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Abstract— A control law for microvia fill process optimization
is proposed in this paper. The law enables linear growth of either
microvia fill ratio by applying nonlinear control of cell voltage or
plating current density, implemented as a set point trajectory for
a potentiostat or galvanostat, respectively. Linear deposit growth
enables accurate prediction of plating duration and end time.
The control system is simulated and compared with results of
via fill tests.

I. INTRODUCTION

The microvia fill process is an electrochemical process
in which metallic copper interconnects are made between
adjacent layers of a multilayered printed circuit board (MLB).
In large scale, the process is driven by the electroplating
voltage applied over the system, but in microscopic scale,
manifold differences in copper deposition rate can be caused
by local variation in surface chemical factors. Specifically, the
nonlinearity of the microvia fill process is a consequence of
special surfactant chemicals added to the plating bath and -
when successful - results in perfect fill of the microscopic via
holes drilled into the MLB, while simultaneously leaving an
even and thin deposit on the level board surface [1].

The principles applied in microvia fill electroplating are
closely related to the electrolytic fill process of nanometer-
scale features, applied in microchip manufacturing. The sub-
micron copper electroplating process and the related elec-
trolyte and additive chemistry has recently been studied ex-
tensively [3], [4], [5], [6]. Also several models for the process
have been developed [7], [8], [9], [10].

Due to intellectual property right issues the composition
and content of additives in the electroplating bath is often
unknown by the process operator and therefore a model [2]
based on specific chemical mechanisms of additive chemistry
is unobtainable. The semi-empirical process model applied
here is mainly based on first principles of electrochemistry
and enables a robust model-based control of the microvia fill
process.

Plating time and control current density are commonly the
process variables that are controlled to obtain a good fill result.
An optimum solution for current density in a galvanostatic
system and for cell voltage in a potentiostatic system are
presented in this paper. Plating end-time is the basic solution
condition.

II. THE PROCESS MODEL

Layer thickness h of deposited copper on the plated board
surface and inside the via holes satisfies the dynamic equa-

tion (1).
∂h

∂t
= Ki(x, y), h0 = 0 (1)

In (1), the symbols have the following content:
t - elapsed deposition time (s)
x, y - coordinates on via cross-sectional surface
i(x, y) - current density on the cathode (A/m2)
K - atomic volume of copper (m3/As)

A scanning electron microscope image of a microvia cross-
section is given in Fig. 1.

The deposit growth velocity corresponds to the local depo-
sition current density i on the cathode surface. Without notable
loss in precision, i can be approximated with (2) [2].

i = −2i0μ
β
addμ

α
Cu sinh(kαE) (2)

i0 - the exchange current density (A/cm2)
E - electromotive force (EMF) over the electrodes minus
the ohmic drop of potential caused by electrolyte resistivity
(E < 0, V)
k - temperature voltage (k = zCuF/RT , V−1)
α - apparent transfer coefficient of the Cu-Cu-system α =
αaαc/(αa + αc) (dimensionless), where αi is the apparent
transfer coefficient of the anodic (αa) or the cathodic (αc)
electrode process, β = αa/(αa + αc)
μi - fractional concentration of the involved species in the
cathode surface vicinity (dimensionless), μCu for copper(II)

Fig. 1. A microvia cross-section photographed with a SEM. Letters denote
dimensions, S=substrate layer, V=Cu-layer in via center and B=Cu-layer on
board surface.
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ions

μCu =
cCu(x, y)

cb
Cu

(
cCu(x, y) + 3.5

cb
Cu + 3.5

)−0.5556

(3)

cCu(x, y) - copper(II) ion concentration at cathode interface
solved from the diffusion process mass balance (mol/m3) [2]
cb
Cu - bulk solution copper(II) ion concentration

μadd - suppressor and accelerator additives in monolayer. The
additives’ surface concentrations (mol/m2) are solved from
mass balance of the adsorption and desorption processes that
depend on changes in the local surface area; μadd dependence
on the surface concentrations is specified in [2] as a function
that depends on location on the cathode surface μadd(x, y)

For convenience, designate ϕ(x, y) = μβ
addμ

α
Cu. This coef-

ficient may be considered as a local measure of the additives’
activity on the cathode surface; particularly, it differs signifi-
cantly between inside the via and outside it, on the level board
surface.

III. FILL RATIO

A common measure for fill progress and final success is the
via fill ratio (4).

r =
h(x0, y0)

H + h(xn, yn)
(4)

The fill ratio is calculated upon H , the depth of drilled hole
(equal to thickness of board substrate layer, m) at (x0, y0)
corresponding to the center of via and (xn, yn) corresponding
to any point on level board surface.

In MLB manufacturing, a common requirement for the fill
ratio is r(τ) ≥ 0.9 = R, where R is the target fill ratio at
plating end time t = τ when boards are removed from the bath.
This requirement includes the deposit growth and stopping
moment control problems. The latter problem (when to stop
the deposition process) can be solved simply if the control law
is designed to satisfy the simple requirement that the filling
ratio r increases proportional to elapsed plating time, r = bt,
i.e. if the tracking trajectory for control is chosen as in (5).

dr

dt
= b, r0 = 0 (5)

As b is target growth rate for fill ratio (m/s), the stopping
control is then simple: τ = R/b.

A. Control problem

The fill ratio (4) can be rewritten as

rH + rh(xn, yn) − h(x0, y0) = 0 (6)

which is formulated below (7) as a squared performance index
for the control problem statement. The task is to minimize the
running cost Iu(t) (at any moment t ≥ 0)

Iu(t) = [rH + rh(xn, yn) − h(x0, y0)]2 → min (7)

with respect to the following ODE-system (8), (9), (10) with
zero initial conditions

dr

dt
= b (8)

dh(xn, yn)
dt

= −K2i0ϕ(xn, yn) sinh(kαE) (9)

dh(x0, y0)
dt

= −K2i0ϕ(x0, y0) sinh(kαE) (10)

The conditions are: (8) tracking trajectory (filling rate re-
quired), (9) deposit thickness on level board and (10) deposit
thickness inside via, where E is the control variable (the EMF
with ohmic loss of potential reduced, V).

Minimizing the running cost (7) gives the following control
law.

IV. CONTROL LAW

For convenience, the functions h(x0, y0), h(xn, yn) are
abbreviated as h0 and hn, and ϕ(x0, y0), ϕ(xn, yn) are
designated similarly.

The optimal reduced EMF is given by (11).

Eopt =
1

kα
a sinh

{ −b

2i0K

H + hn

ϕ0 − tbϕn

}
(11)

The optimal trajectory for deposit growth inside the via is
then (12)

dh0

dt
= bϕ0

H + hn

ϕ0 − tbϕn
(12)

and on the level board surface (13)

dhn

dt
= bϕn

H + hn

ϕ0 − tbϕn
. (13)

This is a coupled nonlinear system.
The optimal current density on cathode surface, and partic-

ularly inside the via (j = 0) and on the level board surface
(j = n) is

iopt = ϕj
b

K

H + hn

ϕ0 − tbϕn
(14)

This optimizes the running cost to zero: Iu
opt(t) = 0.

A. Control implementation

The optimal current density on level board surface is given
by (15).

iopt(xn, yn) = ϕn
b

K

H + hn

ϕ0 − tbϕn
(15)

In an industrial via filling system, the optimal current
density can be applied as the target current density for a gal-
vanostatic control system, or to obtain the optimal cell voltage
for potentiostatic control. In the latter case, the voltage can
be calculated by completing the optimum E with the ohmic
loss of potential caused by the electrolyte resistivity (16).
Resistivity is given as the inverse of electrolyte conductivity.

uopt = Eopt − d

σ
iopt(xn, yn) (16)

uopt - optimal cell voltage, that can be applied as such between
the electrodes (V)
Eopt - optimal reduced EMF (11) (V)
iopt(xn, yn) - optimal current density on level board surface
(15) (V)
d - distance between electrodes (m)
σ - electrical conductivity of electrolyte (S/m)
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By substituting (11) and (15) into (16), the equation is
rewritten as (17), which clarifies the relationship between
the model-predicted variables h and ϕ0, and the manipulated
variable u.

uopt =
1

kα
a sinh

{ −b

2i0K

H + hn

ϕ0 − tbϕn

}
− ϕn

d

σ

b

K

H + hn

ϕ0 − tbϕn
(17)

B. The stopping rule

If the optimal current density (17) is used as the target for a
galvanostat, or the optimal cell voltage (16) for a potentiostat,
then the stopping time is constant, τopt = R/b and it is
determined upon the target fill ratio R and target growth rate
b. After the time instant τopt all plates are removed from the
plating bath.

C. Proof outline

The cost function (6) is zero initially. If its time derivative
can be made zero during the plating process as a result of
control, then the cost function behaves like a zero function,
and the running cost (7) calculated as a squared cost function
is also zero along the whole trajectory. Therefore, first derive
the optimal control law from the zero condition of the time
derivative of the running cost requirement (7), and then use
this law to shown that the cost function is really zero along
the trajectory.

V. DISCUSSION

The control effect is discussed. The list of parameters used
to obtain these modelling results is given in Tab. I. Three
via fill process measurements are shown in Fig. 2 (blue, red
and green lines). These measurements were obtained from
processes using a constant current density as set point for
the plating apparatus controller galvanostat. The controlled
via fill process was simulated and is compared with the
measurements, also shown in Fig. 2 (black line). In the
simulated case, the growth evolution is perfectly linear and
hits the target fill ratio R = 95% at time instant t = 4320s,
determined as plating end time. It is notable, that for linear
growth of the copper deposit inside the via, the required cell
voltage is substantially nonlinear (min-to-max is 0.75V), while
the nonlinearity of the reduced EMF is much smaller (min-
to-max is 0.04V) as shown in fig. 3. The strong nonlinearity
of the electrode process is thus reflected to the manipulated
variable through the ohmic loss of potential in the electrolyte,
which is a linear function of current density.

When controlling the system to produce linear copper
deposition inside the via, the current density both outside as
well as inside the via become nonlinear, shown in fig. 4.

The uopt and i (on board) can be used for control set
points (target voltage or target current density) for either a
potentiostat or a galvanostat, correspondingly.

Figure 5 illustrates the model-estimated current density
profile behavior in the vicinity of the microvia and fig. 6
represents the result of an optimal via fill process.

Fig. 2. Via fill ratio measured in three via fill tests.

Fig. 3. The optimal reduced EMF.

Figures 5 and 6 illustrate the modelled via profile geometry
and modelled current density distribution along the cathode
surface around the microvia center.

VI. CONCLUSION

A control law that produces linear growth of the copper
deposit both inside the via and outside it, on the level
board surface, was developed for the microvia fill process,
commonly applied in multilayered PCB manufacturing. The
law is formulated such that it enables potentiostatic control of
a copper-copper-electrode electroplating bath, providing the
process operator with means to determine the plating duration
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Fig. 4. The optimal cell voltage.

Fig. 5. The optimal local current i density at different time instants during
electroplating, along the cathode surface cross-sectional profile of the microvia
domain. Microvia center axis is congruent with the y-axis.

and thus end time accurately. Simulation proved the principles
proper within the limits of model accuracy.

It is worth to notice that in order to reach a stable process
and linear growth of copper deposit inside the microvia, the
potential of the plated board acting as electrode needs to be
altered only very little. However, due to the nonlinearity of
the electrode process, the cell voltage must be much more
widely varied to obtain the requested potential changes on the
electrodes.
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TABLE I

LIST OF PARAMETERS USED FOR MODELLING.

Symbol Value Unit Explanation
αa 0.232 no dim. Anodic transfer coefficient
αc 0.170 no dim. Cathodic transfer coefficient
i0 21 A/m2 Exchange current densit.
b 2.2 · 10−6 m/s Target deposit rate in via
R 95 % Target fill ratio
τ 4320 s Target end time

For an extensive parameter listing refer to [2].
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