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Numerical simulations on over-plating by deformed meshes
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Abstract: The electrical deposition in an over-plating technology was explored under different line
spaces and line widths and the effect of geometries, such as a line space/line width ratio, and the dep-
osition velocity during the over-plating was investigated by using numerical simulations. Then, the de-
formed meshes were also applied to suit to the boundary grows of plated microstructure with the depo-
sition. The numerical results indicate that the difference of deposition velocity between the two ad-
joined plating lines is small and the depositing velocitie of the lateral and vertical directions are almost
the same when the ratio of line space to line width is larger than 12. But the depositing in lateral direc-
tion will be constrained when the ratio of line space to line width is smaller than 6. The deposition can
stop in a hole between the two plated lines and can cause the plating defect,for the smaller the line
space/line width is,the bigger the ratio of leteral deposition velocity to vertical deposition velocity is.
Experiments also show that the plating defect mentioned above can be removed by a technical method
using a second seed layer on photoresist.
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1 Introduction

UV-LIGA process is one of the most important
bulk fabrication methods with a high aspect ratio
for polymers based MEMS devices™®, which
combines the ultraviolet lithography. electrofor-
ming, and molding process. The main task of e-
lectroforming process is to obtain a high quality
metal monolithic mold insert which enables a
low cost and a mass production of polymer based
MEMS devicesH .

ming is how to completely transfer the pattern

The challenge for electrofor-

from the photo-resist microstructure under the
coupling of multi-field during plating.

The over-plating is a key stage to fabricate the
monolithic mold insert in a electroforming
process from the UV-LIGA technology. Due to
the coupling between the plated layer shape and
the depositing velocity during over-plating, the
actual plated shape usually deviates from the de-
sign. Recent researchers have observed that the
geometry of plating pattern, such as a line width
and a spacing, usually affects the over-plating
process, especially a ratio of large space to line-
width of the microstructure. Guo'™ found that a
typical defect of hole-formation occured at the
top of an electroplated metal mold due to the
large ratio of microstructure, and suggested the
ratio of space to linewidth should be no more
than 7. But in fact, the ratio in most microfluid-
ics, such as capillary electrophoresis microchip,
is really large, usually tens or hundreds, which
is a disaster for conventional over-plating. Thus

I and Lv'" simplified the electroforming

Luo'®
process by depositing the metal structure direct-
ly onto a metal plate, instead of conventional e-
lectroforming. By this method, a whole metal
mold inserts were obtained. Unfortunately, the
juncture between the deposited microstructure

and the metal plate is relative weak, which usu-

ally reduced the lifetime of mold insert in a

molding process. On the contrary, Zhu' im-
proved the conventional over-plating process u-
sing a second electric layer to reduce the effective
ratio of line space to linewidth, and obtained a
monolithic mold insert as that in the convention-
al electroforming process. These previous re-
search on over-plating mainly focused on techni-
cal solution""?.

One solution to this problem is to amend the
design according to these coupling effects so that
the whole top surfaces of photo-resist can be
fully covered with a deposited metal layer before
back-plating. It is necessary to investigate the
principle of the over-plating with different geom-
etries such as line space/linewidth ratio.

With the development of computer technolo-
gy, it is possible to numerically simulate the e-
lectroforming process using Finite Element
Method (FEM). But in this case, the core prob-
lem in the FEM of such over-plating is that the
boundaries of plated layers are moved in time
and with the depositing velocity. There are usu-
ally two solutions to this problem: one is

[ the other is using deformed me-

remeshing
shes, especially when the boundaries of the com-
putational domain are moved in time or as a

function of a parameter™?.

Especially the arbi-
trary Lagrangian Eulerian ( ALE) method is
mostly used for the deformed meshes. In consid-
eration of the outstanding performance and com-
puting velocity of the ALE, the later method is
chosen in this paper.

This work mainly investigates the numerical
simulation of over-plating with different geome-

tries such as space/linewidth ratio by deformed

meshes.

2 Numerical simulation

The conventional electroforming process, as

shown in Fig. 1, consists of three stages: 1) as-
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pect ratio preserved plating that fills the photo-
resist cavity; 2) over-plating which the metal
grows along the surface of photo-resist and cov-
ers all the surface; 3) back-plating which forms
a thick metal substrate. The first and third sta-
ges are connected by over-plating. The basic
characteristic of over-plating is that the profile of
plated structure is affected by the coupling be-
tween the plated structure and the depositing ve-
locity. In this part, numerical simulation is used

to investigate this process.

H N

(1) Plating

(2)Over-plating

(3)Back-plating
Fig. 1 Sketch map of electroforming for convention-

al UV-LIGA process

2.1 Electroplating theory

The plating theory is a complex engineering is-
sue with many factors such as electric fields, flu-
id dynamics, electrochemical kinetics, heat
transfering and so on. The equations lie on the
plating process. In order to simplify this prob-
lem, the simulated process is restricted as fol-
lows: 1) the current density is normal to a depo-
sition surface; 2) the current efficiency is as-

sumed to be 100%; 3) the initial shape of plat-

ing line is considered as a semicircle due to the

almost isotropic deposition at the beginning of
the over-plating; 4) The process is adiabatic
which means no heat is transferred when the
flow field and the temperature is constant; 5) all
the simulations are presumed in the absence of
bath stirring; 6) considering the distance be-
tween two electrodes is large compared to the
plating dimension, the flow field is in steady
state, and the mass transfer is sufficient, then
the flow equations are ignored.

Thus, the process of over-plating is deter-
mined by the electric field of the electrolyte and
the depositing kinetics. So the basic equations
for the over-plating just consist of an electro
field equation and a depositing velocity equation.

(1) Depositing velocity

The over-plating usually results in a moving
boundary because when the geometry changes
the current density distribution changes with it
correspondingly. A simple model for the deposi-
tion is based on the assumption that the deposi-
tion rate is proportional to the normal current
density J, at the surface. The velocity u in the
direction of the mesh normal at the electrode
surface then becomes

u=K=«J,, (D
Where K is the coefficient of the proportionali-
ty.

(2) Electric field in electrolyte

The electric field equation for electrolyte is
given by Gauss's law:

Ve (eE)=p , (2)
where E= — V'V, ¢ is permittivity, p is charge
density, V is electric potential in electrolyte.

(3) Current density

The current density J between the anode and
the plating sample is stated as Ohm's law:

J=cE+]*, (3)

Where ¢ is electrolyte’s electrical conductivity, J*
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is an externally generated current density, in
this model, the J¢ is set to 0.
2.2 Boundary conditions
In this simulation, the two 2-D modes are used
including the Conductive Media DC and transient
Moving Mesh ( ALE) applications modes.
Boundary conditions for the former(correspond-
ing to electric field in media) mainly consist of
the anode, bath wall and cathodes. The electric
potential of the anode is 1.5 V, the bath wall is
electric insulation, and the cathodes are ground-
ed. The boundary conditions for the ALE are
shown in section 2, 4.
2.3 Electrolyte system of simulated model
The model geometry of over-plating consists of 7
cm X 8 cm rectangular electrolyte bath with nick-
el cathode(s) to be plated, and an anode cover-
ing the whole top of the bath. The linewidth of
anode is 80 um, the space between the two cath-
odes varies from 120 um to 960 pm. The electri-
cal conductivity of electrolyte is set as 10 S/m.
The electric potential of the anode is 1.3 V.
Due to high deposition rate and low inner
stress, the nickel sulfamate electrolyte is usually
used in UV-LIGA, and also used in this work
for experiment. The composition of the electro-
lyte is shown as in table 1. The pH of the elec-

trolyte is adjusted to 3~4 by buffer solution.

Tab.1 Composition of nickel electrolytic solution
Components Quantity
Ni(SO;NH;), 4H,0O 330 g/L
NiCl,6 H, O 40 g/L
H; BO; 50 g/L
Wetting agent 1-2 mL/L

2.4 Numerical simulation

In this work, the numerical simulation is per-

formed in FEM analysis software of FEMILAB

(COMSOL Multiphysics, Version 3. 2) and
Matlab (MathWorks Inc, Version 6.5). Similar
to the electric field mode, the moving mesh ap-
plication mode needs boundary conditions, too.
For the anode and bath wall, the mesh displace-
ment dx and dy are both set to 0. The normal
and tangent mesh velocities for the cathodes are
set to u and 0 respectively. The y-direction mesh

velocity for the substrates is set to 0.

3 Results and discussion

3.1 Numerical simulation
For single line over-plating model, this simula-
tion will focus on the depositing velocity in later-
al direction and vertical direction. The initial line
shapes of the two cases are supposed as semicir-
cular and tabular, respectively. The linewidth
and radius of semicircular line are 80 pm and 40
pm. The linewidth and height of the latter are
100 pm and 10 pm. The deposition rate on the
surface of single semicircle line keeps uniform in
time, as shown in Fig. 2(a). Then the distance
from the central of the line to the point on the
deposited shape is kept uniform too, as seen in
Fig. 2(b). The results indicate that the deposi-
tion rate for single semicircle line is isotropic.
For the tabular line, the depositing velocity in
lateral direction is more than that of the vertical
direction, as shown in Fig. 2(¢). But the vertical
which

means that the difference of depositing velocity

depositing velocity increases in time,

between the lateral and vertical directions re-
duces with the trend of shaping semicircular line
(Fig. 2d).

It can be seen that single line in the over-plat-
ing has the trend of shaping semicircular line be-
cause the difference of depositing velocity be-
tween the lateral and vertical directions reduces

in time due to no confinements from other lines.
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Fig. 2 Process of over-plating for single line

3.2 effect of line space/width ratio on over-plat-
ing

Due to the coupling between the line shape and

the depositing velocity, the line space/width rati-

o will affect the process of over-plating. In this

work, it is characterized by the ratio of deposi-

ting velocity on top and bottom of the line. The

results indicate that when the line space/width

25¢
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(a) Effect of space/width ratio on difference of depos-

iting velocity on top and bottom of line
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Fig. 3 Line space/width ratio effect on over-plating

ratio decrease, the depositing velocity reduces in

lateral direction due to the interaction between
the near plated shape and the electric field, as
shown in Fig. 3(a). The deposition velocity in
lateral direction almost stops for the ratio of
0.25 as in Fig. 3 (b). Thus, the smaller of
space/line width ratio means more restrained de-
positing in lateral direction, even a hole may

formed between the two near lines™. The re-
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sults also indicate that there is a little difference
of depositing velocity between the lateral and
vertical directions when the space/line width ra-
tio is more than 8. But along with the deposi-
ting, the ratio of space to line width also re-
duces. In conclusion, the close plating lines will
restrain the lateral depositing velocity with the
results of extending the over-plating stage, even
forming a defect during the over-plating. The
simulation results suggest that this problem
needs additional ways for solution.

3.3 Optimized over-plating process

In order to avoid the problem caused by the ratio
of large space/line width, a second seed layer is
sputtered on the top surface of the photoresist
layer using a mask, the detail process can be

[6]

seen as in previous work By this way, the

back-plating stage can quickly start when the o-
ver-plated metal connects to the second seed lay-
er. The SEM of the mold insert fabricated by
modified UV-LIGA process is shown as in Fig.
4. The result indicates that the restraining of the
lateral depositing velocity can be solved by this

technical method.
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