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Effect of Mask Wall Angle on Shape Evolution during
Through-Mask Electrochemical Micromachining

R. V. Shenoy* and M. Datta*
IBM T.J. Watson Research Center, Yorktown Heights, New York 10598, USA

ABSTRACT

A mathematical model to predict shape evolution during through-mask electrochemical micromachining (EMM) has
been developed. Boundary element method has been used to solve the Laplace equation for electric potential with appro-
priate boundary conditions that describe the metal dissolution process under ohmic control. The influence of mask wall
angle on shape of the evolving cavity, current distribution within the cavity and etch factor have been determined. For
mask wall angles less than 90°, the etch factor increased due to the shadowing effect of the mask, whereas the etch fac-
tor decreased for mask wall angles greater than 90°. The influence of mask wall angle has been found to diminish with

increasing metal film thickness.

Electrochemical micromachining (EMM) is receiving
increasing attention in microfabrication for patterning,
shaping, and finishing.! In through-mask EMM, a pho-
toresist patterned metal workpiece is made an anode in an
electrochemical cell such that the exposed metal surface
is removed by high rate anodic metal dissolution. The
through-mask EMM can involve etching of the metal
workpiece either from a single side or from both sides
simultaneously. EMM of metal films supported by insu-
lating substrates involve single-sided through-mask
metal removal. The isotropic nature of the metal removal
process leads to undercutting of the mask. A priori
knowledge of the metal removal rates and the undercut-
ting of the photoresist is, therefore, essential in designing
the photoresist mask.

In through-mask EMM, the metal dissolution takes
place at the electrode surface that lies at the bottom of a
cavity created by the photoresist mask. The current distri-
bution at the electrode is thus dictated by the photoresist
artwork parameters. Any variations in these parameters
affects the current distribution at the metal surface and
the spatial distribution of the metal removal rate. This has
led to several investigations on the effect of photoresist
thickness and spacing on shape evolution during through-
mask EMM.*® However, none of these investigations con-
sidered the variation in the mask wall angle and its influ-
ence on the shape evolution. On the other hand, small
changes in exposure and development conditions during
photoresist processing may lead to variations in the pho-
toresist wall angle. These variations may lead to different
current distribution at the dissolving metal surface.

Diem, et al.® investigated the influence of small varia-
tions in the wall angle on current distribution and esti-
mated machining accuracy essential for making a recessed
disk electrode. The results showed that an accuracy of 0.5°
in the right angle between the insulator and the disk elec-
trode was required to avoid any significant error in the
measured current. The geometry used by Diem et al. is
similar to that of through-mask EMM. However, in
through-mask EMM, it is essential to consider the current
distribution both at the initial electrode surface and with-
in the evolving cavity.

In recent studies, the application of through-mask EMM
has been demonstrated in the fabrication of several elec-
tronic components requiring different metal wall profiles.
Examples include: ink jet nozzle plates containing high
precision V-shaped nozzles, metal masks, cone connectors,
and patterns of metal films on insulators.”*' The metal
wall profile required for these components varied from
tapered metal walls to straight metal walls. In all these
studies, EMM has been demonstrated as an effective
method for fabricating microelectronic components with
significant cost and environmental advantages over com-
peting fabrication technologies. For a wider application of

* Electrochemical Society Active Member.

EMM, the predictability and control of metal wall profile
evolution and undercut are of particular interest. In this
paper, the influence of the mask wall angle on the current
distribution, the shape of the evolving cavity, and the etch
factor have been investigated. The principal objective is to
determine how deviations (*10°) in the mask wall angle
affect the directionality of through-mask EMM.

Model Development

Figure 1 shows a scheme of the patterned electrode that
has been considered for this investigation. The patterned
electrode consists of a metal film of a finite thickness, b,
which is partially covered with an inert photoresist mask
of thickness, h. The pattern involves equally spaced
straight lines of width, 2L, that are separated by a spacing
of 2a. The angle between the photoresist sidewall and the
metal electrode surface is B.

The parameters that characterize the shape evolution
during through-mask EMM are (Fig. 1): (§) aspect ratio,
h/L, (i) spacing to opening ratio, a/L, (i) metal film thick-
ness ratio, b/L, and (iv) mask wall angle, 8. The aspect
ratio, spacing to opening ratio, and the mask wall angle
influence the current distribution at the electrode. On the
other hand, the metal film thickness ratio determines the
extent to which EMM must proceed before the underlying
insulator is exposed. The influence of these parameters on
the undercut, U, and the etch factor are of interest. The etch
factor is defined as the ratio of the maximum etched depth
to the undercut, (d/U). Once the insulator is exposed, metal
dissolution continues in the lateral direction leading to a
change in metal wall angle, x. Fine line through-mask
EMM of metal films on insulator requires minimized
undercut (hence increased etch factor), and straight walls.
In this investigation, the influence of the mask wall angle,
B, on the etch factor has been evaluated.

Assumptions.—The following assumptions have been
made in the development of the model for shape evolution
during through-mask EMM: ({) The shape evolution has
been investigated at a patterned electrode consisting of
equally spaced patterns (lines). This facilitated the use of
the lines of symmetry to limit the computations to a
domain defined by the electrode, the photoresist walls, the

2 2L U
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Fig. 1. Schematic diagram of a patterned metal film supported
on an insulator.
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lines of symmetry and a virtual cathode; (i3} The current
distribution at the metal surface has been determined
solely by the ohmic effects and the electrodes were defined
as equipotential surfaces. Thus, a primary current distri-
bution has been assumed. This assumption is justified as
the EMM is at relatively high current densities involving
low Wagner numbers; (iii) Faraday’s law has been used to
determine the rate at which the anode surface recedes. A
constant current efficiency during the EMM process has
been assumed; and (iv) The progress of metal dissolution
has been followed in terms of the ratio of the maximum
etched depth and the feature half-width (d/L).

Model equations.—The current distribution has been
obtained by solving the distribution of the electric poten-
tial in the electrolyte as governed by Laplace’s equation

Vip =0 [1]

Since the kinetic resistances at the electrodes have been
neglected, the boundary condition at the anode is

(b = Va [2]
and at the cathode is

b=0 - 3]

The potential gradients across the various lines of symme-
try and insulators have been set to zero

I
— =0 [4
an :
The current distribution at the anode has been combined
with Faraday’s law to determine the evolution of the metal
surface, The rate, r, at which the anodic surface recedes is
r = 2 1 5
nFp [5]
where M is the molecular weight of the metal, n is the
metal dissolution valence, p is the density of the metal
film, F is Faraday’s constant, and 6 is the current effi-
ciency of metal dissolution which is assumed to be con-
stant at 100%.

Method of solution.—Solution of the shape evolution
problem requires the use of numerical techniques. The
various numerical techniques available to solve the cur-
rent distribution problems can be broadly divided into the
domain based techniques such as finite difference and
finite elements methods and the boundary based tech-
niques such as the boundary element method. Although,
finite difference method is easy to implement in regular
geometries, the irregular shapes encountered in solving
the shape evolution problems cannot be easily handled.
The finite element method is more suitable for such prob-
lems. However, the domain based techniques require that
the potential distribution over the entire domain be
solved. Further, this has to be repeated at each time step to
determine the shape of the evolving cavity.

The boundary element method,** on the other hand, has
a significant advantage over the domain based techniques
in solving Laplace’s equation. The boundary element
method can be used to determine the current distribution
at the electrodes without solving the potential distribution
over the entire domain. This presents a significant savings
in computations in the shape evolution problems where
the current distribution has to be repeatedly determined.
Hence, boundary element method*® has been used in this
investigation. The current density at the anode has been
determined by solving Laplace’s equation, Eq. 1, and using
boundary conditions, Eq. 2-4. The anode surface has then
been displaced proportionally to the current density, i,
using Faraday’s Law (Eq. 5) to predict the shape of the
evolving cavity. The details on implementation of the
numerical procedure have been discussed in the Appendix.

Results and Discussion

In order to minimize the effect of the geometry other
than the mask wall angle, a case of recessed electrode has
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been considered. For straight vertical mask walls (B = 90°%)
uniform current distribution is obtained for aspect ratio
(h/L) of 1.0 or greater.’ Hence, an aspect ratio of 2.5 has
been chosen along with a spacing to opening ratio of 4.

Current distribution.—Figure 2 shows the normalized
current distribution at the initial patterned electrode sur-
face for various mask wall angles. For straight vertical
mask walls, (B = 90°), the current distribution at the initial
electrode is very uniform. However, deviation in the mask
wall angle, 8, from the straight vertical walls significantly
alters the current distribution at the initial metal surface.
For B < 80°, the normalized current density at the center of
the feature is greater than 1 and it decreases as the inter-
section of the insulating mask and the metal electrode is
approached. The current density at the intersection, for
B < 90°, is equal to zero. Conversely, for § > 90°, the nor-
malized current density at the center of the feature is less
than 1 and it increases as the intersection of the insulating
mask and the metal electrode is approached. The current
density at the intersection, for B > 90°, is infinite. This is
consistent with current distribution along an electrode
near the intersection of an electrode and an insulator.

The current distribution at the initial electrode surface
shown in Fig. 2 is extremely sensitive to the mask wall
angle. Even small changes in the mask wall angle lead to
significantly different current distributions along the elec-
trode surface. In the following, the current distribution at
various stages of the evolving cavity has been investigated.

Figure 3 shows the normalized current distribution
along the evolving metal surface for a mask wall angle of
80°. The parameter, S/S;, is a normalized distance meas-
ured from the center of the feature. The variable, S, is the
the distance along the evolving metal surface measured
from the center of the feature and S is the half-length of
the evolving metal surface. The normalized arc length,
S/S;, of 1.0 corresponds to the point of intersection

1.50

g

Metal film

XX

00‘00.00’0

00K
1 BRI [nsulator
QKRR

s
(S
w

1.00

b
~J
(¥ .3

Normalized current density (i/iavg)

B=92B=55p=100

0.50 i i P SR S S ST S SR |
0.0 0.2 04 0.6 0.8 1.0

x/L

Fig. 2. Normalized current distribution at the initial metal surface
for various mask wall angles, g.
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Fig. 3. Normalized current distribution along the evolving metal
surface at different etched depths for mask wa?l angle, B = 80°.

between the metal electrode and the photoresist mask. The
current distribution at the initial metal surface (d/L = 0)
shows a maximum at the center of the feature and it
decreases as the mask/anode edge is approached. This
leads to a higher metal removal rate at the center of the
feature as compared to the edge, thus providing a certain
degree of anisotropy during through-mask EMM. Under
strictly primary current distribution, the current density
at the edge of the feature is initially zero. This would lead
to no undercut as the initial metal surface is etched.
However, as the metal surface recedes, the angle between
mask wall and the metal surface increases. The current
density at the edge becomes finite and the undercutting of
the photoresist takes place.? The redistribution of the cur-
rent density as the cavity evolves has also been shown. As
the metal removal progresses, the current density at the
edge becomes finite and the current distribution across the
electrode becomes more uniform.

Figure 4 shows the normalized current distribution
along the evolving metal surface for a mask wall angle of
100°. The maximum in the current density at the initial
metal surface (d/L = 0) is at the edge of the feature. The
higher current density at the edge of the feature is not
desirable because it leads to higher lateral etching than
that in the vertical direction. However, as the metal
removal proceeds, the undercutting results in a redistribu-
tion of the current. The maximum in the current distribu-
tion begins to shift from the edge and moves toward the
center of the feature. The current density at the edge
becomes finite.

Shape of the evolving cavity—Figure 5a shows the
shape of the metal surface evolving for initial mask wall
angles of 80°, 90° (straight vertical walls), and 100° for dif-
ferent amounts of etched depths. For B = 90°, the maxi-
mum etched depth is always at the center of the feature.

* In practice, the finite resistance of the electrode kinetics would
tend to smooth the initial current distribution and the undercut-
ting would initiate even at the initial metal surface.
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Fig. 4. Normalized current distribution along the evolving metal
surface at different etched depths for mask wall angle, B = 100°.

For B > 90° the initial maximum etched depth is away
from the center of the feature, as shown in Fig. 5b. The
maximum etched depth moves toward the center of the
feature as the shape evolves during EMM. An analysis of
the evolving cavity shape indicates that for the same
etched depth, d, the undercut depends on the mask wall
angle. The undercut for mask wall angle, B = 80° is less
than that for B = 90°, which in turn is less than that for
B = 100°. The reduction in undercut in acute angled
masks leads to higher etch factors, thus providing a cer-
tain amount of directionality in the metal removal process.
In the following, the effectiveness of through-mask EMM
has been further investigated in terms of the etch factor.

Etch factor—Figure 6 shows the etch factor during
through-mask EMM for an aspect ratio, (h/L), of 2.5. For
masks with straight vertical walls (B = 90°), the etch factor
for a recessed feature starts around 2.0 and then decreases
as EMM proceeds. For mask wall angles less than 90°, the
etch factor is higher than cases with straight vertical mask
walls. The shadowing effect of the mask reduces the cur-
rent density at the edge of the feature. Hence, the spatial
distribution of the etch rate, near the edge of the feature is
lower than that at the center of the feature. This reduces
the undercut resulting in the increased etch factor.
However, as the metal removal proceeds the difference in
the etch factor between 90° and acute angled masks
decreases. This is a result of the redistribution of the cur-
rent within the evolving cavity that leads to the diminish-
ing influence of the mask wall angle.

For mask wall angles greater than 90°, the etch factor is
less than that for straight vertical mask walls. The current
concentration near the intersection of the mask and the
metal line leads to higher undercuts and lower etch fac-
tors. However, as the EMM proceeds, the difference in the
etch factor for mask wall angles greater than 90° and
straight vertical walls decreases. Again, the redistribution
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of the current within the evolving cavity plays a role in
diminishing the influence of the mask wall angle.

The discussion so far has been limited to cases where the
maximum etched depth is less than the metal film thick-
ness. In such cases, the metal removal takes place both in
the vertical and the lateral directions. The degree of
anisotropy is determined by the ratio of the metal removal
in the two directions, i.e. by the etch factor. In single-sided
through-mask EMM, the metal removal exposes the insu-
lator under the metal film once the maximum etched
depth exceeds the metal film thickness. In a double-sided
through-mask EMM, this results in a through hole in the
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a 6. Etch factor as a function of the etched depth for various
mask wall angles, g.
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workpiece. In both cases, further metal removal leads to
the movement of the metal surface in the lateral direction
under the photoresist mask. The extent to which the metal
removal is carried out then depends on the desired metal
wall profile.

Metal wall profile evolution.—Figure 7 shows the evolu-
tion of the metal wall profile for a mask angle of 90°. The
shape of the evolving cavity has been shown starting from
the point just prior to the exposure of the insulator under
the metal film. At the point where the normalized maxi-
mum etched depth (d/L) is equal to the metal film thick-
ness ratio (b/L), the metal surface fits an elliptical curve.
As the metal removal progresses, the insulator under the
metal film is exposed. The metal film closer to the insula-
tor is removed faster than that under the photoresist and
the metal film profile evolves toward a straight wall. The
evolution of the metal wall profile for various mask wall
angles can be compared in terms of the metal wall angle,
X, which is defined as

b
t = —_ {71
WYX= LT U -0
/Aesist/
0.0 /////1////
02 |
=
>
0.4
-0.6 |
Insulator
i i I 1 1 | IR
00 025 05 075 10 125 15 175 20

x/L

Fig. 7. Evolution of the metal wall profile after the underlying insu-
lator is exposed.
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where L is the feature half-length, U is the undercut, and
x; is the half-length of the exposed insulator. The extent of
the metal removal necessary to obtain a certain metal wall
angle can be expressed in terms of the ratio of undercut to
metal film thickness. In the following, the influence of the
mask wall angle on the metal wall angle, x, for different
metal film thickness ratios has been investigated.

Lateral metal removal in thin films (b/L =< 1 )— The
evolution of the metal wall angle has been investigated.
for metal film thickness ratio of 0.2 and 0.7. Figure 8
shows the metal wall angle as EMM progresses for a metal
film thickness ratio of 0.2 and mask wall angles for 80°,
90°, and 100°. The general trend of the metal wall angle
evolution for all three mask wall angles is the same. The
metal wall angle is shown from the point when the bottom
insulator is exposed to the point where the metal wall
angle is greater than 80°. Initially, the metal wall angle, x,
increases rapidly but the rate of change of the metal wall
angle decreases as the metal removal progresses. The
undercut essential to obtain a desired wall profile is lower
in acute angled masks than in right angled or obtuse
angled masks. This indicates that the directionality of the
EMM process can be improved by the use of acute angled
masks when the film thickness ratio is low.

Figure 9 shows the metal wall angle as EMM progresses
for a metal film thickness ratio of 0.7 and mask wall
angles for 80°, 90°, and 100°. The metal wall angle evolu-
tion is similar to that observed for the metal film thickness
of 0.2. Initially, the metal wall angle increases rapidly and
the rate of increase slows down as the metal wall angle
approaches 90° asymptotically. Figure 8 also shows that
the differences in the metal wall angle for various mask
wall angles are significantly less for metal film thickness
ratio of 0.7, than those observed for 0.2. The influence of
the mask wall angle has been shown to decrease with
increasing metal film thickness.

Lateral metal removal in thick films (b/L = 1).—The
influence of the mask wall angle on the etch factor is min-
imal as shown in Fig. 6. It is also an insignificant factor in
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Fig. 8. Metal wall angle evolution for various mask wall angles, B
for metal film thickness ratio of 0.2.
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the evolution of the metal wall profile. Thus, there are no
gains to be achieved in directionality by varying the mask
wall angle in through-mask EMM of thick metal films.

The above results can also be used to understand the
influence of complex resist profiles such as a resist foot
and rounded profile. The investigation of the resist foot
would involve two additonal dimensionless parameters
used to characterize the foot. The effect of the rounded
resist profile would be important in machining of thin
metal films (b/L = 1). Whereas, for thick metal films, the
effect of the rounded profile would diminish with increas-
ing metal film thickness.

The results of the present study indicate that the mask
wall angle can substantially impact undercutting during
through-mask EMM in early stages of metal removal. This
behavior can be particularly useful in patterning of fea-
tures in thin films. The photoresist mask angle of less than
90° can be used to reduce the undercut and improve the
directionality of the EMM process. However, the influence
of the mask wall angle diminishes with an increase in the
metal film thickness ratio. This impacts the etching of
deep cavities. In cases with high metal film thickness
ratio, (b/L = 1), the influence of the mask wall angle is
minimal.

Conclusions

The primary current distribution at the initial electrode
surface is very sensitive to the mask wall angle. Even small
deviations in the mask wall angle from straight vertical
walls result in drastic changes in the current distribution.

During through-mask EMM, the shape of the evolving
cavity causes significant redistribution of the current
along the electrode surface. As the shape evolves, the cur-
rent distribution becomes more uniform.

For mask wall angle of B > 90°, the current distribution
at the initial surface has a maximum at the edge of the fea-
ture. The maximum in the current distribution moves
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toward the center of the feature as the metal removal pro-
gresses.

For mask wall angle of 8 < 90°, the current distribution
has a maximum at the center of the feature. As the EMM
proceeds, the maximum in the current distribution
remains at the center of the feature.

The mask wall angle has been shown to influence the
etch factor. The influence is greatest in the initial stages of
the metal removal and diminishes as the metal removal
proceeds. With increasing etch depth, the etch factor for
different mask wall angles approaches the etch factor for
straight vertical mask walls.

Acute angled masks have been shown to improve the
directionality of through-mask EMM by reducing the
undercut for thin metal films. The undercut to obtain a
desired metal wall profile is lower for the acute angled
masks than for right angled or obtuse angled masks.
However, the influence of the mask wall angle on the evo-
lution of the metal wall profile has been shown to dimin-
ish with increasing metal film thickness ratio.

Manuscript submitted Mar. 9, 1995; revised manuscript
received Oct. 1, 1995.

IBM assisted in meeting the publication costs of this
article.

APPENDIX

The current distribution at the anode has been deter-
mined by solving the model equations using boundary ele-
ment method.”” The boundaries have been divided into
quadratic elements by equally spaced nodes. The number
of nodes have been increased till the resulting changes in
the current density are negligible. This approach has been
found to be sufficient to determine the current distribution
for B = 90°. However, the current distribution near the
anode/mask intersection has been found to change signif-
icantly as B deviates from 90°. This nonuniform current
distribution problem has been solved by placing more
nodes near the anode/mask intersection. The distribution
of the nodes along the anode has been varied till the cur-
rent density distribution near the mask/anode intersection
for various values of B satisfy the the following asymptot-
ic expression'

#(R) oc Ri/28-1) [A-1]

where R is the distance from the mask/anode intersection.
At each time step, the anode surface has been displaced
roportionally to the current density, i. The electrode sur-
ace at the center of the feature has been displaced verti-
cally by a distance of 0.005-0.001 times the electrode half
length, L. The time steps have been increased as the shape
evolution progressed. The nodes on the newly generated
surface have been repositioned. Nodes are addef to main-
tain the initial internodal spacing. The step size used for
shape evolution has been varied till the evolving profiles
are independent of the step sizes.

In addition, the model has also been solved by formulat-
ing the model equations in terms of stream functions.’ The
advantage of using stream functions is that the current
distributions does not show numerical instabilities near
the anode/insulator edge. In the present study, the current
distribution at the initial electrode surface has been deter-
mined by using stream functions whereas the current dis-
tribution on evolving surfaces have been determined by
using the potential. The shape evolution and etch factors
predicted by using either of the two methods (stream func-
tions or potential) are identical.
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LIST OF SYMBOLS

distance between photoresist edge and line of

symmetry, cm

thickness of metallic film, cm

metal film thickness ratio

maximum etched depth, cm

normalized etched depth

etch factor (d/U) R

faraday constant, 96,500 C/eq

photoresist mask height, cm

aspect ratio

current density, A/cm?

half-length of the feature, cm

molecular weight of the metal, g/mol

valence of metal dissolution

material removal rate, cm/s

distance from the mask/anode intersection, cm

distance along the evolving cavity measured from

the center of the feature, cm

S.  half-length of metal electrode in an evolving
cavity, cm

U undercut, cm

V., potential of the anode, V

x; half-length of exposed insulator, cm

Greek

NI I FHTITTIYEHALLST e
SETETEERTE

B mask wall angle, degrees
X metal wall angle, degrees
¢ potential, V
p density of material, g/cm?
6 current efficiency of metal dissolution
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