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Abstract

A total concentration fixed-grid method is presented to model the convection driven wet chemical
etching process. The proposed method is analogous to the enthalpy method used in the modeling of
melting and solidification problems. A total concentration which is the sum of the unreacted etchant
concentration and the reacted etchant concentration is defined. The governing equation based on the
newly defined total concentration includes the interface condition. Hence the etchfront position can
be found implicitly using the proposed method. The reacted concentration is used to predict the
etchfront position while etching progresses. Since the grid size is fixed, there is no grid velocity
unlike the case with existing moving grid approaches. Cartesian grids are used to capture the
complicated etchfront evolved during etching. The etching process is assumed two-dimensional.
The model assumes an infinitely fast reaction at the interface and the flow is assumed
incompressible of Newtonian fluid. For demonstration purposes, a finite-volume method is used to
solve the resulting set of governing momentum equations, the continuity equation and the
convection driven mass diffusion equation with prescribed initial and boundary conditions. The
effect of flow parameters- the Reynolds number and the Peclet number on the etch profile growth is
studied.

Nomenclature

a coefficient of the discretization D diffusion coefficient of etchant
equation Msy, molar mass of substrate
c unreacted etchant concentration m stoichiometric reaction parameter
Cr reacted etchant concentration Pe Peclet number
Crmax Maximum reacted etchant Re Reynold number
concentration p dimensionless etching parameter
Cr total etchant concentration

1. Introduction

Wet chemical etching (WCE) process is the selective removal of materials from the surface of a
substrate by reaction with liquid chemicals to give a specific desired pattern on the substrate
surface. The pattern structure is used for various purposes like the electronic circuitry in PCBs, the
design of IC [1] and MEMS [2] devices, the design of shadow mask for color TV [3] etc. There are
various existing approaches to model the WCE process under stationary and flowing etchant
condition. The analytical approach is the asymptotic solution [4-6], which is applicable only for
highly simplified cases. The numerical approaches includes the moving-grid (MG) approach [7-
10], the variational inequality approach [7, 11], the level-set method [12, 13], and the recently
introduced total concentration fixed-grid (FG) method [14, 15].

The moving grid (MG) method is the widely used numerical approach to model the WCE process.
In the MG method, the computational domain generally changes with time due to the changing
topology of the moving boundary. When the MG method applied to the WCE problem, the
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computational domain is the etchant domain and it continuously expands with time because of the
dissolution of substrate by the etchant. As the computational domain expands with time, the
computational mesh has to be regenerated at every time step. Hence, an unstructured mesh system
and body fitted grids are necessary to capture the etchfront accurately. This makes the method
computationally very expensive and its implementation is not so straightforward.

The total concentration fixed-grid method proposed by Chai and his co-workers is extended in this
article to model the WCE process when the etchant solution flows over the substrate surface. This
method is analogous to the enthalpy method used to model melting/solidification problems [16, 17].
Convection plays an important role in etching deep cavities. The etch rate is much higher when the
etchant flows over the substrate surface compared to etching by pure diffusion process. In
convection driven etching, the continuity and momentum equations needs to be solved in addition
to the mass diffusion equation. In the present method, total concentration is the sum of the
unreacted and the reacted etchant concentration. The modified governing equation based on the
total concentration includes the interface condition. The grid size is fixed, hence no grid velocity.
Simple Cartesian grids are used to capture the complicated etchfront evolved by etching. The
interface position can be found implicitly. The reacted concentration of etchant is a measure of the
etchfront position. The effect of the flow parameters- the Reynold number and the Peclet number on
the shape evolution of etch profiles is studied.

This article is divided into six sections. In the next section, a two-dimensional convection-diffusion
WCE problem, the governing equations for flow and etchant concentration, the interface condition
and the boundary conditions are described. Various ingredients of the method used in this article are
briefly described. A brief description of the numerical method used in this article is given. The
overall solution procedure is then summarized. Discussions of the results obtained using the
proposed FG method are presented. Some concluding remarks are then given.

2. Problem Description and Governing Equations

The schematic and computational domain for the two-dimensional etching problem considered here
is shown in Fig. 1. A cavity of width 2a is to be etched in a substrate (Fig. 1) partially protected by
an inert mask. The solution containing the etchant molecules is flowing over the substrate to be
etched. For demonstration purposes, the width of the mask on both sides of the cavity is assumed to
be large enough so that the shear flow prevails far away from the cavity mouth to be etched. The
flow is assumed incompressible of a Newtonian fluid with constant properties. Initially at t = 0, the
concentration of the etchant in the flowing solution is zero. At t > 0, the etchant molecules with
concentration C, enters the cavity through left boundary I'; as shown in Fig. 1. Reaction between the
etchant and the substrate at the etchant-substrate interface results in the reduction of the
concentration of etchant adjacent to the etchant-substrate interface and the depletion of the
substrate. The reaction at the interface is assumed infinitely fast which makes the etchant
concentration to zero at the interface. The governing equations for fluid flow and mass transfer, the
interface condition and the boundary conditions are presented next.

Governing Equations
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Initial and Boundary Conditions
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where k in Eq. (5b) is the shear rate of the etching fluid.

Interface Condition on f(t)

V= _M Ve (6)
MPsup

where v is the velocity of the etchant-substrate interface, D is the diffusion coefficient of etchant,
Msyp is the molecular weight of the substrate, psyp is the density of the substrate and m is the
stoichiometric reaction parameter of the etchant-substrate reaction.

3. The Total Concentration Method
The total concentration (ct) of etchant is defined as
Cr=C+Cy (7)

where C is the unreacted etchant concentration and Cr is the reacted etchant concentration.
Physically, Cr is the etchant concentration consumed in the reaction. As such it is constant except at
the etchant-substrate interface. This is used to capture the etchfront implicitly. The value of cg
changes from 0 to its maximum possible value of Cr max in a control volume where etching is taking
place (known as the etching control volume — ECV). The Cg max 1S given as

CR,max = (8)

The modified governing equation using the total concentration is given as
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Equation (9) is the modified mass diffusion equation valid in both the etchant and the substrate
regions. The interface condition given by Eq. (6) is contained in Eq. (9). The derivation of the

interface condition from the modified governing equation can be found in previous articles on this
method [14, 15].




Procedure to Update cr

An iterative procedure to calculate the reacted etchant concentration Cr is presented in this section.
As the reacted concentration is constant away from the etchant-substrate interface, Eq. (9) reduces
to the original governing equation (Eq. 4). In the proposed FG method, the control volumes where
etching is taking place are identified and are called the etching-control-volumes (ECVs). The ECVs
are the substrate control volumes adjacent to the etchant control volumes. The whole interface is
captured in the ECVs. In an ECV, Cr changes from 0 to its maximum possible value of Cr max. Since
at the interface, the velocity of etchant is zero, hence inside the ECVs, the velocity components U
and v will be zero. As a result, the iterative update equation of Cr is remains the same as for
stationary etchant solution. This is given as
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where m is the m™ iteration of the current time step, P signifies the control volume, a is the
coefficients of the discretization equation, « is the under-relaxation factor (0 < o < 1), AV is the
volume of a control volume and At is the time step size respectively. Within the ECVs where
etching is taking place, the reacted concentration is updated using Eq. (10). A given ECV is said to

be etched completely when Cl';"}l reaches Cr max-

4. Numerical Method

The finite volume method (FVM) of Patankar [18] is used to solve the governing equations for fluid
flow and etchant concentration. A detailed discussion of the FVM can be found in Patankar [18].
The SIMPLE algorithm of Patankar [18] is used to solve the governing continuity and momentum
equations. For convergence of the solution, a tolerance value is set for all the parameters computed
iteratively. In the present study, the solution is deemed to be converged beyond a tolerance value
which is set to 10" for mass conservation while solving the continuity and momentum equations,
the maximum change in the unreacted and reacted etchant concentration over the whole
computational domain while solving the mass diffusion equation.

5. The Overall Solution Procedure

The overall solution procedure for the proposed total concentration method can be summarized as
follows:

1. Specify the etchant domain, the substrate domain and the mask region. Ensure that the etchant-
substrate interface lies on the interface between two control volumes.

2. The etchant velocities are suppressed to zero in the substrate and the mask regions by using the
“internal boundary condition” of Patankar [18].

3. Solve the steady state continuity and momentum equations (Egs. 1-3) with prescribed boundary

conditions (Egs. 5b-5¢) to get the initial velocity distribution (UO) in the whole etchant and

substrate domain including the mask region.

4. Set the initial unreacted etchant concentration as zero in the etchant and the substrate domains
including the mask region.

5. Initially set cg to O in the substrate domain including the mask region and to Cr max in the etchant
domain respectively.

6. Advance the time step to t + At.

7. Identify the etching control volumes (ECVs).

8. Use the “internal” boundary condition treatment of Patankar [18] to set the unreacted etchant
concentration in the mask and substrate regions to zero.

9. Solve Egs. (1-3) and Eq. (9) for the flowing solution and unreacted etchant concentration.



10. Update the reacted concentration in the ECVs using Eq. (10).
11.Check for the convergence.
a) If the solution has converged, then check if the required number of time steps has been
reached. If yes, stop. If not, repeat (6) to (11).
b) If the solution has not converged, then check the calculated reacted concentration.
e If Cr < Crmax, repeat (9) to (11).
o If, Cr 2Cp yy then set Cy =Cp ., and repeat (7) to (11).

6. Results and Discussions

The schematic of a two-dimensional etching problem with flowing etchant solution is shown in Fig.
1. The non-dimensional width of the mask on both sides of the etching cavity is taken as L, = l;/a =
4.0 and the dimensionless height of etchant is taken as L; = l;/a = 4.0. The width and thickness of
the substrate are taken as Lsy, = 2(1 + L;) = 10.0 and L, = l,/a = 2.0 respectively. Following
dimensionless variables are used for presentation of results.
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Figure 1. Schematic of the two-dimensional etching problem.

where Re is the Reynold number, Pe is the Peclet number, U. is magnitude of the velocity at the

center of the etch groove (at the origin as shown in Fig 1) and f is the dimensionless etching
parameter.

A grid refinement study is performed to ensure the solutions to be grid independent. The Re and Pe
values are taken as 0.1 and 100 respectively. The dimensionless shear rate (k* = ka/uc) for these
given set of flow parameters is 6.23. The dimensionless etching parameter is taken as f= 100 and
thickness of the mask is H = h/a = 0.5. Figure 2 shows the evolution of etch profiles with three
different grid sizes: 84x56, 147x100 and 273x179. From the time independent test, the time step
size is found to be At* = 0.01 for all the three grid sizes. It is seen that the grid sizes of 147 x 100
and 273 x 179 produced the same etchfronts at five different times as shown in Fig. 2. Therefore,
147 x 100 control volumes are used in this article for further presentation of results.
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Figure 2. Grid independence study for = 100 and mask thickness H = 0.5.

The etch profiles obtained from the present FG method are compared with the existing MG method
as shown in Fig. 3. The flow and etching parameters are the same as stated above. It is seen that the
etch profiles obtained using the FG method is in good agreement with the MG method. The etch
profiles are very irregular in shape at the beginning. This is because of the highly non-uniform
etchant concentration distribution due to the complicated flow pattern (shown in Fig. 4a) near the
groove. At early etching time (t° < 18), the underetching (etching below the mask) is more in the
mask region towards the left of the centerline of the etching groove. The situation reverses at later
times i.e. the etch rate and mask undercut are higher towards the right of the centerline.
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Figure 3. Comparison of etchfronts obtained from total concentration method (TCM) with the
existing moving grid (MG) method for #= 100. The etchfronts are shown for dimensionless times t"
=1.9, 4.0, 7.3, 12.3, 18.8, 26.9, 34.7, 45.6, 56.7, 68.6, 81.5, and 95.8. The mask thickness is 1/4 of
the cavity mouth width (H = 0.5).

Figure 4 shows the flow pattern near the etching cavity region at early etching time and at later time
for the above set of flow and etching parameters. Figure 4a shows the velocity distribution at an
early etching time (t" = 4) where weaker recirculating eddies are developed in the corner regions
especially in the left corner. This is because of the low aspect ratio of the cavity where the etching
fluid can easily penetrate through the cavity. However, at later times, due to the dissolution of the
substrate by the etchant, the aspect ratio becomes larger and the external flow is incapable of
penetrating the cavity. Hence, the recirculation eddies are more strong and clearly seen near the



center line of the cavity (as shown in Fig. 4b) and it gradually moves towards the right of the
centerline. This explains why the etch rate is faster and the underetching is higher towards the right
of the centerline of etching cavity at later times. Figure 5 shows the concentration distribution in the
etching cavity region at t” = 95.8. It is seen that the etchant concentration distribution is highly non-
uniform near the center of the recirculation eddy. This is because of the complex flow pattern in the
recirculation region.
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Figure 4. Velocity vector plot in the etched cavity region for = 100 and the initial aspect ratio of
1/4: (a) velocity vector plot att = 4.0; (b) velocity vector plot att = 95.8.
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Figure 5. Concentration contours in the cavity region at t” = 95.8 for #= 100 and initial aspect ratio
of 1/4.

Figure 6 shows the effect of flow parameters on the etch profile evolution while etching progresses.
Three sets of flow parameters are taken to study this effect. For each value of Re a corresponding



value of Pe is chosen based on the properties of etching fluid. The properties of etching fluid are
basically determined by the non-dimensional parameter called as Schmidt number (Sc), which is the
ratio of Pe to Re. For a given etching fluid Sc is constant. For most of the etching fluids, the Sc is of
the order of 10° [9]. The etching fluid enters the cavity through the left boundary I'; with constant
velocity Ui, as shown in Fig. 6a. The velocity terms in the governing equations are non-
dimensionalized using Ujn. As a result, the flow parameters, Re and Pe are also based on Ui, instead
of U¢ as defined earlier in Eq. (11c). As expected, with increase in the value of Re, the etch rate is
faster and the profile goes deep as shown in Fig 6b. This is because the fresh etchant is more readily
available at the interface with increased flow velocity of the etchant solution.
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Figure 6. Effect of flow parameters on etch profile evolution: (a) modified schematic; (b)

Etchfronts at t = 20 with #= 100 for three set of flow parameters: 1 - Re = 0.1, Pe = 100; 2 - Re =
1, Pe =1000; 3 - Re =10, Pe = 10000.

7. Conclusions

A fixed-grid method based on the total-concentration of etchant has been presented to simulate the
convection driven WCE. The proposed method is analogous to the enthalpy method used to model
melting/solidification processes. The modified governing equation based on the total concentration
includes the interface condition. Simple Cartesian grids are used to predict the etchfront implicitly.
The method has been applied to two-dimensional convection driven WCE with infinitely fast
reaction at the interface. For demonstration purposes, the finite-volume method is used to discretize
the governing equation. The effect of Re on the etch profile evolution is studied. As the Re value



increases, the flow velocity of etchant fluid increases, which leads to high etch rate and deep etched
cavity can be formed.
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