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ABSTRACT 

 
Low-temperature processing that can lead to the 

development of highly-functional, strain-tolerant ceramic 
films will offer innovative solutions for the use of ceramic 
thin films and coatings. Current developments in organic 
and flexible electronics make the low-temperature and low-
cost ceramic processing even more valuable. One 
achievable way of processing ceramic films at low 
temperatures (< 90˚C) is to take advantage of in-situ 
precipitated nanoparticles and nanostructures grown from 
aqueous solution. In our research efforts, we have 
developed a series of solution-based processing protocols 
for barrier coatings (ZrO2, TiO2, SiO2), high-k dielectrics 
(TiO2, BaTiO3), engineered photoanodes for dye-sensitized 
solar cells (TiO2, ZnO), and low-k dielectric films (SiO2). In 
particular, the growth of low dimensional nanostructures 
provides a possible way to enhance the crystallinity of the 
solution-prepared films that can ultimately benefit many 
applications such as photoelectrochemical cells and 
microdevices.  

 
Keywords: flexible electronics, high-k, dye-sensitized, low-
k, precursor solutions  
 

1 INTRODUCTION 
 
Oxide thin films have received great attention for use as 

a functional ceramic film, as well as a protective and barrier 
coating. For these films, high-temperature processing is 
normally required to achieve sufficiently dense and 
crystalline structures, which limits their use in many 
applications. These ceramic films also suffer from inherent 
brittleness and easy spallation upon mechanical and thermal 
stress. Therefore, low-temperature processing that can lead 
to the development of highly-functional, strain-tolerant 
ceramic films will offer innovative solutions for the use of 
ceramic thin films and coatings.  

One achievable way of processing ceramic films at low 
temperatures (< 90˚C) is to take advantage of in-situ 
precipitated nanoparticles and nanostructures grown from 
aqueous solution [1-3]. These nanostructures can tailor 
ceramic film formation and the subsequent microstructure 
development [3,4]. This approach is sufficiently general 
that it can be applied to a wide range of ceramic systems 
and does not require high-temperature annealing except a 
drying step. In addition, it provides ‘environment-friendly’ 
processing because of dealing with aqueous solution. 
Understanding key mechanisms in film formation and 

microstructure developments is essential for not only 
enabling their integration into a device level but also 
achieving more reproducible performance that often lacks 
in solution-based processes.  

In this study, we have developed a series of solution-
based processing protocols that can provide a means of 
precisely controlling hydrolysis of metal ions in aqueous 
solution, which depends on reaction conditions such as pH, 
concentration, and temperature [3,4]. Especially, this low 
temperature processing has shown versatility to generate 
various nanostructures with the aid of a seed layer and a 
patterned mask. The growth of low dimensional 
nanostructures provides a possible way to enhance the 
crystallinity of the solution-prepared films that can 
ultimately benefit many applications such as 
photoelectrochemical cells and microdevices [5,6].  As 1-D 
structures are often grown as a single crystal, they can 
provide a directed path for electron transport and less 
scattering resulting from the presence of defects. This 
processing can be tailored to specific applications by 
integrating additional process components such as 
electrochemical potential (electrodeposition), use of a 
closed solution bath (hydrothermal), and metal-fluoro 
complexation (liquid phase deposition). 

 
2 PROCESSING SCHEMES 

 
2.1 Chemical Bath Deposition (CBD) 

Synthetic oxide films in aqueous solution are formed 
under an accelerated hydrolysis environment for a relatively 
short period. Such hydrolysis process of precursor species 
strongly depends solution parameters such as pH, 
concentration and temperature. As the solubility of the 
oxides and their hydroxides are unknown, our previous 
work has used the thermodynamics data to calculate 
equilibrium solubility for the stable phases, from which the 
degree of supersaturation (S) can be calculated [3].  

For example, TiCl4, a precursor used for our TiO2 
study, undergoes hydrolysis in aqueous solution to form 
several hydroxo- , chloro-, and chloro-hydroxo-titanium 
species as follows: 

TiCl4+ xH2O = TiCl4-x(OH)y
(4-x-y)+ + xH+ + xCl- (1) 

Depending on the availability of OH- (i.e., with pH of 
solution) the extent of hydrolysis may vary. In a low pH 
range (1-2) of solution, predominance of Ti(OH)2

2+ or TiO2+ 

has been verified [7]. With Gibbs free energy values and 
thermodynamic treatments presented earlier [3], we can 
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construct the stability diagram of anatase titania at room 
temperature and at 70˚C as shown in Fig. 1. From this 
diagram, it is evident that for a constant total concentration 
of Ti4+ ([Ti4+]T), higher degree of supersaturation (S) can 
be attained either by increasing temperature or by 
increasing pH of the solution, so subsequent precipitation 
can be initialized. 

 
2.2 Liquid Phase Deposition (LPD) 

Liquid phase deposition refers to the formation of oxide 
thin films from aqueous solution of metal-fluoro complex, 
MFn

m-n that is slowly hydrolyzed by adding water and boric 
acid (H3BO3). For the SiO2 film deposition, the in-situ 
precipitation from silica precursor (H2SiF6) will catalyze 
the formation of the SiO2 film (reaction (2)). 

H(n-m)MFn + m/2!H2O = MOm/2 + nHF  (2) 
H3BO3+4HF = BF4

- + H3O+ + 2H2O  (3) 

H2SiF6 is supersaturated with silicic acid, and the addition 
of boric acid shifts the reaction to the right side by 
scavenging HF as well as producing the water (reaction 
(3)). Therefore, at higher boric acid concentration, a higher 
degree of supersaturation of the precursor solution is 
reached, which promotes more homogeneous nucleation of 
SiO2 particles in solution (i.e., bulk precipitation). This 
processing in fact provides an effective means of generating 
fluorine-doped SiO2 (F-SiO2) that can reduce a dielectric 
constant of silica films. 
 
2.3 Hydrothermal Processing 

Hydrothermal process is a processing technique that 
generates films and powders in a closed bath with one or 
more aqueous precursors at a temperature higher than their 
vaporization temperature. While the processing temperature 
for hydrothermal processing is normally over 100˚C, some 
hydrothermal deposition can be done below 100˚C. This 
processing provides high controllability of microstructures 
because of the mild deposition condition resulting from the 
higher solubility of precursor ions. 

In the Zn-OH system, soluble species of Zn (II) ions 
include Zn2+, Zn(OH)+, Zn(OH)2, Zn(OH)3

-,  and  
Zn(OH)4

2-. Our preliminary calculation indicated that S at 
pH 7 or lower is extremely small compared to that of Ti-

OH [3], and it is thus believed that the complexing agent 
such as hexamethylenetetramine (HMT, C6H12N4) or 
dimethylamine borane (DMAB, BH3!NH(CH3)2) will play 
an important role in precipitating the ZnO phase. Due to the 
complexing agent, Zn2+ cations also form ammine 
complexes such as Zn(NH3)4

2+ with NH3(aq) in moderately 
basic solution. Therefore, the following reactions contribute 
to the film formation while slowly releasing OH- ion. 

Zn(OH)m
(2-m)+ + (1-m)H2O = ZnO + (2-m)H+  (4) 

Zn(NH3)4
2+ + H2O = ZnO +2NH3 + 2NH4

2+  (5) 
C6H12N4 + 6H2O = 6HCHO + 4NH3  (6) 
NH3 + H2O = NH4+ + OH-   (7) 

From these reactions, the solubility diagram of ZnO in 
aqueous solution can be constructed with pH at different 
temperatures using the thermodynamic data [8,9].  

 
3 RESULTS AND DISCUSSION 

 
3.1. Titanium Oxide (TiO2) Films 
 

Microstructures of oxide films grown from aqueous 
solution will depend upon incubation, precipitation, and 
transformation of initial nuclei. In this case, the substrate 
surface can trigger surface nucleation, or can attract and 
attach nucleated particles to form a film. The former 
mechanism in oxide systems such as TiO2 did not seem to 
be dominant.  On the other hand, the latter mechanism can 
organize the film on the surface and can accelerate the 
densification with the aid of the amorphous phase.  

With the definition of supersaturation, it was feasible to 
simultaneously incorporate the effects from precursor 
concentration, pH, and temperature more systematically [3]. 
The example of the role of supersaturation is shown in Fig. 
2, in which as the supersaturation level increased (from ‘c’ 
to ‘a’), a wide range of microstructures was observed. More 
uniform, dense microstructures were obtained from a high 
degree of supersaturation, in which particles were very 
small and aggregation was minimal (Fig. 2a) [4]. 
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Figure 1. Stability diagram of TiO2 (anatase). 

Figure 2. Processing map and various TiO2 film 
microstructures grown on Si substrates developed from 
different degrees of supersaturation (S) as a controlling 
parameter in precursor solution:  (a) high S (top view); (b) 
medium S (top view); (c) low S (tilted side view).  

TiO2 film 
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Aggregation became more significant as the supersaturation 
decreases (Fig. 2b). On the other hand, with very low 
degrees of supersaturation (esp. S " 80), TiO2 exhibited 
dendritic growth (Fig. 2c).  

As the above CBDs are carried out in a very acidic 
environment, most of metallic substrates cannot be utilized.  
In an effort to deposit low-temperature processed titania 
films on metallic substrates such as Cu, electrodeposition 
(ED) was developed by connecting the Cu substrate as a 
cathode in peroxo-titanium precursor solution [10]. Due to 
the cathodic potential, metal substrate can be protected 
from corrosion in highly acidic precursor solution. In this 
deposition, OH- ions are generated in the vicinity of the 
cathode and thus accelerate the hydrolysis and deposition 
without the need for heating, still yielding very high 
deposition rates (# 1 µm/min). Nanocolumnar structure 
with well-developed intercolumnar porous gaps was 
observed as shown in Fig. 3.  

 
3.2. Barium Titanate (BaTiO3) Films 

 
As BaO precipitates in a highly basic solution and TiO2 

forms in a highly acidic condition, it is not feasible to rely 
on co-precipitation of barium titanate from the precursor 
solution. We thus used a two-step process, in which TiO2 
film is first deposited, and then converted to BaTiO3 film: 

Ba2++TiO2(s)+H2O = BaTiO3(s)+2H+    (8) 

One simple way for implementing this conversion is to 
immerse the TiO2-grown substrate into a highly alkaline 
solution that contains Ba2+ ion from the Ba(OH)2 precursor 
solution. Metallic substrate such as Cu can be used as a 
substrate (cathode) provided that it is protected from 
corrosion via a negative potential applied to this electrode. 
Negative voltage on electrode will also effectively attract 
the Ba2+ ions in solution [10]. 

The hydrothermal (or hydothermal-electrochemcial) 
conversion experiments of titania films at 90˚C (0-24 hours 
of conversion) indeed resulted in formation of cubic 
BaTiO3 film. This conversion produced a dramatic increase 
in dielectric properties (k>80 at a kHz range, as compared 
to # 30 for TiO2 films [10]). The representative 
microstructures after the 16-hr and 24-hr conversion are 
shown in Fig. 4, where structure evolution can be seen, 
which started from porous, amorphous TiO2 films. 
Amorphous TiO2 has a higher solubility than the crystalline 
phase and therefore suitable for BaTiO3 conversion.  

3.3. Silicon Oxide (SiO2) Films 
 
The microstructure of LPD silica films has strong 

dependence on solution parameters and deposition 
temperature. It was shown that H2SiF6 concentration 
controls the surface morphology and grain structure through 
surface reaction while H3BO3 concentration prompts bulk 
precipitation in solution. In addition, the hydrolysis of 
H2SiF6 is an endothermic reaction and a higher degree of 
supersaturation is reached at elevated temperature. 

Smooth and sufficiently dense SiO2 films, free of 
adsorbed particles, were deposited on both silicon and 
FTO-coated glass substrates. These F-SiO2 films exhibit a 
dielectric constant less than 2.9, lower than conventional 
silica dielectric films. Figure 5 shows J-E characteristics of 
a 208-nm-thick LPD SiO2 film with smooth surface 
morphology deposited on the FTO-coated glass substrate. 
During the measurement range between 0 to 40 V, no 
breakdown was observed for this LPD SiO2 film indicating 
that the breakdown field of smooth LPD SiO2 film exceeds 
1.9 MV/cm. The leakage current density of the film is on 
the order of 10-5 A/cm2 at 30 V (1.5 MV/cm) and 10-9 A/cm2 

at 4 V (0.2 MV/cm). These excellent insulating properties 
of thin SiO2 film can be attributed to the high quality of the 
Si-O bonds with little dangling Si-OH groups, as shown by 
the FT-IR spectra [11]. 

3.4. Zinc Oxide (ZnO) Films 
 
ZnO films with vertically aligned rods were deposited 

using various aqueous solutions of zinc salts with the aid of 
a ZnO seeded layer in a closed bath at 90˚C 
hydrothermally. With no seed layer, ZnO growth was very 
limited and did not display the aligned rods. Figure 6 
shows the examples of ZnO rods grown from a spin-coated 
ZnO seed layer on FTO-coated glass (Fig. 6a) and from a 
ZnO seed layer prepared by atomic layer deposition (ALD) 
(Fig. 6b). As shown here, the spin-coated seed layer, which 

Figure 4. SEM images of BaTiO3 film converted from porous 
TiO2 in Ba(OH)2 solution: (a) after 16 hr; (b) after 24 hr. 

100 nm 
Figure 3. Cross-section SEM image of a nanocolumnar TiO2 
film grown on Cu via ED. Each column shows scallop 
structure, each of which contains ‘nanocrystallites.’ 
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Figure 5. (a) SEM image (fractured, tilted view); (b) Leakage 
current density for as-deposited LPD SiO2 film. 
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has highly textured nanocrystallites (c-axis orientation) and 
rough surface, provided more straight, denser and larger 
rods. However, ZnO rod growth from the ALD prepared 
seed layer, which is not c-axis oriented, shows a larger rod 
width and more inclination. This suggests that the size, 
orientation, and density of ZnO rod arrays can be adjusted 
with design of the seed layer. 

Dye-sensitized solar cells (DSSC) with the above ZnO 
nanorod films were assembled with ruthenium dye and 
iodide-based liquid electrolytes to check PV performance, 
which is shown in Fig. 7. Two types of ZnO (wurtzite) 
films were prepared by hydrothermal processing: one with 
ZnO nanorod arrays and the other with ZnO particulate 
films. The ZnO film with one-dimensional nanorod 
structures displays a power conversion efficiency over 1.5 
% (fill factor (FF) ~ 0.36) for 1,500-nm thick films. The 
efficiency was dramatically increased to 2.3% (FF=0.36) 
when multi-step deposition was used by replacing the 
precursor solution at every 2 hr (Fig. 7a). Multi-step 
deposition made the rod growth slower, but it made the rod 
arrays denser and more lateral growth for each rod (i.e., 
decreasing the aspect ratio) (Fig. 7a).  

For comparison, our DSSC with TiO2 film with one-
dimensional rutile nanorod structures showed much higher 
FF (0.64). Based upon this observation, it is essential to 
have a higher FF for the ZnO films. It also indicates that 
further improvement of the cell performance is possible, 
and that the conversion efficiency over 5% is achievable 
with our low temperature processing through 
microstructure design. 

CONCLUDING REMARKS 
 
We have processed various oxide systems for barrier 

coatings (ZrO2, TiO2, SiO2) [12,13], high-k dielectrics 
(TiO2, BaTiO3) [10,14], photoanodes for dye-sensitized 
solar cells (TiO2, ZnO) [5,6], and low-k dielectric films 
(SiO2) [11] (Table 1). This report summarizes a few 
selected examples.  These films can be deposited on 
flexible as well as on rigid substrates including metallic 
surfaces. Key success in some applications will require 

increased crystalllinity and/or tailored microstruture 
developments to maximize their functionality.  

Table 1: Examples of low-temperature processed oxide 
films and their applications. 
 Deposition Temp (˚C) Applications 
ZrO2 CBD 70-90 Barrier coatings 
TiO2 CBD 70-90 High-k, Photoanode 
 ED 0-25 High-k 
 HT 80-150 Photoanode 
BaTiO3 EC-HT < 90 High-k 
SiO2 LPD 40-60 Low-k, Barrier coatings 
ZnO Seed layer 

HT 
100-300 
80-100  

Photoanode 

CBD: Chemical Bath Deposition, LPD: Liquid Phase Deposition 
ED: Electrodeposition, HT: Hydrothermal Processing 
EC-HT: Electrochemical-Hydrothermal Conversion 
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Figure 6. ZnO nanorod grown on a seed layer made of: (a) 
spin-coated zinc acetate solution on FTO-coated glass; (b) 
ALD ZnO film on Si. 
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Figure 7. I-V curves measured under solar simulator (100 
mW/cm2): (a) ZnO nanorod arrays (inset: near-substrate 
cross-sectional SEM views); (b) ZnO particulate film (inset: 
cross-sectional SEM view). 
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