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Abstract—The deposition of a thin tin oxide film allows for the  locally to 250—-400C in order to detect humidity and carbon
manufacture of modern gas sensors. Spray pyrolysis deposition monoxide in the environment, down to a concentration of

!s used to grow the required thin films, as it can be seamlessly under 5ppm. The sensing mechanism of Srirelated to
integrated into a standard CMOS processing sequence. A model the i Hi f ) th f leading t
for spray pyrolysis deposition is developed and implemented € lonosorplion of gas species over the surlace, leading (o
within the Level Set framework. Two models for the topography ~ charge transfer between the gas and surface molecules and

modification due to spray pyrolysis deposition are presented, changes in the electrical conductance [2].

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 CvD- B. Level Set Method

like process, depending on whether the droplets form a vapor g hresented simulations and models function fully

near the interface or if they deposit a film only after surface I . .

collision. 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 dif-

ferent materials. The Level Set method describes a movable

surfaceS (t) as the zero Level Set of a continuous function

|. INTRODUCTION ® (#,t) defined on the entire simulation domain,

Index Terms—Spray pyrolysis deposition, Tin oxide film,
Topography simulation, Level Set, Smart gas sensors

The spray pyrolysis deposition technique is gaining trac- S(t)={Z:®(7,t) = 0}. (1)
tion in the scientific community due to its cost effectiveness ’
and ease of integration into a standard CMOS process. THee continuous functio® (7, ¢) is obtained using a signed
technique is used to grow crystal powders [1], which catistance transform
then be further annealed for use for gas sensors, solar cells, — min ||F-#| ifFeM(t=0)

and other applications. O (7t =0) = /€S (t=0)
’ " |+ min ||#-2| else
#'eS(t=0)
A. Tin-Oxide Based Gas Sensors (2)

Among many gas sensing materials, tin oxide (Snias where M is the material described by the Level Set surface

proved to have a high potential for smart gas sensing devic%gx’]f =0). Tlhe_ |mp(;|g|tly (:)efmed slurfacels (t) Qescrl_bes
and many Sn@based devices have already been realized [ Sur acei evo ut|on,_ riven by a scalar velocify7), using
The growth of the ultrathin SnOlayers on semiconductor '€ Level Set equation
structures requires for a deposition step which can easily .
be integrated into the traditional CMOS process [3]. The 5 TV @I[ve[=o. 3)
main concern with today's gas sensor devices are their bu.lllﬁl order to find the location of the evolved surface, the
nature, high power consumption, and complex manufacturlng o - o
; . ) : . velocity field V' (¥), which is a calculated scalar value, must
techniques which do not allow for easy integration with
. be found.
CMOS processing steps.
A sensor which uses films with thicknesses of 50nm and _ N
100nm has already been reported in [2]. The sensor its€}f Soray Pyrolysis Deposition
operates on a microsized hot plate which heats the sensopuring the last several decades, coating technologies have
_ _ _ _ , arnered considerable attention, mainly due to their func-
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layer for gas sensor applications [7], the deposition of a YSFom an air blast atomizer are contained within & 8pray
layer for solar cell applications [8], anodes for lithium-iortone angle, while half are within a narrowerrXihgle. It was

batteries [9], and optoelectronic devices [10]. also determined that the flow rate has a very small influence
on the spray characteristics, which can be mostly ignored for
Atomizer modeling
Atomizer ’
control
Spray nozzle”™ et transport |mechanism B, Aerosol Transport of Droplets
Spray solution — After the droplet leaves the atomizer, it travels through the

ambient with an initial velocity determined by the atomizer.
Temperature  |n the aerosol form, the droplets are transported with the aim
controller o a5 many droplets as possible reaching the surface. As the
droplets move through the ambient, they experience physical
and chemical changes depicted in Fig. 2.

Substrate

Fig. 1. General schematic of a spray pyrolysis depositiortgss. Constant initial droplet size S
D '

The general simplified scheme for spray pyrolysis deposi- e é é s é é @ oue

tion is shown in Fig. 1, where three processing steps can b
- . @e - -
viewed and analyzed: 0 @ o - rechhae
1) Atomization of the precursor solution. @ o .

2) Aerosol transport of the droplet. Q@ o . Vapor
3) Decomposition of the precursor to initiate film growth ® .

™) . # powder
Il. PROCESSSEQUENCEDURING DEPOSITION “

A. Precursor Atomization

The atomization procedure is the first step in the spr Spray pyrolysis droplets modifying as they are tr from

. 10 et ¥, 2.
pyrolysis deposition system. The idea is to generate dropl@{% atomizing nozzle to the substrate. Whether the temperature [14] or the
from a spray solution and send them, with some initial velo@iitial droplet size [15] are varied, there are four potential paths which the

ity, towards the substrate surface. Spray pyrolysis normaflipplet can take as it moves towards the substrate (A-D).

uses air blast, ultrasonic, or electrostatic techniques [11].TheA he drool h bi h four f
atomizers differ in resulting droplet size, rate of atomization, s the droplet traverses the ambient, there are four forces

and the initial velocity of the droplets. It has been shown thgltrnultangogsly acting on it, describing its path. Those forces
the size of the generated droplet is not related to any e gravitational, electrical, thermophoretic, and the Stokes

property of the precursor solution and depends solely on tWéC?' AS shown i_n F.ig. 2, th-e droplets expgrience evap-
fluid charge density levep, as shown in [12] oration during their flight, which affects the influence of

the forces on their trajectory. Some experimental results
9 (a) 3eo from [16] indicate that solid particles could form, when

Increasing Temperature > Constant Temperature

"= s qpe’ 4) the reactor temperature is low, when the precursor solution
) o concentration is high, and when the flow rate of the carrier
wheree, is the permittivity,q is the elementary charge, andyas () is low.
—a' /B is a constant value equal to 1.0 x 107'7J. The " 1y Gravitational force: The gravitational force is the force
mass of a droplet, assuming a spherical shape depends oRiffing the droplet downward. The size of the force depends

density on the mass of the traveling droplet, given by (5). For small
m— 4_7Tp -3 G droplets the force of gravity is too small to allow it to arrive at
3 the surface before it is fully evaporated. For larger particles,

wherer is the droplet radius angd, is the droplet density. the force of gravity is the driving force behind the droplet
The initial leaving velocity of the droplet is an importantransport.
parameter as it determines the rate at which the droplet®2) Electrical force: The electrical force is applicable to
reach the substrate surface, the heating rate of the drop$gray pyrolysis systems which include an additional electrical
and the amount of time the droplet remains in transport source governing the droplet’s trajectory. When an air blast
Due to its ease of production, many companies chosedtomizer is used, high speed air is the cause of atomization
use pressure atomizers instead of the ultrasonic atomizensd aerosol production. Ultrasonic atomizers are electrically
Therefore, this work will mainly concern itself with thedriven, whereby an electric generator is vibrated at ultra-
pressure and electrostatic atomizers, characterized in furteenic frequencies through a titanium nozzle. Increasing the
detail in [7], [11], respectively. frequency can result in smaller droplet sizes. Electric spray
A pressure, or air blast, atomizer uses high speed dieposition (ESD) atomizers use a strong electric field at the
in order to generate an aerosol from a precursor solutidiquid-gas interface to generate charged droplets. Therefore,
Increasing the air pressure causes a direct decrease inaimélast atomizers do not have additional contributions from
generated mean droplet diameter. Inversely, increasing Hie electrical force and the droplet transport is driven by the
liquid pressure causes a direct increase in the mean drogedvitational force and the initial velocity, while for spray
diameter [13]. Perednis [11] showed that all droplets spraypgrolysis deposition using ultrasonic and ESD atomizers,
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the electrical force is the main component which drives The equation governing the strength of the thermophoretic

the droplets downwards. The electrical force acting on farce is given by

droplet is u_sually several ord(_ars _of magnitude larger than 3rn2r 3k, V(1))

the gravitational force [8] and is given by F, = . . ' 9)
Pa 2K2 + Kq T,

Fe=qaFE, 6) wheren, is the viscosity of air]y is the droplet temperature,
whereF is the generated electric field strength apds the 7T, is the air temperaturey, is the density of the air, and
droplet chargegy; depends on the temporal change of the. and x4 are the thermal conductivities of the air and the
droplet and is given by droplet, respectively. It should be mentioned that (9) is only

valid for droplets whose radius is much larger than the mean
(7) free path of the air molecules.

t
=38 3. — o= ——
1d TVTer t+to " bdvE
where~ is the liquid-gas surface tensiom, is the electrical - precursor Decomposition
permittivity, andb is the ionic mobility [15]. h . h h the h q bi
3) Stokes force: The stokes force is the drag experienced-lc—j € precursor, ash I movesh_t ;OUg r: € ea_te d‘.”‘mF.'e”Zt
by the droplet due to the air resistance in the ambient. THgdergoes various changes, which are characterized in Fig. 2.

force is caused by the friction between the droplet and &j aporz?\tion, precipitate formqtion, and vapo_rization all occur
molecules. The Stokes force is a factor of the particle epending on the droplet size and ambient temperature.

velocity and size. Therefore, large droplets which move wilﬁg' 2 shows the four physical forms in which the droplet

a high velocity will experience the largest retarding forcd'ay Interact with _the substre_lte surface. Although all pro-
according to cesses occur du_rmg deposmon, process C, t_he _CVD-Ilke
deposition is desired to yield a dense high quality film [11].
When the processing environment causes droplets to evap-
Fs=6m1ar (va = va) (1 + §Re> ’ ®) orate prior to reaching the substrate vicinity, a precipitate
will form early. As the precipitate reaches the immediate
wherer), is the viscosity of airy, is the droplet velocityp.  vicinity of the substrate, it is converted into a vapor state and
is the air velocity, and Re is the Reynolds number. it undergoes a heterogeneous reaction through the following
4) Thermophoretic force: The thermophoretic force is asteps [15]:
retarding force, causing droplets to significantly decreasel) Reactant molecules diffuse to the surface.
their velocity as they app_roqch Fhe heated substrate. Fig. % Adsorption of some molecules at the surface.
shows the temperature distribution near a heated substrat%) Surface diffusion and a chemical reaction, incorporat-
The results for the 2@, 250°C, and 310C samples are ing the reactant into the lattice.

taken from [11], while the results for the 400 sample are 4) Desorption and diffusion of the product molecules
measured. It is evident that the air temperature increases from the surface

steeply due to the forced convection cooling effect of the . . . . . : :

air flow when close to the heated substrate. Because th&> 'S @ cIassqu_CVD reac'qon, V.Vh'.Ch results In a high
thermophoretic force depends on the thermal gradient in tﬂga“ty film deposition and a high sticking probability.
transport environment, it can be concluded that it will have no

effect on the droplet movement, when it is more than several I1l. M ODELING DROPLET TRANSPORT

(~5-7) mm away from the substrate. However, in this high Forces acting on the droplet can be used in order to
thermal gradient region, the thermophoretic force begins ¢alculate the location where the droplet makes impact with
dominate. This is true for pressure spray deposition (PSthe surface. This is a challenge because the simulation
systems where the main driving force is gravity; howevegnvironment must now be divided into several segments. The
for ESD systems, the electrical force is often stronger thdinst segment which must be treated separately is the thermal
the thermophoretic force [11]. The increased temperature ame which is within 10mm of the wafer surface. In this
additional effects on the droplet, such as a reduction in iésea, the temperature gradient shown in Fig. 3 is high and
size due to droplet evaporation in the region. the thermal forces play a significant role in the droplet speed
as well as size, due to evaporation. In addition, when the

500 electrical force is included, the complexity of the problem is
ol significantly increased.

g Aot Fig. 4 shows how the simulation space is divided in order
e 300 4 to accommodate the thermal zone for droplets. A detailed
;‘i_' drivation of the droplet transport equations can be found in
[
E 200 [17]-
g
E

100 A. Effects of external forces on droplet transport

ol oo " In order to follow the trajectory of a droplet after leaving
0 3 10 15 20 25 30 35 40 45 50 35 60 65 70 75 80 the atomizer and under the influence of gravity, Stokes,
Distance from substrate (mm)

electric, and thermophoretic forces, the distance required
Fig. 3. Air temperature above a heated plate for substratpemtures fOr the droplet to travel, the initial velocity,, and the
210°C, 250°C, 31¢°C, and 400C during a pressurized spray process. droplet radiusr, are known. Although the thermophoretic

ISBN: 978-988-19252-8-2 WCE 2013
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)



Proceedings of the World Congress on Engineering 2013 Vol II,
WCE 2013, July 3 - 5, 2013, London, U.K.

Atomizer 1 05505045 04 - . 0.25 0.2
a(t)gravity '/// :
' a(t)Stokes 0.9
: a(t)r\\brtnra\ a 1
H 0 0.8 0.9
a(t)gravity [} I o = __:; ;
article transport s3is : |
H a(t)stokes tth || to obtain desipred \ E 0.7 - 0.8
' a(t)thermophoretic "disk" shape H
a(telectrical [ \ | 2 0.7 -
‘ ) 7 0.6-
T e 5.6
]
| Vv 0.5
! Substrate E ; 0.5
|7}
T 0.4 0.4 -
Fig. 4. The droplet transport in the space above the subsivatace and g r‘
the accelerations which are considered in the transport mogglisTthe % 0.3 0.3
height of the thermal zone~(10mm for ESD,~5mm for PSD), and H is g
. . -
the distance between the substrate and atomizer. g o2 0.2

0.1
force does not affect the droplet motion until it reaches tf

vicinity of the wafer, it will be included in the derivation of @ o e e oa 05
the equations of motion. This allows for the most comple
system to be solved, which includes all forces. Given the

four forces discussed previously, the vertical acceleratigf§: 3 Magnitude of the normalized electric potentiai®o during ESD

. . . ] processing. The distance between needle and deposition plate as well as
experienced by the particle is given by the radial distance from the center are normalized to the distance between
the atomizer and the substrate. The inset is the normalized electric field

(10) distribution.

0.6 0.7 0.8 k 1
Normalized distance from center (r+)

ay(t) =g — 14 sv,(t) + cdy(t),

whereg and! are accelerations caused by the gravitational

and thermophoretic forces, respectively. Acceleratiors It is clear that the effects of(y, should be included in the
velocity-dependent and caused by the Stokes force, whileoplet transport model wheR/H > 0.005.

c is the linearized displacement-dependent acceleration due

to the electrical force 0.5 KveT-exp(-0.021H/R) -
_ 2702 kg VT _ 9 0.45 . K= T
4papaT (264 + Kq) T2 2par3” ’,,”
(11) |z 0.4 -7
6 Y €o (I)O KV <El‘ . -7

“ =0\ 73 H log (4H/R) 3035 S
where ®, and H are the applied electrical potential an¢ 2 0.3 -
distance between the nozzle and substrate, respectikely
is the outer radius of the nozzle, whil€y is a value which 0.25 -
ranges from 0 to 1 depending on tii&/ R ratio [18]. The
variablec, is a linearization constant which represents a be 0.2 ‘ ‘ ;
fit to the electric field in the region. Fig. 5 shows the valu 0 No":::ilzed nozgigl:.adius (?"/?_?) 0.04

for the normalized potentiab* = ®/®, and its distribution
in an ESD deposition setup. The atomizing nozzle is locate@. 6. The effects of varying the atomizing nozzle's outetiua on the
at (0,1). The inset shows the electric field distribution in thetrength of the electric field with and without tti€y effects.
same simulation space. It is evident that the strength of the
electric field is not uniform or linear, but that the field causes The droplet displacement resulting from the acceleration
charged droplets to spread radially. given in (10) is given by

For the purposes of spray deposition, it is often assumed

—rit —rat
that the value ofKy is 1, because the ratio di/R is on do (8) = Cre "+ Coe 7+ G, (13)
the order of several hundreds, which gives a value closewthere
1 for Ky. This value is adjusted in the model using the — s+ —4c, —s—+/s2—4dc,
relationship = 5 , Ty = 5 . (14)
Ky =1-¢ 0025, 12) nd
In fact, assuming thakyy = 1 can cause erroneous results D) 1
for the electric field. The negative exponential dependenceC1 e T (g = 1) = vwo E‘L S
on R from (12) is in the numerator of, in (11), which 5 1
shows an additional inverse logarithmic dependence in thec, — 12 [(g 1) — oo <_+ S) : (15)
denominator. A plot of the fractiody / [log (4H/R)] for LR 1
variousR values is shown in Fig. 6, when the variationAr, Cy
is taken into account and when it is assumed gt = 1. Cs = 1+(g—0)+s
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An explicit equation for the time required to achieve the|
displacement in (13) cannot be found. Therefore, the drople
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 usel
to find the radial location of the droplet using the vertical (a) 15 droplets (b) 100 droplets
flight time.

Fig. 7. Spray pyrolysis simulation on a 25 by 25Q:m geometry.

B. Modeling Interaction between Droplet and Wafer Surface

There are two main types of depositions which have beg’h Tin Oxide Deposition using PSD Pyrolysis

examined. One type relies on the droplets being transported’he deposition of tin oxide (Sryp on silicon dioxide
very near the surface, where they undergo evaporation arsing the spray pyrolysis deposition process was performed
the resulting vapor causes a CVD-like deposition procegsing an air atomizer which is not located directly above
on the silicon surface. The other type relies on the dropldte wafer, but rather on the side, emitting a spray towards
reaching the surface before it is fully evaporated and stickitige wafer. The nitrogen pressure of the atomizer was set
on the silicon wafer while simultaneously spreading. Th® 2bar in air and 0.7bar in the liquid. These values are
former is commonly the result of a PSD deposition processytside of the data sheet for the nozzle used [13], which
while the latter is common for ESD processes, where tlige done in order to obtain smaller droplet sizes and slower
droplets are accelerated at much higher speeds and therefgosition rates [2]. However, the data sheet information was
have enough force to overcome the retardant Stokes amdracted and the provided graph extended in order to find
thermophoretic forces to reach the substrate as a liquid. an approximate radial distribution of particles. The droplet
radii vary between 1,/m and 5..xm. 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
A. Y& Deposition using ESD Pyrolysis with droplet dispersal proceeding mainly in the lateral axial

The YSZ deposition using an ESD process from [11] idirection. The no_zzle is approximately 20cm laterally and
simulated using the model discussed in the previous sectigQCm Vertically distanced from the substrate and the spray
The first step is finding the droplet size as it exits thi§ directed such that much of it is found above the heated
atomizer. The distribution of droplet sizes does not follogurface, where it can deposit onto the wafer.
any standard distribution, but it is suggested that the volumeln the ESD system, the flight of individual droplets was
fraction varies relatively evenly near the approximate valygodeled in order to analyze the film deposition. However, in
0.05 for droplets between with a radius betweenu2:s the PSD system, due to the lack of a strong electrical force,
and 5%m [11], [20]. Therefore, the distribution for the it is clear that the droplets cannot be viewed individually, but
droplet radii is simulated by generating an even distributidhat interactions between droplets during their flight plays a

for the volume fractiort,; followed by finding the radius significant role in their trajectory. Droplets move through air
distribution for the droplet:y: as a flux and calculating individual droplet's movements in

_3 order to find their final location on the wafer surface does
ry= {5. [(T+)—l/3 _ (,,7)—1/3} + (7_)—1/3} , (16) not produce a match to the experimental results, shown in
Fig. 8 (a).
wherer_ = 2.5um andr, = 55um are the minimum and  There are several factors which influence the final thick-
maximum radii for the generated droplets ahd [0,1] is ness of the deposited film. Those include the spraying time,
an evenly distributed random value. volume of the sprayed solution, air pressure, distance of the
The given equation for the electric field provides thatomizer from the substrate, temperature of the pyrolysis
magnitude at each location; however, in order to follow theeaction, and time of the solution (Snghging. It was found
droplet trajectory, the individual components of the electrio [7] that thicknesses of the deposited Snfdm decrease,
field in each direction are required such that, in cylindricathen the time interval between its preparation and its use in
coordinates,E,,; = (E,, ¢, E.). The droplet anglep is the pyrolysis reaction increases. A suggestion is made to use
unaffected by the applied forces since they act only in thether a freshly made solution or a completely aged solution
radial p and verticalz directions. during spray pyrolysis. During the presented experiments,
Fig. 7 shows an area which expands 260by 25Qum. the the nozzle distance to the substrate, air pressure, and
Several droplets are shown including overlapping of the disklution aging remain constant, while the spray is constantly
shapes on the surface as they are being deposited. The lighfgglied. The nozzle’s distance to the substrate is set to 20cm
surface is silicon while the darker disks are the depositéaterally and 10cm vertically, the air pressure to latm, and
YSZ films. Each depositing droplet is modeled using 10the solution is freshly prepared. In correspondence, the time
particles which accelerate to the surface and add a slightd temperature dependences are investigated in the model.
component of the overall deposited film thickness. Our experimental data suggest a linear dependence on

IV. SPRAY PYROLYSIS DEPOSITIONSIMULATIONS
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SnQ, layer

Thk 1= % Thk2=805nm

74,4 nm

(a) SEM image
y
L.

Height = 2,94 um

(1]

(2]

_Grown SnO, layer

(3]

(4

(5]

Silicon wafer

(6]

(b) Simulation

Fig. 8. Images showing the deposited Snfilm as a results of a PSD [7
deposition step. The good step coverage confirms a chemical and not]
physical reaction takes place during deposition.

(8]
spray time and a logarithmic dependence on wafer tempera-
ture for the growth rate of the deposited Sni@yer. A good (g
agreement is given by the Arrhenius expression

dsno, (t,T) = Ay t e ~E/FBT) (17)

where A; = 3.1 um/s, the thickness is given imm, t is [10]
the time in seconds] is the temperature in Kelvin, and

E is 0.427¢V. Fig. 8 depicts the (a) experimental and (bj1]
simulated topography of a deposited Snfim on a step
structure after applying a PSD process for 45 seconds at
40C°C. The incoming flux is set to flow in the (x, y) = (-[12]
0.32,-0.95) direction and a CVD-like process is simulated
with a reaction order of 1 and a sticking probability of 0.2[,13
producing a good fit to the experimental data. The average)
direction of the initial flow is (-1,0), but due to the effects of
gravity in the vertical direction, the droplet flux experienc

a downward acceleration. However, in the lateral motion, it
only experiences the retardant Stokes force. Therefore, it is
evident that the direction of the flux will change from mainI;}16
horizontal to mainly vertical as it reaches the wafer.

V. CONCLUSION (17

In order to manufacture smart gas sensor devices, the
spray pyrolysis deposition technique is used to grow Yy
ultrathin SnQ layer. The thin film reacts with the gas at
high temperatures to allow for charge transfer between tne
gas and surface, modifying the electrical conductance in t e]
process. The spray pyrolysis technique is found to be cqsf
effective and is seamlessly integrated in a series of CMOS
processing steps. A model for spray pyrolysis deposition

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.

REFERENCES

G. L. Messing, S.-C. Zhang, and G. V. Jayanthi, “Ceramic powder
synthesis by spray pyrolysisJJournal of the American Ceramic
Society, vol. 76, no. 11, pp. 2707-2726, 1993.

A. Tischner, T. Maier, C. Stepper, and A. Kock, “Ultrathin Sn@as
sensors fabricated by spray pyrolysis for the detection of humidity
and carbon monoxide Bensors and Actuators B: Chemical, vol. 134,

no. 2, pp. 796-802, 2008.

G. Mutinati, E. Brunet, S. Steinhauer, A. Kdck, J. Teva, J. Kraft,
J. Siegert, F. Schrank, and E. Bertagnolli, “CMOS-integrable ultrathin
SnG, layer for smart gas sensor device$tocedia Engineering,

vol. 47, 2012.

O. Ertl, “Numerical methods for topography simulation,” Dissertation,
Technischen Universitat Wien, Fakultat fur Elektrotechnik und Infor-
mationstechnik, May 2010, http://www.iue.tuwien.ac.at/phd/ertl/.

A. Nakaruk and C. Sorrell, “Conceptual model for spray pyrolysis
mechanism: fabrication and annealing of titania thin filmiatrnal

of Coatings Technology and Research, vol. 7, no. 5, pp. 665676,
2010.

S. Major, A. Banerjee, and K. Chopra, “Highly transparent and
conducting indium-doped zinc oxide films by spray pyrolysigiin
Solid Films, vol. 108, no. 3, pp. 333-340, 1983.

G. Korotcenkov, V. Brinzari, J. Schwank, M. DiBattista, and
A. Vasiliev, “Peculiarities of Sn@thin film deposition by spray pyrol-
ysis for gas sensor applicationSensors and Actuators B: Chemical,

vol. 77, no. 1-2, pp. 244-252, 2001.

D. Perednis and L. J. Gauckler, “Solid oxide fuel cells with electrolytes
prepared via spray pyrolysisSolid Sate lonics, vol. 166, no. 3-4, pp.
229-239, 2004.

S. H. Ng, J. Wang, D. Wexler, S. Y. Chew, and H. K. Liu, “Amorphous
carbon-coated silicon nanocomposites: a low-temperature synthesis
via spray pyrolysis and their application as high-capacity anodes for
lithium-ion batteries,"The Journal of Physical Chemistry C, vol. 111,

no. 29, pp. 11131-11 138, 2007.

G. Blandenet, M. Court, and Y. Lagarde, “Thin layers deposited by
the pyrosol process,Thin Solid Films, vol. 77, no. 1-3, pp. 81-90,
1981.

D. Perednis, “Thin film deposition by spray pyrolysis and
the application in solid oxide fuel cells,” Dissertation, Eid-
genossische Technische Hochschule (ETH) Zirich, 2003, http://e-
collection.library.ethz.ch/eserv/eth:26881/eth-26881-02.pdf.

A. J. Kelly, “Charge injection electrostatic atomizer modelinggfosol
Science and Technology, vol. 12, no. 3, pp. 526-537, 1990.

] “Spraying Systems Co., Volume median diameter versus air pressure

at constant liquid pressures,” data Sheet No. 36892-8M.

J. C. Viguié and J. Spitz, “Chemical vapor deposition at low temper-
atures,”Journal of The Electrochemical Society, vol. 122, no. 4, pp.
585-588, 1975.

W. Siefert, “Properties of thin §O3 and SnQ@ films prepared

by corona spray pyrolysis, and a discussion of the spray pyrolysis
process, Thin Solid Films, vol. 120, no. 4, pp. 275-282, 1984.

] 1. W. Lenggoro, “An experimental and modeling investigation of

particle production by spray pyrolysis using a laminar flow aerosol
reactor,” Journal of Materials Research, vol. 15, no. 3, pp. 733-743,
2000.

L. Filipovic, “Topography simulation of novel processing techniques,”
Dissertation, Technischen Universitat Wien, Fakultat fur Elektrotech-
nik und Informationstechnik, December 2012,
http://www.iue.tuwien.ac.at/phd/filipovic/.

A. Gahan-Calvo, J. Lasheras, J. Davila, and A. Barrero, “The electro-
static spray emitted from an electrified conical meniscuayirnal of
Aerosol Science, vol. 25, no. 6, pp. 1121-1142, 1994.

D. Veberic, “Having Fun with Lambert W(x) Function&r Xiv e-prints,

Mar. 2010, http://adsabs.harvard.edu/abs/2010arXiv1003.1628V.

0. Wilhelm, “Electrohydrodynamic spraying — transport, mass and
heat transfer of charged droplets and their application to the deposition
of thin functional films.” Dissertation, Swiss Federal Institute of Tech-
nology Zurich - Eidgendssische Technische Hochschule (ETH) Ziirich,

has been presented and integrated into a topography process2004, http://fex-dev2.ethz.ch/eserv/eth:27191/eth-27191-02.pdf.

ISBN: 978-988-19252-8-2
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

WCE 2013





