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We present a laser-assisted spray pyrolysis method to fabricate nanoparticle coatings of
metal oxides. In this process, 1.5-�m size droplets of a titanium- or iron-containing
organometallic precursor were injected into a vacuum chamber with SF6 carrier gas.
The strong absorption of a 3W CO2 laser beam focused onto the injector tip in the
presence of SF6 increased the temperature of the gas and the droplets to about 300 °C.
Films deposited on heated substrates with and without the CO2 laser heating were
studied by atomic force microscopy. The laser heating of the droplets caused the
solvent to evaporate before depositing on the substrate, leading to grain sizes that are
about a factor of 3 smaller than those deposited without laser heating. By controlling
the concentration of the precursor in the solvent, the average particle sizes have been
tuned from 80 to 50 nm.

I. INTRODUCTION

A wide range of applications associated with thin films
and coatings has led to the development of a variety of
growth techniques. The characteristics of the deposited
films are affected by the technique used. The parameters
that gauge the quality of a film include the surface mor-
phology, the density, and the crystallinity. Among the
variety of techniques available for the growth of thin
films, chemical and physical vapor deposition processes
are known to produce the best quality films.1 These tech-
niques enable precise control of the growth process, and
have therefore been extensively used for the growth of
films for device applications. For applications that do not
require such high quality, a number of more economical
techniques are available. These include electroplating,2

plasma spray,3 screen-printing,4 and spray pyrolysis.5–11

The simplicity, low capital cost of equipment, and adapt-
ability to large-scale processing make these methods at-
tractive for coating large surface areas.

The chemical spray pyrolysis technique is particularly
interesting because it can be used to form coatings of a
variety of different materials. Since its initial use for the
deposition of CdS films for solar cells,12 it has been
successfully implemented in the fabrication of thin films
of metal oxides, chalcogenides, and high temperature su-
perconductors.13 The main component of a spray pyroly-

sis system is an atomizer that generates microdroplets of
a precursor solution dissolved in a relatively volatile sol-
vent. The droplets, in the form of a fine spray, are carried
out of a nozzle onto a heated substrate by a carrier gas
that can be inert or reactive. The constituents of the drop-
lets decompose and react on the hot substrate to form the
chemical compound. The substrate temperature should
be high enough to evaporate the volatile solvents. The
spray nozzle is usually scanned continuously during the
growth to coat a large area of the substrate. Laser py-
rolysis techniques have also been used to generate
nanocrystalline powders and coatings.14 In contrast to the
thermal spray pyrolysis process where the decomposition
and the reaction take place at the hot substrate, in laser
pyrolysis processes, the droplets interact with a continu-
ous wave laser beam as they come out of the nozzle. If
the molecules of the precursor have a strong resonance
absorption band at the wavelength of the laser beam, the
molecule is dissociated. This method has been used to
form amorphous nanoparticles of Si/N/C.15 However,
this method is restricted to compounds that have reso-
nance absorption bands at an available laser wavelength.

The sizes of the produced droplets depend on the tech-
nique used to atomize the solution. The simplest way to
generate an aerosol spray is by a pneumatic process. In
this method, the pressure drop at the orifice of a nozzle
from a high flow rate of gas causes the dispersion of the
solution into microdroplets. However, control of the par-
ticle size distribution produced by this method is very
difficult. On the other hand, ultrasonic nebulizers (model
241CST; Sonaer Ultrasonics, Farmingdale, NY) are
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known to produce a fairly uniform distribution of
micrometer-size droplets. Generally, the nebulizer is oper-
ated at a frequency of 2.4 MHz, where the precursor
solution is converted into a mist of particles in a range of
1–2 �m in diameter. These particles lack sufficient iner-
tia and thus have to be transported by a carrier gas. Be-
cause the aerosol-generating rate is independent of the
gas flow rate, the transport of the droplets to the substrate
can be controlled without affecting the function of the
nebulizer.

When the droplets impinge upon the heated substrate,
the precursor is decomposed to form the compound. The
subsequent film formation and the morphology of the
film are dependant on the velocity of the drop, the rate of
reaction, and the rate of evaporation of the solvent. At
high velocities, the droplets will flatten on the substrate,
leading to large particle sizes.11 If most of the solvent is
evaporated when the drop gets to the substrate, the solid
particle will stick to the substrate to form a crystallite that
is smaller than the initial droplet. Therefore, by control-
ling the concentration of the solvent, the size of the par-
ticles deposited on the substrate can be controlled. In this
article, we describe the growth of nanocrystalline coat-
ings of TiO2 in the anatase structure and Fe2O3 with
controlled particle size distributions using this laser-
assisted spray pyrolysis technique. The anatase phase of
TiO2 is widely used as a photocatalytically active mate-
rial in UV,16 whereas �- Fe2O3 is used in a variety of
applications including magneto fluidics.17,18

II. EXPERIMENTAL

The schematic diagram of the experimental apparatus
is shown in Fig. 1. A 3W continuous wave CO2 laser was
focused to a point just above the funnel tube orifice en-
closed in a glass deposition chamber. Because the pro-
posed precursors do not have resonance absorption with
the CO2 laser wavelength, sulfurhexafluoride (SF6) is

used as the carrier gas for aerosol transport. The CO2

laser beam of wavelength 10.6 �m was resonantly ab-
sorbed into the SF6 molecules through vibrational exci-
tation. Therefore, the carrier gas was heated by the CO2

laser as the aerosol/gas mixture was injected into the
chamber. The flow rate and thus the speed of the aerosol
into the chamber were controlled by a gas flow meter.
Nitrogen or argon gas was injected through a circular
tube placed just below the nozzle to maintain a forward
flow for the aerosol and the SF6 gas. The pressure inside
the chamber was kept very close to atmospheric.

Toluene was used as the solvent for the organometallic
compounds used for the formation of TiO2 and Fe2O3.
To evaporate toluene in each drop, the laser-gas interac-
tion time should be sufficient to increase the gas tem-
perature above the boiling point of toluene (93 °C). At
high gas flow rates, the growth rate of the film is in-
creased while the laser energy absorbed per unit volume
is decreased, leading to lowering of the gas temperature.
On the other hand, a higher percentage of laser energy is
absorbed at higher flow rates as the laser interacts with a
larger volume per unit time. The laser power absorbed by
the gas was obtained by measuring the transmitted laser
energy after the laser-gas interaction. The effect of the
flow rate on laser heating of the SF6 carrier gas was
studied by placing a K-type thermocouple in front of the
nozzle opening just after the laser focus. The inset of Fig.
1 shows the position of the thermocouple. A thermo-
couple made out of thin wires was used to minimize any
disturbance to the laser-gas interaction volume. Care was
taken to avoid the incidence of laser beam on the ther-
mocouple. Any direct interaction of the laser with the
thermocouple would cause the temperature to rise with-
out the presence of SF6 gas. The organometallic com-
pounds used for the formation of TiO2 and Fe2O3 were
cyclopentadiethyltitanium trichloride [(C5H5TiCl3);
98%] and pentacarbonyliron [Fe (CO)5; 99.5%], respec-
tively. The precursors were prepared by dissolving these

FIG. 2. Flow rate dependence of the laser energy absorbed by the gas
and the measured temperature of the gas.

FIG. 1. Experimental setup for laser-assisted spray pyrolysis process.
The inset shows the position of the thermocouple (TC) with respect to
the nozzle and the laser beam.
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compounds in toluene with different molar concentra-
tions from 0.05–0.25 M. Si(100) wafers, cleaned by or-
ganic solvents and deionized water, were used as sub-
strates. Si substrates provide a smooth surface that is
advantageous for surface morphological studies of nano-
particle coatings. The substrate was mounted on a heat-
ing block that was placed 4–6 cm in front of the nozzle.
Coatings were deposited at a substrate temperature of
350 °C. The morphologies of the deposited coatings were
analyzed by atomic force microscopy (AFM; Dimension
TM 3100; Digital Instruments, Santa Barbara, CA).

III. RESULTS AND DISCUSSION

The effect of gas flow rate on the gas temperature and
the percentage of laser energy absorbed is shown in Fig.
2. To obtain a high growth rate, and at the same time to
maintain the gas temperature at the nozzle above the boiling
point of toluene (93 °C) while coupling a maximum

FIG. 3. In-plane and three-dimensional AFM images of TiO2 coatings deposited by spray pyrolysis. (a) Without and (b) with CO2 laser heating
of the carrier gas.

FIG. 4. The XRD patterns of a TiO2 coating deposited with laser
heating. All the indicated peaks correspond to the anatase structure of
TiO2.
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amount of laser energy into the gas, a gas flow rate of
3 L/min was used in film growth. The morphology of
the coatings studied by AFM for depositions with and
without laser heating of the gas for TiO2 is shown in Fig.
3. The concentration of the Ti compound was 0.1 M.
Without laser heating of the gas, the droplets ∼1.5 �m in
size that are striking the heated substrate tend to flatten
themselves during the impact. This leads to the larger
grain sizes observed in TiO2 coatings. However, with
laser heating of the gas closer to 100 °C, most of the
solvent (toluene) gets evaporated before striking the sub-
strate. As a result, the drops condense into a smaller
particle with a high concentration of the organometallic

compound. Because the laser-gas interaction is limited to
the focal volume of the laser, heating of the flowing gas
takes place in a length that is closer to the waist of the
laser beam (∼1 mm). Under these conditions, complete
conversion of the liquid droplets into solid particles does
not take place. This is evident by the wet coating depos-
ited when the substrate is not heated. The average par-
ticle size of TiO2 without laser heating is about 250 nm.
Irregular particle shapes and sizes produced because of
flattening of the drops on the substrate are visible in the
three-dimensional image. In comparison, coatings depos-
ited with CO2 laser heating of the carrier gas show a
distribution of well-defined particles [Fig. 3(b)] with

FIG: 5. In-plane and three-dimensional AFM images of Fe2O3 coatings deposited by spray pyrolysis. (a) Without and (b) with laser heating for
a precursor concentration of 0.1 M. (c) With laser heating for a precursor concentration of 0.05 M.
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average particle sizes of 100 nm. TiO2 nanoparticles
grown by other techniques, including vapor hydrolysis,16

were shown to be amorphous at 260 °C, and become
predominantly anatase form above 600 °C. An x-ray dif-
fraction (XRD) pattern of the TiO2 nanoparticle coatings
grown by our technique showed the formation of the
anatase phase of TiO2 at 350 °C (Fig. 4).

The effect of the laser heating and the starting concen-
tration of Fe (CO)5 on Fe2O3 coating morphology and the
particle size is shown in Fig. 5. Similar to TiO2, laser
heating the gas helped to produce well-defined and much
smaller particles of Fe2O3 [Figs. 5(a) and 5(b)]. For a
starting concentration of 0.1 M, the average size of the
particles produced was about 60 nm, which is about 40%
smaller than the TiC particles produced with the same
0.1 M starting concentration. The boiling point of Fe
(CO)5 is 103 °C and it decomposes at 200 °C. For
C5H5TiCl3, the melting point is 170 °C and it decom-
poses at 210 °C. Clearly, along with toluene, a significant
percentage of Fe(CO)5 may also have been evaporated
during laser heating, leading to smaller particle sizes.
Deposition of evaporated Fe(CO)5 and subsequent de-
composition forms a brown coating on the walls of the
glass chamber, which supports this assumption. Further-
more, reduction of the concentration of Fe(CO)5 in the
solution from 0.1–0.05 M changed the particle size from
60 nm to about 48 nm [Figs. 5(b) and 5(c)].

Particle coatings deposited with precursor concentra-
tions of 0.05, 0.1, 0.2, and 0.25 M have been analyzed by
AFM to study the concentration-particle size relation in
the laser-assisted spray pyrolysis process. Figure 6 shows
the particle size distribution obtained from AFM images

for the concentrations of 0.05 and 0.25 M. As indicated
by the full width at half-maximum, the size distribution
of the particles becomes narrower at low concentrations.
A simple computation can be performed to derive a
rough estimate of the expected particle size for a given
precursor concentration. For example, the number of
Fe(CO)5 molecules in a 1.5-�m drop of a 0.1 M solution
can be computed to be 1.07 × 108. Assuming that the
solvent is completely evaporated and that all of the
Fe(CO)5 molecules in a droplet are converted into Fe2O3

that become a compact spherical solid particle of density
5.7 × 103 kg/m3, which is the true density of Fe2O3,
the diameter of the particle can be calculated to be
164 nm. Because we assume the individual particles to
be single crystal or polycrystalline, we have used
the upper bound of density for this computation. How-
ever, the bulk density of the coating will be smaller,
between the true density of 5.7 × 103 kg/m3 and the
value of 1.2 × 103–2.4 × 103 kg/m3 for Fe2O3 powder
because of voids in the coating.19 If the particle imping-
ing on the substrate is in the liquid form, some degree of
flattening can be expected, leading to a larger profile on
the surface. Therefore, the computed value is even
a lower estimate of the final particle size. Figure 6
shows the experimental and computed particle size varia-
tion with the precursor concentration. Experimental and
calculated particle size variation with concentration
follows a similar trend. However, the experimental
value is about a factor of 3 smaller than the calcu-
lated values. This indicates that a large percentage of
Fe(CO)5 is evaporated along with the solvent during laser
heating.

FIG. 6. Calculated and experimentally observed variation of average particle size for Fe2O3 coatings with molar concentration of Fe(CO)5 in the
precursor solution. The inset shows the particle size distribution derived from AFM images for the two concentrations 0.05 and 0.25 M.
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IV. CONCLUSIONS

We have incorporated a CO2 laser into a chemical
spray pyrolysis system to heat the droplets of an organo-
metallic precursor dissolved in a volatile organic solvent.
The droplets with an average diameter of 1.5 �m in a
narrow size distribution were generated by an ultrasonic
nebulizer. Our experiments have shown that when the
droplets were directly incident on the substrate, they ini-
tially flatten on the surface, followed by evaporation of
the solvent and decomposition, leading to large particle
sizes. When the droplets are heated above the boiling
point of the solvent before incidence on the heated sub-
strate, most of the solvent is evaporated, leading to solid
particles impinging on the substrate. Coatings with much
smaller and well-defined grains have been grown by the
laser heating the droplets. The experiments have also
shown that by manipulating the concentration of the pre-
cursor, the grain size of the deposited coating can be
controlled on the nanoscale. Because the laser radiation
in this process is absorbed into the carrier gas, resonance
absorption by the precursor is not important. Therefore,
this technique can be extended to any organometallic
compound that can be dissolved in a volatile solvent.
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