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Centrifugal Etching
An Experimental Study
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A cell consisting of a rotatable double-walled cylinder is described for the study of etching under conditions of enhanced gravity.
Rotation rates of 6000 revolutions per minute giving g values of up to 600 were possible with the set-up. The cell was tested by
etching masked patterns in a copper plate with an aqueous FeCl3 solution. The dependence of the etch rate on the system
parameters~g value, ferric ion concentration, solution viscosity! is shown to be in agreement with trends predicted by a boundary-
layer model. The results show that ‘‘centrifugal etching’’ involving artificial gravity gives a markedly increased etch rate and a
reduced undercutting of the mask edge. It is shown that, in principle, the cell can be scaled up to dimensions interesting for
industrial applications.
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Two aspects of the wet-chemical etching of solids are genera
important for practical applications. The etch rate should be as h
as possible and etching should generate exactly the patterns or fo
needed for the particular application. Device technology requir
details with dimensions ranging from below 1mm to above 1 cm.
The maximum etch rate is achieved when the surface reactions
fast and mass transport of active etching components to the surf
determines the dissolution rate. Occasionally, transport of disso
tion products from the surface may be rate-limiting. With mas
transport control the etch rate depends on the diffusion coefficient
the active component~this is a system parameter! and on the steady-
state concentration gradient at the surface. The latter is determi
by the hydrodynamic conditions in the system.

In many applications patterns are etched through the windows
a masked substrate~Fig. 1a!.1-5 Generally, a high etch factor is de-
sirable; this is the ratio of the etched depthde to the undercutting of
the mask edgedu . When the dissolution reaction is limited by mas
transport, isotropic etching results. Underetching is severe~Fig. 1a!
and aspect ratios close to one are obtained. The aspect ratio ma
improved by jet or spray etching.2,3,5

Various methods can be employed to increase the etch rate in
case of mass-transport control by enhancing convective diffusi
These are based on reducing the diffusion layer thickness a
thereby increasing the concentration gradient of the active com
nent at the surface. The etching solution can be stirred either m
chanically or by gas bubbling. The etching substrate can be mov
with respect to the solution; the rotating-disk configuration is muc
used in electrochemical studies.5-7 For large-scale industrial applica-
tions, machines are available that use jet or spray etching.3-5

In two earlier studies an adapted centrifuge was used to sh
that one can apply artificial gravity to enhance convection and
crease the etch rates of both metals and semiconductors.8,9 Since
etching involves dissolution of the solid, a solution layer with
higher density is invariably formed close to the etching surfac
When etching is performed in the presence of an acceleration fie
for example, in a centrifuge, the more dense solution is effective
expelled from the hole if the acceleration vector is pointing out
the hole. This creates a natural convection pattern inside the h
~Fig. 1b!. In this case the fresh etchant should first encounter t
base of the cavity, creating the largest etch rate where it is need
The depleted etchant passes out of the hole along the walls, ensu
a lower dissolution rate at the walls. This should give rise to a
improved etch factor. Experiments carried out on bronze confirm
this effect.8 In centrifugal etching the formation of vortices within
the etching cavity at larger etch depths is avoided.9 Such vortices,
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which are inherent in methods in which the etchant is forced alo
the hole pattern, may lead to a drastic reduction in etch rate at lon
etching times and to strong undercutting of the resist.

Shin and Economou10 used a finite element approach for the
numerical modeling of centrifugal etching. By considering the sha
evolution in an etching cavity partly covered by a mask, the
showed that the etch factor could be greater than unity. One of u11

has developed a boundary-layer model for free convection in t
centrifugal etching of an axisymmetric cavity. This model repro
duces the etched shapes predicted by Shin and Economou.10 In ad-
dition, it yields an analytical expression relating the etch rate to t
system parameters: centrifugal acceleration, concentration and
diffusion coefficient of the active etching component, solution vi
cosity, and etching time.

In this paper we describe an experimental study of centrifug
etching. In contrast to previous work involving an improvised etc
ing setup,8,9 we have designed a simple and versatile cell. This pr
totype was tested with an etching system, copper in aqueous Fe3
solution, widely used in technological applications.1-3 Etching does
not involve gas evolution which would be a complicating factor. W
compare our results with those expected from the boundary-la
model10 and consider the possibility of scaling up the system.

Experimental

The cell design.—The cell was designed so that it could be easi
taken apart in order to mount and demount the substrate. The p
ciple of the design is shown schematically in Fig. 2. The cell co
sists of two concentric cylinders, an inner cylinder I, and an out
cylinder O. The etchant~the shaded area! is contained in the open
space between the two cylinders. The substrate S to be etche
mounted on the outer wall of the inner cylinder. A cap, which is n
shown, prevents the etchant from escaping during operation. T
cell is rotated about its axis, giving rise to an acceleration field at t
surface of the etching substrate. The bulk of the solution is statio
ary with respect to the rotating walls during etching.

The detailed design is shown in Fig. 3. Figure 3a gives an e
ploded view of the cell parts, which were made from Perspex; F
3b-d show sections through the parts. The cell is assembled fr
three main parts: an outer hollow cylinder 1, an inner hollow cylin
der with two flattened sides 5~this is the sample holder! and a solid
spacer 3 to position the inner and outer cylinders with respect
each other. The outer cylinder 1 has a wide top and a narrow b
with a screw thread on the inner surface of the base. An O-ring 2
into a concentric groove in the base of the wide part of cylinder
The solid spacer 3 has a threaded base which can be screwed
the bottom part of cylinder 1. In this way the spacer is press
tightly against the O-ring 2 in the base of the cylinder, ensuring
leak-free seal at the bottom of the cell. The sample holder 5 fi
snugly over the top part of the spacer, thus creating a compartm
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for the etchant between the inner and outer cylinders~see also Fig.
2!. The sample holder and spacer are locked by two pins 4 which
into holes in each piece. The sample holder has two flattened sid
with grooves~see Fig. 3a! into which the copper plate samples could
be easily mounted. The normal distance from the center of the cell
the exposed copper surface is 15 mm. The cell is sealed at the
with an O-ring 6 and a lid 7 which is screwed into the outer cylinder
A hole in the lid allows excess etchant to escape from the cell durin
loading.

The cell was mounted on bearings and rotated about its axis wi
a belt fitted to the lower part of cylinder 1 and a motor with a contro
unit and a feedback system. Rotation rates up to 6000 rpm~corre-
sponding tog values up to 600! were possible with the setup. The
rotation rate was checked with a stroboscope.

The etching system.—As a model system we studied the disso-
lution of copper in aqueous FeCl3 solution. Etching in this case is
determined by mass transport of ferric ions to the surface. An aqu
ous stock solution containing 3.7 mol/L FeCl3 with 7 vol % concen-
trated HCl was used either as prepared or diluted to give a range
etchants of different ferric ion concentrations and viscosity. The vis
cosity of the etchants was determined by the Ubbelohde method a
the results agreed with those previously reported for FeC3
solutions.12

The copper plate was masked with resist by standard photolith
graphic techniques. The masked pattern contained circular windo
with diameters ranging from 10 to 1000mm. Before etching, the
copper was pretreated for 10 min in a solution containing 3 g of
ethylenediamine tetra-acetic acid in 100 mL of water, acidified wit
three drops of concentrated HCl. The etched depth and hole broa
ening due to undercutting were determined by optical microscop

Figure 1. ~a! A schematic profile of a cavity obtained by isotropic etching of
a solid through a window in a mask. The etch factor is defined as the ratio
the etched depthde to the undercutting of the masked edgedu . ~b! Sche-
matic of the effect of an acceleration field ‘‘a’’ on mass transport for etching
of the cavity. Arrows denote the direction of flow of the etchant. Reactio
products occupy the dotted region.
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after removal of the resist layer. Cross sections of etched holes w
also made and studied by microscopy.

Results

The etch rate, defined as the depth etched per unit time, w
studied as a function of the solution composition and the rotatio
rate of the cell at room temperature (206 1°C). In all the experi-
ments reported here two etching times were used, 5 and 10 m
Within the accuracy of the measurements the etch rate was ess
tially constant in this range. Some experiments were performed at
etching time of 20 min; the total etch rate in this case was somewh
lower than that for the shorter term experiments. From Fig. 4
which shows results for a 100 and 200mm hole etched with a 2.5
mol/L FeCl3 solution, it is clear that the etch rate increases marked
with increasingg value. At 600g the etch rate is a factor of 15
higher than that measured without rotation~2 mm/min!. Figure 4b
gives the etch factor as a function ofg value for the experiment of
Fig. 4a. Ratios of above four were found, confirming that centrifug
etching can indeed reduce the effect of undercutting of the ma
The surface of the copper after etching was smooth and show
Bénard-cell formation, similar to that reported previously fo
bronze.8

The plot of etch ratevs. FeCl3 concentration~Fig. 5! exhibits a
maximum at around 2 mol/L. This result is typical for all the etchin
combinations~hole diameter andg values! that we have investi-
gated. The influence of the dimensions of the hole on the enhan
ment of the etch rate is shown in Fig. 6 for a 2.5 mol/L FeCl3
solution. The etch rate is plotted as a function of hole diameter~on
a logarithmic scale! for variousg values. While a marked increase in
the etch rate is observed during cell rotation for holes with a diam
eter of 100 and 200mm ~see also Fig. 4!, we observe a slight de-
crease in etch rate for larger holes. On the other hand, the effec
enhanced gravity on small holes~diameter<50 mm! is much less
pronounced; this holds forg values up to 600.

Discussion

Before considering our results, we briefly review the analytica
model11 that has been developed to describe etching of an axisy

f

Figure 2. The basis for the design of the centrifugal etching cell. See text f
details.
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Figure 3. The detailed cell design:~a! an exploded view of the cell parts,~b-d! sections through the parts. The dimensions are in millimeters. See text for
details.
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metric cavity under the influence of an artificial acceleration fiel
The etching process is governed by a thin convective-diffusi
boundary layer along the curved cavity wall. The boundary-lay
model can be solved explicitly to give an exact representation
mass transport at the wall. The solution is substituted in the movin
boundary condition; this results in an expression for the wall po
tion as a function of time. This equation can be used to obtain
one-parameter family of similarity curves,i.e., cavity shapes, such
as those shown in Fig. 7a. The shape of the cavity, which is tim
independent, is determined by a free parametera, which can be
fixed only on the basis of the initial geometry of the etching syste
The lowest value with physical significance (a 5 0.7566) gives a
bulging profile with an almost flat bottom~case a, Fig. 7a!. A profile
for a 5 1 ~case b, Fig. 7a! is quite similar to the long-time profile
calculated by Shin and Economou.9 Whena is further increased~up
to 3 in Fig. 7a! the profile becomes pear-shaped and elongate
Figure 7b shows a typical cross section through an etched hole i
copper plate. The agreement between this characteristic profile
that predicted by theory~see Fig. 7a! supports the validity of the
model; the measured profile corresponds to ana value of about 1.5.

Equation 65 of Ref. 11 gives an expression for the centrifug
etch ratevn as a function of the system parameters for a family o
similarity shapes. If we restrict ourselves to the center of the etch
pit, then the right side of that equation will reduce to some nume
cal constant and we have

vn ; gt21/5 @1#
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wheret is the time andg is given by~see Eq. 1, 36, and 40 of Ref.
11!

g ; ~secm!4/5S aBcm

nD D 1/5

@2#

Here we have disregarded some numerical constants. The notatio
has been modified slightly from that used in Ref. 11. In Eq. 2a is
the centrifugal acceleration~m/s2!, cm is the maximum concentration
of the active etching component~kmol/m3!, n is the kinematic vis-
cosity of the etchant~m2/s!, D is the diffusion coefficient of the
active etching component~m2/s!, and B is a parameter~m3/kmol!
indicating how the densityr varies with the concentrationc. The
latter is defined by

r 5 r0$1 1 Bc% @3#

wherer0 is the density atcm 5 0. The ‘‘etching parameter’’se is
defined by Eq. 9 of Ref. 13 and 14 in terms of some basic physica
parameters

se 5
DM s

mrs
@4#

whereM s is the molecular weight of the solid~kg/kmol!, rs is its
density ~kg/m3!, and m represents the number of moles of active
etching component required to dissolve1 m of the solid.
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Apart from a constant proportionality factor, the etch ratevn can
now be expressed explicitly in terms of the system parameters

vn ; S M s

mrs
D 4/5

cmD3/5n21/5~aB!1/5t21/5 @5#

The model predicts a slow decrease in etch rate with time~a t21/5

Figure 4. ~a! The dependence of etch rate on theg value for the etching of
~s! 100 and~x! 200 mm holes using a 2.5 mol/L FeCl3 solution; ~ !
shows ag1/5 dependence.~b! Dependence of etch factor on theg value for
100 mm holes.

Figure 5. A plot of the etch ratevs.FeCl3 concentration for a 100mm hole
at two differentg values:~a! 600 and~b! 36.
dependence!. The time domain of most of our measurements is too
limited to allow us to check this dependence. We do, however, see
drop in etch rate at longer etching times. From Eq. 5 it is clear tha
the etch rate should be mainly determined by four parameters: t
acceleration field, the concentration of oxidizing agent, the viscosit
and the diffusion coefficient. The latter two parameters depend o
the FeCl3 concentration. Log-log plots of the etch ratevs.accelera-

Figure 6. The dependence of etch rate on the hole diameter~l! for a 2.5
mol/L FeCl3 etchant at two differentg values:~a! 600 and~b! 150.

Figure 7. ~a! Selection of similarity curves calculated from the model.11 The
horizontal and vertical coordinates have been scaled by the same factor. T
free parametera has values~a! 0.7566,~b! 1, ~c! (8/3)1/5 5 1.21673,~d! 1.5,
~e! 2, and~f! 3. ~b! Cross section through an etched hole.
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tion field give straight lines with slopes varying between 0.2 an
0.25, close to the exponent predicted by theory~Eq. 5!. The a1/5

dependence, shown as a solid line in Fig. 4a, fits the results qu
well, except at low rotation rates.

The rather unusual concentration dependence of the etch
~Fig. 5! can be understood by realizing that as the FeCl3 concentra-
tion increases, the viscosity increases, and consequently, the d
sion coefficient decreases. An accurate analysis of our results
terms of Eq. 5 is not possible. For concentrated solutions, such
those used in the present work, activity should be used instead
concentration. We do not have data for the activity coefficients a
diffusion coefficients of the Fe31 ion in our system. However, the
general trend in etch rate as a function of concentration can
demonstrated. Eastealet al.15 measured the viscosity and diffusion
coefficient of FeCl3 solutions, acidified with HCl at 25°C. From
their results we find the diffusion coefficient to be inversely propo
tional to the kinematic viscosity

nD 5 no Do @6#

whereno is the viscosity forcm 5 0 andD → Do ascm → 0. In-
serting Eq. 6 into Eq. 5 for the etch rate we obtain

vn 5 Acmn24/5 @7#

whereA includes the variablesa and t. If we assume that a relation
similar to Eq. 7 also holds for our system at 20°C and to high
concentrations, then we can use the available values ofn ~curve a of
Fig. 812! to calculatecmn24/5 as a function ofcm . The correspond-
ing plot, given as curve b in Fig. 8, shows a maximum similar to th
of the measured etch rate as a function ofcm ~Fig. 5!.

The acceleration field obviously has a much weaker influence
the etching of smaller holes~diameter,50 mm!. According to the
model11 a significant enhancement of the etch rate is expected o
if the Rayleigh number Ra is much larger than unity

Ra 5
abDcl3

nD
@ 1 @8#

The parametersa, B, n, and D have already been introduced in
relation to Eq. 2;BDc is the relative density increase whereDc is
the maximum concentration difference. Further,l is a length param-
eter characteristic of the size of the cavity,e.g., the dimensions of
the mask opening, which in the present case corresponds to the
diameter. For small holes the requirement of Eq. 8 is not met. Th
equation indicates that etch-rate enhancement for small dimensi
can be achieved either by increasing the centrifugal acceleration

Figure 8. Dependence of~a! n and~b! cmn24/5 on the Fe Cl3 concentration
at 20°C~data from Ref. 12, see Eq. 7!. cm n24/5 is normalized with respect to
the value at the maximum.
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the relative density increase or by decreasing viscosity and diffusi
coefficient; the latter depends on the etchant choice.

The most significant increase in etch rate and the improvement
aspect ratio are observed at lowerg values~see Fig. 4a and b!. This
means that the cell can be operated effectively at moderate rotat
rates and consequently, can be scaled up to give an industrial etch
machine. In addition, since the centrifugal force is proportional
v2r , wherev is the radial velocity andr the effective radius, the
rotation rate required to maintain a giveng value decreases as the
radius of the cylinder increases. If the effective radius of the cell
increased by a factor of 10~from 1.5 to 15 cm!, then the rotation rate
needed to achieve ag value of 150 is 950 rpm. This should be easy
to realize, as experience with commercial washing machines sho
For larger etching machines a horizontally rotating cylinder may b
more practical than the setup with vertical rotation used for labor
tory experiments in the present study. Centrifugal etching machin
would be particularly interesting for etching foils; in this case th
foil can be rolled onto the outer surface of the inner cylinder.

The cell described here can be easily adapted for experime
with the acceleration field vector pointing in the opposite direction8

In this case the substrate should be mounted on the inner surfac
a demountable outer cylinder.

Recently, Atobeet al.16 used an adapted centrifuge to investigat
the electro-oxidative polymerization of aniline. Lin and Navarro
used a similar setup to study metal electrodeposition.17 The cell
described in the present work would also be suitable for studying t
influence of centrifugal force in such electrochemical systems.
reference and a counter electrode could be mounted together w
the substrate~the working electrode! in the solution compartment of
the present cell. With electrical leads passing from the electrod
through the wall of the inner cylinder to brush contacts on the inn
surface, electrochemical parameters could be measured as a func
of the g value.
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