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Abstract This paper presents an overview of the modeling and model based control of
the microvia fill process. A detailed, general-purpose microvia fill model that utilizes
the arbitrary Lagrange—Eulerian method for shape change modeling is presented first.
Modeling results are presented and compared with the measured data. Then a simpli-
fied model of the process is presented followed by a model based control algorithm
being developed based on the simplified stochastic model with typical uncertainties
induced by unmodelled phenomena and measurement error. The developed control
algorithm is analyzed in terms of possible control errors and applied to control the
firstly presented microvia fill process model.

Keywords Microvia filling - Microvia fill control - Microvia fill modeling -
Deposition control

1 Introduction

Multilayered printed circuit boards (MLBs or PCBs) are nowadays basic building
elements of microelectronic devices. With the circuitry running in even 50 or more
layers, they enable packing the electronic components of the device within a signifi-
cantly smaller footprint than if only a single layer PCB was used. Microvia filling, a
process in which the interconnections between adjacent circuit layers are formed, is a
key step in the series of sub-processes required in the entire manufacturing process for

A. Pohjoranta (<)
Fuel Cells, VTT Technical Research Centre of Finland, Espoo, Finland
e-mail: antti.pohjoranta@vtt.fi

R. Tenno

School of Electrical Engineering, Aalto University, Espoo, Finland
e-mail: robert.tenno @aalto.fi

@ Springer



J Math Chem (2014) 52:1414-1440 1415

MLBs. The process takes place in an electrolytic copper plating bath, where the cop-
per reduction rate at different sites of the board is significantly affected by surfactant
chemicals added in the bath. It is of primary interest to the process operator to both
understand and to be able to administrate the process as well as possible. Changes
in the process operating parameters need to be done if the product parameters (such
as via size and shape) change and as the process bath ages. A process model is an
excellent tool for quickly and cheaply studying the process behavior under a variety of
operating conditions, without actually needing to execute time-consuming and costly
experiments in a research site, or worse still, at the production line. A process model
also enables the development of automatic control of the process, which can help to
run the process more accurately in the way the operator intends to.

This paper discusses the computational modeling of the microvia fill process, from
both a process modeling aspect as well as in the framework of automatic process con-
trol. For these purposes, a highly detailed distributed parameters model of the microvia
fill process is presented first, followed by a less complex, control-oriented model and
a discussion of its application for process control. The experimental parts related to
this work are found in the cited references and their detailed discussion is omitted
from this paper. The paper summarizes previous work on the process modeling [23]
and control [24,25,28,29]. Finally, as new a contribution, the control developments
are applied to control the modeled via fill process.

Although the model is developed for the microvia fill process, utilized in PCB
manufacturing, the model surface chemistry is similar to the damascene process sur-
face chemistry with of 2-3 additive components (suppressor, accelerator and possibly
leveller additive) in a CuSOy4 bath with sulphuric acid as supporting electrolyte. The
suppressor and accelerator additive names refer to additive complexes with adsorbed
chloride.

Significant research efforts related to the copper electroplating process with addi-
tives has been carried out by several groups. Although numerous other and significant
contributions to the topic have been brought, the work of Moffat et al., e.g. [1-5],
Dow et al., e.g. [6-8], Andricacos et al. [9,10], West et al., e.g. [11-13] should be
mentioned in particular as they have strongly influenced the work behind this paper.

2 The microvia fill process model

The microvia fill process is acomplex electrochemical process where surfactants acting
on the plated copper surface play a significant role [14, 15]. The surfactant and copper
interaction chemistry has been extensively studied by several groups in terms of both
PCB production as well as integrated chip manufacturing as copper electroplating
is utilized there also [1-3,6—10]. Evidently, the system of equations utilized for the
computational modeling of microvia filling should describe the processes occurring
in both the non-bulk electrolyte (which is the main modeling domain) as well as on
the copper surface (which is a domain boundary). The circular shape of the microvia
enables simplifying its model geometry as the model equations can be formulated
only in two spatial dimensions (2D) by utilizing the axial symmetry of the modeled
domain. As the modeling domain shape change is characteristic to the microvia fill
process, its effects have to be included in the solution somehow. In this work series,
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the arbitrary Lagrange—Eulerian (ALE) method, e.g. [16], is utilized to capture the
domain shape change.

The equations used in a basic microvia fill process model are discussed next. For
brevity, the explanation of most equation symbols is omitted from the text and the
symbols along with their explanations are compiled in Table 1.

The basis of copper electrolysis is given by the Cu/Cu®* system electrochemical
reaction Eq. (1).

Cu** (aq) +2¢~ = Cu(s), AgY, =+0.34V 1)

If neglecting side-reactions and current efficiency, the rate of reaction (1) can be
considered directly proportional to the current density i, (A/m?) on the electrode
surface where the reaction takes place. As every electrochemical system, also the
microvia filling bath has two electrodes—the anode and the cathode, whereby ¢ = a, c,
respectively—and the electrochemical equations apply to both electrodes in the bath.
Furthermore, typically both electrodes in a microvia filling bath are made of metallic
copper, significantly simplifying the treatment.

The current density i, is given by the Butler—Volmer equation (2), which is a non-
linear equation relating the electrode overpotential 1, (V) and the copper ion activity
at the electrode a,, with the said current density.

. . ko, —ka,
le = 10,e (aa,eﬂa,ee aelle Adc.efc,e€ C’ene) (2)

In (2), the second subscript is for the forward (cathodic) and backward (anodic) reac-
tions. The multiplier 1., is utilized to implement the effects that surfactant chemicals
that are active on the surface of electrode e have on the rate of the copper redox reaction
(D).

Typically only p c, i.e. the term affecting the cathodic reaction (reduction) on the
cathode is essential and (i, ; and 1. 4 are considered equal to 1.

The electrode overpotential is defined as difference of the electrode potential A¢,
from the equilibrium potential A4 . as in (3).

Ne = A¢e - A¢eq,e (3)

The equilibrium potential for the electrode is obtained based on the standard equilib-
rium potential and the thermodynamic state of the electrode as given in (4).

Adeg.e = AP, .+ k' In (a,) )

The current densities of the electrodes are coupled by the total current, which at both
electrodes must be equal (but opposite signed).

Agig + Acic =0 ©)

Similarly, the electric circuit formed by the filling bath system must abide to Kirchoff’s
laws, especially, so that the voltage steps when going over the whole circuit sum up
to zero.
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Table 1 List of symbols and coefficients

Symbol Description Unit
Ae Area of electrode e m?
aj Activity of species i -
o Apparent transfer coefficient of process i -
A, B Linear operators -
c The Cu®t ion concentration mol/m?
¢ Concentration of species i mol/m3
c((]:u Reference concentration of the Cu2+ ion, 1,000 mol/m3
clim A limit concentration of species, 3.5 (empirical) mol/m?>
D Diffusion coefficient of the Cu®™ ion m?%/s
D; Diffusion coefficient of species i m?%/s
Dy ; Surface diffusion coefficient of species i m?/s
8 Thickness of the electrolyte layer with diffusion dominated mass m
transfer

Eour Output voltage of an electrolysis cell power source \Y%
e Function set -
Ne Overpotential at an electrode e v
F Faraday’s constant, 96,485 As/mol
F Deformation gradient (matrix) —
¢ Electric potential Vv
A, Electrode potential versus the standard hydrogen electrode v
Age,eq Equilibrium potential of the Cu?* ion redox reaction at electrode e v
Aqbgq The standard potential of the Cu?* ion redox reaction, 0.34 \Y%
[y, T4 Surface concentration of species i and its maximum value mol/m?
y Noise spatial correlation power -
ie Current density at electrode e A/m?
ie,0 Exchange current density of the reaction at electrode e A/m?
Jj Discrete location point index, j = 1,2,3...N -
k Shorthand for zcy F/R/ T, 77.85 v
kiI7 Adsorption, desorption or consumption of additives i m3/rn01/s, 1/s, m/s
Kp Control gain m/s
K Identifier: noise type, k = 0,d, § -
m, M Expected value (of ¢(7)) and the expectation operator -
w Coefficient for surfactant effects on the copper redox reaction -
Nip Surface mass transfer flux of species i due to process p mol/m?/s
n; Rate of reaction i and the associated mass flux mol/m?%/s
n Model boundary outward normal vector -

Ideal gas coefficient, 8.314 J/mol/K
Pi Density of species i kg/m3
pk Noise intensity term in domain « mol/m3
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Table 1 continued

Symbol Description Unit

s¥ Noise focus term in domain « m

o Conductivity of the electrolyte S/m

a}( Intensity of noise of type « at site j -

T Temperature K

t Time s

0; Surfactant surface coverage of species i -

Ugq Voltage drop due to ohmic resistance of the electrolyte \%

u The control variable (exercised through boundary) mol/m?/s

v Mesh movement velocity (vector) m/s

X Location (distance from cathode) m

Wj’.‘ Standard Wiener process in domain « at site j -

x, X Location at deformed and reference coordinate systems m

Zi Electron number of species i -

%\ Surface tangential differential operator -
Eour +1a —ne+Ug =0 (6)

For the practical application of (2) and (4), means to approximate the copper ion activity
are required and in this paper the concentration based formula (7) is utilized. This
formula is obtained based on measurements against a Cu/Cu”* reference electrode as

described in [17].

lim —0.56
G 2 CCu,e [ CCue +¢C
c,e ™ :
G \ €yt

(N

The mass transfer of species i within the main modeling domain, i.e. the elec-
trolyte solution is described by (8). The considered species include the main ions
(Cu?t, Ht, SOi_, HSOy) as well as the additive species, which are considered not
charged. For the non-charged species, (8) reduces to the diffusion equation. It is consid-
ered that due to the continuous agitation of the microvia fill bath electrolyte, species’
concentration in the bulk of the bath have a constant bulk concentration and only the
mass transfer within a thin layer of electrolyte close to the electrode surface, where
diffusion and migration dominate mass transfer, has to be modeled explicitly.

i _ . 0vey+V - (zFLieve 8)
o e SRTC

Mass transfer of electrically charged species (Cu’t, HT, SOZf, HSO,) is also
restricted by the electroneutrality condition (9). However, it is also completely possible
to exclude this equation from the computational system and still obtain functioning
models. (It may be considered that because the H* has such a high diffusivity compared
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to the other ions as well as a very high concentration, the electroneutrality condition
is well enough satisfied by the very mobile H' ions even without the condition.)

>z =0 ©)

As there is current flowing through the electrolyte and ionic species are involved,
following the conservation of electric charge principle (10) should be taken care of.

V.i=0 (10)

The current density i in (10) is the ionic current density in the electrolyte that satisfies

(11).
i=F Zi (Dchl +zi F Tc,Vd)) (11)

The electric potential field ¢ abides to the Laplace equation (12), where the electrolyte
conductivity can be approximated by various means, for example (13).

V. (V) =0 (12)

F 2
GZEZZ"DIIC" (13)

Since a supporting electrolyte is typically used in the via fill electroplating bath, the
mass transfer the metal ions by migration can be considered insignificant related to
diffusion. This enables simplifying the computational model.

Equations (1) to (13) summarize the basic electrochemical and thermodynamic
phenomena of the microvia fill process that take place in the non-bulk electrolyte
domain. Since they are formulated as PDEs, also suitable boundary conditions should
be given.

The mass flux and current density over any boundary are coupled by (14).

i =Y naiFz (14)

The mass flux over an electrode boundary is given by (15), where n is the boundary
outward normal vector.

D.
n- (DiVCi + ZiFR—lTCiV¢>) =ng,i (15)

Similarly, the ionic electrode current density is given by (16), and the actual boundary
conditions for the electric and mass transfer systems are obtained by coupling Eqs. (14)
and (15).

D.
n- FZzi (D,-Vc,- + ZiFﬁCiV(P) =1, (16)
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The boundary condition for the electrically neutral additives is taken simples as the
1st order reaction at this boundary

n- (D;Vc;) = N/

The surfactants’ effect is brought to the model through the surfactants’ surface concen-
tration on the active copper electrode surface. Several surfactants, such as suppressors,
accelerators or leveler may be considered and their mass transfer processes, taking
copper electrode surface can be summarized into the generically formulated Eq. (17).

aT;
8—; = —T; (Vr-vr) =T (Vr-m) (v-n) + Dy VAT; + N5 — Ndes 4 yeons

a7

Equation (17) accounts for changes in surfactant’s i (i = suppressor, accelerator, lev-
eler) surface concentration I'; due to the following surface phenomena (from left to
right, on the right-hand side of (17)):

(i) surface deformation in the surface tangential direction (i.e. for surface stretching

and compression)

(i1) surface deformation due to the movement of a curved surface in its normal direc-
tion

(iii) diffusion of the surfactant along the surface due to a surface concentration gra-
dient

(iv) other processes (p = ads, des, cons) such as chemical decomposition, absorption
into the metal as well as adsorption and desorption, collected in the source terms
Nip , whose sign should be set appropriately (negative for consuming process,
positive for producing process)

The boundary conditions for (17) are in practice point conditions (in a 2D model)
and a symmetry condition was used in this work.

The additives’ behavior on the copper surface has been under significant research.
Several formulations for the adsorption and desorption as well as consumption
processes are given in the literature [2,6,9,12,18]. The best describing formulation
of course depends on the chemical system in question. In this work, Eqgs. (18) and
(19) are used for the adsorption (ads) and desorption (des) for the suppressor (supp)
and accelerator (acc), leveler (lev) additives, and equations of the form (20) for the
consumption (cons) of the additives.

max
Nads _ Ndes — kads Csupp( max Fsupp __ _supp Facc) _kdes Fsupp (18)

supp supp supp supp [max supp
acc
NP4 — NAes = fadsc; (09 — 1) — k4T 19)
NjCOnS — kiconsci (20)

In the computational implementation, the surface concentration is often scaled with
its maximum value to yield a dimensionless surface coverage 6; = I';/ I'}"**, whose
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value ranges from O to 1 and is thus more suitable for computation and is easier to
interpret.

Finally, the coupling of the copper reduction reaction rate and the surfactant cov-
erage is made through the p. . coefficient in (2). The simplest formulation for ri. .,
used e.g. in [23] is p¢,c = 1 — Osypp, where the suppressor additive species is some
additive which has a blocking effect on the copper reduction reaction. The value which
Osupp obtains is determined through (17) and the interactions of all included surfac-
tant species, implemented through Nip . In case of three additives in the system, the
independent coverage (¢, = (1 — qup,,) (1 — 64p) 1s used in the model.

2.1 The electrode surface movement and ALE

In electrodeposition, the cathode surface moves as metallic copper is deposited. The
surfactants’ effect on the deposition rate in a via filling process has been shown to be
closely related to the electrode surface curvature [2]. The electrode surface movement
must be included in the via fill process by a means that effectively alters the geom-
etry of the modeled domain during the computation. In this work, the ALE method
was chosen for this purpose. Any other suitable method can be used, however, and
also at least the level set, finite-volume and Monte Carlo methods have been utilized
[5,19-21]. The ALE method can nowadays be found as a built-in tool in advanced
PDE system solvers, such as the COMSOL Multiphysics software, which was used
also by the authors.

The ALE method is a node tracking method, where the shape of the modeling
domain is tracked explicitly. Tracking of the deforming domain is based on cre-
ating a mapping between the deformed and a reference (fixed) coordinate system.
The mapping is obtained as the deformation gradient F = 9x/0X, where x and X
are the location in the deformed and the reference coordinate systems, respectively.
To carry out calculations of phenomena that occur in the deformed domain, their
describing equations are transformed back to the reference system by using the inverse
F-l.

The node points of the deformed mesh (x) are obtained by integrating the mesh
velocity v in time, with the initial condition x = X. The mesh velocity v is obtained
by a mesh smoothing method and Laplacian smoothing was used by the authors due to
its simplicity. (Also e.g. Winslow smoothing can be used.) This means that the mesh
velocity is obtained by solving the Laplace equation V>v = 0 for v as part of the
equation system. The determinant det (F) yields the scaling factor between the two
coordinate systems, which scales the infinitesimal integration element during solution
the electrochemical system (2)—(20).

The coupling between the ALE solution and the electrochemical part is formed
by the electrode boundary velocity, which is given as boundary condition to the ALE
system. The electrode boundary moves due to the growth of the deposited copper layer
and the movement velocity in the boundary normal direction is given by (21).

Mcy

— 21
‘ zcuFpcu

vV-n=1|
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The main weakness of the ALE method is in its intolerance to large deformations of
the modeling domain—it does not allow for topology changes (which would occur
e.g. when simulating the forming of a “hollow”/void via) without re-meshing of the
domain. Indeed, computational accuracy is often lost as the mesh deforms dramatically,
unless mesh improvement is carried out regularly. The main strengths of ALE are its
simplicity and the relatively modest computational effort required to run it accurately.

A detailed description and analysis of implementing the surfactant mass balance
computation in a moving geometry modeled by the ALE method is given by the
authors in [22] and therefore further details of the geometry shape change formulation
are omitted from this text.

2.2 Computational model

The discussed model is applied partly in computation and not all parameters of the
model are specified. The Butler—Volmer equation (2) is specified for the cathode only.
The surface overpotential is calculated from this equation and the Eqs. (3)—(6) related
to the anode no need to specify. The opposite boundary to the cathode is the bulk
solution boundary where the bulk concentration specifies the Dirichlet data there. The
bulk solution boundary is the moving boundary with the same velocity as flat cathode
surface. The zero flux (symmetry) conditions are used on other boundaries.

If the electroneutrality condition (9) is ignored, the number of species in (8) reduces.
Only the Cu?t ion and the additives, Supp, Acc need to be considered. Equations (14)
and (15) are auxiliary and they explain Eq. (16) in equivalent form. In a simpler com-
putational model the migration of ions in the electric field in (8) can be ignored and
then the system (10)—(13) that solves the electric potential and expresses the current
density in electrolyte is uncoupled from the rest of the system and therefore all the
related parameters like output voltage Eopyr and ohmic resistance Ug of the elec-
trolyte that depends on the current density and conductivity of the electrolyte that again
depends on the concentration of all charged species (Cu?t, HT, SO?[, HSO, ) donot
need to be specified. From other side if such specification is made implementation of
the ion migration in the electrochemical system is a relatively simple light extension
computationally.

In the computational implementation, the surface coverage is calculated instead
of surface concentration to simplify the parameterization. Furthermore, the chloride
species, required in the additive complexes, is assumed to be sufficiently well provided
on the cathode surface so that it does not limit the additives’ effect and therefore does
not need to be modeled explicitly.

2.3 Modeling results and discussion

The performance of the reported microvia fill process model is illustrated below. The
model parameters used in the simulation are found in [23]. In Fig. 1, the simulated
evolution of the copper deposit thickness at the via center and on the flat board surface
versus time are compared to the measured values. The corresponding cross-sectional
images of the via are shown in Fig. 2. In the reported case, a constant current was
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Fig. 1 The copper deposit thickness inside the via (square) and on the flat board surface (circle) plotted
versus time. The simulated estimate is shown by the dashed line and the measured data with a solid line
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Fig. 2 Cross-section images of simulated (leff) and measured (right) deposit evolution at different time

instants into the via fill process. The time instants are a 12, b 18, ¢ 24, d 30, e 36, f 42, g 48, h 54 and i 60
min. The data corresponds to that in [17]

applied over the electroplating cell. Simulation results with a controlled, time-varying
current are given in Sect. 3.

Although the model reported here was tested against practical data [17,23] obtaining
measurement data of via growth during the fill process is laborious and so the test cases
were only few. Therefore, at least before further validation, it should be considered that
the model is primarily a qualitative tool for examining the effects of various changes
in the process conditions. Furthermore, even if an accurate parameterization of the
model was reliably found, the model still would not account for uncertainties in the
process conditions and in the inevitable modeling errors and thus utilizing the model
for online estimation and control purposes would be impractical. The model could,
however, be applied to process control purposes in an offline manner. For instance, the
model could be used to compute a process output map over a certain range of operating
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parameters and this map could then be used for process optimization, as demonstrated
in [24]. Other aspects related to process control are discussed further in Sect. 3.

3 Model-based microvia fill process control
3.1 The control approach

The basic model developed in Sect. 2 is highly detailed and enables studying and
experimenting with a wide variety of process features. Thus, by comparing the model
behaviour with data measured from carefully designed experiments, it can be a useful
tool for improving the operator’s understanding of the process and in designing the
via fill process. However, to be useful for automatic control, the model should be
robust, and give a good estimate of the process behaviour on average regardless of
what the exact process operating conditions are and whether or not they are known
in advance. Obtaining such a control model evidently requires simplifying the details
of the model into a handful of basic phenomena and including the rest of the process
features and details as uncertainties, or noise terms, that can be treated by a filter
included in the control algorithm. Such a filter reduces uncertainties [25] using their
statistical properties. Another and a simpler approach is to use averaging controls and
to analyse the consequences of the control error due to using the simpler controls. In
either case, the control algorithm—and so also the model when used as estimator—
should not depend on unobserved variables, but be completely reliant on available
measurements like cell current, voltage, temperature and so on. Also, for the purpose
of practical realization, the number of algorithm parameters should be significantly
lower than in the detailed model.

In the following section, the basic via fill model is dramatically simplified with the
following assumptions:

1. Mass transfer of species in the very vicinity of the copper surface is dominated by
diffusion

2. Electrochemical side reactions on the cathode are negligible and the rate of copper
reduction is directly obtained through the current measurement

3. The diffusion layer can be simplified into one dimension with a varying thickness,
meaning that mass transfer of copper occurring in the radial direction inside the
via is negligible

4. All other phenomena affecting the via fill process can be considered as uncertain-
ties, whose average effect on the process outcome can be predicted by filtering or
other means using their statistical properties

The main goal of the microvia fill process control is to maximize production while
retaining product quality, with a set of process and product parameters being given. It
is anticipated, that the case-specific maximal plating rate is obtained when the copper
ion concentration at the cathode surface is driven to such a level that mass transfer
of the copper ions to the cathode is maximized but the surface is still not depleted of
copper ions. If depletion would occur, product quality would deteriorate. Although
the control problem is a maximization problem with constraints, a much simpler
regulator problem is solved in practice. The control is implemented by adjusting the
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cell current. As the microvias only form a fraction of the PCB surface area, the cell
current essentially determines the plating rate on the flat surface of the PCB but not so
much inside the via, where the surfactants alter the deposition process significantly.
Hence, although the current density is high inside the via, only a small fraction of
the overall cell current goes through the via. Therefore, the control signal (current
density) is computed in a single, representative point on the flat PCB surface so that
the copper concentration on the surface is preserved at a desired level. The computed
current is then utilized to find the required voltage between the electrodes by solving
the Butler—Volmer equation for voltage, with the current being given. Then, as the
solved cell voltage is fed back to the Butler—Volmer equation, the current density
distribution over the cathode, including inside the via, is obtained and can be used in
the model for validating the control signal. In the computational model we calculate
the surface overpotential instead of the cell voltage.

To summarize, with the given simplifications, the process model becomes a dynamic
distributed parameters model (PDE) in one spatial dimension. Thus, the model geom-
etry is a line, whose end points are the model boundaries. The first boundary is in
the bulk solution end of the considered electrolyte layer and the other end is on the
cathode surface. The effects of the via geometry curvature, mass transfer effects of
other species, diffusion inside the via etc. are all considered as uncertainties of the
control model. The following sections describe the control model and the uncertainties
in further detail.

3.2 The control model without noises

The one-dimensional diffusion system is described in Fig. 3. As no other species but
the reducing copper ion are considered, only c is used to denote the copper concentra-
tion (i.e. ¢ = ccy). The system is considered symmetric in all other directions but that

c(1,0)

/Ac , A . c(0,0)

e —— c(0x) g%

,»/"C(I,X) ’/, ’ :
/| '
/| '
A T 5
A" '
/ s
/] : > >
x=0 @) x=0 x t=0 b) t

Fig. 3 Schematic 1D diffusion model illustration. The dashed lines in subfigure a illustrate the reactant
concentration profile evolution after imposing a constant mass flux over the reaction surface (corresponding
to a constant current on the electrode). Subfigure b illustrates the reactant concentration on the reaction
surface in the same case
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perpendicularly away from the cathode surface. The diffusion domain (0 < x < §)
is finite because the bulk electrolyte is continuously agitated (i.e. kept mixed by con-
vective fluid flow). Here § is the thickness of the fluid diffusion layer (a.k.a. boundary
layer) within which species’ mass transfer is dominated by diffusion. The dashed lines
in Fig. 3(a) illustrate the evolution of the copper ion concentration profile within the
diffusion layer when a constant mass flux of ions is forced over or into the cathode
surface (where x = 0) by e.g. a constant cathodic current through the electroplating
cell. Figure 3(b) illustrates the evolution of the copper ion concentration c(f, x) on the
reaction surface in the same case.

The copper deposition reaction takes place on the solid cathode surface and mass
transfer of copper ions in the domain (0 < x < §,¢ > 0) is dominated by diffusion.
Hence, the copper ion concentration c is given by the diffusion equation.

ci(t,x) = Dcyy(t, X) (22)

Here D is the copper ion diffusivity. The initial condition is that the copper ion con-
centration is initially everywhere on the bulk level, i.e. ¢(0, x) = ¢p. Once ¢t > 0, the
boundary conditions are given as a Neumann condition (23)

e (1)

Dcy (¢,0) = F= u(t) (23)

ZCu

on the boundary x = 0 and as a Dirichlet condition c(¢, §) = ¢, on the other boundary.
In (23), u(t) denotes our control variable that is directly related to the manipulated
variable: the cell current. Coincidentally, u is also the mass flux (mol/m2 /s) of the
plated copper. In practical systems u(#) is manipulated by adjusting a voltage over the
electrochemical cell in question in such a way that the total cell current corresponds
to the desired control. A galvanostatic controller can be applied to set the cell current
I1(t) = zcy, Fu(t)/A on the desired level with sufficient speed.

3.3 The model uncertainties as source noises

The via fill process uncertainties can be introduced to the model as source noises. A
noise term is the simplest way to simulate an uncertainty in control applications. Six
categories of boundary and domain uncertainties, and respective noises, are consid-
ered:

1. Electrolyte boundary noise

Cathode surface boundary noise

Domain noise near the electrolyte boundary
Domain noise near the cathode surface
Diffusivity noise

Sensor noise

SNk wN

1. Uncertainty on the electrolyte boundary, accounted for by the noise term ag Wg ®),
arises due to the uncertain thickness of the diffusion layer caused by the turbu-
lent mixing used to keep the electrolyte as homogenous as possible. The variable
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thickness of the diffusion layer is rarely known and can be estimated not better
than a random variable with certain average Value

2. Uncertainties on the cathode surface (noise o WO (¢)) arise due to unmodelled
side reactions, the unmodelled two-step features of the copper reduction reaction
and the inaccuracy of the control signal of a galvanostatic controller. In reality, the
applied total cell current is imposed over an inhomogeneous surface with curved
features, whereas the control signal was originally calculated with a 1D model
which ignores surface features completely.

3. Uncertainty of mass transfer within the electrolyte close to the electrolyte bound-
ary (noise a/‘.s W/‘.S (7)) arises due to the turbulent electrolyte flow and the related
inhomogeneous convective mass transfer of species into the assumed diffusion
layer. This uncertainty affects the model further inside the modeling domain than
just on the electrolyte boundary. This noise is applied pointwise j = 1,2,3...in
depth of the diffusion layer.

4. Uncertainties related to the mass transfer close to the cathode surface (noise

0WO(t)) arises due to such unmodelled phenomena like parasitic water decom-
posmon which agitate the electrolyte within the assumed diffusion layer and thus
affect copper mass transfer there.

5. Uncertainty related to the rate of diffusive mass transfer (noise 6]‘.1 W]d (1)) arises due
to using the simplest possible diffusion model. The diffusion Eq. (22) is originally
developed for dilute, non-ionic solutions while the via fill electrolyte certainly is
very concentrated and includes ions. Furthermore, a constant diffusion coefficient
is used while it is known that the copper ion diffusivity is nonlinearly related to its
concentration and solution temperature. These simplifications create uncertainty
in the entire modeling domain. Similarly, also the migration process which is
omitted from the mass transfer model (22) could be considered as a mass transfer
uncertainty extending over the whole domain.

6. Uncertainty related to sensor accuracy (noise 1% (#)) has an effect on the deposition
process only if a stochastic feedback control is applied, which is not the case in
this paper. Instead, a feed-forward control which is based on an averaging model
is applied and this eliminates the effects of sensor noises on the system.

To summarize, the uncertainties are incorporated in the control model by introducing
the various noise terms. A noise can be either a finite dimensional white noise or an
infinite dimensional (functional space) coloured noise. Using white noise corresponds
to accounting for a random modeling error and using a coloured noise corresponds to
accounting for systematic model error. In many cases, for example when a model is
biased, the latter is of more interest. Both cases are discussed below.

3.4 The control model with finite dimensional white noise

Considering that the dominating basic characteristics of the process are described by
the model given in Sect. 3.2, and that the uncertainties described in Sect. 3.3 are present
in the system, then the concentration of the copper ion in the modeling domain can
be modeled with the stochastic diffusion equation with a finite dimensional Wiener
process (noise) included
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de(t, x) = Ac(t, x)dt + o (x)dW (t). (24)

Here A is the linear operator Ac = Dcy, or more generally operator described by
Ac = Dcyy + kocy + k¢ with the diffusion, convection and reaction terms included;
this operator generates a strongly continuous semigroup, satisfying the coercivity
assumption and other standard assumptions with D > 0, kg < 0, k, < 0, as is natural
for an electrodeposition process. o (x)d W (¢) is a process noise with variance o. The
fact that the Wiener process (noise) is finite dimensional means the noise is applied
pointwise in the diffusion layer as a random step-function. The system noise is readily
discretized and as such can be easily implemented computationally.

The initial conditions for this system are the same as for the basic system (Sect. 3.2),
i.e. ¢(0, x) = cp. However, the boundary conditions are modified in order to incorpo-
rate the uncertainties. On the cathode boundary (x = 0) there is a stochastic Neumann
condition

Dy (t,0) + koc = u(t) + o0 Wi (1) (25)

and on the electrolyte boundary (x = §) there is a stochastic Dirichlet condition
c(t,8) = cputk + 05 Wg (1) (26)

By these means the uncertainties at both boundaries are introduced in the model by
completing the boundary conditions with generalized white noises W0 ), Wo (t) with
given intensities a(?, O’O In (25), u(¢) is the control signal yet to be deﬁned

From a system point of view, the concentration of species is known only on the
outer boundary x = § of the diffusion layer, where c(¢, §) = cpuir—=elsewhere it is not
observed, including on the controlled boundary c(¢, 0), i.e. at the electrode surface.
The current related to the consumption reaction can be measured, but this yields only
the mass flux over the boundary and does not indicate the concentration level there.

Furthermore, in practice we only measure a current that is corrupted with unmod-
elled side reactions accounted for here with a white noise o, W0 () but also corrupted
with a sensor noise. The sensor noise rV(t) is a generalized white noise with inten-
sity r.

DE(t) = u(t) + og WO (t) +rV (2). (27)

All of the considered white noise terms on the boundaries o, Wo (1), 0{)3 W0 (t) and
rV(r) gain their exact meamng as Ito’s integrals (e.g. [26]) after being written in
differential form (00 d Wo (1), o(‘)sd Wo (t) and rd 'V (t)) and integrated over time.

The domain noise. Due to the structure of the deposition process uncertainties the
domain noise o (x)d W () can be decomposed by intensities in the boundary-related
o%(x), 0% (x) and domain-related o? (x) components as follows

2 2 2
o(x) = \/(Uo(x)) + (0%(0)" + (04(x))". (28)
The domain noise is finite dimensional expressed as a weighted sum of single dimen-

sional Wiener processes in (29). In other words, the noise is distributed spatially over
the coordinate x. In reality, x is continuous but in the finite dimensional treatment, the
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domain is discretised and the noise is applied in the discrete points x;; between the
points the noise stays unchanged. The domain noise can therefore be described as a
sum over the points

N
o(x)dW(t) = ijo(xj)de(t). (29)

j=1
In (29), the noise W (¢) is applied point-wise in each point (x;, where j =1, ..., N)

of the interval (0, 6). W (¢) is standard Wiener process and o (x;) is the noise intensity,
in practice a weight function that sets the standard deviation of noise in the interval
(xj—1,x;]. The interval intensity is approximated with the unit step function o; =
0 (xj)1(x;_,,x;1(x) thatuses the weight coefficients o (x ;) and indicator functions x; =
1(xj71,xj](x). Similarly to the domain noises, the weights o; are decomposed in three
components, each of them selected proportional to the coefficient p“ and Gaussian
kernel as given in (30). For brevity, the notation « = 0, § or d is introduced.

=)
of(xi) = pF————e : 30
( J o SK«/E ( )

Here the coefficient p* scales the overall weight of noises by their type and s* con-
centrates the weight function o (x) to the either boundary 0 or §. m* = 0 if x = 0 and
m* = § otherwise. (The effect of function o (x) is demonstrated later on in Fig. 4.)

With the system of Eqgs. (24)—(30), the model with uncertainties introduced as finite-
dimensional white noise terms is complete. It can be utilized to generate the control
signal as is shown in Sect. 4.

0.25

0.2

0.15

Noise intensity

0.1

0.05

0 0.5 1 15 2 2.5 3 3.5 4
Thickness, m x10

Fig. 4 The intensity of noises represents uncertainty of the applied model near the boundaries a9, 69,
within the domain Ud, and in total o
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A detailed description of the process noises and their reasoning along with the
stochastic model is given in [25]. Also the stochastic control that uses a conditionally
Gaussian filter is given there. Such a feedback control can be considered reasonable
as it incorporates the measurements model (27) accounting for the most relevant mea-
surement process uncertainty effects.

3.5 The control model with coloured noise

The stochastic diffusion process model allows also for the description of the systematic
model errors by completing it with colored noise, instead of white noise. In terms of
the simplest derivation, the model must be completed with a functional space noise,
more specifically, with an infinite dimensional cylindrical Wiener process as follows:

de(t,x) = Ac(t,.x)dt + > 0" (x)VB*dW*(t,x). 31

k=0,8,d

Here B” is a linear operator that can be a trace class operator (for coloured noise)
or the identity operator B = [ (for white noise). W* (¢, x) is a cylindrical Wiener
process that depends on the spatial coordinate x as a Brownian sheet which allows
simple factorisation of the spatial and time dependent variables as expressed in (32)

o]

WE @, x) =D e ()Wx (0). (32)

n=1

Here (e};(x) : n = 1,2,...) is a complete orthonormal set of eigenfunctions and
(Wy() : n = 1,2,...) is a sequence of mutually independent Brownian motion
(standard Wiener process) on a canonical probability space.

The Laplace operators A and B* with mixed boundary conditions have complete
orthonormal sets of eigenfunctions. The eigenvalue problems are defined for four
realizations of the Laplace operators as follows

Adn(x) = —andn(x), Bfe,(x) = By e, (x). (33)
Here Ac = DAc, A is the Laplacian that corresponds to the mixed Neumann—
Dirichlet homogeneous boundary and D is the diffusion coefficient. The eigenvalues
of operator A are
I\ n
a, = Da?, a, = (n — 5) n (34)
and eigenvectors are
2
Pn(x) = \/;cos (apx) . (35)
Similarly, B“c = DAc, where A is the Laplacian that corresponds to the mixed
Neumann-Dirichlet homogenous boundary if k = 0.If x = & or d, then A
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corresponds to the Dirichlet—-Neumann homogenous boundary. The eigenvalues of
the operators B are

Bl = (36)

and the corresponding eigenvectors are

Q) = pa(x), €(x)=el(x) = \/? sin (a,x) , (37)

In Eq. (36), y is the noise correlation exponent that characterizes strength of noise
correlation spatially. If y = 0, we have a white noise and, if y > 0, this is a colour
noise.

A detailed description of the stochastic model with functional space noises is given
in [27] and therefore further details of the model are omitted from this text.

3.6 The reference system

In the case of a linear equation, the mathematical expectation of the evolution process
m(t, x) = Mc(¢, x) coincides with the noise-free process that satisfies a system similar
to (38) and (39),

dm (t,x) = Am (t,x)dt,m (0, x) = co (x), (38)
Dmy (t,0) =u(t),m(t,8) = Cpulk- 39)

This is recalled below as the noise-free deterministic system or as the reference system
for short. Note that technically the reference system (38) and (39) is identical to
the original, physics-based process model (22) and (23) although they represent two
conceptually different views to the same phenomenon. It can be considered that the
physical system has already averaged out all possible stochastic effects and considers
the natural phenomenon as exactly the average process, whereas the reference system
attempts to maintain the idea of stochastic effects included.

3.7 The system control

The control target. The aim of the control is to bring the (unobserved) boundary
concentration c(¢, 0) of copper ions at the cathode surface to level c¢; which is as low
as possible to maximize mass transfer of copper to the cathode without depleting, and
thus deteriorating, the surface completely. The target is set as a fixed concentration
level ¢4, and not as a time-dependent function, which simplifies the control problem
essentially: instead of a tracking problem it is a regulating problem. In the case of via
fill process, the depletion in the via is avoided by selection of the corresponding target
cq on the flat surface level.

Although tracking controls can be found for the finite and semi-finite diffusion
processes, they are relatively complex. Furthermore, the controls are further compli-
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cated if they are generalized for a partially observed diffusion process [28] or gener-
alized for a stochastic process such as (24)—(30) or (31)—(37). For practical purposes,
however, a regulating boundary control is assumed sufficient.

The boundary control. The proportional control law

u(t) = —Kp (m(t,0) — ca) (40)

brings the concentration of the averaged system (38) and (39) or the concentration

of the noise-free system (22) and (23) close to the desired level c¢4. The bigger the

control gain Kp is, the closer and faster the controlled concentration comes to the

desired level c;. However, such a proportional control always leaves a static control
0

erTor ;.

0

c(t,0) —cq (Coutk — ca) = cg. 41)

RN
D+ Kpé

The static control error can be removed entirely if the target concentration is selected
appropriately, specifically, if ¢; — (,’2 is used as target. The control (40) is then an
exponentially stabilizing. This feed-back boundary control (40) can be expressed [29]
as the feed-forward control (42) that does not require concentration measurements on

the boundary.

D s e~ M Dt
u(t) = —Kp (cpuk — ca) | =———— +2KpD 42
® P (Coutk = cal\ 5,5 TR ;sK%+KpD+M%6D2 )

In Eq. (42), wu, are the roots of the transcendental Eq. (43):

D ttan(us) =0 43)
Kp
These roots can be found fast. (Convergence to three-digit accuracy occurs in ca. 10
steps.) The sequence of roots increases so rapidly u, — oo, n = 1, 2, ... that the
sum (42) converges in ca. 50 steps.
The control effort (40) is initially at its maximum value, u(0) = — Kp (cpuik —Ca)-

If necessary, the control effort can be decreased with a time-variable gain, Kp(f) =
Kp(l —e "), v > 50.

The same control law in either modification (40) or (42) can be applied for control
of the stochastic system and if we do so, a control error, in this case better called a
residual, (44) emerges.

e(t, x) = c(t,x) —m(t, x) (44)
This residual is induced by the stochastic noise and application of the deterministic
controls (40) or (42) instead of a stochastic control (e.g. [25]). The control error is

almost irreducible in the presence of white noise but reducible to a wide extent in the
case of coloured noise (i.e. systematic model errors). The probabilistic properties of
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the residuals have been found in the cases of finite dimensional noise [29] and infinite
dimensional noise [27], along with the propagation of the uncertainties in space-time.
It is found, as shown below, that even a relatively weak correlation of colored noises
improves the model and control quality significantly.

4 Evolution of system noises and process control: numerical results

At first we demonstrate the effect of noises (uncertainties) on the controlled process in
simple cases and then we apply the discussed controls on the detailed microvia filling
process model.

4.1 Case I: control model with white noise

The parameters that are used in the simulation are summarized in Table 2. The physical
parameters have similar values as in Sect. 2 and as found in [23]. The noise parameters
were chosen more formally as shown in Fig. 4.

The unobserved concentrations generated by stochastic model (24)—(26) in the pres-
ence of feedback control (40) are shown in Fig. 5 along with estimated concentrations
from (38) to (39). Despite the incomplete measurements and relatively high noise
level, the estimated process follows the true concentration quite closely. The mean
value curves are rather smooth in Fig. 5 due to the set constant m(t, §) = cp,x On one
boundary and stabilization of the process at constant target m (¢, 0) = c4 on the other
boundary. Higher regularity inside the domain and lower regularity on the boundary
is the standard features that a Laplacian conveys.

Table 2 Electrodeposition

process parameters Coefficient  Value Unit

Electrolyte properties Chulk 780 mol/m?3

D 4x10710  m?s
Domain noise focus 0 4x107° m

8 4x107° m

54 151070 m
Domain noise intensity o0 0.1 mol/m>

,o‘S 0.175 mol/m3

pd 0.1 mol/m?>
Boundary noise intensity 08 1x1074 mol/m?

o 12 mol/m?
Noise spatial correlation power 0 -
Control target, gain and cq 100 mol/m?3

discount factor

Kp 1x1073  m/s

v 0.2 1/s
Geometry 8 4x1073 m
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Fig.5 The simulated (noisy) and estimated (smooth) concentration of copper(1I) within the diffusion layer
at distances x = 0, 10, 20, 30, 40 wm. The simulated concentration at the cathode surface and its estimated
value are close to the target concentration of 100 mol/m3(solid horizontal red line)

Table 3 Electrodeposition

process parameters in Case II Coefficient  Value Unit
Domain noise focus s0 4x107° m
58 4x1076 m
s4 8x1070 m
Domain noise intensity 00 3.5x10~%  mol/m3
o? 3.5%x107*  mol/m3
o4 1x10~*  mol/m3
Boundary noise intensity 08 1.5%107%  mol/m?
ag 35 mol/m?
Noise spatial correlation power y Oand0.5 -

The stabilized process at the boundary reaches almost the desired level in Fig. 5.
A small static error is visible. This error is almost insignificant and can be removed
entirely as was discussed above.

4.2 Case II: control model with coloured noise

In this section some of the noise parameters are increased significantly on purpose
to demonstrate the robustness of the control. The simulation parameters are given in
Table 3.

At first we consider the white noise case, when the noise correlation exponent is
set at zero, y = 0. Figure 6 shows the control error (residual) obtained from a large
number (2,500) of realizations of the stochastic system when simulating the copper
concentration in the diffusion layer. The control error is distributed over a wide region
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Fig. 6 The effect of source noises on control errors (residuals) is spread over the diffusion layer. In this
worst-case scenario, the model with white noise is significantly uncertain in the region of main reaction

from the cathode to the bulk end. The closest region to the cathode is the crucial
part of the electrodeposition reaction and the current model is very uncertain there.
As the stochastic system (Eqgs. (31)—(37)) is controlled based on the averaged system
(Egs. (38), (39)), the copper concentration can in this case reach a depletion level, i.e.
zero concentration (which occurs if the residual e(¢, 0) < —100 in Fig. 6) due to the
existing uncertainties.

The coloured noise case is considered next, with moderate noise correlation y =
1/2. As result of noise spatial correlation, the residuals are clearly suppressed.

Figure 7, compared to the case without noise correlation, Fig. 6. The control model
is more certain in the most important region for the electrodeposition reaction, at the
cathode. Hence a systematic model error has been removed efficiently.

The chosen colour noise improves the control situation radically, so much so that
there is no need for more intensive smoothing with colour (y > 1/2). On the contrary,
it is possible to use less correlation [27]. For example, y = 1/8 provided about 40 %
less variation than the white noise did. Eventually, however, the control errors are
lower bounded by the effect of boundary noises, which cannot be reduced unless they
are temporarily correlated. (This case is not presented.)

These simulations above demonstrate that the source noises expand with attenuation
in space-time. Even though a relatively simple boundary control (40) or (42) is applied
the control errors are bounded everywhere in the diffusion layer and are limited on the
boundaries [27,29]. The control law applied here and all of its derivatives are smooth
functions [29]. Generally boundary controls of distributed parameter systems are not
so well behaving and are rough functions [30].

Many more details of propagation of the source noises in space-time are given in
[27,29] in both white noise and colored noise cases. Understanding the propagation
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Fig. 7 The effect of source noises is suppressed effectively. The remaining effect is mostly that of the
boundary noises while the effect of domain noise is diminished. (It is smoothed out by the presence of

correlation of the noises.) The model with coloured noise is less uncertain in the region of the main reaction.
Note also that the same source noise intensity is applied here as in the simulations for Fig. 6

properties help to interpret the measured process data and to distinguish the physical
phenomena from the effects induced by the uncertainty in the applied model.

4.3 Case III: control application to the viafill process

In case 111, Eq. (40) is used to calculate the control signal for the microvia fill process
modeled with the detailed process model, developed in Sect. 2. It is considered that
the detailed model also includes modeling errors and deviates from the “real-world
process”. The control algorithm then acknowledges these differences and applies an
averaged control signal that in fact corresponds to the noise-free detailed model. The
setpoint concentration ¢; = 600mol/m> on a single point on the flat surface was
applied for calculation of the controls (40).

As said, the current computed at a single point on the flat cathode surface, is used
to find the voltage required between the cell electrodes by solving a location-specific
Butler—Volmer equation for voltage at a representative point, with the current being
given. Then, as the solved cell voltage is fed back to the Butler—Volmer equation over
the whole cathode, the current density distribution over the cathode, including inside
the via, is obtained. The current density distribution induces a Cu(II) concentration
field through the mass transfer system and this field on the cathode boundary is input
to the control (40). This closes the control loop.

The shape of via and field of Cu(Il) concentration during model-based control
is shown in Fig. 8 with snapshots corresponding to four time instances. It is seen
that the outcome of via shape is nearly identical to that displayed in Fig. 2. However,
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Fig. 8 Evolution of the shape of via and the Cu(II) concentration field in model-based controlled via fill
process. The time instants are a 12, b 36, ¢ 48 and d 72 min
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Fig. 9 The constant current and the time-varying controlled current applied to the viafill process

meanwhile Fig. 1 and 2 describe the process evolution with a constant current of 215 A
posed over the cell, in the controlled case the cell current fluctuates as illustrated in
Fig. 9. At first, the current changes rapidly but soon it gradually approaches a constant
value. On average the controlled current is slightly higher (240-270 A) than in the
constant current case. As result, the deposition process reaches the 80 % fill ratio level
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Fig. 10 The via fill ratio during the fill process when both constant and time-varying controlled plating
current is used
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Fig. 11 The copper(II) ion concentration inside the via and at the board surface during the controlled viafill

process. The electrode is not depleted as the concentration inside the via is above 100 mol/m3 throughout
the whole process. The time instants are 6, 18, 30, 42, 54 and 66 min

ca. 10 min sooner than with a constant current. The via fill ratios for both processes are
shown in Fig. 10. Despite posing a larger current through the cell, the control is safe
because the concentration in via never went below 100mol/m?, illustrated in Fig. 11.
The obtained control indicates that in this case, we can run the viafill process safely if
we insure that the copper ion concentration at the flat cathode surface stays above 80 %
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Fig. 12 The copper(II) ion concentration at the board surface during the controlled viafill process with
uncertainties (¢) and without uncertainties (m)

of the bulk concentration value. The main benefit of the control algorithm, however,
is that it automatically offers the optimal means to carry out the plating process in
whichever case comes to question when the detailed model and parameters are given.

The control errors induced by via fill uncertainties can be analyzed in the same
manner as demonstrate in Subsects. 4.1 and 4.2. However, in the stochastic model
case the target should be chosen lower c; = 400 mol/m? than in the detailed model
case that compensates for the ignored processes. The controlled stochastic process
c(t, 0) fluctuates around the target (Fig. 12) while the averaged process m(z, 0) is
maintained exactly on the target. The fluctuation from target is less in the case of
stochastic field (2D model) and smallest in the case of coloured noise. The 2D via fill
model with finite dimensional noise does not raise regularity problems but the model
with functional space noise is more irregular and only a coloured noise can be applied
in the 2D via fill case [31,32].

5 Conclusions

An overview of the modeling and model-based control of the microvia fill process
was given. A basic configuration for a distributed parameters model of the microvia
fill process was given first. The model appropriateness was illustrated by comparing
model output with measured data. This model is highly detailed and informative, and
therefore enables studying and designing the process in an illustrative, quantitative
manner. Such a process model is, however, often too complex and too sensitive to e.g.
errors in model parameters to be used for automatic process control purposes. Hence,
a simpler and more robust stochastic process model was given to work around these
problems was also given. The stochastic model was utilized for model-based process
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control development and the control algorithm simulations were used to illustrate the
control effectiveness. Finally the developed control was applied to control the detailed
microvia fill process model.
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