet lacks thermodynamic competitiveness relative to the (101) facet and tends 
to be replaced by more stable facets under equilibrium growth conditions. 

It is acknowledged that the DFT models employed here assume ideal, stoichiometric 
surfaces, whereas the actual ALD process involves complex surface chemistry with ad-
sorbates (e.g., -OH, ligands) and reaction intermediates. Physically, these surface species 
are expected to passivate undercoordinated surface atoms (dangling bonds), thereby low-
ering the absolute surface energies. While this stabilization effect might be theoretically 
more pronounced on high-energy facets (e.g., (001)) due to their higher density of reactive 
sites—potentially narrowing the stability gaps between different orientations—the intrin-
sic thermodynamic advantage of the (101) facet remains robust. Consequently, the stabil-
ity hierarchy (γଵ଴ଵ < γଵ଴଴ < γ଴଴ଵ) is expected to persist even under realistic growth condi-
tions. 

This theoretical result, combined with the valid stability hierarchy, correlates highly 
with our XRD experimental observations (Section 3.2) and elucidates the driving force 
behind the microstructural evolution: 

1. Kinetic Limitation Stage (<300 °C): At low temperatures, the thermal energy of pre-
cursor adatoms is insufficient to overcome the surface diffusion barrier. Atoms can-
not migrate to thermodynamically equilibrium positions, resulting in an amorphous 
film state. 

2. Thermodynamically Dominated Nucleation Stage (300 °C): When the temperature 
reaches the crystallization threshold, adatoms acquire sufficient kinetic energy for 
rearrangement. Since the energy barrier to form the (101) facet is the lowest, the sys-
tem “exclusively” selects the (101) preferred orientation for growth. 

3. Competitive Growth Stage (>300 °C): As the temperature increases further (350–400 
°C), higher thermal energy enables atoms to overcome higher energy barriers, allow-
ing the local formation of higher-surface-energy (004) and (200) facets. This thermal 
activation, combined with the weakened surface energy dominance due to increased 
film thickness, leads to the emergence of secondary textures and the observed degra-
dation in orientation quality. 

3.5. Verification of Seed Layer Efficacy: BaTiO3 Template-Assisted Oriented Growth 

To demonstrate the critical role of the TiO2 template in enabling template-assisted 
oriented growth on amorphous substrates, we conducted systematic comparative depo-
sition experiments. Under identical ALD process conditions at 400 °C, BaTiO3 thin films 
were grown on both bare glass substrates and substrates pre-deposited with the (101)-
oriented TiO2 seed layer. This section evaluates the specific efficacy of the seed layer 
through crystallographic evolution and chemical phase analysis. 

Figure 11 presents the XRD patterns, revealing the decisive impact of the substrate 
surface state on the crystallization behavior. 
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Figure 11. Comparative XRD patterns of BaTiO3 thin films grown on bare MCP glass (blue line) and 
on the TiO2-seeded substrate (yellow line). The bare glass substrate leads to random polycrystalline 
growth with BaCO3 impurities, whereas the TiO2 seed layer induces singular (100)-oriented tem-
plate-assisted oriented growth. The asterisks (*) denote the characteristic diffraction peaks of BaCO3, 
BaTiO3, and TiO2. 

On the bare glass substrate (blue line), the film exhibits a random nucleation mode. 
The diffraction pattern displays disordered polycrystalline features, with coexisting (100), 
(110), and (111) perovskite peaks. More critically, the lack of a structural template leads to 
significant phase separation, characterized by the appearance of distinct parasitic peaks 
at 2θ ≈ 23.9° and 33.7°. These peaks correspond to orthorhombic BaCO3 (Witherite) impu-
rities. The origin of these impurities lies in the surface chemistry limitations of the sub-
strate. On the amorphous glass surface, the lack of suitable nucleation sites leads to an 
elongated incubation period and island growth mode, leaving a significant fraction of Ba 
precursors incompletely reacted or exposed as segregated BaO-like clusters. These active 
sites readily react with moisture and atmospheric CO2 during post-deposition handling 
[57]. 

The spectrum is dominated by the underlying anatase TiO2 (101) and (004) peaks 
from the seed layer, superimposed with a singular BaTiO3 (100) diffraction peak (2θ ≈ 
22.2°). All impurity peaks and randomly oriented diffraction peaks are completely sup-
pressed. The BaTiO3 film thickness is estimated to be approximately 20 nm based on the 
calibrated growth rate. Although the absolute intensity of the diffraction peak is moderate 
due to this ultrathin nature, the crystallographic data provides robust evidence for singu-
lar orientation. According to standard powder diffraction data (JCPDS No. 74-1963), the 
(110) reflection is the strongest peak (100% intensity) for randomly oriented BaTiO3, while 
the (100) peak is significantly weaker (~20.5%). The clear resolution of the theoretically 
weaker (100) peak, contrasted with the complete absence of the theoretically strongest 
(110) peak, rules out the possibility of random orientation masked by detection limits. This 
specific intensity reversal confirms that the underlying TiO2 lattice effectively dominates 
the nucleation kinetics. 

This successful oriented growth can be primarily attributed to the surface chemistry 
of the seed layer: the (101)-oriented TiO2 provides a dense array of reactive Ti-OH/Ti-O 
termination sites. This promotes the immediate formation of stable Ba-O-Ti bonds, effec-
tively locking the barium ions into the lattice and preventing their reaction with environ-
mental CO2. Complementing this chemical stability, the growth is also governed by crys-
tallographic compatibility. Based on the experimental data, the lattice mismatch between 
anatase TiO2 (a ≈ 3.73Å) and cubic BaTiO3 (a ≈ 4.00 Å) is calculated to be approximately 
7.2%. This moderate mismatch is accommodated through strain relaxation. Structurally, 
the characteristic TiO6 octahedral chains on the anatase (101) surface provide topological 
continuity with the perovskite oxygen sublattice, allowing the coordination environment 
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to reorganize from an edge-sharing to a corner-sharing arrangement, thereby physically 
guiding the (100) orientation. These combined results confirm the critical dual role of the 
TiO2 layer as both a structural template and a chemical passivation layer. 

Further insight into the chemical purity of the deposited films was provided by high-
resolution C 1s XPS analysis (Figure S1, Supporting Information). While unavoidable ad-
ventitious carbonate species (~289 eV) arising from atmospheric exposure were detected 
on the surfaces of both samples, a striking difference was observed in their relative 
amounts. The intensity and integrated area of the carbonate signal on the bare glass sub-
strate were drastically higher compared to the TiO2-seeded sample. This intense signal is 
indicative of severe bulk carbonization of unreacted precursors on the bare glass, con-
sistent with the Witherite phase identified in XRD. In strong contrast, the significantly 
reduced carbonate signal on the seeded sample confirms that the TiO2 template effectively 
promotes the formation of the target perovskite phase while suppressing bulk carbonate 
impurities. 

To further verify the elemental composition and chemical bonding state of the ori-
ented film, detailed XPS analysis was performed on the BaTiO3 film grown on the TiO2 
seed layer (Figure 12). 

  

  

Figure 12. XPS spectra of the BaTiO3 thin film grown on the TiO2 seed layer. (a) Survey scan, (b) 
High-resolution Ti 2p spectrum, (c) High-resolution Ba 3d spectrum, and (d) High-resolution O 1s 
spectrum verifying the formation of the metal-oxide lattice. 

The survey scan (Figure 12a) confirms the presence of constituent Ba, Ti, and O ele-
ments in the film. A trace Cl signal (Cl 2p peak) was detected, which is attributed to resi-
dues from incomplete precursor ligand exchange typical of the low-temperature ALD 
process. However, corroborated by the XRD results where no chlorine-containing impu-
rity phases were identified, it is inferred that these residual Cl atoms do not form long-
range ordered independent crystalline phases. Instead, they likely exist as point defects 
or segregate at grain boundaries, with concentrations below the threshold required to dis-
rupt the host perovskite lattice structure. 

Figure 12b shows the high-resolution Ti 2p spectrum. The profile exhibits a highly 
symmetric doublet structure, with the Ti 2p3/2 and Ti 2p1/2 peaks located at 458.2 eV and 
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463.9 eV, respectively. The spin–orbit splitting value of 5.7 eV is consistent with the char-
acteristics of the Ti4+ oxidation state in standard perovskite BaTiO3, ruling out the existence 
of low-valence defects such as Ti3+. 

The Ba 3d spectrum (Figure 12c) reveals a complex surface chemical environment. 
Through Gaussian-Lorentzian peak fitting, the Ba 3d5/2 signal is resolved into two com-
ponents. The dominant peak at a lower binding energy (~779.0 eV) corresponds to Lattice 
Ba coordinated by 12 oxygen atoms within the perovskite lattice. The secondary peak 
(shoulder) at a higher binding energy (~780.0 eV) is attributed to a Surface Restructuring 
Layer. Due to the high surface activity of barium, surface Ba atoms tend to undergo relax-
ation or react with residual Cl and atmospheric CO2, forming non-perovskite surface ter-
mination species. Importantly, the dominance of the lattice barium component confirms 
that the bulk of the film possesses a well-defined perovskite structure. 

Finally, the O 1s spectrum (Figure 12d) provides complementary chemical evidence 
to substantiate the crystallographic identification of the BaTiO3 phase. The spectrum is 
dominated by a sharp peak at 529.7 eV, assigned to the lattice oxygen (Olat) within the 
Ba-Ti-O framework. This peak serves as a distinct chemical fingerprint for the formation 
of the perovskite structure, specifically corresponding to the oxygen anions within the 
[TiO6] octahedral network and Ba-O coordinations. While non-perovskite impurities such 
as barium carbonate (BaCO3)—which appeared on the bare glass substrate—would ex-
hibit oxygen signals at significantly higher binding energies (>531 eV), the clear domi-
nance of the low-binding-energy signal at 529.7 eV confirms that the film is chemically 
established as a metal-oxide lattice. Consequently, this XPS result corroborates the XRD 
analysis: the diffraction peak observed at 2θ ≈ 22.1° originates from the crystallized BaTiO3 
perovskite phase built upon the [TiO6] framework, definitely ruling out misidentification 
with other surface impurity phases. 

Consequently, these findings conclusively validate the capability of ALD-grown TiO2 
films to serve as robust seed layers for BaTiO3 template-assisted oriented growth. 

4. Conclusions 
In this work, we systematically investigated the growth behavior of TiO2 thin films 

on glass substrates using TiCl4/O3 atomic layer deposition (ALD) across a wide tempera-
ture window of 150–400 °C. By combining comprehensive experimental characterization 
with first-principles density functional theory (DFT) calculations, we established a com-
prehensive understanding ranging from surface chemistry to thermodynamic mecha-
nisms and successfully validated the application of these films in template-assisted ori-
ented growth. The key conclusions are summarized as follows: 

1. Chemical Purity and Competitive Evolution of Surface Microstructure: 

The study reveals that the O3-based process achieves efficient ligand exchange above 
200 °C, completely eliminating the ~0.43 at.% chlorine impurities residual at low temper-
atures (150 °C) and marking the onset of the ideal ALD window. XPS analysis further 
elucidates that the evolution of non-lattice oxygen (Onon-lat) is governed by two compet-
itive mechanisms: In the low-temperature regime (150 °C), the steric hindrance effect of 
residual Cl atoms results in a loose porous structure, triggering the physical adsorption 
of atmospheric moisture (Onon-lat ratio reaching ~61%); whereas in the high-temperature 
crystallization regime (300–350 °C), the resurgence of Onon-lat is dominated by crystalli-
zation-induced surface roughening, where the formation of faceted grains maximizes sur-
face adsorption sites. 

2. Thermodynamically Driven Texture Formation Mechanism: 

The films exhibit a distinct phase transition from amorphous to polycrystalline ana-
tase at 300 °C, accompanied by an exclusive (101) preferred orientation. DFT calculations 
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provide a robust theoretical basis for this structural evolution, indicating that the (101) 
facet possesses the lowest surface energy (0.867 J/m2). This thermodynamic stability drives 
the system to follow a surface energy minimization mechanism during thermal relaxation, 
promoting the preferential growth of (101)-oriented grains, thereby establishing a long-
range ordered structure on the lattice-free amorphous substrate. 

3. Verification of Seed Layer Efficacy and Optimal Process: 

Balancing crystallinity with chemical purity, 350 °C was identified as the optimal 
processing temperature for fabricating high-quality seed layers. Comparative experi-
ments conclusively demonstrate that the optimized TiO2 (101) seed layer effectively over-
comes the nucleation barrier on the amorphous surface. In sharp contrast to the random 
polycrystalline growth and carbonation phenomenon observed on bare glass substrates, 
the seed layer successfully induced a transition of the subsequent BaTiO3 film to singular 
(100) template-assisted oriented growth. Crucially, the practical applicability of this strat-
egy was validated on real MCP substrates (aspect ratio 40:1). Enabled by the “Exposure 
Mode,” we achieved near 100% step coverage and uniform thickness distribution within 
the microchannels. This confirms that the proposed process successfully bridges the gap 
between precise crystallographic control and stringent geometric conformality require-
ments, paving the way for the fabrication of high-performance MCP devices. 

In summary, this work not only elucidates the complex physicochemical processes 
governing film growth on amorphous substrates through corroborated experimental and 
theoretical evidence but also provides a versatile surface engineering pathway for inte-
grating high-performance functional oxides on heat-sensitive devices such as microchan-
nel plates (MCPs). 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/nano16040281/s1, Figure S1: High-resolution XPS C 1s spec-
tra of BaTiO3 thin films deposited on (a) TiO2-seeded substrates and (b) bare glass. The peak at ~284.8 
eV is attributed to adventitious carbon (C-C/C-H) used for calibration. While both samples show a 
feature at ~289 eV corresponding to carbonate species, the bare glass sample exhibits a significantly 
stronger signal, identified as bulk BaCO3 (consistent with the Witherite phase in XRD). In contrast, 
the much weaker signal on the seeded sample is attributed to surface adsorbed carbonates, demon-
strating the effective suppression of bulk phase degradation by the TiO2 seed layer. 
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Abbreviations 
The following abbreviations are used in this manuscript: 

ALD Atomic Layer Deposition 
MCP Microchannel Plate 
DFT Density Functional Theory 
SEM Scanning Electron Microscopy 
XRD X-ray Diffraction 
XPS X-ray Photoelectron Spectroscopy 
PBE Perdew–Burke–Ernzerhof 
GGA Generalized Gradient Approximation 
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