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Anton Köck, Jordi Teva, Jochen Kraft, Jörg Siegert, and Franz Schrank

Abstract—The deposition of a thin tin oxide film allows for the
manufacture of modern gas sensors. Spray pyrolysis deposition
is used to grow the required thin films, as it can be seamlessly
integrated into a standard CMOS processing sequence. A model
for spray pyrolysis deposition is developed and implemented
within the Level Set framework. Two models for the topography
modification due to spray pyrolysis deposition are presented,
with an electric and a pressure atomizing nozzle. The resulting
film growth is modeled as a layer by layer deposition of the
individual droplets which reach the wafer surface or as a CVDlike process, depending on whether the droplets form a vapor
near the interface or if they deposit a film only after surface
collision.
Index Terms—Spray pyrolysis deposition, Tin oxide film,
Topography simulation, Level Set, Smart gas sensors

I. I NTRODUCTION
The spray pyrolysis deposition technique is gaining traction in the scientific community due to its cost effectiveness
and ease of integration into a standard CMOS process. The
technique is used to grow crystal powders [1], which can
then be further annealed for use for gas sensors, solar cells,
and other applications.

locally to 250–400oC in order to detect humidity and carbon
monoxide in the environment, down to a concentration of
under 5ppm. The sensing mechanism of SnO2 is related to
the ionosorption of gas species over the surface, leading to
charge transfer between the gas and surface molecules and
changes in the electrical conductance [2].
B. Level Set Method
The presented simulations and models function fully
within the process simulator presented in [4]. The Level Set
method is utilized in order to describe the top surface of a
semiconductor wafer as well as the interfaces between different materials. The Level Set method describes a movable
surface S (t) as the zero Level Set of a continuous function
Φ (~x, t) defined on the entire simulation domain,
S (t) = {~x : Φ (~x, t) = 0} .

(1)

The continuous function Φ (~x, t) is obtained using a signed
distance transform

− ′ min k~x − ~x′ k if ~x ∈ M (t = 0)
~
x ∈S(t=0)
Φ (~x, t = 0) :=
+ min k~x − ~x′ k else,
′
~
x ∈S(t=0)

A. Tin-Oxide Based Gas Sensors
Among many gas sensing materials, tin oxide (SnO2 ) has
proved to have a high potential for smart gas sensing devices
and many SnO2 -based devices have already been realized [2].
The growth of the ultrathin SnO2 layers on semiconductor
structures requires for a deposition step which can easily
be integrated into the traditional CMOS process [3]. The
main concern with today’s gas sensor devices are their bulky
nature, high power consumption, and complex manufacturing
techniques which do not allow for easy integration with
CMOS processing steps.
A sensor which uses films with thicknesses of 50nm and
100nm has already been reported in [2]. The sensor itself
operates on a microsized hot plate which heats the sensor
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(2)
where M is the material described by the Level Set surface
Φ (~x, t = 0). The implicitly defined surface S (t) describes
a surface evolution, driven by a scalar velocity V (~x), using
the Level Set equation

∂Φ
+ V (~x) k∇Φk = 0.
(3)
∂t
In order to find the location of the evolved surface, the
velocity field V (~x), which is a calculated scalar value, must
be found.
C. Spray Pyrolysis Deposition
During the last several decades, coating technologies have
garnered considerable attention, mainly due to their functional advantages over bulk materials, processing flexibility,
and cost considerations [5]. Thin film coatings may be deposited using physical methods or chemical methods. Spray
pyrolysis is a technique which uses a liquid source for thin
film coating.
The main advantages of spray pyrolysis over other similar
techniques are:
- Seamless incorporation in a standard CMOS process.
- Cost effectiveness.
- Substrates with complex geometries can be coated.
- Relatively uniform and high quality coatings.
- No high temperatures are required during processing.
The spray pyrolysis process is used for the deposition of
a transparent layer on glass [6], the deposition of a SnO2
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layer for gas sensor applications [7], the deposition of a YSZ
layer for solar cell applications [8], anodes for lithium-ion
batteries [9], and optoelectronic devices [10].

from an air blast atomizer are contained within a 70o spray
cone angle, while half are within a narrower 12o angle. It was
also determined that the flow rate has a very small influence
on the spray characteristics, which can be mostly ignored for
modeling.
B. Aerosol Transport of Droplets
After the droplet leaves the atomizer, it travels through the
ambient with an initial velocity determined by the atomizer.
In the aerosol form, the droplets are transported with the aim
of as many droplets as possible reaching the surface. As the
droplets move through the ambient, they experience physical
and chemical changes depicted in Fig. 2.

Fig. 1.

General schematic of a spray pyrolysis deposition process.

The general simplified scheme for spray pyrolysis deposition is shown in Fig. 1, where three processing steps can be
viewed and analyzed:
1) Atomization of the precursor solution.
2) Aerosol transport of the droplet.
3) Decomposition of the precursor to initiate film growth
II. P ROCESS S EQUENCE D URING D EPOSITION
A. Precursor Atomization
The atomization procedure is the first step in the spray
pyrolysis deposition system. The idea is to generate droplets
from a spray solution and send them, with some initial velocity, towards the substrate surface. Spray pyrolysis normally
uses air blast, ultrasonic, or electrostatic techniques [11]. The
atomizers differ in resulting droplet size, rate of atomization,
and the initial velocity of the droplets. It has been shown that
the size of the generated droplet is not related to any fluid
property of the precursor solution and depends solely on the
fluid charge density level ρe as shown in [12]
!
′
−
α
3ǫ0
r2 =
,
(4)
β′
qρe
where ǫ0 is the permittivity, q is the elementary charge, and
′
′
−α /β is a constant value equal to ∼ 1.0 × 10−17 J. The
mass of a droplet, assuming a spherical shape depends on its
density
4π
m=
ρq r 3 ,
(5)
3
where r is the droplet radius and ρq is the droplet density.
The initial leaving velocity of the droplet is an important
parameter as it determines the rate at which the droplets
reach the substrate surface, the heating rate of the droplet,
and the amount of time the droplet remains in transport
Due to its ease of production, many companies chose to
use pressure atomizers instead of the ultrasonic atomizers.
Therefore, this work will mainly concern itself with the
pressure and electrostatic atomizers, characterized in further
detail in [7], [11], respectively.
A pressure, or air blast, atomizer uses high speed air
in order to generate an aerosol from a precursor solution.
Increasing the air pressure causes a direct decrease in the
generated mean droplet diameter. Inversely, increasing the
liquid pressure causes a direct increase in the mean droplet
diameter [13]. Perednis [11] showed that all droplets sprayed
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Fig. 2. Spray pyrolysis droplets modifying as they are transported from
the atomizing nozzle to the substrate. Whether the temperature [14] or the
initial droplet size [15] are varied, there are four potential paths which the
droplet can take as it moves towards the substrate (A-D).

As the droplet traverses the ambient, there are four forces
simultaneously acting on it, describing its path. Those forces
are gravitational, electrical, thermophoretic, and the Stokes
force. As shown in Fig. 2, the droplets experience evaporation during their flight, which affects the influence of
the forces on their trajectory. Some experimental results
from [16] indicate that solid particles could form, when
the reactor temperature is low, when the precursor solution
concentration is high, and when the flow rate of the carrier
gas (N2 ) is low.
1) Gravitational force: The gravitational force is the force
pulling the droplet downward. The size of the force depends
on the mass of the traveling droplet, given by (5). For small
droplets the force of gravity is too small to allow it to arrive at
the surface before it is fully evaporated. For larger particles,
the force of gravity is the driving force behind the droplet
transport.
2) Electrical force: The electrical force is applicable to
spray pyrolysis systems which include an additional electrical
source governing the droplet’s trajectory. When an air blast
atomizer is used, high speed air is the cause of atomization
and aerosol production. Ultrasonic atomizers are electrically
driven, whereby an electric generator is vibrated at ultrasonic frequencies through a titanium nozzle. Increasing the
frequency can result in smaller droplet sizes. Electric spray
deposition (ESD) atomizers use a strong electric field at the
liquid-gas interface to generate charged droplets. Therefore,
air blast atomizers do not have additional contributions from
an electrical force and the droplet transport is driven by the
gravitational force and the initial velocity, while for spray
pyrolysis deposition using ultrasonic and ESD atomizers,
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the electrical force is the main component which drives
the droplets downwards. The electrical force acting on a
droplet is usually several orders of magnitude larger than
the gravitational force [8] and is given by
Fe = qd E,

(6)

where E is the generated electric field strength and qd is the
droplet charge. qd depends on the temporal change of the
droplet and is given by
qd = 8 π

p
γ ǫ0 r 3 ·

t
,
t + t0

t0 =

4
b divE

(7)

where γ is the liquid-gas surface tension, ǫ0 is the electrical
permittivity, and b is the ionic mobility [15].
3) Stokes force: The stokes force is the drag experienced
by the droplet due to the air resistance in the ambient. The
force is caused by the friction between the droplet and air
molecules. The Stokes force is a factor of the particle’s
velocity and size. Therefore, large droplets which move with
a high velocity will experience the largest retarding force
according to
!
3
(8)
FS = 6 π ηa r (vd − va ) 1 + Re ,
8
where ηa is the viscosity of air, vd is the droplet velocity, va
is the air velocity, and Re is the Reynolds number.
4) Thermophoretic force: The thermophoretic force is a
retarding force, causing droplets to significantly decrease
their velocity as they approach the heated substrate. Fig. 3
shows the temperature distribution near a heated substrate.
The results for the 210o C, 250o C, and 310o C samples are
taken from [11], while the results for the 400o C sample are
measured. It is evident that the air temperature increases
steeply due to the forced convection cooling effect of the
air flow when close to the heated substrate. Because the
thermophoretic force depends on the thermal gradient in the
transport environment, it can be concluded that it will have no
effect on the droplet movement, when it is more than several
(∼5-7) mm away from the substrate. However, in this high
thermal gradient region, the thermophoretic force begins to
dominate. This is true for pressure spray deposition (PSD)
systems where the main driving force is gravity; however,
for ESD systems, the electrical force is often stronger than
the thermophoretic force [11]. The increased temperature has
additional effects on the droplet, such as a reduction in its
size due to droplet evaporation in the region.
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The equation governing the strength of the thermophoretic
force is given by
Ft =

3κa
∇ (Ta )
3 π ηa2 r
· 2
·
,
ρa
2κa + κd
Ta

(9)

where ηa is the viscosity of air, Td is the droplet temperature,
Ta is the air temperature, ρa is the density of the air, and
κa and κd are the thermal conductivities of the air and the
droplet, respectively. It should be mentioned that (9) is only
valid for droplets whose radius is much larger than the mean
free path of the air molecules.
C. Precursor Decomposition
The precursor, as it moves through the heated ambient
undergoes various changes, which are characterized in Fig. 2.
Evaporation, precipitate formation, and vaporization all occur
depending on the droplet size and ambient temperature.
Fig. 2 shows the four physical forms in which the droplet
may interact with the substrate surface. Although all processes occur during deposition, process C, the CVD-like
deposition is desired to yield a dense high quality film [11].
When the processing environment causes droplets to evaporate prior to reaching the substrate vicinity, a precipitate
will form early. As the precipitate reaches the immediate
vicinity of the substrate, it is converted into a vapor state and
it undergoes a heterogeneous reaction through the following
steps [15]:
1) Reactant molecules diffuse to the surface.
2) Adsorption of some molecules at the surface.
3) Surface diffusion and a chemical reaction, incorporating the reactant into the lattice.
4) Desorption and diffusion of the product molecules
from the surface.
This is a classical CVD reaction, which results in a high
quality film deposition and a high sticking probability.
III. M ODELING D ROPLET T RANSPORT
Forces acting on the droplet can be used in order to
calculate the location where the droplet makes impact with
the surface. This is a challenge because the simulation
environment must now be divided into several segments. The
first segment which must be treated separately is the thermal
zone which is within 10mm of the wafer surface. In this
area, the temperature gradient shown in Fig. 3 is high and
the thermal forces play a significant role in the droplet speed
as well as size, due to evaporation. In addition, when the
electrical force is included, the complexity of the problem is
significantly increased.
Fig. 4 shows how the simulation space is divided in order
to accommodate the thermal zone for droplets. A detailed
drivation of the droplet transport equations can be found in
[17].
A. Effects of external forces on droplet transport

0

5

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Distance from substrate (mm)

Fig. 3. Air temperature above a heated plate for substrate temperatures
210o C, 250o C, 310o C, and 400o C during a pressurized spray process.
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In order to follow the trajectory of a droplet after leaving
the atomizer and under the influence of gravity, Stokes,
electric, and thermophoretic forces, the distance required
for the droplet to travel, the initial velocity v0 , and the
droplet radius rd are known. Although the thermophoretic
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Fig. 4. The droplet transport in the space above the substrate surface and
the accelerations which are considered in the transport model. Tth is the
height of the thermal zone (∼10mm for ESD, ∼5mm for PSD), and H is
the distance between the substrate and atomizer.

force does not affect the droplet motion until it reaches the
vicinity of the wafer, it will be included in the derivation of
the equations of motion. This allows for the most complex
system to be solved, which includes all forces. Given the
four forces discussed previously, the vertical acceleration
experienced by the particle is given by
av (t) = g − l + s vv (t) + c dv (t),

(10)

where g and l are accelerations caused by the gravitational
and thermophoretic forces, respectively. Acceleration s is
velocity-dependent and caused by the Stokes force, while
c is the linearized displacement-dependent acceleration due
to the electrical force
∇T
,
4 ρa ρd T (2κa + κd ) rd2
cv =

6
ρd

s

s=

It is clear that the effects of KV should be included in the
droplet transport model when R/H > 0.005.
0.5

9 ηa
,,
2 ρd rd2
(11)

γ ǫ 0 Φ0
KV
·
·
ce ,
rd3 H log (4H/R)

where Φ0 and H are the applied electrical potential and
distance between the nozzle and substrate, respectively. R
is the outer radius of the nozzle, while KV is a value which
ranges from 0 to 1 depending on the H/R ratio [18]. The
variable ce is a linearization constant which represents a bestfit to the electric field in the region. Fig. 5 shows the value
for the normalized potential Φ∗ = Φ/Φ0 and its distribution
in an ESD deposition setup. The atomizing nozzle is located
at (0, 1). The inset shows the electric field distribution in the
same simulation space. It is evident that the strength of the
electric field is not uniform or linear, but that the field causes
charged droplets to spread radially.
For the purposes of spray deposition, it is often assumed
that the value of KV is 1, because the ratio of H/R is on
the order of several hundreds, which gives a value close to
1 for KV . This value is adjusted in the model using the
relationship
H
KV = 1 − e−0.021 R .
(12)
In fact, assuming that KV = 1 can cause erroneous results
for the electric field. The negative exponential dependence
on R from (12) is in the numerator of cv in (11), which
shows an additional inverse logarithmic dependence in the
denominator. A plot of the fraction KV / [log (4H/R)] for
various R values is shown in Fig. 6, when the variation in KV
is taken into account and when it is assumed that KV = 1.
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Kv=1-exp(-0.021H/R)
Kv=1

0.45
Kv/log(4H/R)

l=

27 ηa2 κa

Fig. 5. Magnitude of the normalized electric potential Φ/Φ0 during ESD
processing. The distance between needle and deposition plate as well as
the radial distance from the center are normalized to the distance between
the atomizer and the substrate. The inset is the normalized electric field
distribution.
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Fig. 6. The effects of varying the atomizing nozzle’s outer radius on the
strength of the electric field with and without the KV effects.

The droplet displacement resulting from the acceleration
given in (10) is given by
dv (t) = C1 e−r1 t + C2 e−r2 t + C3 ,
where
r1 =

−s+

√
s2 − 4 cv
,
2

r2 =

−s−

(13)

√
s2 − 4 cv
, (14)
2

and
"
!#
r12 r2
1
C1 = r1 vv0 −
(g − l) − vv0
+s
,
r − r2
r
"1
!#1
r1 r22
1
C2 =
(g − l) − vv0
+s
,
r1 − r2
r1
cv
.
C3 =
1 + (g − l) + s

(15)
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An explicit equation for the time required to achieve the
displacement in (13) cannot be found. Therefore, the droplet
motion is solved by time discretization, MC methods, or
iteratively in order to obtain the droplet trajectory through
the electric field. An iterative solver is implemented within
the simulator, which solves the Lambert function, appearing
after inverting (13) [19].
After finding the time required for the droplet to reach the
height of the wafer surface, a similar derivation can be used
to find the radial location of the droplet using the vertical
flight time.

(a) 15 droplets
Fig. 7.

(b) 100 droplets

Spray pyrolysis simulation on a 250µm by 250µm geometry.

B. Modeling Interaction between Droplet and Wafer Surface
There are two main types of depositions which have been
examined. One type relies on the droplets being transported
very near the surface, where they undergo evaporation and
the resulting vapor causes a CVD-like deposition process
on the silicon surface. The other type relies on the droplet
reaching the surface before it is fully evaporated and sticking
on the silicon wafer while simultaneously spreading. The
former is commonly the result of a PSD deposition process,
while the latter is common for ESD processes, where the
droplets are accelerated at much higher speeds and therefore
have enough force to overcome the retardant Stokes and
thermophoretic forces to reach the substrate as a liquid.
IV. S PRAY P YROLYSIS D EPOSITION S IMULATIONS
A. YSZ Deposition using ESD Pyrolysis
The YSZ deposition using an ESD process from [11] is
simulated using the model discussed in the previous section.
The first step is finding the droplet size as it exits the
atomizer. The distribution of droplet sizes does not follow
any standard distribution, but it is suggested that the volume
fraction varies relatively evenly near the approximate value
0.05 for droplets between with a radius between 2.5µm
and 55µm [11], [20]. Therefore, the distribution for the
droplet radii is simulated by generating an even distribution
for the volume fraction ξvol followed by finding the radius
distribution for the droplet rd :
n h
i
o−3
rd = ξ · (r+ )−1/3 − (r− )−1/3 + (r− )−1/3
, (16)

where r− = 2.5µm and r+ = 55µm are the minimum and
maximum radii for the generated droplets and ξ ∈ [0, 1] is
an evenly distributed random value.
The given equation for the electric field provides the
magnitude at each location; however, in order to follow the
droplet trajectory, the individual components of the electric
field in each direction are required such that, in cylindrical
~ ext = (Eρ , ϕ, Ez ). The droplet angle ϕ is
coordinates, E
unaffected by the applied forces since they act only in the
radial ρ and vertical z directions.
Fig. 7 shows an area which expands 250µm by 250µm.
Several droplets are shown including overlapping of the disk
shapes on the surface as they are being deposited. The lighter
surface is silicon while the darker disks are the deposited
YSZ films. Each depositing droplet is modeled using 109
particles which accelerate to the surface and add a slight
component of the overall deposited film thickness.
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B. Tin Oxide Deposition using PSD Pyrolysis
The deposition of tin oxide (SnO2 ) on silicon dioxide
using the spray pyrolysis deposition process was performed
using an air atomizer which is not located directly above
the wafer, but rather on the side, emitting a spray towards
the wafer. The nitrogen pressure of the atomizer was set
to 2bar in air and 0.7bar in the liquid. These values are
outside of the data sheet for the nozzle used [13], which
is done in order to obtain smaller droplet sizes and slower
deposition rates [2]. However, the data sheet information was
extracted and the provided graph extended in order to find
an approximate radial distribution of particles. The droplet
radii vary between 1.5µm and 5.5µm. The spray direction is
also extrapolated from the data sheet for the simulation. The
spray nozzle in use is one which produces a flat spray pattern
with droplet dispersal proceeding mainly in the lateral axial
direction. The nozzle is approximately 20cm laterally and
10cm vertically distanced from the substrate and the spray
is directed such that much of it is found above the heated
surface, where it can deposit onto the wafer.
In the ESD system, the flight of individual droplets was
modeled in order to analyze the film deposition. However, in
the PSD system, due to the lack of a strong electrical force,
it is clear that the droplets cannot be viewed individually, but
that interactions between droplets during their flight plays a
significant role in their trajectory. Droplets move through air
as a flux and calculating individual droplet’s movements in
order to find their final location on the wafer surface does
not produce a match to the experimental results, shown in
Fig. 8 (a).
There are several factors which influence the final thickness of the deposited film. Those include the spraying time,
volume of the sprayed solution, air pressure, distance of the
atomizer from the substrate, temperature of the pyrolysis
reaction, and time of the solution (SnCl4 ) aging. It was found
in [7] that thicknesses of the deposited SnO2 film decrease,
when the time interval between its preparation and its use in
the pyrolysis reaction increases. A suggestion is made to use
either a freshly made solution or a completely aged solution
during spray pyrolysis. During the presented experiments,
the the nozzle distance to the substrate, air pressure, and
solution aging remain constant, while the spray is constantly
applied. The nozzle’s distance to the substrate is set to 20cm
laterally and 10cm vertically, the air pressure to 1atm, and
the solution is freshly prepared. In correspondence, the time
and temperature dependences are investigated in the model.
Our experimental data suggest a linear dependence on
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simulator using the Level Set method. The model examines
the changing topography, when multiple droplets undergo
trajectories dictated by the applied forces, finally striking the
surface for deposition. In addition, a model similar to CVD
deposition is suggested, when the droplets can be seen as a
flux and not as individual particles and when they evaporate
near the surface prior to fully contacting the wafer in liquid
form.
R EFERENCES

(a) SEM image

(b) Simulation
Fig. 8. Images showing the deposited SnO2 film as a results of a PSD
deposition step. The good step coverage confirms a chemical and not
physical reaction takes place during deposition.
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agreement is given by the Arrhenius expression
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