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Abstract

The two-layer seed and plate approach for silicon solar cell metallization is an
established concept in photovoltaic research. The combination of a printed
and fired seed layer for optimized contact formation of the ink to the solar
cell emitter and plating of highly conductive metals on top of this seed layer,
allows to improve solar cell performance and reduce the amount of costly
silver. Therefore, a narrow seed layer is desired. Aerosol jet printing is a
very promising technology to produce this seed layer.
In this work, the aerosol jet printing technique was thoroughly investigated

and improved. An efficient and reliable deposition of narrow and uniform seed
layers is enabled. With a nozzle orifice of 150µm lines down to only 18µm
in width on solar wafers with pyramid surface were printed. To describe this
printing technique, a model was developed. With this model the line width
of the printed seed layer can be predicted and the influence of process param-
eters and print nozzle dimensions are explained. The impact of the aerosol
and the quality and width of the printed lines were investigated numerically
and empirically. With computational fluid dynamics simulation of the gas
and particle flow, new aerosol jet print heads were developed. To allow for
fast and reliable printing of the seed layer, advanced flow guidance was in-
tegrated. An aerosol jet print head with 78 nozzles was manufactured and
validated, suitable for photovoltaic mass production. On a 15.6 × 15.6 cm2

wafer the seed layer was printed in only 3.9 sec. A line width of L = 38±5µm
was achieved.
The spreading behavior of ink on solar wafer surfaces is linked to process

conditions and to the topography of the wafer. The deposited seed layers
were optimized for low electric contact resistance to the emitter. Thin seed
layers showed best performance and are at the same time most economical.
The amount of printed silver used to contact industrial silicon solar cells
only accounts to less than 9mg per 15.6×15.6 cm2 wafer. Lowly doped next
generation boron and phosphorus emitters as well as newly developed solar
cell designs were successfully contacted by aerosol jet printing. Conversions
efficiencies of η > 20 % were achieved on close to industry solar cells. In this
thesis aerosol jet printing was improved to enable seed layer printing also
on industrial scale. With this technique it is now possible to contact next
generation silicon solar cells.
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Zusammenfassung

Der Ansatz, zwei Schichten bestehend aus einer Saatschicht und einer Gal-
vanikschicht zur Kontaktierung von Solarzellen zu verwenden ist ein etablier-
tes Konzept in der Photovoltaikforschung. Die Kombination aus gedruck-
ter und gefeuerter Saatschicht zur optimierten Kontaktbildung der Tinte
mit dem Zellemitter und dem anschließenden galvanischen Abscheiden von
hochleitfähigen Metallen auf dieser Saatschicht, ermöglicht eine Verbesserung
der Solarzellenleistung und Reduzierung des eingesetzten teuren Silbers. Hi-
erfür ist eine schmale Saatschicht erwünscht. Der Aerosoldruck ist eine
vielversprechende Technologie, um solch eine Saatschicht herzustellen.
In dieser Arbeit wurde die Aerosoldrucktechnik gründlich untersucht und

verbessert. Eine effiziente und zuverlässige Abscheidung schmaler und gleich-
mäßiger Saatschichten ist ermöglicht. Mit Düsendurchmessern von 150µm
wurden auf Wafern mit Pyramidenoberflächen Linienbreiten von nur 18µm
erzeugt. Um diese Drucktechnologie zu beschreiben wurde ein Modell ent-
worfen. Mit diesem Modell kann die Breite der gedruckten Saatschicht
vorhergesagt und der Einfluss von Prozessparametern und Druckdüsen unter-
schiedlicher Größe erklärt werden. Das Auftreffen des Aerosols auf dem Sub-
strat und die Qualität und Breite der gedruckten Linien wurden numerisch
und empirisch untersucht. Mit numerischen Strömungssimulationen der Gas-
und Partikelströmung wurden neue Aerosoldruckköpfe entwickelt. Um einen
schnellen und zuverlässigen Druck der Saatschicht zu erlauben, wurde eine
fortschrittliche Strömungsführung integriert. Ein Aerosoldruckkopf mit 78
Düsen, geeignet zur Massenproduktion von Solarzellen, wurde hergestellt
und getestet. Auf einem 15.6×15.6 cm2 großen Wafer wurde die Saatschicht
in nur 3.9 s gedruckt. Eine Linienbreite von L = 38± 5µm wurde erzielt.

Das Benetzen der Tinte auf Solarwaferoberflächen ist verknüpft mit den
Prozessbedingungen und der Topographie der Wafer. Die abgeschiedenen
Saatschichten wurden für einen niedrigen elektrischen Kontaktwiderstand
zum Emitter optimiert. Dünne Saatschichten schnitten hierbei am besten
ab und sind zugleich am kostengünstigsten. Die Menge an gedrucktem Sil-
ber zum Kontaktieren industrieller Siliciumsolarzellen beträgt nur weniger
als 9mg pro 15.6 × 15.6 cm2 Wafer. Niedrig dotierte Bor- und Phospho-
remitter der nächsten Generation sowie neu entwickelte Solarzellendesigns
wurden erfolgreich mit dem Aerosoldruckverfahren kontaktiert. Wirkungs-
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grade von η > 20 % wurden auf industrienahen Solarzellen erreicht. In
dieser Arbeit wurde das Aerosoldruckverfahren verbessert, um den Druck
von Saatschichten auch im industriellen Maßstab zu ermöglichen. Mit dieser
Technologie ist es nun möglich Solarzellen der nächsten Generation zu kon-
taktieren.
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1 Introduction

1.1 Motivation

Today, the photovoltaic (PV) industry is mainly driven by two motivations:
Reduction of production costs and improvement of solar cell conversion effi-
ciency. Within the last years costs of installed photovoltaic power generation
dropped dramatically. In Germany in the year 1990 the averaged price for
typical rooftop photovoltaic systems accounted to about 14 000EUR/kWp.
Until 2014 the price for such systems dropped to only 1 300EUR/kWp, which
corresponds to a net regression of about 90% [1]. The learning curve for pho-
tovoltaic represents the dramatic development of cost reduction in the PV
market (see Figure 1.1). The reasons for that decline are manifold and would
not have been possible without technological progress. Indeed, this cost re-
duction lead to a global installed PV power of about 178 391MW in 2014,
though for PV manufacturers further cost reduction becomes more challeng-
ing [2]. In terms of the cell process of silicon solar cells, the amount of
silver consumed for front-side metallization is one of the biggest cost factors.
According to the International Technology Roadmap for PV (ITRPV 2015)
silver consumption for a standard silicon solar cell today accounts to about
130mg/cell and should be reduced to 40mg/cell in ten years [3]. To achieve
this goal to reduce the costs for metallization and to simultaneously improve
the solar cell conversion efficiency, new technologies and processes must be
developed and integrated into solar cell manufacturing.
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1 Introduction

1.2 Thesis outline

When dealing with the deposition of a seed layer for solar cell metallization,
following questions arose and will be considered in this thesis:

• What influences the geometric shape and elongation of the deposited
print features?

• What are the limitations of printing narrow lines?

• What determines the maximum printing speed and throughput of a
single aerosol jet print nozzle?

• How to improve throughput and reduce processing time to manufacture
front-side grids of crystalline silicon solar cells?

• How to control and optimize printing of seed layers?

• How to optimize the electrical performance of seed layers deposited by
aerosol jet printing?

Being able to answer those questions, aerosol jet printing was investigated
systematically. Therefore, this thesis is structured as follows:

• In chapter 2 the theoretical basics of fluid dynamics and dispersed
particle flow are presented. Afterwards, the theoretical principles of
silicon solar cells and the metal-semiconductor contact are introduced,
followed by a description of the determination of contact resistivity to
solar emitters.

• The technological fundamentals and the state of the art of aerosol jet
printing technology are described in chapter 3 in detail. Subsequently,
the photo-form process is introduced, the manufacturing process of
seed and plate contacts and the fabrication of metallization inks are
described in this chapter.

• The printer systems used in this thesis, details on the experimental
procedures and methodologies as well as characterization techniques
are described in chapter 4.

• A flow model to describe the mechanism of aerosol jet printing is derived
in chapter 5.
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1.2 Thesis outline

• Chapter 6 presents all relevant results of the experiments performed
for this thesis. At first technological investigations are presented before
finalizing with the application of seed and plate contacts to crystalline
silicon solar wafers.

• The interpretation and discussion of the results obtained in chapter 6
are reflected in chapter 7.

• The conclusions of this work as well as an outlook for further develop-
ments can be found in chapter 8.

• Theses to this doctoral thesis are presented in chapter 9.

• Last but not least I’d like to acknowledge the support of people I’ve
received during the last years in the chapter Danksagung.
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2 Theory

2.1 Basics of fluid dynamics

The theoretical background to understand the work of this thesis is presented
in this section. First fluid dynamic basics and flow in ducts are covered,
followed by a description of dispersed flow and single particle motion. A
consideration of particle inertial impaction finishes this section. The theory
presented is a summary of relevant scientific literature with own conclusions
[26–36].

2.1.1 Fundamentals

Concept of continuum

The concept of continuum is an indispensable concept to develop equations
for fluid flow. On microscopic level the density of very small volumes, e.g. on
the dimensions of intermolecular spacing, encloses only few molecules. With
increasing volume the number of enclosed molecules increases but varies due
to molecular motion. When the volume is increased to ∆V0 these fluctuations
become less than 1 %. The concept of continuum describes the state when
the density ρ of a sampling volume remains macroscopically constant [26,28]:

ρ = lim
∆V→∆V0

∆m

∆V
(2.1)

with ∆m being the change in mass per sample volume ∆V .

Mass conservation and continuity

For fluid dynamic considerations it is useful to define an enclosed flow sys-
tem or flow element. Within this element the mass or mass flux entering and
exiting the element remains constant with time for any steady state process.
The first governing equation of fluid dynamics is the equation of mass con-
servation. It describes the change in mass of the flow system over time and
can be defined as [26]:

dm

dt
=
∑
i

d

dt
(δmi) = 0 (2.2)
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2 Theory

where m is the mass, t is time and δmi the mass of a single fluid element.
From this consideration the continuity equation follows to:

∂ρ

∂t
+
∂ (ρUj)

∂xj
= 0 (2.3)

with ρ being the fluid density, t is time, Uj the fluid velocity pointing to the
coordinate xj . For incompressible flow the density remains constant and the
continuity equation simplifies to the differential equation of fluid velocity to
position [32]:

∂Uj
∂xj

= 0 (2.4)

Momentum equations

The equation of continuity (see Equation 2.4) is the first governing equation
to describe fluid dynamics. The second one is the equation of momentum.
The momentum equation can be derived by the second Newtonian law. The
change in momentum in j-direction Ij can be described as the change of mass
or inertial forces Mj pointing this direction, plus pressure induced surface
forces Oj and momentum transport on molecular level Im,j [26]:

d (δIj)

dt
=
∑

δMj︸ ︷︷ ︸
mass forces

+
∑

δOj︸ ︷︷ ︸
surface forces

+

(
d

dt
(δIm)j

)
︸ ︷︷ ︸

molecular momentum transport

(2.5)

When keeping the density ρ = const. and dynamic viscosity η = const. the
resulting equations are valid for thermodynamically ideal gases and liquids,
which covers many fluid dynamic problems. The momentum equation for
incompressible and Newtonian fluids becomes:

ρ

[
∂Uj
∂t

+ Ui
∂Uj
∂xi

]
= − ∂p

∂xj
+ η

∂2Uj
∂x2

i

+ ρg (2.6)

with p being pressure and g the gravitational acceleration. This is the Navier-
Stokes equation or equation of motion for incompressible and Newtonian flu-
ids. Writing this equation in Cartesian coordinates for j = 1, 2, 3, neglecting
gravity, results in [26,27]:
x1-component:

ρ

(
∂U1

∂t
+ U1

∂U1

∂x1
+ U2

∂U1

∂x2
+ U3

∂U1

∂x3

)
= − ∂p

∂x1
+ η

(
∂2U1

∂x2
1

+
∂2U1

∂x2
2

+
∂2U1

∂x2
3

) (2.7)
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2.1 Basics of fluid dynamics

x2-component:

ρ

(
∂U2

∂t
+ U1

∂U2

∂x1
+ U2

∂U2

∂x2
+ U3

∂U2

∂x3

)
= − ∂p

∂x2
+ η

(
∂2U2

∂x2
1

+
∂2U2

∂x2
2

+
∂2U2

∂x2
3

) (2.8)

x3-component:

ρ

(
∂U3

∂t
+ U1

∂U3

∂x1
+ U2

∂U3

∂x2
+ U3

∂U3

∂x3

)
= − ∂p

∂x3
+ η

(
∂2U3

∂x2
1

+
∂2U3

∂x2
2

+
∂2U3

∂x2
3

) (2.9)

Together with the continuity equation (see Equation 2.4) this system consists
of four differential equations for the four unknown variables p, U1, U2 and U3

resulting in a complete solvable system of partial differential equations.

Reynolds number

The Reynolds number Re is a dimensionless quantity derived from the dif-
ferential equation of momentum and describes the ratio of inertial forces to
viscous forces for Newtonian fluids [26, 27,33]:

Re =
inertial forces
viscous forces

=
ρ · U · lc

η
(2.10)

with the fluid density ρ and dynamic viscosity η, the flow velocity U and a
characteristic length lc. For spheres or spherical aerosol droplets the char-
acteristic length equals the droplet diameter lc = dp, for fluids flowing in
tubes with circular cross-section the characteristic length equals the tube
diameter lc = dtube. Because the Reynolds number is a quantity of simili-
tude it is used to compare different flow patterns of similar geometries. The
Reynolds number is an index of the flow regime and determines whether the
fluid flow is laminar or turbulent. In laminar flow the fluid elements move at
small Reynolds numbers in stratified flow in unidirectional streamlines with-
out mixing [29, 34]. At high Reynolds numbers turbulent flow appears, the
streamlines are disturbed and the fluid elements additionally flow in trans-
verse direction. A critical Reynolds number Recrit distinguishes between
both flow regimes. For flow around a spherical obstacle Recrit = 1, for flow
in a duct of circular-shaped cross-section Recrit = 2 320 [27, 29].
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2 Theory

Laminar flow in ducts

The flow profile of fully developed flow in a duct is presented. The equation
for the flow profile originates from deviations and simplifications of the flow
governing equations. The equations are valid for laminar steady state flow of
Newtonian viscous fluids with constant density. It is assumed that the duct
is horizontally aligned, that means gravity can be neglected. The flow profile
U(r) equates to:

U(r) = −R
2

4 η

(
dp

dxj

)
·
[
1−

( r
R

)2
]

(2.11)

with R being the duct radius, η the dynamic viscosity of the fluid, dp
dxj

the
pressure loss in flow direction and r the radial position. The result of this
equation is a parabola. The volumetric flow rate V̇ through the duct can be
calculated by integration of Equation 2.11:

V̇ =

R∫
0

2πr U(r) dr = −πR
4

8η

(
dp

dxj

)
(2.12)

This equation is known as the law of Hagen and Poiseuille who investigated
the flow of liquids through ducts and independently from each other found
this relation in the 19th century [29, 37, 38]. Combining Equation 2.11 and
Equation 2.12 the parabolic velocity profile only depends on the duct geom-
etry and the volumetric flow rate:

U (r) =
2 V̇

π R2︸ ︷︷ ︸
Umax

·
[
1−

( r
R

)2
]

(2.13)

The first term corresponds to the maximum flow velocity of the parabola,
which is situated in the center of the flow axis, with:

Umax =
R2

4η

(
dp

dxj

)
=

2 V̇

π R2
(2.14)

2.1.2 Properties of dispersed phase flow

Dispersed flows, meaning e.g. particles being dispersed in gas, consist of a
continuous phase and a dispersed phase. Here, the continuous phase consists
of air or gaseous nitrogen and can be described by the laws of fluid dynamics.
The dispersed phase consists of the aerosol particles. The number density
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2.1 Basics of fluid dynamics

n of the dispersed aerosol droplets within the gaseous medium is defined by
the number of droplets ∆N in the sampling volume ∆V :

n =
∆N

∆V
(2.15)

The total loading µ of an aerosol can be calculated as the mass flow of the
dispersed phase Ṁd to the mass flow of the continuous phase Ṁc:

µ =
Ṁd

Ṁc

(2.16)

The dispersed phase volume fraction αd is defined as:

αd =
∆Vd
∆Vc

=
Ṁd/ρp

V̇cg
(2.17)

where Vd and Vc are the volume of the dispersed and continuous phase re-
spectively, Ṁd the mass flow rate of the aerosol particles with their density
ρp and the carrier gas flow rate V̇cg.
Dispersed phase flows can be classified into two groups: dilute and dense

flows. In dilute flow particle motion is controlled by the fluid forces. In dense
flow particle motion is controlled by collisions or by continuous contact of the
particles. For volume fractions αd > 0.001 the flow can be regarded as dense
flow [28]. Figure 2.1 sketches the different flow regimes of dispersed phase
flow. Aerosol flow, though, can be defined as finely distributed particles or
droplets being dispersed in a gas or in air. Hence, aerosol is a matter of dilute
particle flow with αd < 0.001.
Usually aerosol particles in the dispersed phase aren’t of the same mass or

size. They are subject of a certain distribution which can be described by
the cumulative size distribution:

Qr (xi) =
Zi
Z

(2.18)

where r is an index referring to the type of quantity. Counting the number
of particles r = 0, the length r = 1, the area r = 2 and the volume or the
mass r = 3. xi is the investigated parameter and Z the sum of the elements
Zi. Consequently the aerosol particle diameter distribution equates to:

Q1 (dp) =
di
d

(2.19)
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with η being the dynamic viscosity of the surrounding gas. The combination
of these two forces lead to the total resisting force on a spherical particle
moving through a fluid resulting in Stoke’s law:

FD = 3π η Up dp (2.23)

The Reynolds number was defined as the ratio of inertial to viscous forces.
Because Stoke assumed that the inertial forces are negligible small compared
to the viscous forces, this law is only valid for particles moving at small
Reynolds numbers (Re < 1.0). At a Reynolds number of 1.0 the error of
drag force as calculated with Stoke’s law equates to 12 %, at a Reynolds
number of 0.3 it only accounts to 5 % [27].
Both approaches describe the drag force acting on a sphere moving in a

still fluid. While Newton neglected viscous effects, its law contains factors
associated with inertia, such as gas density ρg. Stoke’s law contains viscos-
ity but no inertial factors. Combining Stoke’s law with Newton’s law, the
coefficient of drag can be calculated:

FD = 3π η Up dp = CD
π

8
ρg d

2
p U

2
p (2.24)

CD =
24 η

ρg Up dp
=

24

Re
(2.25)

In Figure 2.2 the coefficient of drag is compared to the Reynolds number.
Equation 2.25 equals the straight-line portion on the left hand side forRe < 1.
Although Equation 2.25 is in good agreement for small Reynolds numbers,
it is not valid for larger Reynolds numbers. For Re > 1 000, the coefficient of
drag has an almost constant value of 0.44 and is presented on the right hand
side of Figure 2.2 [27,35].
For the transition region (1 < Re < 1000) the relationship between the

coefficient of drag and the Reynolds number can be described by [27]:

CD =
24

Re

(
1 + 0.15Re0.687) (2.26)

This equation is based on the correlation given by Clift et al. [36] and used
for Figure 2.2. According to Kodas and Hampden-Smith this value is only
valid for 2 ≤ Re < 500 [35].

Mechanical mobility

A particle mobility B can be defined as a measure of relative ease of producing
a steady motion for an aerosol particle [27]. It is the ratio of the particle
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Figure 2.2: Calculated drag coefficient of a solid sphere versus Reynolds number.

velocity Up to the drag force:

B =
Up
FD

=
1

3π η dp
for dp > 1µm (2.27)

Slip correction

For very small particles whose size approaches the mean free path of the gas,
slip occurs on the particle’s surface. With the following empirical equation
based on measurements of slip by Allen and Raabe [39], a slip correction
factor CC can be defined:

CC = 1 +
λ

dp

[
2.34 + 1.05 exp

(
−0.39

dp
λ

)]
(2.28)

The mean free path λ of a gas describes the average distance a molecule
travels between successive collisions. It is defined as [27, 30]:

λ =
c̄

nz
=
(√

2N π d2
m

)−1

(2.29)

with c̄ being the mean molecular velocity, nz the average collision frequency of
a particular molecule, N being the number of molecules and dm the collision
diameter of the molecule. For air at standard conditions (p = 101 kPa and
T = 293K) the mean free path is λ = 0.066µm. With the slip correction
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factor CC the validity of Stoke’s law can be extended to aerosol particles
down to about 0.1µm in diameter [27].

Relaxation time

The relaxation time τ is an important parameter in aerosol science for the
analysis of particle motion. The relaxation time is the time a particle will
need to adjust to a new condition of forces. It is defined by:

τ = mpB =
ρp d

2
p CC

18 η
(2.30)

with mp being the mass of the particle, B its mobility, ρp particle density,
dp particle diameter, CC the slip correction factor and η the gas dynamic
viscosity. The relaxation time is valid for particle Reynolds numbers Rep < 1
[27].

Stopping distance

The stopping distance S describes the distance an aerosol particle will travel
in still air in the absence of external forces. It is a measure of a particle’s
effective initial momentum and defined as [27]:

S = Up,0 · τ = B ·mp · Up,0 (2.31)

with Up,0 being the particle’s initial velocity at t = 0, τ the relaxation time,
B mobility and mp the mass of the particle. In a practical sense a particle
will travel 95 % of this distance in the time frame of 3 τ [27]. In case of an
airstream abruptly turned by 90 degrees, stopping distance can be described
as the distance the particle will continue to travel in its original direction,
or of the persistence of this particle. Assuming a particle being dispersed
in laminar flow then Up,0 ≈ U and stopping distance can be calculated for
different aerosol particles. Figure 2.3 presents the calculated stopping dis-
tance as a function of flow velocity for dispersed aerosol particles of density
2 300 kg/m3 in gaseous nitrogen. Already at small flow velocities and small
particle diameters the stopping distance is in the range of meters.

Additional forces acting on aerosol particles

Moving aerosol particles may experience a variety of other forces besides drag,
influencing their trajectory. The equation of motion for a particle states that
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Figure 2.3: Stopping distance S as a function of the flow velocity U , calculated
for different aerosol particles of ρp = 2 300 kg/m3 in nitrogen.

the deceleration and acceleration depends on the sum of all forces acting on
the particle:

mp
dv

dt
=
∑
i

Fi = FD + FB + Fvm + FM + Fp + FSa + Fg + Fe + Fm

+ Fv + FvdW
(2.32)

Those forces can be categorized into three groups: (i) Hydrodynamic forces
caused by the fluid flow, (ii) forces induced by external fields and (iii) forces
between the particles among each other (see Table 2.1) [28,35,40]. For dilute
dispersed particle flow the Coulomb force Fc and Van-der-Waals force FvdW
can be neglected [40,41]. If no external electrostatic or strong artificial mag-
netic fields are applied, the electrostatic field force Fe and the magnetic field
force Fm can be neglected as well. Böttner performed numerical simulations
of particles being dispersed in a gas flow [40]. According to his findings,
at least for particles being smaller than ≈ 20µm in diameter, gravitational
force Fg can be neglected as well. For small aerosol particles the remaining
hydrodynamic forces can also be narrowed down: According to Magnaudet
the four basic forces influencing the trajectory of rigid spheres or bubbles are
the drag force FD, the Basset history force FB , the added or virtual mass
force Fvm and the lift force FSa [42]. The other possibly acting forces can
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be neglected for small particles in a laminar flow field. Because the Basset
history force and the virtual mass force are proportional to the density ra-
tio of the fluid to the dispersed particles ρf

ρp
, these become very small for

solid aerosol particles being dispersed in gaseous media and can therefore be
neglected as well [40].
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Akhatov et al. investigated the aerosol particle flow particularly for the ap-
plication of aerosol jet printing [41]. They performed numerical simulations
on the particle flow in converging aerosol jet printing nozzles, only consider-
ing the steady drag force FD and the Saffman lift force FSa. Experimental
validations completed their investigation. The Saffman lift force originates
from a local shear of the surrounding viscous fluid. The shape of the lam-
inar flow profile and the radial position of the aerosol particles define the
strength and direction of the lift force [43]. An expression of this force was
originally derived by Saffman [44, 45]. Akhatov et al. made the most recent
consideration on this force [46]. According to them it is defined as:

FSa = 6.46

(
dp
2

)2

(U − Up)

√
ρ η

∣∣∣∣∂U∂y
∣∣∣∣ sgn∂U∂y e⊥ CSa (2.33)

CSa = 0.23434 [1− exp (−0.1Rep)]
Ref
Rep

+ exp (−0.1Rep) for Rep < 40

(2.34)

CSa = 0.0371Re
1/2
f for Rep ≥ 40

(2.35)

where dp is the particle diameter, U the fluid flow velocity, Up the particle
velocity, ρ and η the fluid’s density and dynamic viscosity respectively and e⊥
a unit vector directed perpendicular to the flow direction. CSa is a Saffman
correction factor for different particle Reynolds numbers Rep. The fluid
Reynolds number is Ref .

2.1.4 Curvilinear motion and inertial impaction

Curvilinear motion of a particle can be described with the help of the dimen-
sionless Stokes number Stk. It describes the ratio of the stopping distance
of a particle to an obstacle or in other words the ratio of the relaxation time
to some time characteristic τf of the flow field [28, 35]:

Stk =
τ

τf
=
τ · U0

lc
=
S

lc
for Re0 < 1.0 (2.36)

where lc is the characteristic length of the obstacle, e.g. when flowing per-
pendicular to a cylinder its diameter, and U0 the undisturbed gas velocity
well off the obstacle with its Reynolds number Re0. The Stokes number can
also be thought of the ratio of the particle relaxation time to the transit time
past an obstacle, or the ratio of the time τ it takes for the particle to adjust
to the time U0/lc. If Stk � 1, the particle will continue to move in straight
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line when the gas turns. If Stk � 1, the particles will follow the gas stream
perfectly.

Impaction theory describes the collection efficiency of impactors as a func-
tion of the particle size. In aerosol jet printing the collection efficiency EI of
aerosol droplets should be as high as possible with a sharp cutoff to achieve
a well-defined print image. The collection efficiency is mainly influenced by
the Stokes number and describes the case of inertial impaction of aerosol par-
ticles onto some surface. For impaction with nozzles of circular cross-section
Stk is defined as the ratio of the particle stopping distance at the average
nozzle exit velocity U to the jet radius R [27, 28,35]:

Stk =
τ · U
R

=
ρp · d2

p · U · CC
18 η ·R (2.37)

Although, the collection efficiency is a function of the Stokes number, it can
only be calculated numerically. Much effort was spent to predict inertial
impaction and the associated collection efficiency curve including necessary
adjustments for the drag coefficients [27,47,48]. Though, the Stokes number
gives an idea of whether an aerosol particle will impact onto a substrate
immediately (Stk � 1) or if it will be carried off by the bent gas stream
(Stk � 1). Figure 2.4 provides a schematic collection efficiency curve for
inertial impaction. The Stokes number as a function of the particle diameter
for different flow velocities is displayed in Figure 2.5.
Due to the laminar flow profile U(r) in a duct or at a nozzle exit, the

velocity of an aerosol particle Up depends strongly on its radial position. In
laminar flow the velocity profile is of the shape of a parabola. The local flow
velocity at a certain radial position varies from U(r = R) = 0 at the wall, to
U(r = 0) = 2U in the center of the flow phase. Therefore, for particle flow
it makes sense to introduce a locally defined Stokes number:

Stk(r) =
ρp · d2

p · U(r) · CC
18 η ·R (2.38)

When in aerosol jet printing a sheath flow is applied to the aerosol flow, a
laminar two-phase flow system is created, with aerosol particles moving only
in the inner aerosol flow phase. This means that the radial elongation of
the aerosol particles is limited by the phase boundary at the radial position
raer. The minimum Stokes number Stkmin for this two-phase flow system is
defined for aerosol particles flowing at this phase boundary:

Stkmin = Stk(r = raer) =
ρp · d2

p · U(r = raer) · CC
18 η ·R (2.39)
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phase, CC the slip correction factor, η the gas dynamic viscosity and R the
print nozzle radius. With Stkmin the probability of the particles with the
lowest flow velocity impacting the surface can be estimated. Figure 2.6 shows
minimum Stokes numbers Stkmin for different aerosol particle diameters as
a function of the ratio between sheath flow to aerosol flow rate.

Figure 2.6: Minium Stokes number as a function of the flow ratio between sheath
flow and aerosol flow. The nozzle radius was 75µm, the gas flow velocity 70m/s
and the particle density 2 300 kg/m3. The horizontally dashed line corresponds to
Stkmin = 1 [49].
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2.2 Silicon solar cell principles

Solar cells are able to convert incident sunlight directly into electricity, known
as photovoltaic effect. This behavior is based on the two facts that silicon is
a semiconductor and that solar cells are equipped with a pn-junction to sep-
arate positively and negatively charged carriers. In this section the relevant
principles of crystalline silicon solar cells are described. For further reading
and more details it is referred to scientific literature, e.g. [50, 51].

2.2.1 Structure and work principle of crystalline silicon solar cells

The majority of industrial silicon solar cells is made of boron-doped p-type
crystalline silicon wafers with a phosphorus diffused n+-emitter facing the
sun. The front-side is passivated with a silicon-nitride anti-reflection coating,
with silver front-contacts on top. This contact structure consists of many
narrow and parallel conductive tracks, called grid fingers. Perpendicular to
the fingers are two to five larger tracks called bus bars. Bus bars are used
for cell interconnection and to collect the current from the fingers off the
solar cell. Such a front-side contact is often referred to as H-pattern (see
Figure 2.7). The back-side is completely covered with the aluminum rear-
contact. Figure 2.8 shows a principle sketch of such a cell structure.
In the emitter region electrons are majority charge carriers, in the base

region holes are the majority charge carriers. Due to a concentration gradient
of the charge carriers at the pn-junction, electrons from the n+-emitter diffuse
into the base material (p-type). Analogous, holes from the p-type base diffuse
into the n+-emitter region. By this diffusion, parts of the n+-type region close
to the pn-junction become positively and parts of the p-type doped region
become negatively charged. The immobile ion cores, which are left behind,
set up an electric field. This electric field tends to keep electrons in the n-
type material and holes in the p-type material. A drift current flow in the
opposite direction of the diffusion current is triggered until drift and diffusion
are of same magnitude. Within this volume a space-charge region (SCR) is
established. This SCR is also called depletion region because it is depleted
of free charge carriers.
During illumination with light, photons are absorbed and free electrons and

holes are generated. These electron-hole pairs become separated continuously
at the pn-junction, with electrons flowing to the n-type and the holes to the
p-type region. When closing the circuit with an external load, the excited
carriers form a photo current with the electrons flowing from the n-doped
region via the external load back into the p-doped region of the cell (see
Figure 2.8).
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Figure 2.9: IV -curve of a standard mono-crystalline silicon solar cell under illu-
mination (continuous black) and its power density curve (dashed red). The open
circuit voltage VOC and the short circuit current density jSC are defined as the in-
tersections of the IV -curve with the axes of the coordinate system. The maximum
power point (mpp) and corresponding jmpp and Vmpp are shown.

j01 represents the dark saturation current density in the emitter and base,
j02 the saturation current density in the space charge region. n1 and n2 are
ideality factors describing the quality of real diodes and are usually assumed
to be n1 = 1 and n2 = 2. The 2-diode model accounts for the resistive
losses in solar cells and contains parameters for the series resistance RS and
the parallel resistance RP . The equivalent circuit diagram of this model is
illustrated in Figure 2.10 with the two diodes D1 and D2.
The IV -curve of a solar cell can also be measured in darkness. This dark

IV measurement represents the diode characteristics of a solar cell directly.
It is usually plotted in a semi-logarithmic way. Parameters like j01, j02, n1,
n2 and RS and RP can be extracted by fitting the dark IV -curve with the
2-diode model as presented in Figure 2.11.
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Figure 2.10: Equivalent circuit diagram of the 2-diode model of a silicon solar cell.

Figure 2.11: Dark IV -curve of a solar cell together with a 2-diode fit (red line).
Regions from which the characteristic cell parameters can be extracted are labeled
(blue dotted lines) [17].
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2.2.3 Losses in silicon solar cells related to metallization

Not all photons directed at a solar cell will be absorbed and contribute to the
photo current. There are a number of energy loss mechanisms, which limit
the maximum possible energy conversion efficiency of crystalline silicon solar
cells to η = 29.4 % [52]. Losses can be of optical, resistive or recombinatory
origin. Figure 2.12 provides an overview of possible loss mechanisms. The
aim of solar cell development is the improvement of the cell efficiency which
can only be achieved by reducing the losses to a minimum. The losses which
are directly related to the front-side metallization of solar cells are presented
in this section. These are the series resistance and optical losses, which have
to be balanced (see Figure 2.13). For more information on the other loss
mechanisms it is referred to [50,51,53].

Figure 2.12: Itemization of losses in silicon solar cells. For the front-side metal-
lization optical and series resistance losses are most important.

Series resistance losses

The series resistance RS is composed of different electrical transition resis-
tances and bulk resistances throughout the solar cell. Figure 2.14 provides an
overview of the series resistance. The resistance through the emitter R3, the
contact resistance of the transition to the contact finger R4 and the lateral
resistances through the fingers R5 and bus bars R6 are most important for
metallization [54]. Especially, the metal-semiconductor contact resistance R4

is influenced by the metallization process. An increase of the series resistance
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fingers. A constant current I is applied, which has to overcome two times
the metal-semiconductor interface and the emitter in between of the two
contacts:

Rmeas. =
Vi
I

= 2 ·RC +RSH
d

W
(2.45)

with Vi being the measured voltage drop, d the distance in between the mea-
sured pair of fingers andW the width of the test sample. If this measurement
is repeated for different finger combinations, varying the distance d between
the fingers, the measured resistances Rmeas. can be plotted and linearly fit-
ted. If the coefficient of determination of this fit is close to unity, the emitter
sheet resistance RSH can be extracted from its slope. The contact resis-
tance RC equals two times the ordinate interception. An example of such a
measurement is shown in Figure 2.20. However, the value of RC can only
be compared for identical sample structures. Samples of similar structure,
e.g. printed and fired silver contacts with similar contact length L, can be
compared with the normalized contact resistance RCW [60]. To compare
the contact resistance of different sample structures, the specific parameter
contact resistivity ρC needs to be determined.

(ii) end of line resistance measurement

The contact resistivity ρC provides information about the electrical quality
of the contact independent on the sample structure. In order to determine
ρC , the electrically active contact area underneath the contact finger must
be identified. This area is different to the geometrical area due to local
etching of the emitter by the metallization ink and due to electrical contact
formation via silver crystallites. The resistivity depends on the current flow
distribution underneath the contact finger (see Figure 2.21). This effect is
known as current crowding [61–63]. When the potential underneath the finger
drops to 1/e from its initial value, this length is called transfer length Lt and
corresponds to the electrically active contact length. The transfer length Lt
is defined as:

Lt = L/arccosh

(
RC
RE

)
(2.46)

It can be determined by measuring the end of line resistance RE by applying
the current to fingers a − b and measuring the potential drop V(ii) at the
adjacent finger combination b− c (Figure 2.19). With this resistance RE and
the contact resistance RC the contact resistivity ρC can be determined by
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Figure 2.20: Sample graph of a TLM measurement with linear fit and magnified
y-axis interception. The measured resistance is plotted against the distance between
the fingers.

the following definition [57]:

ρC = RC ·W · Lt · tanh
(
L

Lt

)
(2.47)

Figure 2.21: Schematic drawing showing the current distribution entering from
left underneath the contact finger and the transfer length Lt.
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2.2.6 Influence of surface morphology on contact resistivity

The transfer-length method (TLM) was developed for ideal samples and as-
sumes planar surfaces and interfaces. Solar cells, however, have rough sur-
faces intentionally to decrease the light reflection at the front. The influence
of the topography of the wafer surface on the contact resistivity measure-
ments is considered in this subsection. For the TLM model, geometries like
the contact length L, the contact width w and the distance d need to be
known. When determining these parameters by optical microscopy only the
projected surface area Aprojected surface of contact fingers and distances to fin-
gers can be determined. Though, due to roughness the real surface is larger
than the projected one. Putting these two surfaces in relation a texturization
factor can be defined:

T =
Atotal surface

Aprojected surface
(2.48)

This factor T describes the real surface area compared to a planar surface.
Considering for example a single unit pyramid etched into < 100 > silicon
material with a baseline of a = 1µm, due to the silicon lattice the pyramids
have an inclining angle of α = 54.74 ◦ and its surface calculates to:

Atotal surface = a ·
√

4 ·
(a

2
· tan (α)

)2

+ a2 = 1.74µm2 (2.49)

Aprojected surface = a2 = 1µm2 (2.50)

For random pyramidal surfaces the texturization factor T is independent
of the pyramidal height distribution or roughness. Table 2.2 provides an
overview of measured T for differently treated silicon wafer surfaces.

Table 2.2: Measured texturization factors T for differently treated silicon wafer
surfaces.

Surface treatment Texturization factor T
Planar surface 1.00
Acidic etched 1.40
Alkaline etched pyramids 1.74
Honeycomb texture 2.50
Black silicon 5.30

When extending the geometric values of Equation 2.45 with the square
root of the texturization factor, one can see that this factor has no influence
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on the results of contact resistance RC , emitter sheet resistance RSH and
normalized contact resistance RCW . The extended

√
T becomes eliminated:

Rmeas. =
RSH(

W ·��
√
T
) · (d ·��√T)+ 2RC (2.51)

When applying
√
T to the equation for contact resistivity (Equation 2.47),

the extension
√
T does not become eliminated but squared. This leads to

a significant dependency of the contact resistivity ρC to the sample surface
morphology:

ρC = RC ·
(
W ·
√
T
)
·
(
Lt ·
√
T
)
· tanh


(
L ·��
√
T
)

(
Lt ·��
√
T
)
 (2.52)

This linear increase in ρC is directly related to T . Figure 2.22 provides the
relative change of contact resistivity ρC as a function of the texturization
factor T . Values of typical silicon wafer surface morphologies are marked.
Planar surfaces correspond to values of 100 %. This consideration illustrates
that the texturization factor T needs to be taken into account when com-
paring results of contact resistivity ρC obtained from different types of wafer
morphologies.
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Figure 2.22: Illustration of the influence of the texturization factor T on the
contact resistivity ρC .
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3.1 Aerosol jet printing

C.W. Jacob first had the idea of printing with the use of an aerosol mist. In
1948 he invented an electronic signal recording system, where an aerosol is
generated and guided with the support of sheath air onto a substrate [64].
In 1975 Hochberg et al. invented an aerosol mist printer [65] which relied on
the principles of generating an aerosol and guiding it onto a substrate. In the
same year his colleague Pennebaker published print results using their devel-
oped aerosol jet printer with 16 parallel jets [66]. The aerosol jet printer as it
is known today, however, was developed in the Mesoscale Integrated Confor-
mal Electronics (MICE) program funded by the Defense Advanced Research
Projects Agency of the U.S.A. [21]. Aim of this project was to develop tech-
nologies to bridge the gap between photo-lithographically defined features
(< 100nm) and thick film printed structures (≈ 100µm). In this context,
mesoscale means to cover a range of 10 − 1000µm wide structures [67]. In
2004 this technology became commercially available through Optomec, Inc.
Aerosol jet printing (AJP) is a four step process which requires (i) neb-

ulization of an ink, (ii) densification of the generated aerosol, (iii) focusing
of the aerosol jet, and (iv) deposition of the droplets onto a substrate (see
Figure 3.1). More detailed, aerosol jet printing requires the allocation of
different media, electric power and exhausts. Regulating valves, pressure
sensors (PDI) and mass flow controllers (FC) as well as different filters (F-x)
are needed. Figure 3.2 provides the piping and instrumentation display to
properly set up aerosol jet printers.

3.1.1 Nebulization

Spraying or nebulization describes the transformation of a liquid feed into
an aerosol mist. This is a very important process in many fields of today’s
industry complying with strict specifications [68]. To produce an aerosol
many different techniques with own characteristics exist. Depending on the
desired application and the ink or paint, one has to choose the right system.
Walzel [69] and Richter [70] provided a good overview of the most common
spraying techniques in industry. To generate an aerosol mist out of fine
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Figure 3.1: Schematic drawing of the aerosol jet print process.

particles, which is the main topic in this thesis, a Collison type nebulizer is
well suited [71].

The Collison type of aerosol generators was originally developed for medical
drug delivery by W. E. Collison and introduced 1935 in his book Inhalation
Therapy Technique [72] (see Figure 3.3). According to May, since then this
nebulizer was used for various experiments and described by Henderson [73,
74]. A technical description of the nebulizers and their characteristics of
air and liquid consumption and aerosol output rate were presented. May
determined the droplet size distribution of dioctyl sebacate1 to be in the
range of 0.25 − 30µm. Figure 3.4 pictures a Collison type nebulizer setup
including dimensions designed by Druett [75].

Throughout the course of this thesis, a Collison type nebulizer manufac-
tured by BGI, Inc. was used for aerosol generation [76]. Figure 3.5 provides
a photograph of a half-cut nebulizer nozzle to represent the flow channels.
Interestingly, the dimensions of this nebulizer nozzle are the same as in the
one designed by Druett in 1969 [75]. This type of nebulizer is pneumatically
driven by a carrier gas, e.g. compressed dry air or nitrogen. Its working
principle relies on the Venturi effect: A carrier gas stream is applied and
inserts a Venturi tube. At the smaller cross-section an additional flow chan-
nel is attached, which is immersed into the liquid ink. Due to the pressure
difference in the Venturi the liquid is sucked upwards. When its meniscus
reaches the flow channel intersection, the liquid becomes heavily sheared by
the carrier gas flow. Due to this shear the liquid tears up and due to the
liquids surface tension droplets are formed [70].

1Dioctyl sebacate (CAS 122-62-3; M = 426.7 g/mol; MP = −48 ◦C; BP = 256 ◦C;
pvapor = 2.4 · 10−5 Pa at 37 ◦C) is a non-hazardous ester with the chemical formula
(CH2)8(COOC8H17)2.
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3 Technological fundamentals

Figure 3.3: Image of the original Collison nebulizer [72].

The particular feature of this nebulizer is that the liquid jet is sprayed
against the inner wall of an enclosing beaker, where most of the droplets
impact and reflux in the ink reservoir. According to May more than 99%
of the droplets reflux back into the reservoir [73]. The outcome is a narrow
droplet size distribution exiting the nebulizer. However, by this impaction
the aerosol volume fraction is drastically reduced as well. This dilute aerosol
flow is carried off the nebulizer with the carrier gas flow. Figure 3.6 shows
a sketch of this nebulizer with characteristic dimensions. The distance be-
tween spray nozzle exit and inner wall of the beaker dnw is critical for the
impact of larger aerosol droplets. An increase of this distance would lead to
less droplets impacting, increase the aerosol volume fraction and spread the
aerosol droplet size distribution. A decrease would lead to the opposite effect.
The immersion depth of the spray nozzle z1 can either be controlled with a
thread or be defined by varying the ink level h. The bigger the immersion
depth, the less energy will be necessary to suck ink upwards. The diameter
of the spray nozzle dnozzle and the diameter of the carrier gas flow channel
dcg define the Venturi. The spray nozzle diameter is the same size as already
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3.1 Aerosol jet printing

Figure 3.4: The Collison type nebulizer designed by Druett [75]. In the year 1969
Druett supplied dimensions which are interestingly the same as in today’s nebulizers
from BGI.

used by Henderson [74] which amounts only to 8.8 % · dcg. Typical values of
these dimensions are given in Table 3.1.
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3.1 Aerosol jet printing

Figure 3.6: Schematic of a Collison type nebulizer as used in this thesis.

nozzle is placed opposite of the others exit with a small gap in between. A
vacuum is put on in between to guide the major flow out off the system.
Only a minor flow rate of usually less than 10% of the total flow rate passes
the second nozzle. Due to the droplets inertia, they pass the second nozzle
and stay within the minor flow [81]. According to Renn et al. the number
density of the aerosol droplet flow is typically increased to values of about
n = 1016 m−3 [82]. Figure 3.7 provides a rough sketch of the work principle
of virtual impactors.

3.1.3 Aerosol jet print head and deposition

The conditioned aerosol mist is guided into the print head, where the aerosol
is focused aerodynamically. At this transition region sheath gas is inserted
cylindrically and encloses the aerosol flow. This fluid-dynamic focusing (FDF)
is the main fluidic effect enabling aerosol jet printing. Subsequently, the two-
phase flow enters the print nozzle, which is a narrow capillary with slowly
decreasing diameter. While the inner diameter of the aerosol injection tube
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width and determining of the mass flow rate by balancing the throughput.
This leads to an averaged value strictly speaking only valid for rectangular
shaped cross-sections of the aerosol flow. For circular-shaped cross-sections,
however, the droplet deposition density is reduced from the center to the
border by maximum

√
r2 − x2. Still, the deposition density is an important

parameter for contact formation of the seed layer ink to the semiconductor.
A minimum deposition density of 3 − 7 g/m2 was found empirically to be
required for sufficient contact formation to phosphorus doped emitters [17].
The printing speed can be adjusted to control the required ink deposition
density. Figure 3.10 shows the calculated dependency of the deposition den-
sity on the printing speed, Figure 3.11 illustrates the deposition density as a
function of the aerosol mass flow rate.

Figure 3.10: Calculated ink deposition density as a function of the printing speed.
This calculation was performed for different aerosol mass flow rates. A constant
line width of L = 30µm was assumed.

When simple patterns with parallel lines need to be printed, the through-
put can be increased by operating several nozzles parallel in a row. For such
purposes ten-nozzle print heads are available from Optomec, Inc. [84]. A
three-fourths cut of such a print head is shown in Figure 3.12. These print
heads consist of an aerosol mist chamber to distribute the aerosol flow to the
different aerosol tubes, a chamber for the sheath gas injection and a nozzle
plate holding the print nozzles.
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3.2 The photo-form process

used. The cerium-III-ion absorbs the photon and sets an electron free. This
electron in turn becomes absorbed by the silver-I-ion:

Ce3+ hν−→ Ce4+ + e− (3.2)

Ag+ + e− −→ Ag±0 (3.3)

This elemental silver possesses low solubility in glass. During a thermal treat-
ment of about an hour at ≈ 100K above the glass transition temperature,
silver colloids precipitate. These colloids act as heterogeneous nucleus for
the growth of a crystalline lithium metasilicate (LMS) Li2O − SiO2 phase.
At the exposed regions ceramic glass is formed. This ceramic glass phase
can be wet-chemically etched in diluted hydrofluoric acid (HF). Its solubility
is about 20 times higher than that of the original glass matrix. With etch-
ing, aspect ratios of up to 1:25 can be achieved. Because the dissolved LMS
crystals have a dimension of about d = 500 − 1 000nm these leave imprints
on the side walls of the etched structures. Therefore, the arithmetic mean
roughness is increased to values of Ra ≈ 700nm [85]. These surfaces can
be chemically polished either by isotropic etching with HF or by filling with
appropriate sol-gel [88, 89].

51
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3.3 Manufacturing of standard silicon solar cells with seed
and plate contacts

The mandatory process steps to manufacture standard silicon solar cells with
seed and plate contacts are described briefly. For solar cell manufacturing,
primary two different kinds of silicon wafers exist: (i) Czochralski-grown
mono-crystalline silicon (Cz) and (ii) brick-solidified multi-crystalline silicon
wafers. In both cases the surfaces of the wafers become chemically etched
to increase their roughness to reduce light reflection at the front. Mono-
crystalline wafers become alkaline etched in KOH-based solutions which re-
sults in anisotropic etch of the <100>-orientated silicon. This leads to a sur-
face covered by randomly distributed pyramids. Depending on the etching
solution, temperature, concentration and duration, the size and distribution
of this pyramid surface is different. Due to the random crystal orientation of
the multi-crystalline silicon wafers, anisotropic etching wont give satisfactory
results. For that reason, these wafers become acidic etched isotropically to
increase their roughness, leading to small etched pits of similar size all over
the wafer.

Subsequently to the surface morphology modification, the emitter is dif-
fused into the wafer. For n+ emitters phosphorus P is diffused into the silicon
wafer. For this purpose phosphoryl chloride (POCl3) is carried in a gaseous
blend of nitrogen and oxygen into a diffusion furnace which is heated to
about 800− 900 ◦C. During this process the phosphoryl chloride is oxidized
to phosphor silicate glass (PSG) at the wafer surface, which acts as the dif-
fusion source for silicon. At the wafer surface, silicon is oxidized by the PSG
and elemental phosphor formed. Phosphor diffuses according to Fick’s sec-
ond law of diffusion due to the concentration gradient into the silicon lattice
and forms the emitter [90]. Typical values for sheet resistances of industrial
silicon solar cells are RSH = 65 or 90 Ω. A further increase of sheet resis-
tance is intended to improve the the absorption of small wavelengths (blue
response) and to limit recombination at the metal-semiconductor interface.
Leftover PSG is wet-chemically etched off the wafers.

After cleaning and edge isolation, all wafers receive a 70 to 80nm thin
plasma-enhanced chemical vapor deposited silicon-nitride layer as anti-reflect-
ance coating (ARC). Due to the different refractive index, less light gets re-
flected and absorption in the wafer becomes increased. The rear-side contact
usually consists of screen-printed aluminum, which forms an Al−Si eutectic
phase contact during contact firing [91–93].

Metallization and contact formation to the front-side of solar cells are one of
the final process steps of the solar cell manufacturing chain. Figure 3.15 shows
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3.3 Manufacturing of standard silicon solar cells with seed and plate contacts

Figure 3.16: Calculation of the optimum number of fingers for different emitter
sheet resistances. For these calculations the contact resistivity was kept constant
at ρC = 2mΩcm2, the seed layer width to L = 30µm, total finger width Ltotal =
60µm, 15µm in height. This calculation was performed with the tool GridSim 2d
v.1.8 [94].

Figure 3.17: Schematic of a typical temperature profile of a conveyor belt fast
firing oven (FFO) for printed and fired seed contacts.
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3.4 Seed layer metallization ink

3.4 Seed layer metallization ink

The aim of metallization inks is to make a low resistive contact to the solar
cell emitter, to form the seed current collector grid for silicon solar cells
as described in section 3.3. Lateral conductivity of the seed layer is not
important – this will be achieved by plating of conductive metals on top of the
seed layer. In principle, metallization inks consist of two different fractions
(see Figure 3.20): (i) The solid inorganic components which play the active
part and are responsible for contact formation, sintering and conductivity;
and (ii) the organic vehicle system which stabilizes the dispersion and mainly
defines its printability by adjustment of the rheology. Both fractions will be
described in the following subsections.

Figure 3.20: Major components of solar cell seed layer metallization inks (SCSI).

3.4.1 Inorganic components

The main task of the inorganic components is to penetrate through the pas-
sivation and anti-reflectance layer (ARC) of the silicon wafer surface and to
form a low-resistive contact to the solar cell emitter. To enable contact for-
mation, the active components are a blend of the contact metal, a glass frit
and metal oxide particles.
Due to its superior conductivity and suitability for silicon semiconductors,

silver is the contact metal of choice. It is the major component of the solid
fraction for seed layer metallization inks and makes about wAg = 80−90 % of
the inorganic fraction. The silver particles can either be manufactured follow-
ing the top-down or the bottom-up approach. Top-down means grinding of
the raw material till a desired size distribution is reached. Bottom-up means
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3 Technological fundamentals

the vapor pressure of the ink becomes reduced, which has a positive effect
on long-term stability of the ink. The viscosity of the metallization ink is
also strongly dependent on the amount of the organic vehicle system. When
increasing the content of the organic vehicle system in the ink, the viscosity
is decreasing strongly. Figure 3.26 provides data of dynamic viscosity η as
a function of the shear rate γ̇ measured at room temperature for metalliza-
tion inks with different organic vehicle weight content worg. Additionally,
from this graph it can be seen that the ink dispersion shows shear-thinning
behavior.

Figure 3.26: Dynamic viscosity η at different shear rates γ̇ for a metallization ink
with variation in organic vehicle weight content worg .

3.4.3 Preparation of the seed layer ink

To prepare the final seed layer metallization ink, the raw materials (silver
powder, glass milk, metal oxide and organic vehicle) are blended together
and stirred. To produce a smooth and homogeneous ink dispersion, the blend
is finally dispersed in a three-roll mill. Figure 3.27 shows the procedure of
ink preparation. To prevent precipitation of particles during storage the ink
jars need to be continuously rolled.
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4.1 Printer setups

4.1.1 Aerosol jet printers

During the course of this thesis three different aerosol jet printers were uti-
lized. AJP-1 was a bench-top system from Optomec in development stage,
AJP-2 was an AJP system designed and built by the author, AJP-3 was the
AJ300 series from Optomec. All three printers work according to the same
principle as described in section 3.1 in detail. The print-heads and aerosol
supply were mounted on a gantry which was placed into a fume hood on a
low vibration granite table. Vacuum pumps were placed underneath, motion
control, gas control unit and computer were placed beside. Between those
printers, there were only minor differences like parts and equipment from
different suppliers or different range of the mass flow controllers (MFC) - en-
abling the application of differently sized aerosol jet print heads. The printers
are highly versatile and compatible to each other, which allowed for multiple
applications. Table 4.1 provides a quick comparison of those systems.

Table 4.1: Overview of the aerosol jet printing systems used in this thesis.
AJP-1 AJP-2 AJP-3

Total MFC range
[
dm3/min

]
0− 10 0− 20 0− 10

Single nozzle print head X X X
10-nozzle print head X X X
78-nozzle print head n/a X n/a
Maximum travel [mm] 250 250 300
Substrate temp. Tmax [◦C] 150 170 120

4.1.2 Ink jet printer

For the purpose of printing single droplets a commercial available ink jet
printer from XJet Solar, Inc. was used. This printer was specifically designed
for solar cell front-side metallization. It contained an automatic line detection
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system to recognize clogged nozzles. The maximum substrate temperature
could be set to Tmax = 250 ◦C. In total this printer had three groups of
print heads of which one head was a single print head for test purposes. One
group was used to print the busbars and the other one to print the fingers.
Each group in turn consisted of five print heads with 256 active printing
nozzles. The standard quantity of nozzles printing at the same time was ten
nozzles. The print heads for the fingers achieved a higher resolution than
the busbar print heads. The drop volume of the finger print head was 2.5 pL
and 40 pL for the busbar print head. Typically for ink jet printing the ink
requirements like maximum particle size, surface tension, viscosity or vapor
pressure are very strict. Hence, the manufacturer equipped the printer with a
specifically designed metallization ink with a solid mass content of w = 55 %.
The primary particles of this ink were smaller than 0.1µm in diameter.
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4.2 Experimental procedures

the AJP is readily set up. The gas flow rates were set and switched on, first
for the sheath flow followed by the VI exhaust and last for the nebulizer.
The process was controlled by continuously reading the MFC gas flow rates
and pressure sensor values. On print dummies, test lines were printed first
to optimize the nozzle to substrate distance ∆z, the desired aerosol flow rate
Ṁaer and gas flow ratio χ. The samples are placed onto the print chuck to
print the desired test pattern. Single pass as well as multiple print passes are
possible.

4.2.6 Ink fluids

Different liquid feeds were nebulized throughout this thesis. For printing
of conductive tracks and seed layers, metallization inks (SCSI) of varying
composition as described in section 3.4 were used. In case no print image
needed to be fabricated, olive oil2 and deionized water (H2O) colored with
writing ink were alternative model liquids. The olive oil had a viscosity in
the range of metallization inks but with the advantage of being particle-free
(solution) and non-hazardous, that made it easy to handle. The colored
water had the advantage of being very easily nebulized and cleaning of the
print heads was effortless. Table 4.2 provides some physical data of the used
fluids.

Table 4.2: Physical data of used liquids, data relate to values at 20 ◦C, literature
data is cited.

Liquid Density ρ Dyn. viscosity η Surf. tension σ
[−]

[
kg/m3

]
[mPas] [mN/m]

SCSI (w = 0.65) 2300 60-70 @ γ̇ = 30−1 22.2
Olive oil 920 70-90 [106] 4.1
Water 1000 1 [107] 72.1 [108]

4.2.7 Ink jet printing of single droplets

In contrary to the aerosol jet printers, with the ink jet printer single, small
and identical drops can be generated (see subsection 4.1.2). For printing,
substrates were placed onto heated vacuum chucks, which were moved un-
derneath the print heads. The velocity of the chucks and the frequency of
the ink jet nozzles were adjusted to generate single droplet impact. The

2Lidl Primadonna native olive oil extra, a blend of Greek, Spanish and Italian cold
extracted olive oil, bottled by Cavanna Olii snc., 16015 Casella, Italy, 2013.
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averaged drop volume was specified to be Vdrop = 2.5 pL, this equaled a
spherical radius of rdrop = 8.4µm. The mass solid content of the ink was
w = 55 %. The volumetric solid content equaled to only 15 %vol, which
means that the residual volume of the dried blob on the surface could be
estimated to Vblob ≈ 0.38 pL. If a half-spherical blob shape on the surface
was assumed, the maximum possible print resolution of this ink jet printer
could be calculated to a minimum blob radius of rideal blob = 5.6µm which
corresponded to 2 268 dpi. However, if the ink would wet the surface well, a
discus shaped blob would be more likely. With a discus blob height of 0.1µm
the corresponding blob radius would be rdiscus blob = 11.9µm resulting in a
line resolution of 1 067 dpi.

4.2.8 Choice of silicon wafer substrates

Throughout this thesis six different silicon solar wafer substrates were used
for experiments: Substrates 1 (S1) were mechanically polished float-zone (fz)
wafers, substrates 2 (S2) were industrially fabricated multi-crystalline (mc)
solar cell precursors with acidic etched surface. Substrates 3 to 6 (S3, S4,
S5, S6) were industrially fabricated Czochralski (Cz) wafers with alkaline
etched surfaces from different suppliers. Their only relevant difference for
printing was their surface morphology: From substrates 3 to 6 the size of
the alkaline etched random pyramids increased, leading to different values of
roughness. The substrate’s surface morphology and roughness was evaluated
using laser-confocal microscopy with appropriate software analysis of the 3d
data. All six types of substrates show different surface roughness. Their
root mean square surface roughness SRq varied from few nanometers for
the planar surface (S1) to up to 2.9µm for substrate S6. Additionally, the
maximum height of surface roughness SRz was measured because it allows
a better impression of the surface. Figure 4.5 shows laser-confocal images of
the different substrates and Table 4.3 provides an overview of the different
solar wafers used in this thesis.
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Table 4.3: Overview of the different silicon wafer substrates and surfaces used in
this thesis.

S1 S2 S3
Substate fz-Si wafer mc-Si wafer Cz-Si wafer
Morphology mech. polished acidic etched alkaline etched
Surface silicon nitride silicon nitride silicon nitride
SRq 0.04µm 0.86µm 1.05µm
SRz 0.23µm 5.07µm 6.80µm
Pyramid height n/a n/a 3.31µm

3d scan

Height histogram n/a n/a

S4 S5 S6
Substate Cz-Si wafer Cz-Si wafer Cz-Si wafer
Morphology alkaline etched alkaline etched alkaline etched
Surface silicon nitride silicon nitride silicon nitride
SRq 1.57µm 2.03µm 2.91µm
SRz 8.99µm 11.51µm 14.49µm
Pyramid height 5.06µm 6.21µm 10.02µm

3d scan

Height histogram
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a resolution of 0.12µm/px [109].

4.3.2 Image analysis of printed structures

Line width determination

Criteria of printed features like e.g. elongation, sharpness or spraying charac-
terize the quality of the printed line and the print process. To analyze these
lines, images of the printed structures were taken with the Olympus LEXT
microscope and reliably and objectively analyzed using computer image anal-
ysis scripts. Otsu’s algorithm [110] was applied to the red color channel to
find a threshold value to create a binary image and distinguish between the
printed ink and the substrate. The red color channel of the RGB image
provided the strongest contrast between the silicon nitride and the printed
finger. The line width was then determined following two different criteria
(see Figure 4.6). For criterion A, the center of the finger for each image
line was detected and aligned. The finger data was fitted along the y-axis
with a polynomial fit of third order. Along the x-axis the aligned data was
integrated. The positions x1 and x2 correspond to values where the integral
reached 1 % or 99 % of the total value of white pixels respectively. The line
width for criterion A corresponds to L = x2 − x1 and accords to the total
line width comprising blurred or fringy edges. The width gained by criterion
A was used as the standard line width determination throughout this thesis.
To further investigate the printed lines, criterion B was defined. For criterion
B the white pixels along the x-axis were summed up and averaged for each
line. From the resulting intensity profile, the full width at half maximum
(FWHM) was calculated. With this criterion only the core area of printed
fingers were detected. Comparing criterion B with criterion A the elongation
of scattered droplets or sharpness of the printed line can be defined. Al-
though both criteria were arbitrary, these were proven to validate the quality
of the printed lines.

Droplet contour analysis

Printed spots on surfaces were characterized to gain their number, area or
equivalent circular diameter. Therefore, microscope images were analyzed
using the image detection software Spotlob by F. Meyer [111] whose algo-
rithm is described here briefly. The software was written in Python [112]
and the package SimpleCV [113] used for spot detection. Printed structures
on silicon nitride surfaces show high contrast in saturation. Therefore, for
spot characterization the RGB image file obtained by the microscope was
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4.3.3 Surface roughness determination

The Deutsches Institut für Normung e.V. (DIN) has defined different or-
ders of surface design deviations and roughness parameters to describe them
[115,116]. Roughness R is usually described along a profile or reference length
lr, but it can be extended 2-dimensional to the surface elongation SR fol-
lowing the same definitions. The morphology of surfaces can be described
with different roughness parameters. Depending on the sample, process or
author’s interest, roughness can be defined differently. The roughness pa-
rameters used in this work are introduced briefly (see Figure 4.7).

Arithmetic mean roughness Ra gives the arithmetic mean value of the
roughness profile. It is not sensitive to any height range or different shape of
the surface.

Ra = l−1
r

lr∫
0

|Z(x)| dx (4.1)

Root mean square height Rq is defined similarly to the arithmetic mean
roughness but is more sensitive to significant peaks and grooves.

Rq =

√√√√√l−1
r

lr∫
0

[Z(x)]2 dx (4.2)

Maximum height of roughness Rz is the sum of the highest peak and the
deepest groove at a certain measured section. Usually this parameter gets
determined at least at three different positions and then averaged.

Rz =
1

n

n∑
i=1

Rz(i) (4.3)

In this work, the roughness of a surface was measured with a precision
optical profilometer manufactured by Zeta Instruments, U.S.A. This system
takes a confocal microscope image of a wafer surface area of 116×87µm. The
Zeta Instruments Analysis software analyzes the topography of this image
and is, besides of the extraction of the surface roughness parameters, able to
e.g. detect and count the number of pyramid tips.
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Figure 4.7: Visualization of the roughness parameters Ra and Rz along a measured
height profile.

4.3.4 Contact angle goniometry

Contact angles and surface tensions were first described by T. Young already
in the year 1805 [117]. Till today, the determination and calculation of
surface energies are based on his findings. In this thesis, the surface free
energy of solids σs and the surface tension of liquids σl were determined with
a Krüss Drop Shape Analyzer DSA25 goniometer [118]. Surface tensions
σl of liquids were determined by taking images of droplets hanging at the
exit of a syringe capillary (pendant drop method). These droplets had a
horizontal diameter of about 1.5mm and 2mm vertically. The contour of
the droplets was evaluated and the surface tension calculated by the software
Krüss DSA 20E / 20024108. The surface free energy of different substrates
σs was determined by taking pictures droplets laying on the surface (sessile
drop method). These droplets had diameters of about 3mm. The contact
angles to the surface of two different liquids with known surface tensions and
polar and dispersive fractions was determined from these pictures: Water
(polar) and diiodomethane (dispersive) were best suited for reference. Their
polar and dispersive data was provided by the Krüss liquid data base (SFT)
[108]. According to the method developed by Owens-Wendt-Rabel-Kaelble
(OWRK), the surface free energy of the solid surface was calculated [119,120].

4.3.5 Semi-automated transfer-length measurement

To perform contact resistivity measurements as described in subsection 2.2.5,
a semi-automated measurement system was used. This system consisted of a
Keithley 237 as power source and a Keithley 2700 DMM digital multi-meter
with two 20 channel Keithley 7700 multiplexer cards. The DMM was used
to measure the voltage drop during measurement and to communicate with
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the measurement and analysis software KB · 100 v. 3.3 on a computer [121].
To contact the samples, specifically designed measurement heads with spring
loaded contact pins were used. The contact pins are made of brass coated
with gold.
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5 Development of an analytical flow model for aerosol jet printing

were made:

• The aerosol and the sheath gas flow channels are straightly aligned,
centered and axially symmetric.

• Local turbulence and still water of the fluid flow are neglected, not
disturbing the flow pattern.

• The flow velocities are small and their corresponding Reynolds numbers
in the laminar range meaning Re < 2 320.

• It is assumed that after joining of the two flow phases, the laminar flow
profile rapidly develops and that laminar flow is sustained.

• Due to the laminar flow condition it is assumed that these two flow
phases do not mix and layer flow exists [33,34].

• All gas flows are treated as incompressible fluids. This is valid when
the fluid flow stays well below the velocity of sound, which means that
the gas flow velocity is U < 1/3Ma. The Mach Ma number is defined
as Ma = U/cs. The velocity of sound for nitrogen is cs = 352m/s at
standard conditions [122]. This means that the maximum allowed flow
velocity is U = 117m/s to fulfill incompressible flow.

• For simplification in this consideration the two flow phases are treated
as particle- or droplet-free fluid flow.

A fully developed laminar flow profile in a duct with circular cross-section
can be described as [29,31]:

U(r) = Umax ·
(

1− r2

R2

)
(5.1)

with U being the flow velocity, Umax the maximum flow velocity, R the radius
of the flow channel and r the radial position. The maximum flow velocity
calculates to:

Umax = 2 · U = 2 · V̇
A

(5.2)

with U being the velocity of the flow, V̇ the total volumetric gas flow rate
and A the flow channel cross-section area. The aerosol flow phase and the
sheath gas flow phase can now be inserted into the equation for the laminar
flow profile:

U(r) =
2
(
V̇aer + V̇sh

)
πR2

·
(

1− r2

R2

)
(5.3)
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with V̇aer being the volumetric aerosol phase flow rate and V̇sh the sheath
gas flow rate. To calculate the radial elongation of V̇aer, Equation 5.3 can be
integrated radially and along the shape of its flow profile:

V̇aer =

2π∫
0

daer/2∫
0

U (r) dr dϕ (5.4)

Subsequently, the aerosol flow diameter daer can be calculated and expressed
as a function of the gas flow ratio χ:

χ = V̇sh / V̇aer (5.5)

daer = 2R ·

√
1−

√
χ

χ+ 1
(5.6)

As can be seen in Equation 5.6 the aerosol jet diameter daer only depends
on the total duct radius R and on the gas flow ratio χ. For χ → 0, when
no sheath gas is applied, the aerosol flow diameter equals the diameter of
the flow channel 2R. If χ → ∞ the aerosol flow diameter becomes zero. In
Figure 5.2 the laminar flow profiles of two different process conditions at the
exit orifice of the print nozzle are illustrated, to demonstrate the effect of the
gas flow ratio on the aerosol jet diameter.
The contraction of the aerosol flow can be expressed by putting the calcu-

lated aerosol flow diameter (daer) and the diameter of the flow channel (2R)
in relation. This coefficient of contraction only depends on the gas flow ratio:

ψ (χ) = daer / (2R) (5.7)

This allows for comparison of process conditions independent on the flow
channel geometry or nozzle diameter. Thus, this coefficient of contraction ψ
represents a measure of reduction of the aerosol flow diameter. A reduction
factor Γ can be introduced, also only depending on the gas flow ratio χ:

Γ (χ) = 1− ψ (χ) = 1−

√
1−

√
χ

χ+ 1
(5.8)

At a gas flow ratio of χ ≈ 1.3 the diameter of the aerosol flow phase daer
equals half the diameter of the flow channel. Figure 5.3 shows the coefficient
of contraction ψ and the reduction factor Γ for different gas flow ratios χ.
When applying this analytical model to typical aerosol jet print nozzle di-

ameters dn, the aerosol jet diameter daer can directly be determined. This
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Figure 5.2: Schematic of the velocity flow profile at the exit of the print nozzle,
in red for the aerosol flow. The green shaded area represents the aerosol jet flow
phase. Left for a small, right for a high gas flow ratio [49].

Figure 5.3: Calculated coefficient of contraction ψ and reduction factor Γ as a
function of the gas flow ratio χ.

provides information about the expected line width L of the printed struc-
tures. Figure 5.4 shows the calculated aerosol jet diameter for different print
nozzle openings dn exemplary.
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Figure 5.4: Calculated aerosol jet diameter daer for different commonly used
aerosol jet print nozzles.
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6 Results

6.1 Aerosol generation and supply

6.1.1 Performance of the nebulizer spray nozzle

The nebulization rate of the sole nebulizer spray nozzle was investigated for
two different liquids of different viscosity to determine its spray characteristic.
The experiment was performed as described in subsection 4.2.1 for de-ionized
water and for olive oil at least three times (see subsection 4.2.6). Figure 6.1
presents the amount of nebulized liquid feed vs. the carrier gas flow rate. The
measurement was very accurate, that’s why the error bars of the standard
deviation are small. One can see for both feeds that the curve of nebulization
rate was very steep for small carrier gas flow rates. With increased flow
rates the curve flattened. For de-ionized water nebulization rates close to
Ṁaer < 100 g/min were achieved. The nebulization rate for the more viscous
olive oil was much less and resulted in Ṁaer ≈ 13 g/min at maximum. The
aerosol volume fraction of olive oil at this point equaled αd ≈ 0.0034.

6.1.2 Collison nebulizer performance

The performance of the Collison nebulizer – consisting of the nebulizer spray
nozzle and a surrounding beaker – was investigated with olive oil. The ori-
entation of the spray nozzle to the beakers’ outlet was therefore varied for
different carrier gas flow rates. The immersion depth of the spray nozzle
was hold constant at z1 = 10mm. Figure 6.2 illustrates the definition of the
orientation angle α. The resulting aerosol mass flow rates are displayed in
Figure 6.3. Within the accuracy of the measurement, there was no strong in-
fluence of the orientation angle to the nebulization rate visible. With higher
carrier gas flow rates, the nebulization rate increased as already indicated in
subsection 6.1.1. However, it is noteworthy that the aerosol mass flow exit-
ing the Collison nebulizer corresponds to less than 0.5 % of the nebulization
rate of the sole spray nozzle. This means that more than 99.5 % of the feed
refluxed within the beaker of the Collison nebulizer.
An increased immersion depth of the spray nozzle z1 lead to a small in-

crease of the aerosol mist generation for small carrier gas flow rates V̇cg. The
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6.1 Aerosol generation and supply

Figure 6.3: Nebulization rates of the Collison nebulizer for different orientation
angles and different carrier gas flow rates. Olive oil was the liquid feed.

Figure 6.4: Nebulization rate depending on the immersion depth of the nebulizer
nozzle for olive oil at different carrier gas flow rates.

metallization inks (SCSI) was investigated. Metallization ink 1 corresponds
to SCSI with w = 0.59, metallization ink 2 was a commercially available
ink from XJet Solar, Inc. containing nano-particles of about 80nm in mean
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diameter with a solid content of winorg = 0.46. Based on those results, the
aerosol mass load µ was calculated and displayed in Figure 6.6.

Figure 6.5: Nebulization rates of the Collison nebulizer for different carrier gas
flow rates. Olive oil was compared to two different seed layer metallization inks
with w1 = 0.59 and w2 = 0.46.

Figure 6.6: Calculated aerosol mass loads µ for olive oil and metallization ink 1
and 2 at different carrier gas flow rates.
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6.1 Aerosol generation and supply

In Figure 6.7 nebulization rates of a metallization ink are presented. Here,
the solid content winorg of the inorganic components was varied, which
changed the viscosity of those inks (compare Figure 3.26). With increased
solid content, less aerosol was produced.

Figure 6.7: Nebulization rate depending on the solid content winorg of the inor-
ganic components for seed layer metallization inks.

6.1.3 Droplet size distribution

Metallization ink (SCSI) was nebulized at different carrier gas flow rates.
When leaving the nebulizer, the aerosol was directed onto planar wafers. The
spot size was determined as described in section 4.3.2. Therefore, 16 micro-
scope images were stitched together covering an area of about (500× 500) µm2.
The spot size distribution does not equal the aerosol droplet size distribution
directly. But the results allow for comparison of the influence of the carrier
gas flow rate on the aerosol size distribution. Figure 6.8 presents spot size
histograms and cumulative spot size distribution curves Q1(dspot) for the car-
rier gas flow rates V̇cg = 1 150, 2 150 and 3 150 cm3/min. The total number of
spots was similar for all process conditions (N ≈ 400). The class size of the
histograms was set to 0.12µm, corresponding to the microscope’s resolution.
Although, the carrier gas flow rate was increased by approximately the factor
of three, there occurred no significant change in size distribution.
As presented in subsection 6.1.2, with the Collison nebulizer operated at

V̇cg = 2 150 cm3/min an aerosol mass flow rate of about 30 mg/min of olive oil
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Figure 6.8: Cumulative spot size distributions of precipitated aerosol droplets
when exiting the nebulizer. No significant change in size distribution occurred for
different nebulization rates.

could be achieved. Taking the aerosol droplet size distribution of Figure 6.8
into account, an aerosol number density of n = 1.7 · 1014 m−3 could be
calculated. This equals an aerosol volume fraction of αd = 1.5 · 10−5 which
confirms dilute flow.
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6.2 Fluid-dynamic focusing at the transition region

6.2 Fluid-dynamic focusing at the transition region

To investigate the fluid-dynamic focusing (FDF) mechanism of aerosol jet
printing, print heads were fabricated of glass by Dr. Brokmann as described
in section 3.2. As a model fluid water was used for the sheath flow and colored
water replaced the aerosol flow. The flow rates were chosen in that way, that
the Reynolds numbers were similar to the ones for gas flow. That makes
the flow system comparable to the gaseous aerosol jet printing. A three-
dimensional computational fluid dynamics (CFD) simulation was performed
with the software Ansys fluid dynamics simulation suite version 16. Ansys
CFX was used as the numerical solver to calculate the steady state and
incompressible fluid flow of liquid water (T = 20 ◦C, ρ = 1 000 kg/m3) at
three different process conditions. The volumetric flow rate of the core flow
was held constant and the sheath flow rate varied to alter the volumetric
flow ratio χ. Table 6.1 provides an overview of the used flow parameters.
The resulting stream lines of the core flow are shown in Figure 6.9. One
can see that with increasing flow ratio the core flow becomes pushed to the
symmetric axis.

Table 6.1: Flow parameters used for the CFD simulation to investigate the effect
of FDF.

Number Flow ratio Flow rates
χ V̇sheath V̇core V̇total

[−]
[
cm3/min

] [
cm3/min

] [
cm3/min

]
a) 0.87 0.09 0.10 0.19
b) 3.68 0.37 0.10 0.47
c) 8.34 0.85 0.10 0.95

For experimental validation of the CFD simulation, microscope images of
the glass print heads were taken and analyzed as described in subsection 4.2.3.
Images of this experiment are shown for glass print head DK4 in Figure 6.10
exemplary. The contraction of the core flow by the sheath flow is clearly
visible. The resulting widths of the core flow and the elongation of the
stream lines gained by the CFD simulation are plotted in Figure 6.11.
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6.3 Laminar aerosol flow released into ambient air

Figure 6.11: Measured core width after passing the transition region. The data
points of the experimentally gained values for three different glass print heads (DK0,
DK1, DK4) correlate to the CFD simulations very well.

• Fluid = nitrogen N2

• Vertical distance nozzle exit-surface ∆z = 2.0mm
• Planar surface morphology
• Sheath gas flow rate V̇sh = 100 cm3/min
• Core aerosol flow rate V̇aer = 25 cm3/min
• Flow velocity at nozzle exit U = 66.4m/s
• Gas flow ratio χ = 4.0

Figure 6.12 shows streamlines of the simulated two-phase flow exiting the
aerosol print nozzle (left) and impacting on the surface (right) to visualize
the flow phase. The flow Reynolds number at the nozzle exit was Re = 905.
Throughout this distance the laminar flow phases did not diverge - the aerosol
jet remained stable. Only very close to the surface (< 0.1mm) the gas
streamlines became bent. To experimentally confirm this simulation, droplets
of an aerosol jet with U = 31m/s and Re = 421 were illuminated with a laser
diode and their scattered image recorded (see subsection 4.2.4). Figure 6.13
shows stitched microscope photographs and corresponding jet diameters of
the aerosol flow over a distance of about 6mm. Until about ∆z ≈ 2.2mm
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Figure 6.13: Stitched photographs of an aerosol jet exiting a print nozzle with
diameter dn = 200µm (top). The aerosol flows from left to right with Re = 421 at
a gas flow ratio of χ = 5.8. The bottom plot shows the corresponding aerosol jet
diameter daer.

6.4 Investigations on the aerosol jet diameter and line width

6.4.1 Impact of the aerosol flow

To learn more about the behavior of the aerosol jet when exiting the print
nozzle, lines were printed onto random pyramid textured substrates (S3)
using print nozzles with a diameter of dn = 150µm. The gas flow ratio χ
was held constant but the total gas flow rate was varied to change the flow
velocity U and thus the Reynolds number Re at the print nozzle orifice. The
distance of the print nozzle to the substrate was adjusted to ∆z ∼= 2.5mm,
the substrate temperature was set to T = 120 ◦C, the speed of the linear stage
was hold constant. Microscope images of such lines are shown exemplary
in Figure 6.14. One can see that lines printed at low gas flow velocity of
U = 25m/s look scattered. With increase of the gas flow velocity the lines
became sharper and narrower. At high flow velocity of U = 75m/s the
line width increased again but remained well focused. Determination of the
line width confirmed this impression (see Figure 6.15). With different flow
velocity also the minimum Stokes number varied. For this process Stkmin
was calculated according Equation 2.39 for U = 25m/s and U = 75m/s over
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Figure 6.19: Line widths at different nozzle to substrate distances for different
gas flow velocities. The error bars represent an estimated error of 15 %, connecting
lines are guide to the eye only. At ∆z = 0.5µm the maximum spread was ≈ 20µm.

line widths. At ∆z < 2mm the spread amounted to values of about 17 −
20µm. In contrary, when increasing the working distance to higher values,
the line width became more dependent on the working distance ∆z. There
is an indication that the order of lines with different flow velocities became
inverted. At small nozzle to substrate distance ∆z smaller line widths were
achieved for high flow velocities, at larger distances smaller line widths were
achieved for smaller flow velocities.

6.4.2 Variation of the gas flow ratio

The aerosol jet diameter and corresponding line width were determined and
compared to the analytical flow model derived in chapter 5. Therefore, di-
rectly after the nozzle exit the aerosol jet was illuminated with a laser diode.
Its scattered light was recorded in grayscale and the beam width djet mea-
sured from the light intensity profile as described in subsection 4.2.4. In this
experiment the gas flow rate was varied between V̇total = 54 − 85 cm3/min,
the average flow velocity equaled U = 51−80m/s. This resulted in Reynolds
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6.4 Investigations on the aerosol jet diameter and line width

6.4.3 Radial rearrangement of droplets and line quality

The results of the measured aerosol jet diameters djet and line widths L
presented in subsection 6.4.2 were significantly smaller than the calculated
aerosol jet diameter daer obtained from the flow model. The analytical model
introduced in chapter 5 to describe the aerodynamic focusing treats the
two joining fluids as independently, fully expanded homogenous fluid phases.
While this holds true for the sheath gas flow, it is not true for the droplet
loaded aerosol flow phase. This discrepancy indicates a radial rearrangement
of the droplets, which can be expressed by a radial rearrangement factor:

R∗ = L / daer (6.1)

In Figure 6.22 the radial rearrangement of the aerosol droplets is plotted
above the measured line widths and jet diameters. For the measured aerosol
jet diameters the radial rearrangement accounts to values of R∗djet = 0.55−
0.79 · daer with an averaged absolute difference of ∆djet = 19.7 ± 2.9µm.
The discrepancy of the calculated diameters to the printed line widths L
accounts to similar values of about R∗L = 0.58− 0.83 · daer with an averaged
absolute difference of ∆L = 32.2 ± 9.0µm. This shows that the analytical
model overestimates the real width by about 20− 40 %.
When inspecting microscope images of printed lines in detail, one can

see that compared to the previous results, not only the jet diameter or line
width, but also the quality of the printed lines changed with variation of the
gas flow ratio. Especially for small gas flow ratios, the density of ink droplets
decreased from the center towards the edges of the printed lines. In literature
this phenomenon is often misleadingly called overspray. In Figure 6.23 three
sample images of lines printed at different gas flow ratios are compared. For
small gas flow ratios a core line became visible with fringy edges consisting
of small scattered aerosol droplets. With higher gas flow ratio this effect was
decreased.
To quantify the width of scattered droplets, microscope images were an-

alyzed according two different criteria as described in subsection 4.3.2: Cri-
terion A included most of the ink droplets of a printed line including the
fringy edges, that is to say the total line width L. Criterion B only described
the densely printed core area. These two values for the finger width con-
verged with increased gas flow ratio. Meaning with higher gas flow ratio the
printed lines were more defined (see Figure 6.24). The different flow profiles
of the aerosol flow phase for the different gas flow ratios seem to lead to a
redistribution of aerosol droplets within its flow elongation.
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6.5 Aerosol jet print head development

• Rotationally symmetric 2d-simulation
• Steady state and incompressible
• Fluid = nitrogen N2

• Sheath gas flow rate V̇sh = 100 cm3/min
• Aerosol flow rate V̇aer = 25 cm3/min
• Gas flow ratio χ = 4.0
• Flow velocity at nozzle exit U = 66.4m/s
• Nozzle diameter dn = 150µm
• Aerosol particle diameter dp = 4µm
• Density single particle ρp = 2 300 kg/m3

• Aerosol volume fraction αd = 7 · 10−4

Shape a) corresponds to the available AJP print head. In shape b) the steps
were eliminated and the slope of the side wall increased. The slope of the side
wall of shape c) equals shape a). To match the nozzle opening diameter the
side wall was extended. Shape d) is the extreme version of c) with converging
side walls down to the print nozzle exit. Figure 6.25 pictures resulting sheath
and aerosol flow phases as well as the particle trajectories.
For all four investigated geometries it can be seen that the fluid flow

adapted to the present geometrical confinement quickly. The elongation of
the aerosol flow phase is similar for all variations (top row of Figure 6.25).
Differences are visible in the particle flow: Due to the step at the transition
region in Figure 6.25 a), the sheath flow is abruptly pushed to the center of
the flow channel and the aerosol flow contracted. This forced the particles to
overswing off the symmetry axis. When this step was omitted in variation
b) to d), the particle flow followed the confining walls easier. However, in
variation c) and d) the volume of the transition region was increased and
so the pressure of the sheath to the core flow was not as pronounced. The
aerosol particles were best contracted in variation a) and b).

6.5.2 Homogeneity of aerosol flow with 10-nozzle print heads

The metallization grid of typical solar cells is relatively simple, consisting
of many parallel lines. To increase wafer throughput and to enable cost-
effective production of the solar cell collector grid, as many of these lines
must be printed as possible in a single step. To keep the footprint of the
aerosol jet printer small, instead of applying many single-nozzle systems in
parallel, multi-nozzle print heads needed to be developed. A homogeneous
loading of the print nozzles is critical for printing a solar cell collector grid
reliably.
A ten-nozzle system is well suited for improved cell processing on labo-
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6.5 Aerosol jet print head development

Figure 6.32: Standard deviation of the pressure (left) and for the mass flow (right)
distribution for both print heads and different gas flow ratios. Calculated from the
data presented in Figure 6.31.

6.5.3 Further upscale for photovoltaic production

To transfer the aerosol jet printing technology to industrial solar cell fab-
rication, the seed layer of the front-side grid must be printed in a single
pass. Therefore, a print head with 78 nozzles in a row was developed. The
wedge-shaped geometry of the redesigned aerosol chamber presented in sub-
section 6.5.2 was used to distribute the aerosol droplets to the print nozzles.
The transition region was optimized to house that many print nozzles on a
single line of 150mm. Figure 6.35 shows CAD drawings of this print head,
Figure 6.36 shows a photograph of this print head in action.
With this print head lines were printed onto silicon wafer substrate S3 with

pyramids on the surface to test its industrial feasibility. The gas flow ratio
and the overall throughput were varied. Table 6.2 provides an overview of the
process conditions. The speed of the stage was v = 40mm/s, the wafer tem-
perature was set to T = 150 ◦C, print nozzles of diameter dn = 150µm were
used. Microscope images of all lines were taken and their width determined.
In Figure 6.37 it can be seen that the averaged line width decreased with in-
creasing gas flow ratio. Additionally, the line width decreased with increased
flow velocity. For sample no. 3 an averaged line width of L = 38 ± 5µm
was achieved. For most process conditions homogeneity of the line widths
was better than σL = 15 % (see Figure 6.38). At sample number 6 (high
mass throughput and high flow ratio) some of the print nozzles were partly
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Figure 6.33: Relative standard deviation over the print nozzles of line widths
printed under different process conditions. With increasing aerosol flow rate the
homogeneity of the printed structures improved. Dotted lines are guide to the eye
only.

clogged and sprayed the aerosol undefinedly onto the substrate.

6.5.4 Quantification of ink losses in 10-nozzle AJP systems

During the aerosol jet printing process ink droplets are either sucked off the
system in the VI or impact somewhere inside of the flow channels. Such ink
losses may lead to clogging of narrow cross-sectional channels and raise the
costs for processing, ink material and machine down-time. Ink losses must
be as small as possible. Therefore, the ink losses were quantified for the
ten-nozzle aerosol jet printer systems. By filtration of the aerosol flow and
balancing of the filter paper, ink losses at the virtual impactor and within
the print heads were determined. For this purpose the two different aerosol
chambers were used to determine losses due to internal wall impaction: a) Op-
tomec’s version (old version) and b) wedge-shaped redesigned version. Their
main difference lay in a different flow guidance concept (see subsection 6.5.2
for details).

Figure 6.39 shows the determined aerosol mass flows for the setup with the
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6.5 Aerosol jet print head development

Figure 6.34: Relative standard deviation over the print nozzles of line widths
printed under different process conditions. With increased gas flow ratio the inho-
mogeneity seemed to increase, probably due to the applied aerosol gas flow rate.
Dotted lines are guide to the eye only.

redesigned aerosol chamber after nebulization (i), virtual impaction (ii) and
after the print head (iii) for three commonly used process conditions, V̇aer ≈
100 , 150 , 250 cm3/min. Here, the aerosol generation of the nebulizer was
held constant. The flow rate of the virtual impaction exhaust was adjusted
and so the aerosol flow rate through the print nozzle defined. The loss of
ink droplets in the virtual impactor accounted to about 18 − 20 %mass, the
loss in the print head and aerosol tube additionally to about 11− 15 %mass.
In terms of droplet flow both aerosol jet printer systems showed an aerosol
efficiency of about ηaer ≈ 70 %, which means that about 70% of the aerosol
droplets reach the substrate. Within the investigated range of flow rates, the
two different aerosol chambers showed no big difference (see Figure 6.40).
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Table 6.2: Process parameters to evaluate the 78 nozzle aerosol jet print head.
No. χ V̇sheath

[
cm3/min

]
V̇aer

[
cm3/min

]
U [m/s]

1 2.0 1 614 796 29
2 4.0 3 206 796 48
3 8.0 6 398 796 87
4 2.0 3 200 1 604 58
5 4.0 6 398 1 604 97
6 8.0 12 806 1 604 174

Figure 6.37: Average line widths L of lines printed with the 78 nozzle aerosol jet
print head. The error bars represent the standard deviation for the 78 lines.

6.6 Wetting of ink on silicon wafer surfaces

6.6.1 Ink jet printing of single droplets

In this experiment with the ink jet printer (subsection 4.2.7) droplets were
printed onto a plane surface (S1), a multi-crystalline surface (S2) and al-
kaline etched surfaces with small (S3) and big random pyramids (S5). All
surfaces were coated with a silicon nitride layer (see subsection 4.2.8). During
printing, the substrates were heated to 25, 100, and 200 ◦C. Subsequently,
microscope images were taken and the blobs analyzed using image contour
analysis (subsection 4.3.2). Per variation, at least ten blobs were analyzed
and averaged. The following tables (Table 6.3, Table 6.4 and Table 6.5)
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Figure 6.38: Standard deviation of line widths for the 78 printed lines.

Figure 6.39: Aerosol mass flow after exiting the nebulizer (i), virtual impactor (ii)
and print head (iii) for three different process conditions. For this experiment the
redesigned aerosol chamber was used.

present optical microscope images of typical blobs printed at different tem-
peratures, averaged blob areas and radii as well as the blob coverage.

The microscope images of the planar substrate S1 in Table 6.3 reveal
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Table 6.4: Images and geometric data of blobs printed onto multi-crystalline wafer
surface S2.

25 ◦C 100 ◦C 200 ◦C

Top view
Avg. area 2053µm2 ± 9.3 % 2062µm2 ± 6.8 % 1268µm2 ± 6.3 %
Avg. radius 37.4µm± 15.6 % 34.8µm± 11.0 % 24.0µm± 5.8 %
Coverage 48.6 %± 10.3 % 55.6 %± 9.9 % 70.7 %± 7.1 %

Thanks to the flat surface of substrate S1, the cross-section of the blobs
could be determined easily (see Figure 6.41). When looking at the cross-
section of these blobs, different shapes were developed: For the droplets
dried at 25 ◦C it can be seen that the ink particles tended to accumulate
at the outer borders of the blob, a depletion region was developed in the
center. This so called coffee stain effect is typical for slowly drying dispersions
and can be reduced by drying at higher temperatures [123]. At 100 ◦C the
surface wetting of the ink was hindered due to faster evaporation of the
solvents. Its cross-section was close to the shape of a rectangle. On samples
dried at 200 ◦C the cross-section profile looked different again: The blobs
were smaller in diameter, but higher and probably due to rapid evaporation
of the solvents, a dimple developed in the center. The height of all blobs
remained below 0.25µm, which is much lower than the pyramids of substrate
S3 (hpyr = 3.3µm) and S5 (hpyr = 6.2µm). While the surface of substrate
S1 and S2 are completely covered for the most part, on substrate S3 and S5
the ink spread in the valleys between the pyramids. As a result the blobs on
the pyramid surfaces spread the most. The contrary happened on substrate
S2: Due to its cup-like topography the ink was sterically hindered to spread,
resulting in small and dense blobs.

All blobs on all substrates have in common that their radii decreased with
increased substrate temperature (see Figure 6.42). At lower temperature
the blobs wetted the surface stronger than at higher temperature. This
non-linear behavior was significant for the different surface morphologies.
The extent of wetting indicated the rate of evaporation of the solvents in
the ink dispersion. The maximum reduction in blob radius is displayed in
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Table 6.5: Images and geometric data for blobs printed onto alkaline etched silicon
wafer surfaces S3 (top row) and S5 (bottom row) with random pyramids.

25 ◦C 100 ◦C 200 ◦C

Top view
Avg. area 11045µm2 ± 1.5 % 6467µm2 ± 1.6 % 1628µm2 ± 4.6 %
Avg. radius 64.2µm± 1.3 % 47.7µm± 1.1 % 25.7µm± 4.2 %
Coverage 85.2 %± 1.9 % 90.7 %± 1.7 % 79.0 %± 5.7 %

25 ◦C 100 ◦C 200 ◦C

Top view
Avg. area 10792µm2 ± 5.3 % 5729µm2 ± 1.8 % 1605µm2 ± 9.2 %
Avg. radius 69.9µm± 2.1 % 49.8µm± 2.6 % 26.7µm± 4.9 %
Coverage 70.4 %± 3.5 % 73.8 %± 4.2 % 71.7 %± 4.0 %

Figure 6.42. The extent of the blob radii, however, was not only dependent
on the substrate temperature but also on its morphology. The rougher the
surface, the larger the blobs have been. Figure 6.43 compares blob radii dried
at 200 ◦C with the surface roughness of the substrates.
With different wetting, the coverage of the blobs was also different (see

Figure 6.44). A total coverage is always sought. While for the planar surface
the coverage was about unity, it was different for the multi-crystalline sub-
strate S2 and the pyramidal substrates S3 and S5. It is worthwhile that even
for the different pyramidal sizes, there was significant difference in coverage,
even though there was no big difference in blob diameter. This is important
to mention, because it means that the active components of the ink were not
spread homogeneously over the surface and therefore the electrical contact
formation to the emitter would not be uniform.
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Figure 6.41: Cross-sections through the center of circular blobs printed onto planar
substrate S1 at different temperatures.

Figure 6.42: Radial elongation of the blobs printed at different substrate temper-
atures.

6.6.2 Printing of continuous lines

The experiments in subsection 6.6.1 were repeated by printing of line struc-
tures with the ink jet printer. Continuous lines were achieved by spacing
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Figure 6.43: Blob radii printed at T = 200 ◦C compared to the maximum height
of surface roughness SRz for the four substrates.

Figure 6.44: Comparison of the coverage of the blobs on the different substrates
and different deposition temperatures.

the droplets by 20µm from center to center and stacking five layers on top
of each other. This equaled a typical seed layer deposition for solar cell
metallization. The line with L was determined by computer image analy-

121





6.6 Wetting of ink on silicon wafer surfaces

microscope images are shown in Figure 6.49. Comparing the line width
at the highest and lowest substrate temperature, the maximum difference
∆Lmax was in the range between 85 to 93 % for the ink jet printed lines (see
Table 6.6). The maximum difference for the aerosol jet printed lines was 70 %
due to less deposited ink material and lower substrate temperature range.

Figure 6.47: Ink jet printed line widths on the four different substrates for the
different temperatures.

Table 6.6: Line widths at T = 25 ◦C, at T = 200 ◦C and relative maximum
difference ∆Lmax for the ink jet and the aerosol jet printed lines.
Substrate Printer LT=25 ◦C LT=200 ◦C ∆Lmax

S1 Ink jet 694± 18µm 67± 1µm 90.1 %
S2 Ink jet 417± 151µm 61± 1µm 85.4 %
S3 Ink jet 1 111± 4µm 109± 7µm 90.2 %
S3 Aerosol jet 100± 29µm 31± 3µm @ T = 170 ◦C 69.5 %
S5 Ink jet 1 109± 9µm 80± 5µm 92.7 %

As can be seen in Figure 6.50 the ink jet printed (T = 200 ◦C) and the
aerosol jet printed (T = 110 ◦C) line widths increased with increased rough-
ness of the substrate’s surface. Only lines printed onto the planar surface of
substrate S1 lead to wider lines. That is in contrary to the results of printing
single droplets (see subsection 6.6.1).
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Figure 6.50: Ink jet printed line widths LIJP printed at T = 200 ◦C and aerosol
jet printed line widths LAJP printed at T = 110 ◦C compared to the maximum
height of surface roughness SRz.

Figure 6.51: Ink coverage increased with temperature for aerosol jet printed lines,
exemplary printed onto substrate S3.

and S5 were determined. These four substrates cover the range from flat,
planar surface to large random pyramids (see subsection 4.2.8 for details).
Contact angles of water (H2O) and diiodomethane (DIIM ) were measured
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with a contact angle goniometer by applying small droplets of about 3mm
in diameter onto the substrate’s surface. σs was calculated according Owens-
Wendt-Rabel-Kaelble (OWRK) (see subsection 4.3.4). Table 6.7 presents the
results of those measurements. Differences in the individual droplet volume
lead to a high standard deviation of this experiment. As can be seen in
Figure 6.52 the contact angle and the resulting surface free energy are only
weakly influenced by the substrate’s morphology. The surface free energy σs
spread from 54 to 59mN/m (see Figure 6.53).

Table 6.7: Measured contact angles θ and calculated surface free energy σs of
silicon nitride coated wafers.

Substrate θH2O θDIIM σs
S1 41.3 ◦ ± 8.2 % 47.7 ◦ ± 9.1 % 55.2mN/m
S2 43.9 ◦ ± 10.5 % 50.9 ◦ ± 17.4 % 54.1mN/m
S3 36.7 ◦ ± 3.0 % 48.9 ◦ ± 13.5 % 58.9mN/m
S5 43.6 ◦ ± 19.3 % 37.2 ◦ ± 22.6 % 56.4mN/m

Figure 6.52: Measured contact angles of water and diiodomethane to the different
substrate surfaces.
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Figure 6.53: Calculated surface free energy σs for the different substrates.

6.6.4 Surface tension of organic vehicles

To find an organic vehicle system whose surface tension matches or even
exceeds the surface energy of the substrates, different organic vehicle sys-
tems were mixed and their surface tension measured. The organic vehicle
systems were varied with ingredients suitable for aerosol jet printing and
ink particle stabilization. For this experiment only the organics without the
solid inorganic components were investigated. In detail, following organics
were used for this variation: Diethylene glycol monobutyl ether (DEGBE;
C8H18O3) which is a linear chain, lowly polar solvent, was used as a base
solvent. To adjust the viscosity different amounts of a synthetic resin was
dissolved in DEGBE. This long chain resin is also able to stabilize dispersions
sterically. N-Methyl-2-pyrrolidone (NMP), 2-(2-Butoxyethoxy) ethyl acetate
(BCA) and terpineol were added as co-solvents to influence the surface ten-
sion and viscosity of the organic vehicle. Table 6.8 provides an overview of the
investigated formulations. Additionally, the surface tension of the standard
seed layer metallization ink (SCSI), which included the inorganic particles,
was determined for comparison. The formulation of this ink was based on
organic vehicle number 4.
In Figure 6.54 the measured surface tensions σl of the variations are pre-

sented. The error bars equal the standard deviation of at least three deter-
minations. One can see that the formulation including terpineol showed the
highest surface tension. When adding the inorganic components, the surface
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tension was further increased but still remained far below the surface free
energy of the bare substrates (compare Figure 6.53).

Table 6.8: Variation of different organic vehicle formulations.
Number Variation

1 DEGBE
2 DEGBE, synthetic resin I
3 DEGBE, synthetic resin II
4 DEGBE+NMP, synthetic resin I
5 DEGBE+NMP, synthetic resin II
6 DEGBE+BCA
7 DEGBE+terpineol
8 Terpineol+BCA
9 Metallization ink (SCSI; incl. particles)

Figure 6.54: Surface tensions of the different organic vehicle formulations and a
metallization ink. The numbers correspond to Table 6.8.
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6.7 Application of AJP to solar cell metallization

6.7.1 Aspects of multiple aerosol jet printed seed layers

To optimize seed layer deposition and to test feasibility of total finger buildup
with aerosol jet printing, lines of different thickness were fabricated and the
effect on the geometry of the contact finger was investigated. Therefore,
multiple layers of lines were printed on top of each other onto planar substrate
S1 under identical process conditions. The lines were fired in a conveyor belt
furnace (FFO) at T = 850 ◦C and their geometry determined by confocal
microscopy. The averaged cross-section profiles of those lines are displayed
in Figure 6.55. Printing a single pass, an about 1µm thin layer of ink was
deposited. The height increased almost linearly for additional printed layers.
As the ink droplets are still viscous when impacting the surface, the ink

flowed a little and the lines spread. In several experiments with different
substrates and under varying process conditions, multiple layers of aerosol
jet printed lines were fabricated. The line width was determined for all lay-
ers and normalized to the value of the single printed line. Independent on
the used process conditions or substrates, the growth in line width increased
in the same range (see Figure 6.56). For small numbers of printed layers,
the width increased almost linearly. For higher numbers of printed layers
the slope decreased. The data-set A in Figure 6.56 was printed at a lower
substrate temperature which lead to increased spreading of the ink. Exem-
plary microscope images of two seed layers printed onto alkaline etched wafer
surfaces are shown in Figure 6.57.
The lateral electrical resistance of the lines shown in Figure 6.55 were mea-

sured and its line resistivity calculated. The more seed layers were printed
on top of each other, the lower the line resistivity has been (see Figure 6.58).
For the single layer a line resistivity of ρline,1 layer = 204.5 · 10−8 Ωm was
measured. When printing 20 seed layers on top of each other, line re-
sistivity improved by about two powers to ρline,20 layers = 5.4 · 10−8 Ωm.
Subsequently, all these lines were thickened with the same amount of sil-
ver by light-induced plating. After that step, the resistance measurements
were repeated. With additional plating of silver, line resistivity could even
be further decreased, close to the value of bulk silver for the single layer
(ρline,1 layer,LIP = 1.8 · 10−8 Ωm, ρbulk Ag = 1.6 · 10−8 Ωm).

Contact formation to an industrial type phosphor n+ emitter with a sheet
resistance of RSH = 50 Ω onto planar substrate S1 was investigated. Seed
layers were printed and ink deposition density varied by printing of multi-
ple layers on top of each other and by modifying the stage velocity. These
samples were fired at T = 850 ◦C and thickened with light-induced plating
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Figure 6.55: Cross-section profiles of aerosol jet printed lines onto planar substrate
S1 after firing.

of silver. The normalized contact resistance was measured with TLM (see
subsection 4.3.5). It is shown in Figure 6.59 that contact resistance depends
on the number of aerosol jet printed seed layers, or in other words on the ink
deposition density ρdep. Best contact resistances to the emitter were achieved
with low ink deposition densities.

The amount of printed silver which is used per solar cell was calculated
for an assumed ink deposition density of ρdep = 5 g/m2 on industrial scale
15.6 × 15.6 cm2 solar wafers (see Figure 6.60). With increased finger width
L and number of fingers, silver consumption increased. Here, for the bus bar
deposition 4mg of silver per wafer was assumed. With these assumptions,
even when printing 100 fingers, less than 9mg silver per wafer are used.
With increase of the deposition density, silver consumption increases directly
proportional.

6.7.2 Contact resistivity to lowly doped emitters

The feasibility of aerosol jet printed seed layers to form sufficient electrical
contact to lowly doped solar emitters was investigated. Therefore, symmetric
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Figure 6.58: Line resistivity of aerosol jet printed seed layers after contact fir-
ing and after light-induced plating of silver. The horizontal black line marks the
resistivity of bulk silver.

Figure 6.59: Contact resistance measurements to a 50 Ω emitter for different ink
deposition densities.

phorus emitter with a sheet resistance of about RSH,D = 106 Ω and a phos-
phorus peak doping concentration at the surface of ND = 8 · 1019 cm−3. The
n-type wafers with BBr3-diffused boron emitter featured a sheet resistance of
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Figure 6.60: Silver consumption for aerosol jet printed seed layers with ρdep =

5 g/m2 onto 15.6 × 15.6 cm2 squared solar wafers. For the seed-printed bus bars
4mg of Ag were assumed. For printing 100 fingers the total amount of used silver
accounts to less than 9mg per solar cell for wide seed layers.

about RSH,A = 90 Ω and a peak doping concentration of NA = 1 ·1020 cm−3.
The doping profiles are shown in Figure 6.62. Both sides of those wafers
were covered with a 75 nm thin PECVD silicon nitride anti-reflectance coat-
ing. The ink deposition density of the aerosol jet printed seed layers was
varied by multiple printing of up to four layers. Average line widths between
28 and 40µm were achieved on substrate S6 (SRz = 14.5µm) at a wafer set
temperature of T = 150 ◦C (see Figure 6.63). The achieved minimum line
width equals only twice the pyramid height.
The temperature of the conveyor belt furnace was varied for both sample

structures in a typical range for solar cell processing. With increasing firing
temperature contact formation was supported for the boron and for the phos-
phorus emitter (see Figure 6.64). The lowest contact resistivity was achieved
at a firing temperature of T = 920 ◦C. The measured contact resistivity for
the phosphorus emitter spread between 0.072 < ρC < 7.648mΩcm2, for the
boron emitter between 5.284 < ρC < 14.623mΩcm2.

The achieved performance of contact formation to the ink deposition den-
sity is shown in Figure 6.65.
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Figure 6.63: Line widths of the aerosol jet printed seed layers on substrate S6 with
SRz = 14.5µm.

Figure 6.64: Reduction of contact resistivity with increasing firing temperature
for a boron emitter with NA = 1 · 1020 cm−3 and a phosphorus emitter with ND =
8 · 1019 cm−3.

focused their scope on different aspects of the solar cell device, e.g. rear-side
contact formation technology or passivation of the contacts. For this purpose
solar cells and test structures with aerosol jet printed seed layers were fabri-
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Figure 6.65: Contact resistivity compared to the ink deposition density ρdep for
the same emitters as in Figure 6.64 fired at 920 ◦C.

cated and characterized. Following Table 6.9 provides a selection of recently
published results of solar cells and test structures achieved with the support
of aerosol jet printing.
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7 Discussion of the results

7.1 Aerosol supply

The investigation of the sole spray nozzle in subsection 6.1.1 showed that
this nozzle is capable to generate high amounts of aerosol. E.g. for olive oil,
nebulization rates above Ṁaer > 6 000mg/min were achieved at a carrier gas
flow rate of V̇cg = 2 150 cm3/min. However, this corresponded to an aerosol
volume fraction of αd ≈ 0.003 and dilute aerosol flow was not assured. When
the complete Collison nebulizer with its enclosing beaker was assembled, at
the same carrier gas flow rate the aerosol output or nebulization rate dropped
to values of only Ṁaer ≈ 30mg/min. This equals only about 0.5% of the
mass flow rate of the sole nebulizer spray nozzle. Most of the aerosol droplets
impact on the inner wall of the ink reservoir and reflux.
In subsection 6.1.2, variations in the assembly of the Collison nebulizer,

like spray nozzle orientation or immersion depth, and the consequence in the
nebulization rate Ṁaer were investigated. It was shown that these variations
only have a minor or negligible impact on the generated aerosol exiting the
Collison nebulizer.
The fluid’s viscosity, however, showed strong influence on the nebuliza-

tion rate. With decreased viscosity of the ink fluid, the nebulization rate
increased. In case of metallization ink dispersions, viscosity can easily be ad-
justed by variation of the ink composition. An increase of the organic vehicle
mass content reduces the ink’s viscosity strongly. During printing, however,
this parameter is a fixed value. Because viscosity is dependent on tempera-
ture, the ink reservoir and nebulizer can be heated to decrease viscosity of
the ink.
By varying the carrier gas flow rate V̇cg of the spray nozzle, the nebulization

rate could easily be tuned. With increased flow rate, the pressure drop in the
spray nozzle increased and more ink was nebulized. The amount of generated
aerosol strongly depends on this flow rate, which is the only and an easily
adjustable parameter during processing.
Indirect determination of the droplet size distributions at different carrier

gas flow rates showed, that the aerosol droplets were of similar size. Because
the spray nozzle shoots against the inner wall of the Collison nebulizer, the
droplet size distribution becomes sorted and narrowed down. The more or
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less constant droplet size distribution allows for reliable processing of the
aerosol, independent on the nebulization rate. The mass load of the aerosol
was small as well, accounting to only µ < 2 % for all used ink fluids. A
droplet number density of n = 1.7 · 1014 m−3 was determined, confirming
dilute aerosol flow with αd ≈ 6 · 10−6.

7.2 Fluid-dynamic focusing mechanism

The work principle of aerosol jet printing (AJP) is the contraction of a core
flow by alignment of a sheath flow under laminar conditions. This mechanism
is called fluid-dynamic focusing (FDF). In section 6.2 this mechanism was
investigated with computational fluid dynamics (CFD) simulations at the
transition region of aerosol jet print heads, when the sheath flow approaches
the core flow. The CFD simulations at the rectangular shaped transition
region show a continuous contraction of the core flow with increasing sheath
flow rate. These results were evaluated by taking in-situ microscope images
through glass print heads as developed in subsection 4.2.2. Here, colored
water was contracted by plain sheath water. The flow ratio of the sheath to
the core flow was varied from χ ≈ 1 to 13, covering the range of the CFD
simulations. It’s shown that the sheath flow pushes the core flow towards
the flow axis and contracts the core flow. Especially for small flow ratios
up to about χ = 5, the elongation of the core flow was decreased rapidly.
With further increase of the flow ratio, the effect of FDF, the contraction
of the core flow, was reduced. The optical evaluation and the CFD results
are in very good agreement and demonstrate the principle of fluid-dynamic
focusing for the application in aerosol jet printing.

7.3 Released laminar aerosol jet in air

In section 6.3 the laminar aerosol jet exiting the print nozzle and entering
still air was simulated with CFD. Aim of this investigation was to find out if
the aerosol jet would expand when being released in ambient air. However,
divergence of the aerosol jet could not be found. A microscopic investigation
of the illuminated aerosol jet diameter by laser light confirmed this result.
No divergence of the laminar aerosol jet was visible. Though, with increased
distance of ∆z ≈ 2.5mm, the aerosol jet diameter might to have increased
slightly. This impression, however, is within the accuracy of the data for this
measurement. It can be concluded that a beam expansion angle as described
e.g. by Israel and Friedlander [128] could not be found for aerosol jet printing.
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7.4 Influencing variables on the aerosol jet printed line

7.4.1 Influence of the flow velocity and the nozzle to substrate
distance

In subsection 6.4.1 the particle loaded aerosol flow was investigated after
traveling a distance of about 2.5mm in ambient air and impacting onto the
substrate. For that experiment the total volumetric flow rate of the two-
phase flow was varied, leading to flow velocities at the print nozzle exit of
U = 25 to 100m/s. The gas flow ratio was kept constant at χ = 10. It could
be demonstrated that the resulting printed line width is dependent on the
flow velocity, L = f(U) (see Figure 6.15). The minimum Stokes numbers for
all these aerosol droplets was above the value of ten, which allowed to assume
almost immediate impact. In average the narrowest lines were achieved at
U = 50m/s. A further increase of the flow velocity lead again to an increase
of the printed line width. Spreading of the ink on the surface and additionally
bouncing of dried particles might occur at high flow velocities. Hence, an
optimum flow velocity was found to be between 50 and 75m/s.

For the same process conditions as above, the nozzle to substrate distance
∆z was varied from ∆z = 0.5 to 5.2mm by printing over a wedge. The
measured line widths confirmed the result from above, that the line width
strongly depends on the flow velocity. The higher the flow velocity the nar-
rower the line width had been. This, however, is only valid for a vertical
distance of up to ∆z ≈ 2mm. Within this distance the printed line width
did not diverge, independent on the flow velocity. A further increase of ∆z
led, however, to scattered and widened lines. The lines printed at the small
flow velocity of U = 25m/s showed best stability over the whole varied range
of the nozzle to substrate distance. Especially for the aerosol jet with high
flow velocity of U = 100m/s the printed lines started to widen from about
∆z ≥ 2mm strongly by several hundred percent compared to the line width
at ∆z < 2mm. This phenomenon might have been caused by turbulent
impact of the aerosol droplets on the slightly inclined surface of the wedge.
However, this result is not yet fully understood. Thus, to produce narrow
lines with aerosol jet printing the nozzle to substrate distance should not
exceed about 2.0 to 2.5mm and the optimum gas flow velocity should not
be exceeded.

7.4.2 Influence of the gas flow ratio on the printed lines

The dependency of the aerosol jet diameter or the resulting printed line width
on the gas flow ratio was investigated in subsection 6.4.2. For this purpose,
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the flow velocity and the nozzle to substrate distance were kept constant.
Only the ratio of the sheath flow to the core flow (aerosol flow) was varied.
The aerosol jet diameters and line widths were successfully reduced with
increasing flow ratio, as predicted by the analytical flow model developed
in chapter 5. With increase of the gas flow ratio χ, narrow line widths of
Lχ=23.7 = 18µm on pyramid surfaces could be achieved using aerosol jet
print nozzles with dn = 150µm. That equals a reduction factor of Γ =
88 % of the nozzle diameter. Simply by controlling the gas flow rates, the
width of the printed lines can be controlled very well. By this, depending on
the desired print process, the line width can be adjusted in-situ easily and
reliably. Though, precise control of the flow rates is mandatory, requiring for
accurate mass flow controllers.

It was shown that the aerosol jet diameter and the width of the printed
features follow the curvature of the analytical flow model satisfyingly well.
However, there was a continuous offset of measured widths to the calculated
values (see subsection 6.4.3). This offset corresponds to radial rearrangement
of the aerosol droplets, diagnosing that the analytical flow model overesti-
mates the real aerosol jet diameter. The radial rearrangement identifies the
radial position of the aerosol droplets within the aerosol flow phase. The real
radial elongation of the aerosol jet accounted to values of R∗ = 55 to 83 %
of the calculated aerosol jet diameter. That means that the line width and
aerosol jet diameter are overestimated by a factor of about 20 to 40 % by the
mathematical flow model from chapter 5. With increased flow ratio this de-
viation even increased (see Figure 6.22). This discrepancy occurred because
the flow model treats the aerosol flow as a single homogeneous flow phase.
However, in reality this is not true. In the simplest case the aerosol flow
phase is a two-phase flow system itself, with droplets being dispersed in the
carrier gas flow with lift forces acting on the aerosol droplets. The increase
of this discrepancy with increasing gas flow ratio may be originated from the
transition region, when the sheath flow approaches the virgin aerosol flow.
A high gas flow ratio accounts to a high sheath gas flow rate contracting the
aerosol flow. The momentum transfer of the sheath flow to the aerosol flow
might push outer aerosol droplets towards the flow center.

Radial rearrangement is also the reason why the line quality depends on
the gas flow ratio to a certain extend. In subsection 6.4.3 with computer
image analysis a core finger was detected and compared to the total finger
width. It could be shown that for lines printed at small gas flow ratios, the
aerosol droplets seemed to scatter, leading to fringy edges on the substrate.
With increased gas flow ratio, the elongation of these fringy edges became
negligible small. This effect of radial droplet rearrangement can be explained
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by the parabolic shape of the laminar flow profile of the core flow phase at
the print nozzle exit (compare Figure 5.2). At small gas flow ratios, the
velocity gradient towards the center of the flow is very steep. The shear
on droplets flowing on larger radii is high and lift forces acting on these
droplets are strong. The lift forces point towards higher flow regimes or in
this case towards the center of the flow channel, leading to radial motion of
droplets. The lift forces are a function of the droplet diameter, larger droplets
experience a stronger lift. For small gas flow ratios this may lead to a faster
radial motion of large droplets, leaving the small ones behind and resulting in
fringy edges of the printed lines. With increasing gas flow ratio the velocity
profile of the core flow flattens out and the influence of lift forces becomes
reduced. At gas flow ratios of χ > 6 the maximum velocity difference of the
aerosol flow phase is reduced to values of less than ∆Uaer < 8 %, which means
aerosol droplets experience only a small velocity gradient. This means that
in the case of high gas flow ratios, within the aerosol flow phase the droplets
move radially hardly anymore.
It was shown that a higher gas flow ratio not only reduces the line width

of the printed structures. It also improves the quality of the printed lines.
To deposit narrow and uniform seed layers one could think of simply in-
creasing the flow ratio to a high value. In practice however, the maximum
adjustable flow ratio is limited by the optimum gas flow velocity at the print
nozzle exit. Keeping the flow velocity constant and increasing the flow ratio
leads to a decreased line width but also to a strong decrease in aerosol mass
throughput. Depending on the desired application the operator must balance
processing speed with line width and line quality. However, a minimum gas
flow ratio of χ = 5 is recommended for good line quality. This gas flow ratio
already reduces the aerosol jet diameter to about 30 % of the print nozzle
orifice. A possible modification to increase the aerosol throughput and de-
crease processing time would be to replace the circular-shaped print nozzle
with a rectangular-shaped slot nozzle. By this the cross-section area at the
nozzle exit would be increased. This would allow to print with high gas flow
ratio, without exceeding the limiting gas flow velocity.

7.5 Upscale of aerosol jet print heads

7.5.1 Shape of the transition region

The transition region of the original aerosol jet print head was designed rect-
angular, the sheath flow has to overcome a step and is deflected abruptly.
Numeric fluid-dynamic simulations of different alternative geometries of the
transition region are presented in subsection 6.5.1. It was investigated if the
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fluid flow would benefit from a smoother flow guidance or different geomet-
rical concept. The CFD simulations showed that the gaseous flow phases
adapt to the present geometry quickly. Trajectories of solid spherical parti-
cles were calculated as well. The rapid momentum transfer of the gas to the
particles due to the step in variation a) lead to an induced radial motion of
the aerosol particles, overswinging the symmetry axis (see Figure 6.25). If
this swinging would continue when the aerosol jet has exited the print noz-
zle, this effect could be utilized to print very narrow structures. Therefore,
the sample must be placed at the narrowest aerosol jet position precisely. If
this is not the case or cannot be controlled, the step at the transition region
should be eliminated to allow for straight particle flow. If the volume of the
transition region was increased, like in variation c) and d), flow guidance was
only slowly progressing. Geometry number b) shows good contraction of the
flow phases and of the aerosol particles, without the effect of overswinging.
It is the best compromise between size of transition region and contraction
of the aerosol jet for the given process conditions. The step in variation a) is
a problem of the manufacturing procedure of aerosol jet print heads, because
the ceramic print nozzle is glued into a through hole of the nozzle plate. With
more effort in the mechanical workshop, this step could be spared out and
variation b) enabled. Overall, it can be concluded that the original geometry
of the transition region (variation a) may not be ideal. But it is simple to
manufacture and works sufficiently well.

7.5.2 Effects on homogeneity

In subsection 6.5.2 an upscale of the aerosol jet printer to 10-nozzle print
heads was investigated. When it comes to print lines with more than one
nozzle at once, a homogenous load of all aerosol flow channels is crucial to
produce reliable conductive tracks. Therefore, an aerosol mist chamber with
a wedge-shaped flow guidance concept was newly designed and compared to
an existing system from Optomec, Inc. CFD simulations of the gaseous flow
through these mist chambers were performed at different typical volumetric
flow rates, varying from V̇N2 = 10 to 300 cm3/min. The standard deviation
of the pressure at each aerosol tube was used as a measure of homogeneous
load. For both aerosol chambers homogeneity of the gas load increased with
increasing gas flow rate and leveled out at about σp = 7 % (see Figure 6.28).
The fluid flow of the completely assembled print heads, including a sheath

flow chamber and print nozzles, was also investigated with CFD. The vol-
umetric core flow rate was kept constant at V̇aer = 100 cm3/min and the
sheath flow varied to alter the gas flow ratio χ. A homogeneous load of
about σp = 8 and 12.5 % was calculated for the Optomec print head and the
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redesigned print head respectively (see Figure 6.32). This CFD investiga-
tion confirmed feasibility of both aerosol chambers for the use in aerosol jet
printing to contact silicon solar cells.
The CFD results obtained above were validated experimentally by printing

of lines onto silicon wafer substrates and measuring the resulting line widths.
The standard deviation of the ten printed lines acted as the measure of
homogeneity of the print heads. As with the CFD results discussed above,
it could be shown in Figure 6.33 that with increased aerosol flow rate the
homogeneity of the print pattern improved. Homogeneous line widths of
well below σL = 10 % were achieved. When plotting this data against the
gas flow ratio, homogeneity worsened with increasing flow ratio. Most data
points leveled between σL = 10 and 15 % (see Figure 6.34). This can be
explained due to the fact that in print experiments, usually a high gas flow
ratio was achieved with a very low aerosol flow rate to limit the flow velocity
at the print nozzle exit. However, with a gas flow ratio of χ = 10 and aerosol
gas flow rates above V̇aer = 100 cm3/min, homogeneity of line width smaller
σL = 10 % were achieved.

7.5.3 Production scale aerosol jet print head

Based on the results gained in subsection 6.5.1 and subsection 6.5.2, an
aerosol jet print head designated for photovoltaic production of the seed layer
was designed and manufactured. This print head comprised the redesigned
and optimized aerosol chamber and 78 print nozzles in a single row. A test
phase of this print head included a variation of the gas flow ratio and the to-
tal throughput (see Table 6.2 for details). Lines were successfully printed on
solar wafer substrates. In accordance with the results discussed in section 7.4
it could be shown that the printed line widths decreased with increasing gas
flow ratio and flow velocity. Line widths of L = 38±5µm were achieved. The
homogeneity of line widths printed at flow velocities of U < 90m/s at the
print nozzle orifice was better than σL = 15 %. Only for a sample printed
with high aerosol throughput and high flow ratio (V̇aer = 1 604 cm3/min,
χ = 8), the aerosol jet scattered due to partly clogged print nozzles, result-
ing in a high standard deviation of the printed lines of more than σL = 50 %.
With this production scale print head seed layer fingers for an industrial
type 15.6×15.6 cm2 solar cell could be printed in a single pass. With a stage
speed of v = 40mm/s, all fingers of a solar cell were printed in only 3.9 sec.
It was shown and successfully demonstrated that aerosol jet print heads can
be designed for photovoltaic mass production of the seed layer. However,
the design of this first production scale print head can further be improved.
Future solar cells may comprise more than 78 fingers, needing more print
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nozzles. Secondly, an integration of slot shaped nozzles as discussed in sub-
section 7.4.2 would increase the aerosol throughput and the printing speed.
The geometry of the transition region will need to be adapted to allow for
high gas flow ratios.

7.5.4 Ink efficiency of aerosol jet print process

The term ink efficiency accounts for the internal ink losses caused by wall
impaction and condensation of aerosol droplets. The ink efficiency was de-
termined for AJP systems with both 10-nozzle aerosol jet print heads. The
mass flow of the aerosol droplets could be determined accurately by filtra-
tion and balancing of the filter paper. It was shown in subsection 6.5.4 that
the majority of lost aerosol was found in the virtual impactor, accounting
to about 18− 20 %mass. The ink efficiency of the virtual impactor increased
slightly with increased volumetric aerosol flow rate, achieved by a reduced ex-
haust flow rate. Inside the aerosol jet print heads and the tube leading to the
print head, in total the ink loss accounted to values of about 11− 15 %mass.
Between the two print heads with different aerosol mist chamber no signif-
icant difference was found. The overall ink efficiency of the AJP systems
accounted to about ηaer ≈ 70 %. That means that about 30% of the ink was
lost including a vast amount of precious silver. This condensation of aerosol
may build up and lead to clogging of the flow channels at long uptimes of
the system. However, printing of about eight to ten hours was not yet a
problem. But for 24/7 printing these ink losses must be reduced. The ink
efficiency of the AJP systems may be improved by integrating nebulization
and virtual impaction into the print head. A more compact system would
allow for less aerosol droplets to condensate. Additionally, in such a compact
system the condensed aerosol droplets may be guided back into the nebulizer
unit. In any case it is advised to collect and recycle lost ink via filtration of
the exhaust.

7.6 Influence of wetting

In subsection 6.6.1 and subsection 6.6.2 the wetting behavior of metallization
ink on typical solar wafers was investigated. The wafers were chosen to test
the ink on different topographies, namely planar surfaces (S1), acidic etched
(S2) and two different alkaline etched wafers with pyramids on the surface
(S3 and S5). For deposition an ink jet printer was used, because this printer
allowed for deposition of single droplets. Microscope images of blobs revealed
that the blob radius is reduced on all substrates with higher temperature
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during printing. The planar substrate S1 offered the most insight in spreading
of the ink. It could be shown that for slowly drying of the blobs the ink
dispersion spreads on the wafer surface. This results in a capillary flow of
the ink particles, arranging as a ring along the perimeter of the blob. This
coffee stain effect and the spreading is reduced with accelerated evaporation
of the ink at higher temperatures (see Figure 6.41). On the other substrates
this coffee stain effect was not visible. For the alkaline etched wafer substrates
S3 and S5 the ink gathered in the valley in between the pyramids. This not
only led to the largest blobs compared to the other substrates, as a result the
silicon nitride surface on these wafers was not completely covered. Complete
coverage, however, is important to form a homogeneous contact to the solar
emitter and for continuous plating of the conductive metal. Therefore, it is
recommended when printing seed fingers, that the ink forms a continuous
line. In Figure 6.42 the blob radii and in Figure 6.47 the line widths are
plotted against the substrate temperature during printing. With increasing
substrate temperature spreading of the ink was hindered. The higher the
temperature a wafer exhibits, the quicker the solvents in the ink evaporate.
With high temperature, small droplets could be dried almost instantly when
being jetted against the wafer surface. The line width printed at 200 ◦C
equals only about 10 % of the line width printed at 25 ◦C. This number
backs the importance of heating the substrate to dry metallization inks.
The topography of the substrate also has an impact on wetting of the

ink. In Figure 6.43 one can see that with increasing roughness of the surface
the blob radii increased. The same behavior was observed when printing
continuous lines (see Figure 6.50). The ink spread within the grooves of the
surface until it dried. For deposition of lines, in principal the same behavior
was found as for blobs. But narrowest line widths were achieved on the acidic
etched surfaces. The reason is that due to the cup-like topography of this
substrate, ink spreading was sterically hindered. To print narrow lines onto
alkaline etched silicon wafers, small pyramids are preferred.
The surface free energy of the same substrates was determined with contact

angle goniometry in subsection 6.6.3. For all surfaces of the silicon nitride
coated wafers, the values of surface free energy are closely together between
σs = 54 and 59mN/m. The organic vehicle system was tried to be modified
in terms of their surface tension to reduce their wetting ability (see subsec-
tion 6.6.4). The idea behind was that if the surface tension of the liquid
would be close to the surface free energy of the substrate, spreading would
be minimized. However, a variation of the composition of the organic vehicle
system unfortunately only showed a very small effect on the measured sur-
face tensions. When the inorganic components of the metallization ink were
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added to the vehicle system, the surface tension was further increased but
stayed still far below the surface free energy of the solids (σl,ink = 22mN/m).
The ink vehicle system could not be modified sufficiently to reduce spreading.
The only way to limit spreading of metallization inks is to heat the substrate
to quickly evaporate the solvents as quick as possible.

By deposition of high viscous inks or even pastes onto the wafer surface,
spreading could be minimized. However, as it was discussed in section 7.1,
with increasing viscosity of the fluid, the nebulization rate is strongly reduced.
In case of ink jet printing, only low-viscous fluids can be printed. The use
of hotmelt inks for aerosol jet printing might be a solution to this problem.
Hotmelt means that the ink contains resins, wax or long-chained carbon
hydrates which melt at medium temperatures and then are of low viscosity.
The whole printer system including tubes and print head must be heated to
the same temperature to prevent clogging. The wafer substrate must not be
heated but might be chilled to solidify the droplets upon impact. For contact
firing of such wafers the drying phase (A) must be skipped to prevent melting
which would cause spreading of the lines (compare Figure 3.17). The organics
should be burned out promptly.

7.7 Application to solar cell metallization

7.7.1 Aspects of multiple printed layers

As far as here the focus of the aerosol jet printed lines lay on the width of
the printed seed layers. The thickness of those seed layers was yet unappre-
ciated. Therefore, in subsection 6.7.1 multiple layers of aerosol jet printed
seed layers were printed on top of each other and investigated regarding their
thickness, width and feasibility for complete finger buildup. Up to 20 layers
were printed on top of each other under identical standard printing conditions
and fired in a conveyor belt furnace. It could be shown in Figure 6.55 that
the height of the lines increased mostly linear with the number of printed lay-
ers. The lines grew about 1µm per layer with only small increase in width.
With this it was demonstrated that a complete finger build-up is in principle
possible. Figure 6.56 demonstrates that for different experiments performed
with varying process conditions, inks and substrates, the width of the mul-
tiple printed lines grow the same range. The measured relative line widths,
plotted against the number of layers, followed the same curvature. This is
because the substrates were all heated during printing, ink dried quickly and
was not able to spread much (compare section 7.6). With this knowledge,
for multiple deposition of aerosol jet printed lines, the growth in line width
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and its corresponding height can be estimated for a wide variety of process
conditions in advance.
Lateral conductivity of those lines was determined after contact firing (see

Figure 6.58). Line resistivity decreased with increasing number of printed
layers due to the increased cross-section area of the fingers. With higher
number of layers more silver particles were able to sinter together which
improved conductivity. Lateral resistivity of the single layer was reduced
from ρline,1 layer = 2.0 · 10−6 Ωm to ρline,20 layer = 5.4 · 10−8 Ωm for the
stack of 20 layers. For seed layer deposition, however, lateral conductivity
is not important at all. The seed layer has form a low and homogeneous
contact resistance to the emitter. When plating of silver on top of those seed
layers, line resistivity further improved strongly. The gain in conductivity was
strongest for very thin seed layers. Line resistances close to the value for bulk
silver could have been achieved (ρline,1 layer,LIP = 1.8 · 10−8 Ωm, ρbulk Ag =
1.6 ·10−8 Ωm). Therefore, for metallization of solar cells, deposition of a thin
seed layer which will subsequently be thickened by light-induced plating is
advantageous compared to a total finger buildup by means of printing.
Contact formation of multiple printed lines to an emitter with sheet resis-

tance of RSH = 50 Ω showed, that lowest contact resistance could be achieved
with small ink deposition density, which equals to a thin seed layers (see Fig-
ure 6.59). Investigation of contact formation mechanisms was not the scope
of this thesis, as it has already been investigated in detail before [17, 96, 97].
However, the increase of contact resistance with increased thickness of the
seed layer probably accounted to the fact that more glass may be formed dur-
ing the contact formation process [129–131]. Indeed, this result supports the
statement made above, that a thin seed layer is beneficial for the front-side
contact of silicon solar cells.
This comes with the advantage that with a thin seed layer, the amount

of silver used for contact formation is very small. According to Kraft, for
screen-printed front-side grids today about 100 − 140mg of silver per wafer
are consumed [99]. Comparing to aerosol jet printing, the amount of silver
needed for seed layer deposition only accounts to values of less than 10mg,
which corresponds to less than 0.005EUR per solar cell1 (see Figure 6.60).
On top came about 80mg of plated silver. When instead of plated silver a
stack of nickel and copper would be plated on top of the seed layer, the cost
saving potential for solar cell metallization is further increased.

1Silver price as of October, 13th 2015,
http://www.finanzen.net/rohstoffe/silberpreis/euro.
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7.7.2 Contact formation to lowly doped emitters

The emitter sheet resistance of silicon solar cells was continuously increased
for the last years. The reason is that solar cells with lowly doped emit-
ters show significantly increased absorbance at small wavelengths (increased
blue response) and improved passivation quality. Emitters with sheet resis-
tance above RSH = 100 Ω are aimed to be in cell production by the year
2016 [3]. Therefore, in subsection 6.7.2 lowly doped boron and phosphorus
emitters with a surface doping concentration of NA = 1 · 1020 cm−3 and
ND = 8 · 1019 cm−3 were fabricated. This doping was at the lower limit
for field emission of the metal-semiconductor contact. However, it could
be shown that aerosol jet printing of the metallization ink is well suited to
contact these high ohmic emitters.

The most influencing factor for contact formation in this experiment was
found to be the temperature of the samples during the fast firing process.
With increased temperature, contact formation to the boron and to the phos-
phorus emitter improved by one to two powers (see Figure 6.64). How-
ever, the measured contact resistivity spread much, indicating that the con-
tact to the emitter was not formed homogeneously. The reason for this
are most likely temperature variations in the conveyor belt furnace. On a
15.6 × 15.6 cm2 wafer the temperature can vary by 10 to 20K from left to
right, the belt is about 30 cm wide. For this experiment circular test wafers
of 10 cm in diameter were used. Probably these wafers were not placed ex-
actly the same position on the belt, leading to different wafer temperatures.
For T = 920 ◦C the measured contact resistivity for the phosphorus emitter
spread between 0.072 < ρC < 7.648mΩcm2, for the boron emitter between
5.284 < ρC < 14.623mΩcm2. However, this contract resistivity can be suffi-
cient for solar cells and shows that aerosol jet printing is capable to contact
lowly doped n+ and p+-silicon simultaneously. This advantage can be used
to manufacture e.g. bifacial solar cells, which consist of an H-pattern on
both sides. In contrary to the results discussed in the previous subsection, a
dependency of the contact formation on the ink deposition density could not
be found for such advanced emitters.

7.7.3 Solar cell results

Aerosol jet printing was successfully integrated into development of next
generation silicon solar cells. For the last years it was the technology of
choice for many researches due to its fine resolution printing and versatility in
ink materials. High-efficiency solar cells preprocessed in clean room facilities
reached conversion efficiencies of above 20 % on an area of 2 × 2 cm2. For
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industrial large scale silicon solar wafers and emitters, conversion efficiencies
of above 18 % were achieved. Alternative cell concepts on large area n-
type solar cells demonstrated cell efficiencies of about 20 % with aerosol jet
printed contacts. Of course solar cell efficiency is not only depending on
the metallization process. But the high current density and fill factor of
those results indicate a very small loss due to series resistance and shading of
aerosol jet printed and plated contact fingers and will provide an important
contribution to photovoltaic module performance.

151





8 Conclusion and outlook

8.1 Conclusion

In this work aerosol jet printing as a contactless deposition technique for the
metallization of silicon solar cells was investigated. For this purpose several
aerosol jet printers and experimental installations were set up, evaluated and
optimized. The aerosol jet printing process was studied in depth and influ-
encing parameters clearly identified. The obtained knowledge was applied to
print narrow seed layers of high quality and to contact advanced solar cell
emitters. Figure 8.1 provides an overview of the technological constraint and
process parameters for aerosol jet printing.
The generation of aerosols with the pneumatically driven Collison nebu-

lizer and influencing parameters herein was investigated. As a result the
nebulization rate of the ink was found to be directly related to the carrier
gas flow rate and the viscosity of the liquid feed. The viscosity of metal-
lization inks can be controlled by the solid mass content of the ink and the
temperature during nebulization. The aerosol droplet size distribution was
determined and found to be hardly dependent on the carrier gas flow rate.
In aerosol jet printing, the aerosol flow equals the core flow in a laminar

two-phase flow system. The principle of fluid-dynamic focusing was con-
firmed as being the main important effect for controlling the aerosol jet di-
ameter and line width in aerosol jet printing. Contraction of the aerosol flow
phase influences and most importantly determines the printed line width.
This effect was successfully demonstrated, simulated and evaluated for the
rectangular-shaped transition region as well as for the two-phase flow in
circular-shaped print nozzles. Additionally, for flow channels of circular-
shaped cross-sections an analytical flow model to predict the aerosol jet di-
ameter was developed. With this model the influence of process parameters
on the printed line width can be predicted. When the aerosol jet is released
in ambient air, it does not diverge. The droplet flow remains unidirectional.
It could be shown that in terms of process flow parameters, the printed

line width depends only on two things: The flow velocity when exiting the
print nozzle and the gas flow ratio of sheath flow to aerosol flow. A higher gas
flow ratio reduces the line width and at the same time improves the quality
of the printed lines. It was found that a gas flow ratio of χ = 5 already
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reduces the elongation of fringy edges and the look of scattered droplets or
overspray to a minimum. However, the maximum gas flow ratio is limited by
the flow velocity of the two-phase flow. To achieve narrow lines, for the flow
velocity an optimum of U = 50−75m/s for a nozzle with 150µm in diameter
was found. This in turn restricts the maximum aerosol mass throughput for
circular-shaped cross-sections. Additionally to these two parameters the line
width also depends on the print nozzle diameter, defining the flow channel
geometry, and on the nozzle to substrate distance.

With the aim to print the seed layer onto a 15.6×15.6 cm2 wafer preferably
in one pass, the aerosol jet printer platforms were modified and new print
heads developed. Several nozzles were placed in a row and integrated in a
single print head with one aerosol and one sheath gas supply. New aerosol jet
print heads with ten parallel jets were designed, manufactured and validated.
A homogenous load of these nozzles is the key for reliable processing and
uniform lines. For the redesigned aerosol jet print head a homogenous load
of better than 10% was achieved. This design was transferred to a print
head with 78 nozzles in a row – able to print on a 15.6×15.6 cm2 solar cell in
one run and suitable for photovoltaic mass production of the seed layer for
the front-side grid. Narrow line widths of L = 38 ± 5µm and homogeneity
of the lines of about 10% could be demonstrated with this newly designed
print head. The feasibility of aerosol jet printing for photovoltaic production
of the seed layer was confirmed.

Further, it was investigated if wetting of the metallization ink on typical
solar wafer surfaces could be controlled by modification of the ink’s surface
tension. Therefore, the organic vehicle system of the ink was varied. As a
result surface tensions of the organic vehicle composition and ink stayed far
below the surface free energy of the solar wafer surfaces, leading to strong
wetting. However, it was found that the width of printed lines depends
on the roughness and type of morphology of the substrates. With higher
roughness the print pattern tends to enlarge. Though, the only lever to
control spreading is by heating the wafers to temperatures of at least 150 ◦C,
resulting in drying of the ink instantly upon impact on the surface.

With aerosol jet printing thick conductive lines were manufactured by
printing of multiple layers on top of each other. With this approach the
lines grew mainly in height and only a little in width. Additionally, it was
shown that the relative growth of the line width is independent on the process
conditions or used substrates and that for multiple-printing applications the
growth can be estimated. However, for low line resistance of the Ag-plated
contacts and for small contact resistance to the emitter, a thin seed layer is
beneficial. Together with plating of NiCu instead of Ag, less than 10mg of
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8.2 Outlook

In this work it was successfully shown that the aerosol jet printing technology
is well-suited for production-scale metallization of silicon solar cells. With
this technology silicon solar cells of high conversion efficiency can be man-
ufactured cost-efficiently and economically. However, there’s still room for
some improvements of the aerosol jet printing process. For aerosol supply, it
should be thought about rethinking of nebulization of the ink. The big ad-
vantage of the Collison nebulizer is its limiting droplet size distribution and
flexibility on ink fluids. This, however, comes with the drawback of highly di-
luted aerosols, which brings the need of a virtual impactor to exhaust excess
carrier gas. In production facilities, reliability of a system is most important,
not flexibility. With metallization inks containing nano-particles, e.g. ultra-
sonic driven nebulization producing highly loaded aerosols could be used.

The aerosol jet printer system available for this thesis consisted of separate
nebulization and printing units. Each unit (nebulizer, virtual impactor, print
head) is connected with tubes, several centimeters long, leading to unwanted
aerosol deposition. Closely coupled systems should be designed and used to
improve reliable operation for 24/7 production and to improve ink efficiency
of this system.

In this thesis immediate inertial impact was assumed, although the impact
of aerosol droplets onto rough and heated surfaces is not fully understood
yet. Computational fluid dynamic simulations of aerosol droplets impacting
on inclined pyramid surfaces and tips with respect of heat exchange and
buoyancy of the surrounding air mass may lead to a in depth understanding
of the build-up of the printed seed layers.

To further increase the aerosol throughput per nozzle at a certain flow ratio
with limitation on the flow velocity, the shape of the print nozzle orifice may
be changed to a slot-shaped nozzle. With this modification the cross-section
and so the volumetric flow rate for a given flow velocity is increased, allowing
for even faster processing. Therefore, new high-throughput aerosol jet print
heads comprising of about 90 slot nozzles should be developed and tested for
industrial feasibility.

Aerosol jet printing is able to simultaneously form contact to boron and
phosphorus emitters. This simplifies the manufacturing of bifacial silicon
solar cells which have a high efficiency potential especially for roof-top pho-
tovoltaic systems.

In this thesis it was shown that aerosol jet printing is well suited for ad-
vanced solar cell mass production. However, for integration of aerosol jet
printing into photovoltaic production, the seed and plate approach must be
accepted by industry. Then, integration of this new printing process would
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be of ease.
At the time this thesis was written, the photovoltaic market worldwide

was in a difficult economic situation. Many production lines were closed
and companies downsized. However, with innovations this situation could
be turned around. The integration of aerosol jet printing in production lines
as a novel and cost-effective metallization technology offers the chance to
reduce manufacturing costs of silicon solar cells as well as the integration of
new products.
Alternatively, the aerosol jet printing technique can be used in other indus-

tries especially for printed electronics like semiconductor packaging, printing
of antennas, strain gauges or touch-screen displays. Other examples are
printing or structuring of electrodes for large area thin-film solar cells. The
contact-less deposition of aerosol jet printing with control of the z-axis also
enables the deposition of conductive tracks onto three-dimensional objects.
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• Aerosol jet printing was first applied to silicon solar cell metallization in
the year 2007 by Mette et al. to demonstrate an alternative approach
in printing the seed layer for the two-layer seed and plate concept [20].
The findings in this thesis show that aerosol jet printing allows for fine-
line seed layer deposition on large area 15.6×15.6 cm2 silicon solar cells
and that it is suitable for industrial inline production.

• The amount of generated aerosol by the Collison nebulizer is a func-
tion of the carrier gas flow rate and the dynamic viscosity of the met-
allization ink. The latter in turn depends on the temperature and the
solid content of the ink dispersion. Mechanical parameters such as the
immersion depth of the spray nozzle, or its orientation angle do not
significantly influence nebulization. The resulting droplet size distribu-
tion of the generated aerosol is not depending on the carrier gas flow
rate.

• Aerosol jet printing is based on the effect of fluid-dynamic focusing.
This principle works for rectangular as well as for circular-shaped flow
channels in the laminar flow regime. In aerosol jet printing the con-
traction of the core aerosol flow only depends on the fluid flow ratio
and the geometric limitation of the flow channel.

• The width of the printed line structures depends on the flow ratio, the
print nozzle diameter, the gas flow velocity and the nozzle to substrate
distance. While the nozzle to substrate distance and the flow velocity
show an optimum for a given print nozzle, the printed line width can
be regulated in-situ by control of the flow ratio.

• Due to the parabolic shape of the laminar flow profile, aerosol droplets
become radially rearranged and tend to move towards the flow sym-
metric axis. This further reduces the width of the printed lines. An
increase of the flow ratio additionally improves the line quality, reduces
scattering of droplets or overspray.

• High wafer throughput printing is possible with multi-nozzle print
heads. Feasibility of a photovoltaic production scale aerosol jet printing
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system with 78 nozzles was successfully demonstrated, achieving narrow
line widths < 40µm of high homogeneity.

• The surface free energy of silicon-nitride coated wafers is much greater
than the surface tension of the metallization ink dispersion. Hence,
wetting and spreading of the metallization ink on solar wafers can only
be reduced by direct evaporation of solvents through heating of the
substrate.

• Multiple printing of thin seed layers on top of each other allow to obtain
thick line structures of high resolution. Independent on the process
parameters, the lines grow hardly in width and mainly in height.

• Printing of multiple lines on top of each other improves initial lateral
conductivity with each layer. Typically, the height of the line grows
by about 1µm per layer. Lateral resistivity of the single layer was
reduced from ρline,1 layer = 2.0·10−6 Ωm to ρline,20 layer = 5.4·10−8 Ωm
for the stack of 20 layers. However, when the line is thickened with
plated silver, a thin seed layer creates the lowest line resistivity of
ρline,1 layer = 1.8 · 10−8 Ωm.

• For contact formation to industrial solar cell emitters, a thin seed layer
is beneficial to achieve low contact resistivity and high solar cell effi-
ciency.

• Aerosol jet printing is able to contact next generation boron and phos-
phorus doped silicon solar cell emitters, which show only very low sur-
face doping concentration ofNA = 1·1020 cm−3 andND = 8·1019 cm−3.
Here, the ink deposition density does not influence contact resistivity
significantly. Increased temperatures during fast firing of the wafers
supports contact formation best.

• With aerosol jet printing it is possible to deposit very narrow line struc-
tures of L < 30µm even on very rough surfaces with SRz = 14.5µm.
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List of principal symbols and abbreviations

Symbol Unit Description
α ◦ inclining angle
αd – dispersed phase volume fraction
A cm2 area
AJP – aerosol jet printing
ARC – anti-reflectance coating
β – volumetric content
B m/ (s ·N) mechanical mobility
BCA – 2-(2-Butoxyethoxy) ethyl acetate
BP ◦C Boiling point
χ – gas flow ratio
c̄ m/s molecular velocity
cs m/s velocity of sound
c-Si – crystalline silicon
CC – slip correction factor
Cd – coefficient of drag
CSa – Saffman correction factor
CAD – computer aided design
CFD – computational fluid dynamics
dcore µm core width
ddrop µm droplet diameter
djet µm measured aerosol jet diameter
dn µm nozzle diameter
dnw mm distance nozzle orifice to wall
dm µm collision diameter of molecules
dp µm diameter of the particle
dspot µm spot size diameter
daer µm diameter of the aerosol flow phase
DEGBE – diethylene glycol monobutyl ether
DIIM – diiodomethane
η mPas ; mNs/m2 dynamic viscosity
η – energy conversion efficiency
EC eV energy level of the conduction band
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Symbol Unit Description
EF eV Fermi energy level
EI – collection efficiency
EV eV energy level of the valence band
FD N drag force
FnD N form component of the drag force
F τD N frictional component of the drag force
Fi N forces on particles, fir i see Table 2.1
FSa N Saffman lift force
FF – fill factor
FDF – fluid-dynamic focusing
FFO – fast firing oven
FWHM – full width at half maximum of a peak
γ̇ s−1 shear rate
Γ – reduction factor
gj m/s2 gravitational acceleration in j-direction
h µm height
HF – hydrofluoric acid
I mA ; A electric current
Ij kgm/s ; Ns momentum in j-direction
Im kgm/s ; Ns molecular momentum transport
IJP – ink jet printing
jMPP mA/cm2 short cut current density at MPP
jph mA/cm2 photo current density
jSC mA/cm2 short cut current density
k J/K Boltzmann constant
KOH – potassium hydroxide solution
λ µm mean free path
λ nm wavelength of light
lc m ; mm ; µm characteristic length
L µm line width or finger width
Lt µm transfer length
LIP – light-induced plating
LMS – lithium metasilicate
LTP – laser-transfer printing
µ – aerosol mass load
m g ; mg mass
mp µg mass of an aerosol particle or droplet
M g/mol molecular weight
Ṁ mg/min mass flow rate
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Symbol Unit Description
Ṁaer mg/min aerosol mass flow rate or nebulization rate
Mj N mass or inertial forces in j-direction
Ma – Mach number
MFC – mass flow controller
MP ◦C melting point
MPP – maximum power point
ms – metal-semiconductor
n m−3 number density of aerosol droplets
n – ideality factor for diodes
nz 1/sec collision frequency
N – number of droplets, particles or molecules
NA cm−3 surface doping concentration of an acceptor
ND cm−3 surface doping concentration of a donor
NMP – N-Methyl-2-pyrrolidone
Oj N surface forces in j-direction
φ – potential
Φ eV work function of solids
Φ W/m2 power density
ψ – coefficient of contraction
p Pa ; N/m2 pressure
PID – process and instrumentation display
PSG – phosphor silicate glass
PTP – pattern-transfer printing
PV – photovoltaic
q C ; As elementary charge of electrons
Q1 (dspot) – volume or mass particle size distribution
ρ g/cm3 ; kg/m3 density
ρC mΩcm2 contact resistivity
ρdep g/m2 ink deposition density
ρline Ωm line resistivity
r cm ; mm ; µm radial position
rblob µm blob radius
R cm ; mm ; µm radius
R2 – coefficient of determination of a data set
R∗ – radial rearrangement factor
RC Ω contact resistance
RCW Ωcm normalized contact resistance
RE Ω end of line resistance
RP Ω parallel or shunt resistance
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Symbol Unit Description
RS Ω series resistance
RSH Ω sheet resistance
Re – Reynolds number
σ – standard deviation
σl mN/m surface tension
σL µm standard deviation of the line width
σṀ mg/min standard deviation of the mass flow rate
σp Pa standard deviation of pressure
σs mN/m surface free energy
S µm stopping distance
SRa µm arithmetic mean surface roughness
SRq µm root mean square height surface roughness
SRz µm maximum height surface roughness
SCR – space-charge region
SCSI – solar cell seed layer ink, metallization ink
SEM – scanning electron microscopy
Stk – Stokes number
Stkmin – minimum Stokes number
τ sec relaxation time
θ ◦ contact angle
t sec time
T ◦C temperature
T – texturization factor
TLM – transfer-length method
U m/s flow velocity
Up m/s velocity of the particle or droplet
v mm/s printing speed
V m3 volume
V mV electric voltage
VMPP mV voltage at maximum power point
VOC mV open circuit voltage
V̇ cm3/min volumetric flow rate
V̇aer cm3/min aerosol flow rate
V̇cg cm3/min carrier gas or nebulizer flow rate
V̇sh cm3/min sheath gas flow rate
VI – virtual impactor
w – mass solid content
W mm ; cm width
χ – volumetric flow ratio
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Symbol Unit Description
χS electron affinity
xj m Cartesian coordinate with j = 1, 2, 3
∆z mm nozzle to substrate distance
z1 mm immersion depth of the spray nozzle
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