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Abstract−Titania thin films were prepared by using aerosol flame deposition process via the pyrolysis of titanium

tetra-isopropoxide (TTIP) precursor. We analyzed the specific surface area, primary and secondary particle sizes, crystal

structure, thin film morphology and thickness by BET method, electrophoretic light scattering, X-ray diffraction and

scanning electron microscopy, respectively. The specific surface area of TiO2 particles deposited is over three-times

larger than that of commercial Degussa P25. Crystallite structure of TiO2 particles can be controlled by changing the

ratio of CH4/O2 flow rates. We could prepare TiO2 thin films with single anatase phase by keeping the ratio of CH4/

O2 flow rates at 200 ml/min: 1,000 ml/min. As N2 carrier gas flow rate to bubbler increases, the primary and secondary

particle sizes increase, but decrease with increasing total N2 gas flow rate through the central tube. The shorter the de-

position height is, the smaller the deposition area is, but the thin film becomes thicker in the central region.
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INTRODUCTION

The aerosol flame deposition (AFD) process is used to prepare

nano-sized metal oxide films from liquid precursors. The advan-

tages of this method are the rapid formation of nano-sized metal

oxide particles, simple and low-cost production operating under

ambient atmosphere, wide application of precursors and high dep-

osition rate [1]. Numerous studies have been carried out to synthe-

size metal oxide thin films for various applications by using AFD

process [1-3]. TiO2 nanoparticles have been produced by using dif-

fusion flame reactor based on liquid precursor (titanium tetraiso-

propoxide) decomposition reaction [4,5].

Titanium dioxide has a wide band-gap of 3.2 ev, which can be

activated under ultraviolet light. It exists in three polymorphic phases:

anatase, rutile and brookite. Among them, the anatase phase has

the highest photocatalytic activity compared with the rutile and broo-

kite phases [6]. However, the rutile structure is the most stable form

at high temperature, and anatase and brookite both can be con-

verted to rutile upon heating [7]. TiO2 thin films have been widely

used as photocatalysts, such as for photodegradation to remove vola-

tile organic compounds [6] and also for photosplitting water to pro-

vide an environmentally benign and sustainable source of hydrogen

fuel for the energy industry [8-10]. Another prominent role which

TiO2 has played in the solar energy technology is in dye-sensitized

solar cells. TiO2 is the electron conduction layer in the dye-sensi-

tized solar cells which are inexpensive and economically viable alter-

natives to conventional silicon-based technology [11,12]. All these

solar energy applications of TiO2 require that TiO2 film has large

surface area either for high solar energy harvesting or for large inter-

penetrated interface. Nanoparticles are typically used to fabricate

photocatalytic TiO2 films owing to their high specific surface area

[12,13]. It’s critical to control the particle size as deposited and the

morphology of thin films.

In our present work, we prepared TiO2 thin films by AFD pro-

cess and analyzed the effects of various process parameters such as

the N2 carrier gas flow rate to bubbler, total N2 gas flow rate through

the center tube and deposition height on the properties of TiO2 thin

films. The changes of primary and secondary particle sizes and the

thickness distribution of TiO2 thin films on substrate were examined.

EXPERIMENTAL SECTION

Fig. 1 shows the schematic of the experimental setup for TiO2

Fig. 1. Schematic diagram of an AFD apparatus.
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thin film deposition. The substrate is kept above the burner by a
holder. The precursor of TiO2, titanium tetraisopropoxide (TTIP,
Ti(C3H7O)4), is contained in a bubbler, and the mass flow rate of
TTIP is controlled by the N2 carrier gas flow rate to the bubbler.
TTIP vapor was carried through the central tube to the burner tip.
To maintain the gas flow rate to the central tube constant, an auxil-
iary N2 gas flow was introduced to the central tube. O2 of 1 L/min
and 200 ml/min methane as fuel were supplied to the second and
the third concentric tubes, respectively. The ambient N2 gas of 250
ml/min was provided through the fourth concentric tube. The com-
bustion of CH4 takes place just after the burner tip. TTIP decom-
pose to form TiO2 particles at high temperature in the oxy-CH4 flame.
By thermophoresis and diffusion, TiO2 particles finally deposit on
the silicon wafer substrate to form thin film. In our study, first, TiO2

thin films were prepared by maintaining total flow rate of N2 through
the central tube at 400 ml/min while varying the carrier gas flow
rate to bubbler from 100 to 300 ml/min, which means the gas resi-
dence time was kept constant. Second, we changed the total carrier
gas flow rate of N2 through the central tube from 300 to 500 ml/
min while keeping the carrier gas flow rate constant at 200 ml/min,
which means the mass flow rate of TTIP was kept constant. We
also investigated the effect of the distance between substrate and
burner (10 cm and 7 cm) on the thickness distribution of deposited
thin film and the crystal phase. The bubbler and precursor delivery
tubes were heated to 80 oC to prevent TTIP condensation.

The TiO2 thin films were deposited on silicon wafer. By scrap-
ing the wafer with a blade, TiO2 particles were collected. The spe-
cific surface area (SSA, m2/g) was measured by using the Brunauer-
Emmett-Teller (BET) method (ASAP 2020, Micromeritics). The
TiO2 samples were degassed at 200 oC for 10 hours to remove gases
and moisture from the surface by flowing N2 for BET measurement.
Assuming all particles to be monodisperse spherical particles, the
BET-equivalent particle diameter, dBET (nm), was calculated as fol-
lows [14]:

(1)

where ρp is the particles density (g/m3), and we considered ρp as
4.0 g/m3. The secondary particle size of TiO2 was characterized by
electrophoretic light scattering (ELS). Before analysis by ELS, sam-
ples were dispersed in deionized water with sonication for 1 hour
at room temperature. The ELS analysis was performed with ELS-
8000 (photal Otsuka Electronisc). The crystal phase was determined
by X-ray diffraction (XRD). The XRD measurements were oper-
ated by using PW3040/60 X’Pert PRO (PANalytical) instrument
using Ni filtered Cu Kα radiation (wavelength=1.54 Å). 2θ scan
ranges from 20o to 80o and scanning step size of 0.02o were used.
To measure the thickness of thin films, we fixed the glass slide to
the wafer by binder clip before deposition. TiO2 thin films were de-
posited on the glass slide and also on the wafer. Then, the glass slide
with TiO2 thin film was cut to several pieces at even intervals to
measure the distribution of film thickness in cross-section by scan-
ning electron microscopy (SEM, S-4300, Hitachi).

RESULTS AND DISCUSSION

Methane combustion reaction took place at the burner tip and

provided energy for TTIP decomposition. When the N2 gas carried
TTIP vapor to the burner tip, it was immediately decomposed to
form tiny TiO2 monomer particle in the oxy-CH4 flame. The decom-
position reaction of TTIP is shown as follows:

TTIP→TiO2+4C3H6+2H2O (2)

with a reaction rate constant k=3.96×105exp(−8479.7/T) for T=500-
670 K [15]. Once the TTIP decomposition reaction occurs, TiO2

monomers are generated. They collide with each other and coa-
lesce to form single larger spherical particles upon passing the high
flame temperature region where the coalescence rate might be faster
than the collision rate. Later on, in the downstream region, where
the flame temperature cools down, the coalescence rate becomes
slower than the collision rate of particles, so the particles are covalently
bonded with each other by sintering necks and become the aggre-
gates. Further downstream, the aggregates collide with other parti-
cles to form the agglomerates which can be easily broken down
into the aggregates because the temperature there is too low for sinter-
ing, and they hold each other by van der Waals forces rather than
chemical interactions. The deagglomeration process can be accom-
plished by dispersing them in proper solutions and appropriate exter-
nal forces such as mechanical stirring or sonication [16].

It is well known that photocatalytic activity of TiO2 is also influ-
enced by crystal structure, which is strongly affected by flame tem-
perature. We prepared TiO2 thin films for different ratios of CH4/O2

flow rates. As CH4 flow rate decreases from 300 to 200 ml/min, it
can be seen from Figs. 2(a) and (b) that the flame height becomes
shorter, and the flame temperature correspondingly decreases. XRD
patterns in Fig. 2(c) show that, for CH4 flow rate of 200 ml/min,
the prepared TiO2 films have the single crystal anatase phase. How-
ever, for the case of 300 ml/min, the flame temperature increases
and the rutile phase appears. Thus, we can see that by changing the

dBET = 

6

ρP SSA×( )
-------------------------

Fig. 2. Photographs of oxy-methane flame at (a) CH4 : O2=300 :
1,000 ml/min, (b) CH4 : O2=200 : 1,000 ml/min; (c) X-ray
diffraction patterns of TiO2 nanoparticles collected from
silicon wafer substrates for various CH4 flow rates.
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ratio of CH4/O2 flow rates we can control the amounts of anatase

and rutile crystal structures.

By BET method, the specific surface area of TiO2 particles was

measured. We calculated the diameters of particles based on Eq.

(1). In Fig. 3(a), as the N2 carrier gas flow rate to bubbler increases,

the specific surface area of particles decreases, which means that

the primary particle size increases. By increasing N2 carrier gas flow

rate to bubbler, initial TTIP concentration becomes higher and more

TiO2 monomers are formed in the high temperature zone of flame.

The increased number of monomers resulted in shorter collision

time between particles [17] and also in larger particle size due to

faster coagulation and sintering. However, as total N2 gas flow rate

to the central tube increases, the specific surface area increases, and

the primary particle size decreases correspondingly as shown in Fig.

3(b). By increasing total gas flow rate to the central tube, the resi-

dence time of particles for coagulation at high temperature decreases

and the resultant particle size decreases.

The surface area is also an important characteristic of photocata-

lytic TiO2 particles. The specific surface area of the commercial TiO2

Degussa P25 is 50.0 m2/g [5]. The TiO2 particles we prepared have

the specific surface area larger than that of Degussa P25 by more

than three times. Fig. 4 shows the cross-sectional SEM images of

TiO2 thin films. The morphologies of thin films are all similar in

our experimental conditions. From this result, we can see that TiO2

thin film has high porosity, which also leads to high surface area

for photocatalysts.

To measure the secondary particle size (average aggregate size),

the samples were dispersed in the deionized water with sonication

for 1 hour at room temperature. By sonication, the agglomerated

particles can be broken down into the aggregates which cannot be

broken down into individual primary particle easily because of the

strong covalent bond between primary particles. Right after sonica-

tion, the secondary particle sizes were analyzed by ELS. Fig. 5(a)

and (b) show the change of secondary particle size for various N2

carrier gas flow rates to bubbler and also for various total gas flow

rates of N2 through the central tube, respectively. We can see that

the secondary particle size increases with increasing N2 carrier gas

flow rate to bubbler, but decreases with increasing total gas flow

rate of N2 through the central tube. A higher N2 carrier gas flow rate

to bubbler leads to a higher initial TTIP concentration; thus, more

particles generated in the high temperature region. Therefore, the

bigger aggregates are formed by faster coagulation and sintering.

By increasing total gas flow rate of N2 to the central tube, the resi-

dence time of aggregates in the high temperature flame region de-

creases, and the secondary particle size decreases correspondingly.

We prepared TiO2 thin films with different deposition height (7 cm

Fig. 4. Cross-sectional SEM images of TiO2 thin film (CH4 : O2=
200 : 1,000 ml/min, carrier gas N2 flow rate to the bubbler:
200 ml/min, N2 gas flow rate to the central tube: 400 ml/min,
deposition time=30 min, deposition height=10 cm above
the burner).

Fig. 3. Specific surface area and BET equivalent diameters (dBET)
of particles collected from silicon wafer substrates (a) for
different N2 carrier gas flow rate to the bubbler, (b) for dif-
ferent N2 gas flow rate to the central tube (CH4 : O2=200 :
1,000 ml/min, deposition time=30 min, deposition height=
10 cm above the burner).
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and 10 cm) to examine the distribution of film thickness on sub-

strate. The thickness was measured through the cross-sectional SEM

image. From Fig. 6, we can see that the shorter the distance between

substrate and burner is, the smaller deposition area on substrate is,

but the thicker the film thickness is in the central region of flame.

The generated particles are transported by the convective flow and

thermophoretic force as well as diffusion of particles. As the deposi-

tion height increases, more particles are diffused in the radial direc-

tion, which leads to the larger deposition area. The shorter distance

between substrate and burner results in steeper gas temperature gradi-

ent and the thermophoretic deposition rate of TiO2 particles onto

the substrate increases, so the thickness of thin film in the central

region prepared with 7 cm deposition height is thicker than that pre-

pared with 10 cm deposition height.

CONCLUSIONS

Nanostructured TiO2 thin films were prepared by AFD process

for various process conditions of different gases flow rate, TTIP

vapor concentration and deposition height. The prepared TiO2 parti-

cles have a specific surface area three-times larger than that of com-

mercial Degussa P25. Crystallite structure of TiO2 particles could be

controlled by changing the ratio of CH4/O2 flow rates. We prepared

TiO2 thin films with single anatase phase by keeping the CH4 and

Fig. 6. The distribution of film thickness deposited on substrate for deposition height of (a) 10 cm, (b) 7 cm above the burner (carrier gas
N2 flow rate to the bubbler: 200 ml/min, CH4 : O2=200 : 1,000 ml/min, deposition time =30 min, N2 gas flow rate to the central tube:
400 ml/min).

Fig. 5. Secondary particle size distributions by ELS based on number of TiO2 particles prepared by changing (a) carrier gas N2 flow rate
to the bubbler from 100 to 300 ml/min, (b) total N2 gas flow rate through the central tube from 300 to 500 ml/min (CH4 : O2=200 :
1,000 ml/min, deposition time=30 min, deposition height=10 cm above the burner).
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O2 flow rates of 200 and 1,000 ml/min, respectively. As N2 carrier

gas flow rate to bubbler increases, the primary and secondary parti-

cle sizes increase. However, the primary and secondary particle sizes

decrease with increasing total gas flow rate of N2 through the central

tube. We also examined the dependence of thin film thickness and

deposition area on the distance between substrate and burner tip.

The shorter the deposition height is, the smaller deposition area is,

but the thin film is thicker in the central region. This study pro-

vides necessary information for our further studies to make uni-

form coating on large surface area substrate using AFD process.
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