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A Fully Coupled Computational Model
of the Silylation Process
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V. C. Prantil
Solid and Material Mechanics Department
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This report documents the development of a new finite element model of the positive tone
silylation process. Model development makes use of pre-existing Sandia technology used
to describe coupled thermal-mechanical behavior in deforming metals. Material properties
and constitutive models were obtained from the literature. The model is two-dimensional
and transient and focuses on the part of the lithography process in which crosslinked and
uncrosslinked resist is exposed to a gaseous silylation agent. The model accounts for the
combined effects of mass transport (diffusion of silylation agent and reaction product),
chemical reaction resulting in the uptake of silicon and material swelling, the generation of
stresses, and the resulting material motion. The influence of stress on diffusion and reaction
rates is also included. Both Fickian and case II diffusion models have been incorporated.
The model provides for the appropriate mass transport and momentum boundary conditions
and couples the behavior (stress/strain) of uncrosslinked and crosslinked materials as well
including the underlying device topology. Finite element mesh generation, problem setup,
and post processing of computed results is sufficiently mature to permit investigation of
2 broad parameter space which includes material properties and geometry issues (e.g.,
alternate crosslinking distributions, resist thickness, etc.). The 2D transient model has
been validated for simple geometries using independent material point simulations and one-
dimensional transient simulations. A complete 2D transient simulation of the silylation
process is presented and discussed. Recommendations for future work are presented.
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1 Nomenclature
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mean molecular radius

area,proportionality constant

silylating reagent

surface area of arbitrary control volume (function of time)
element geometry parameter defined by Equation (115);
amine product of silylating reaction given by Equation (1)
unexposed, unsilylated polymer resist material

rubbery modulus

elastic modulus tensor

molar concentration of species ¢ (moles # / volume)
unexpanded, silylated resist material

deformation rate tensor

diffusion coefficient (c¢f. Equations (21) and (22))

constant part of diffusion coefficient (c¢f. Equations (21) and (22))
expanded, silylated resist material

body force vector, deformation gradient tensor

nodal body force components where ¢ = z,y and j = 1,2,3,4

column vector of body force components defined by Equation (86)
density scaling factor

hardening modulus

Henry’s constant

element Jacobian defined by Equation (77)

mass diffusion flux of species ¢

mass transfer coefficient

Boltman’s constant

rate constant for polymer relaxation reaction (Equation (2))
silylation rate constant for silylation reaction (Equation (1))
mass matrix

molecular weight of species ¢

mass

mass of species ¢ in control volume centered about point p
unit normal vector

stress direction

element bilinear shape function defined by Equation (57) where 1=1,2,3,4
scalar material constitutive parameter

rotation tensor

scalar material constitutive parameter

yield limit '

right hand side

rotation tensor

flow resistance

path along a surface

time

time step

right stretch tensor

x component of displacement at node I,1=1,2,3,4

x component of velocity at node I,I =1,2,3,4

x component of acceleration at node I,I=1,2,3,4

y component of displacement at node I, 1=1,2,3,4

velocity of species ¢

left stretch tensor

diffusion velocity of species 2

y component of velocity at node I,] =1,2,3,4
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{0}

Va(t)
Va(?)

Warb

LE e 8 M ee

1.1

y component of acceleration at node 1,1 =1,2,3,4

velocity vector (mass average)

acceleration vector

column vector of acceleration components defined by Equation (85)
volume

volume of arbitrary control volume (function of time)

volume of control volume centered about point P (function of time)
spin tensor

finite element weighting function

arbitrary velocity of control volume

coefficient in exponential diffusion expressions (¢f. Equations (21) and (22))
cartesian coordinate x

position vector

x coordinate of node I, =1,2,3,4

cartesian coordinate y

mass fraction of species
y coordinate of node 7,1 =1,2,3,4
yield function

Greek symbols

coefficient of thermal expansion

volume fraction of species i

coefficient matrix defined by Equation (88)

nodal dependent variable defined by Equation (54), silylation swelling
density

intrinsic density of species ¢ (mass 2 / volume i),

stress tensor

column vector of stress components defined by Equation (87)

x component of the traction vector on a plane whose normal points in the x direction
y component of the traction vector on a plane whose normal points in the y direction
z component of the traction vector on a plane whose normal points in the z direction
x component of the traction vector on a plane whose normal points in the y direction (6zy = 0yz)

local isoparametric coordinate

local isoparametric coordinate, angle of molecular chain rotation
mass production rate of species 7

plastic strain rate

deviatoric stress tensor magnitude

absolute temperature

Lamé elastic constants

Poisson’s ratio

Langevin back stress tensor, rate dependent yield stress

10



1.2 Subscripts and superscripts

9,8
giw

momentum quantity

diffusion quantity

point P at the control volume center
evaluated in the gas at the surface
evaluated in the gas far from the interface
species index

point P at the control volume center

evaluated in the polymer resist at the surface

elastic
plastic
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2 Introduction

This report describes a new two-dimensional transient computational model of a positive tone silylation
process. The model accounts for multispecies diffusion of the silylation and product gases, the silylation
chemical reaction, the subsequent swelling and movement of the resist and adjacent materials, and the
evolution of the stress state including the kinematics for finite deformations. Although the model is two-
dimensional, its extension to three dimensions is straightforward. Material properties and constants were
estimated from the literature. The ability of the model to predict accurate quantitative behavior will depend

on the collection of more precise material property data.
2.1 Background

Photolithography and its related chemical processing steps are exi)ected to have an essential role in the
development of next-generation semiconductor devices. Extreme Ultraviolet Lithography (EUVL) has been
demonstrated as a viable candidate for fabrication of integrated circuits having feature sizes of 130nm or
less. Due to the strongly absorbing nature of 13.4nm radiation, thin layer imaging (TLI) resist technology is
utilized by EUVL. In TLI, an imaging mask layer is placed over a bottom layer photoresist. The top layer is
then irradiated causing the photochemical transfer of the mask image to the top surface of the photoresist.
Henderson et al. (1] discuss several TLI processes. The imaged pattern in the top thin layer of resist is then

pattern transfered into the remaining resist thickness using an anisotropic plasma etch step.

The post-exposure silylation process, also referred to as top surface imaging (TSI), is one of several viable
processes being proposed for TLI (see e.g. reference [1]). Like other TLI methods, TSI is an excellent match
to EUVL because it allows thick resist layers to be patterned despite the limited penetration depth of the

incident radiation (see e.g. referencefl]).

The critical steps of TSI include exposure, post-exposure bake, silylation, and etch development. These

steps have an influence on process sensitivity, contrast, and resolution. Depending on the chemistry of

the photoresist, either the exposed (negative tone) or unexposed (positive tone) regions can be selectively
silylated. During the silylation step, gaseous aminosilanes are absorbed at the resist surface and diffuse into
the imaging layer. A reaction takes place in the layer that results in an uptake of silicon, localized increases
in volume, and the evolution of a product gas. Volume increases on the order of one hundred percent
are typical which results in the development of complex stress states in the resist material. These volume
increases can influence the effectiveness of subsequent processing steps (e.g. etch development). Attempts to
control swelling of the resist during silylation are discussed by Han et al. [2]. Researchers who have examined
the behavior of materials undergoing TSI include La Tulipe et al. [3], Horn, et al. [4], Itani, et al. [5], Glezos
et al. [6], Whelan, et al. [7], Zuniga and Neureuther {8], Ocola and Cerrina [9], and Henderson et al. [1].
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2.2 Earlier Work

Early silylation modeling efforts represented silylation solely as a diffusion/reaction process. Weiss and
Goethals [10] utilized a modified version of the Deal-Grove oxidation model [11] to simulate the one-
dimensional propagation of a silylation front as a function of time for negative tone resists. Bauch et al. [12]
studied the silylation process experimentally and numerically using a two-dimensional diffusion model. They
used an equilibrium balance between sorption, desorption and diffusion as a boundary condition at the
gas/resist boundary. The influence of resist glass transition temperature on the diffusion mechanism was
examined by Hartney ef al. [13] and Paniez et al. [14]. They observed that, while Fickian diffusion may be
appropriate below the glass transition temperature, Case II diffusion is more likely above it. This point is
discussed in more detail in Section 4. A comprehensive diffusion-based silylation model was proposed by
Pierrat [15]. His model accounted for the reaction of the silylating agent with the resist polymer and the
relaxation rate of the polymer after reaction. The diffusion coefﬁcieﬁt of the silylating agent was calculated

as a function of the relaxed polymer chain concentration.

The models described above do not account for swelling of the resist during silylation. Such swelling can
increase diffusion path lengths, induce stresses which affect the mode of diffusion (Fickian versus Case II),
and result in shape changes which can influence subsequent processing steps. A more comprehensive model
of the silylation process must couple the effects of diffusion and large deformations in the material. Winters
and Mason {16, 17] proposed a computational model for heat conduction (diffusion of heat) and material
motion for the purpose of modeling coupled thermal-mechanical phenomena. The silylation model proposed
here is an extension of their technique. Dimitrienko [18] developed a fully coupled model to determine the

effect of finite deformations on internal heat and mass transfer in elastomer ablating materials.

To the authors’ knowledge, the only silylation model to date which couples diffusion of the silylation agent
to the subsequent growth of the silylated medium was proposed by Zuniga and Neureuther [19]. Their model
accounted for the relaxation of the polymer during silylation, the increase in diffusion rate after silylation
and a slowing of‘ the local silylation reaction due to the stress induced by swelling. They chose a variable
diffusion coefficient similar to Pierrat’s [15] to account for an increase of diffusion through the silylated
medium. A silylation reaction rate was proposed that depended on the change of state achieved in the resist
upon exposure and was proportional to the number of bonding sites available for the silylating agent. The
reaction rate was also influenced by the stress generated during silylation. A detailed description of the

constitutive equations and kinematics of the model was not given.

2.3 Report Overview

In the sections which follow, the details of a new two-dimensional transient silylation model will be presented.

Model formulation, numerical implementation issues, results, and recommendations for future work are

14



discussed.

Section 3 describes the silylation process and its relationship to other TSI processing steps. Formulation of
the silylation model is presented in Section 4 including all appropriate equations and boundary conditions.
Solution of the coupled set of governing equations is discussed in Section 5. Section 6 presents several model
verification studies and results from a 2D silylation analysis. Concluding remarks and recommendations for
future work are presented in Section 7. A one-dimensional transient silylation model based on the model of

Zuniga and Neureuther [19] is documented in Appendix A.
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3 Problem Description

This section will describe the TSI process with an emphasis on the silylation step. The nomenclature and
terminology introduced here will be used in the discussion presented in later sections. Much of what follows

is a summary of information presented by Wheeler, et.al. [20].
3.1 TSI Processing Steps

A schematic showing the TSI processing steps and structure cross-sections are shown in Figure 1. Figure 1
(a) shows the cross-section prior to the first processing step. The cross-section consists of three layers,
the substrate (black), an intermediate processing layer (grey) and the top surface imaging layer (white).
The processing layer, a hard baked resist typically 400-500 nm thick, functions as a planarizing layer and
antireflective coating for the device substrate. The imaging layer, a. photoactive resist, is typically 300-400
nm in thickness.

Figure 1 (b) shows the first processing step which consists of applying a mask and irradiating portions of
the imaging layer with 13.4 nm radiation. This results in photoinduced acid generation beneath the exposed

surface. The cross-section subjected to acid generation is depicted here as the area enclosed by a dashed

line. In this scenario, acid generation does not occur through the entire thickness of the imaging layer.

The next step, Figure 1 (c), is the Post Exposure Bake (PEB). A typical PEB occurs for two minutes at
a temperature of 400 K. This heating process causes the acid bearing portions of the imaging layer to be
highly crosslinked and nearly impermeable to silylation agents. The figure implies uniform crosslinking over
the acid bearing region. The actual uniformity and coverage of crosslinked region is uncertain.

Figure 1 (d) shows the silylation step for the positive tone process. Silylation increases the silicon content
in certain areas thereby increasing etch selectivity for subsequent processing steps. The top surface of the
imaging layer is exposed to a gaseous aminodisilane (silylation agent). Typical processing conditions call for
low pressures (20-100 torr) and intermediate temperatures (300-500K) for approximately one minute. The
silylating agent diffuses preferentially through the unexposed regions of the imaging layer where a localized
chemical reaction occurs causing an uptake of silicon, a change in volume, and the liberation of a product
gas. The magnitude and shape of the volume expansion depends on the reaction/diffusion process and the
resulting stress state in the material. In Figure 1 (d) the resulting silylation region is shown in red. Shallow
silylation depths of approximately 20 nm are generally observed in the exposed areas. Such unwanted
silylation is believed to occur because of acid loss during PEB by volatilization from the surface of the resist.

A chlorine/argon plasma “descum” process is used to remove the thin silylated layer in exposed areas. The

17



descum step removes all residues and improves the reproducibility and linearity of the process [20]. Figure 1

(e) shows the device cross-section after completion of the descum step.

The final step in TSI is the oxygen plasma etch, shown here in Figure 1 (f). The presence of silicon in the

unexposed portions of the imaging layer restricts etch penetrations to the exposed areas.

The objective in TSI is to transfer the irradiated mask image to a thin imaging layer so that subsequent
processes can be restricted to cross-sections which lie beneath either the exposed or unexposed areas. Figure 1
represents an “idealization” of the TSI process in that all processing steps result in process boundaries
which are perfectly orthogonal to a “flat” top surface. In reality, the process boundaries may be far from
orthogonal due to aerial image aberrations such as light scattering, nonuniform acid generation, nonuniform
cross-linking, multidimensional diffusion of the silylating agent, multidimensional growth and deformation of
the layer materials and multidimensional etching. Figure 2 illustrates this point by showing a cross-sectional
plasma stain made after the silylation process and prior to the plasma etch. The series of equally spaced
“bumps” along the top portion of the silylated resist correspond to the unexposed portions where silylation

and volume expansion have taken place. Note also the presence of an unwanted Silylation "scum” layer in
the exposed regions.

3.2 Silylation Modeling Considerations

The silylation model documented here is intended to represent the part of the TSI process which occurs after
the PEB and before the descum step, see e.g. Figure 1 (d). This model does not predict the location and
distribution of the crosslinking profile prior to silylation. Rather, this profile represents an initial condition
for silylation modeling computations. The model can accommodate any crosslinking profile provided it is
known a priori. The precise location of the crosslinking boundary, the uniformity of crosslinking, and the
effectiveness of the crosslinked region in inhibiting diffusion and reaction of the silylating agent are not well

known.

Zuniga and Neureuther [19] have postulated that the potential for silylation can be calculated as a function of

polymer characteristics, processing and imaging conditions. In their modeling they assumed that crosslinking
could be related to energy deposition during imaging. They utilized a numerical simulation (see e.g. {21]) to
compute the energy deposition and ultimately the crosslinking profile.

While the present model is capable of treating diffusion mechanisms ranging from pure Fickian to more
complex mechanisms which depend on local stress states and reaction rates, the precise nature of diffusion
during silylation is not well known. Furthermore, model parameters such as diffusion coefficients and reaction

rates have not been measured for most of the resists under consideration for TSI

The present silylation model couples the complex effects of diffusion, volume change and finite deformation

18



stress development for the silylation and crosslinked portions of the imaging layer. Furthermore, the model
includes the compliance of the planarizing layer and device substrate when necessary, to compute stresses
and deformations over the entire cross-section of the device. Accurate model predictions require knowledge
of mechanical material parameters throughout the device cross-section. At the present time, many of these

parameters can only be estimated from similar materials.

Until precise experiments can be designed to determine diffusion and reaction mechanisms and to measure
transport and material parameters, predictions from this or any other silylation model must be regarded
as qualitative. Nevertheless, the present model should be extremely valuable in assessing a wide range of

silylation processing scenarios.
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4 Model Formulation

The present silylation model couples the effects of silylating agent and reaction product mass transfer,
silylation reaction, volume change, stress generation, and finite deformation of the device cross-section. This
section describes the formulation of the mass transport equations, the equation of motion (momentum), and
the expression for unconstrained (stress-free) volumetric expansion due to silylation chemistry. Also included
is a discussion of boundary conditions and sub-models for material constitutive behavior and mass diffusion.

The formulation presented here is geometry independent.

4.1 Mass Transfer and Chemistry

The silylation process studied incorporates silicon into the unexposed (and uncrosslinked) areas of the resist
(typically a cresol novolac) thereby rendering those areas resistant to subsequent etching; phenomena include
diffusion, chemical reaction, and large (100%) volume change of material. The process takes place in a closed,
isothermal chamber that is maintained at a temperature of 70-80 C and filled with a silylating gas (e.g.,
dimethylaminopentamethyldisilane, DMAPMDS) to a pressure of approximately 30 Torr (c¢f. reference [20]).

In the model the silylating gas is assumed to be adsorbed onto the unexposed surface of the resist; once
absorbed the silylating reagent (denoted by A) diffuses into the unexposed and unsilylated polymer resist
material (denoted by C), reacts with it forming unexpanded, silylated resist (denoted by D) and releasing
amines (denoted by B) which diffuse through the material and are desorbed from the resist surface. The
silylating reaction considered in this study is given by:

ks
A+C5B+D (1)

A second reaction (polymer relaxation), which accounts for the swelling of the resist due to the mass addition
included in the silylating reaction (1), is given by:

k
D35E 2)

This chemical model has been used by Pierrat {15] and Zuniga and Neureuther [19)].

From a material modeling point of view, it is desirable to represent the process in a Lagrangian reference
frame, i.e., a reference frame moving with the deforming material. The derivation below accomplishes this;
however, diffusion of the silylating reagent, A, and the product species, B, of the silylating reaction is allowed
to take place across the system (consisting of species C and, after chemical reactions (1) and (2), species D
and E as well) boundaries.
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4.1.1 Species Mass Conservation Equations

The approach adopted here for species mass conservation is the arbitrary moving control volume approach

of Whitaker [22] where the control volume velocity is w..p, (¢f. Figure 3). This approach yields the following

equation for mass conservation of species 7 :

d
— pY:dV + / pi(Vi — Warp) - ndA — w;dV =0 (3)
dt Jv, () Aq(®) Va(t)

When the velocity of species 7 equals the velocity of the control volume (v; = wap) this equation becomes:

i pY;dV — widV =0 )
dt Jv. @) Va(t) :

Since we choose a condition that restricts the unsilylated and unexposed material C to remain within the
moving volume, the control volume velocity, w, is not arbitrary; indeed it must equal the velocity of species
C, vc. Reactions (1) and (2) form D and E, and these materials are also contained within the moving

volume so that:

Ve=Vp=Vg=W. (5)

The velocity, w, of the control volume is in general not the mass average velocity, v. We define diffusion in

the usual way relative to the mass average velocity, v:

Ji = pYi(vi —v) = pYiV; (6)

where

Vi =V;—=YV. (7)

is the diffusion velocity of species i. Note that the sum of the mass diffusion fluxes must be zero, that is:

Zji =0. (8)

Equations (5), (6), and (8) can be combined to yield:
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V—w= Jatl)s

= (9)
Pctpp+ Pe

The mass conservation equations of materials C, D, and F which remain within the moving control volume
Vp(t) (shown in Figure 4 as a two-dimensional quadrilateral control volume centered about point P) are

given (for mass production rates that are constant over the control volume) by:

m -

=7 = 9c, V(1) (10)
dm R

5= = 9o, V(0) (11)
dm .

=7 = 0z, Y(0)- (12)

Note that although there can be diffusion of materials C, D, and F across the moving control volume
boundary (e.g., V¢ = vo — v =w—v # 0), there is an equal and opposite flux of these materials convected
across the moving control volume boundary by the mass average velocity, v, resulting in zero net transport

of materials C, D, and E across the boundary.

There is a flux of materials A and B across the boundary of the moving control volume; the mass conservation

equations for A and B are given by:

dmd;, [ Z’AeA(jA +ja) 1
= @, Vplt) - s+ = - - -ndA 13
dt I 2 Ap(t) .JA (Pc€c + Poep + Prec) | a3
dmap [ Pe€s(ia +Js) |
= wg Vp(t) — ig + — = = -ndA. 14
di 2, >0 Ap(t) :]B (Pc€c + Poep + Peez) | 19

The quantity p; is the intrinsic density of species 7 (grams i /(cm? i )); ¢; is the volume fraction of species

(volume ¢ /volume mixture), and j4 and jg are the mass diffusion fluxes of species A and B, respectively.

4.1.2 Unconstrained Volume Equation

There can be significant volume change of the resist during silylation. Estimates made by Wheeler et al. {20]
of volume changes of a cresol novolac resist silylated completely using various silylating agents ranged from
12% to 124%; these estimates were based on the change in the number of atoms in the repeat unit of the

polymer.



If the intrinsic densities, p; (grams i/cm?® i ), of the species are assumed to be constant and if the volume
fractions of the species sum to one (3 ¢; = 1), then the species mass conservation Equations (10)-(14) can

be added to give an explicit equation for the time rate of change of the volume of the moving control volume:

dVa(2) Wip / [jA s (€4 +€5) . . ]
a2 T AT 3 = +Jjz)| -ndA. 15
@ ; Px P( ) Aty LP2 P (Pc€c + poep + Peex) (s +J2) (15)

This equation describes the unconstrained volumetric expansion due to silylation.
4.1.3 Chemical Production Rates

The silylation reaction (1) assumes that one molecule of the silylating agent A reacts with one repeat unit
of the unexposed and uncrosslinked polymer C to form one molecule of product species B and one repeat
unijt of silylated, unexpanded polymer D. The relaxation reaction (2) implies there is a time scale associated

with swelling of the silylated polymer ( [15], [19]). The mass production rates of the species are given by:

6y = ~2bate (16)
g = % (17)

o = —5“1’:4—:”2 (18)

iy = BAEEED _ i, (19)
oy = 2ol (20)

where the units of k; are cm®/mole-sec and the units of k. are sec™!. Zuniga and Neureuther [19] allowed
the silylation rate constant to depend exponentially on the stress in the resist. They referred to the work of
Hartney [23] who postulated that a silylation front propagates into the resist by a Case II diffusion mechanism
([24], [25]) in which the silylation rate depends exponentially on stress when that stress exceeds a critical
swelling stress ([26]). We note that in the results presented later in this study the silylation rate constant &,
is assumed to be constant; if warranted the present model can be modified easily to allow a stress dependent
rate constant (cf. Appendix A).



4.1.4 Diffusion Flux Expressions

The mass diffusion fluxes discussed above are given for species A and B by:

Ja=—-pDV(m,/m) = —PDoe(wPE/ME)V(mA/m) (21)

and

j» = —pDV(ms[m) = —pD,el** = /M=) (5 m) (22)

Equation (21) is similar to expressions given in [15] and [19}; for w = 0 Equations (21) and (22) are
expressions of Fick’s law (where for lack of data we have assumed equal diffusion coefficients for A and B).
Pierrat [15] proposed the exponential dependence of the diffusion coefficient on the expanded, silylated resist
concentration cg, arguing that the diffusion coefficient should be larger in the silylated areas due to the
swelling and decreases in density and glass transition temperature of the polymer that occur in the silylation
process. Note that Crank [27] assumed an exponential dependence of the diffusion coefficient on penetrant

concentration to describe non-Fickian diffusion in polymers.
4.1.5 Initial and Boundary Conditions

The dependent variables in Equations (10)-(15) are the masses of the species and the volume of the control
volume; thus the initial and boundary conditions depend on volume. For example, for a control volume
centered about point P (cf. Figure 4), m;,(t) = p;_ (t)Vo(t). Since initial and boundary conditions are
usually specified in terms of concentration, the discussion here will refer to (mass) concentration; conversion

to species masses takes place in the computer code after discretization when the volumes are available.

The initial conditions for the species mass conservation equations in the region where silylation is allowed to

occur state that only C is present: pc(x,0) is specified and p,(x,0) = ps(x,0) = pp(x,0) = p=(x,0) =0.

Boundary conditions are required for species A and B. For all boundaries other than the gas/polymer

interface, the boundary conditions are zero normal fluxes of species A and B: j, -n=js-n=0.

At the gas/polymer interface two types of boundary conditions are implemented. For the first type, a fixed
concentration of A and zero concentration of B are specified: p4,. , is specified and pp, , = 0. For the second
type, a steady-state mass balance that includes an equilibrium assumption at the surface is the specified
boundary condition for A ; zero concentration of B is again specified. This second type of boundary condition



for A is a flux boundary condition that can be explained with respect to the gas/polymer interface shown
in Figure 5.

As the thickness {Ay) of the control volume containing the surface shown in Figure 5 shrinks to zero, the

mass balance for the silylating agent A is:

Tha, = Tha, (23)
where 7i4, is the mass flux of silylating agent 4 at the surface into the resist and 74, is the mass flux

of silylating gas A into the surface from the gas, which can be given by:

mAg = Kg(PAg,eo "PAg,s)- (29)

where K, is the mass transfer coefficient (in appropriate units), p, 9,00 is the partial pressure of A far from

the interface, and p, _ is the partial pressure of A in the gas phase at the gas/polymer interface. At

9,5
the interface, equilibrium is assumed and the partial pressure p, g, 15 related to the mass fraction Y, ,

(Y4 = pa/p) of species A in the resist at the surface by (Middleman [28]):

H YA s Mmixture,-,s
Dags = 17 (25)
A
where H is Henry’s constant (a function of temperature). Combining (24) and (25) yields:
HY, My
g =y (- DM -
A

which gives an equation for the unknown mass fraction (or concentration) of A at the surface of the resist

in terms of the parameters K, and H and the specified chamber pressure p, g.00°
4.2 Momentum

The material motion is obtained from the conservation of momentum, .e.,

%v—)—=V-U+F @7)

where p, v, 0 and F are the material density, velocity, stress, and body forces respectively. The body force
is included here for completeness. The only applicable body force for the silylation problem is that due
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to gravity which is neglected in the numerical implimentation. The inertia term on the left hand side of
Equation (27) is also negligible since the material motion is quasi-static. For reasons explained in Section 5,
a portion of this term will be retained to facilitate an explicit time integration for v, the principal dependent
variable in Equation (27). The material velocity can be related to the stress through the deformation
rate tensor. This relationship varies depending on the kinematics and constitutive model employed (see
Section 4.3).

Boundary conditions imposed on the equation of motion are straightforward. At the free surface of the
imaging layer, the velocity field is computed in such a way as to insure the following stress free boundary

condition:

c-n=0 _ (28)

were n is the unit normal to the surface.

The interfaces between the imaging layer, processing layer, and device substrate are assumed to be bonded
together and hence part of the interior computed solution, i.e., there is no need to provide boundary

conditions for material interfaces.

At some depth sufficiently far from the free surface, the material is immobile such that the following boundary
condition holds:

v=0 (29)

Boundary conditions placed on the in-plane and lateral directions of the device cross-section depend on
whether the analysis is three-dimensional, two-dimensional, or axisymmetric. For the two-dimensional planar
model developed here, symmetry boundary conditions are assumed.

4.3 Polymer Material Response

This subsection discusses the polymer constitutive model. The physical deformation mechanisms, model

kinematics, inelastic flow rule, evolution law, and backstress models are formulated in the sections which

follow.

4.3.1 Physical Deformation Mechanisms

To deform inelastically, polymers must overcome two distinct internal resistances. Initially, the flow strength
is controlled by an internal resistance to deformation-induced rotation of the individual molecular chains
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that comprise the microstructure. This resistance corresponds to breaking bonds connecting randomly
oriented nearest neighbor polymer chains. Subsequently, chains undergo affine rotation and realign at larger
strains. As the polymer deforms into this more orderly state, an additional resistance must now be overcome

corresponding to this increase in configurational entropy.

Often, polymer resists are described by a viscoelastic constitutive law. Further, the recoverable elastic strains
are almost always small. As such, the material response is well-represented by a viscous element in parallel
with an elastic spring. Below the glass transition temperature, however, the viscosity of the inelastic element
is very large with a correspondingly large time constant for relaxation of any of the inelastic strains'. So while
a viscoelastic constitutive law is often used, the apparent permanence of strain below the glass transition

temperature makes a simpler viscoplastic law sufficient.
4.3.2 Kinematics

Glassy polymers can, in general, exhibit both elastic and inelastic deformation. In what follows, we exercise
the inelastic glassy polymer model developed by Boyce, Parks & Argon and described in detail in [30].
The formulation used here is restricted to small elastic strains while allowing for arbitrarily large inelastic
deformation. The motion is prescribed by a multiplicative decomposition of the total deformation gradient

into elastic and plastic parts

F=FF =V RU (30)
where V and U arve the left and right stretch tensors, respectively.

Further restricting the elastic deformation gradient to be symmetric

the plastic deformation gradient

(32)

then describes the relaxed configuration upon elastic unloading to a stress free state without rotation. It
follows that the velocity gradient may be written

1“Because the internal viscosity is relatively high, only a small part of the deformation is recovered at
normal temperatures so that the plastic deformations have the appearance of permanence.” [29]




o —1

L=V'V v [D" + W"] v (33)

where D” and W are, respectively, the symmetric and skew parts of the plastic velocity gradient, known
respectively as the plastic rate of deformation and the plastic spin.

The Cauchy stress, o, is uniquely defined by the natural logarithm of the elastic deformation gradient

o= ag(%c‘  In{V"} ~ (@08 + AB)] (34)

where the volumetric terms are the thermal and silylation swelling , respectively, and the elastic modulus

tensor is given by

C=2uIl+AI®I (35)

where 4 and A are the elastic Lamé constants and II and I are, respectively, the fourth and second
order identity tensors. The swelling A® is the net unconstrained volumetric expansion calculated from

Equation (15) For small elastic strains, the development by Hoger [31] can be used to show that

In(V")]* ~ D (36)

where D" is the elastic deformation rate tensor. Using the finite deformation kinematics outlined in
Bammann & Johnson [32] and Bammann & Aifantis [33], a rate formulation for the Cauchy stress can

be written as

6=6-Wo+oW =C :[InV]*=C":D° (37
where
D" =D -D" — {ab + $}I (38)
and
W =W-W" (39)




The quantity ® is the unconstrained silylation strain rate and is determined from:

1 dVp(t)
= 40
O d o
where d—vg—t(—"‘l is determined from Equation (15).
For small elastic strains and, owing to the symmetric choice for F"[30],
W aW (41)
and?
6=C:D° ' (42)

4.3.3 Inelastic Flow Rule for Polymer Segment Rotation

The initial resistance to polymer deformation has its origin in the restriction imposed on molecular chain
rotation from neighboring chains as depicted in Figure 6. Inelastic deformation commences once a free
energy barrier to molecular mobility is surpassed. This barrier is overcome by thermally activated rotation
of chain segments under stress. The result is a Boltzmann expression for the inelastic deformation rate

magnitude

= foexp |5 {1-(®}] (43)

where 4, is a reference strain rate, s, is the athermal flow resistance, 7.e. the resistance at absolute zero,
O is the absolute temperature, T is the local stress magnitude, p and ¢ are material parameters and A is a

proportionality constant given by

_ 39n¢%a®
A= 16k

(44)

Here £ is the net angle of molecular chain rotation, a is the mean molecular radius and k is Boltzmann’s

constant.

?NOTE: The approximation resolved in (41) indicates that W" ~ 0. Under an arbitrary superposed

rotation, Q(t), We would be given by W< = Q(t)QT(¢) thus guaranteeing that the rate expression in (37)
remains objective.




A typical illustration of this strain rate dependence on stress is given in Figure 7. In this example, an Eyring
dashpot element would exhibit negligible strain for stresses below the temperature-dependent yield, here
approximately 25 — 30 x 107 dynes/cm?. Above such stresses, the molecular chain segment rotation becomes

progressively easier resulting in a strain rate that increases rapidly with stress.

We assume an associative flow rule with the plastic deformation rate and deviatoric stress coaxial

D" = 4N (45)
o.l
N=—r 4
o] =

4.3.4 Evolution Law

The response of glassy polymers is characterized by stress relaxation after yield. The stress relaxation is
modeled by allowing the internal resistance to decrease with continued straining. The Voce-type phenomeno-

logical softening evolution described in [30] is used here

s=h{1- s_‘;}n,‘p (47)

where s is the current athermal deformation resistance in the Eyring dashpot, s, is the steady state value
at large strain and h is the softening modulus, i.e. the slope of the yield drop with respect to inelastic strain.
The initial value of this athermal resistance is given by

_0.077p
T 1l-v

(48)

So
The difference between the initial yield and the saturation value of the dashpot resistance is the value of the

total stress relaxation in uniaxial extension. In this way, the characteristic time constant for the inelastic
response is determined by the model parameters h and s;,. A typical strain-induced yield drop during

volumetric swelling will be illustrated in the section describing individual response modes.

4.3.5 Resistance to Changes in Configurational Entropy

At very large strain, there is a second contribution to resistance to inelastic deformation. Associated with
large rotations of long chain molecules is a change in configurational entropy that corresponds to resistance
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of the bulk polymer to large scale alignment and ordering of the molecular chains. In [30], a highly nonlinear
Langevin spring element represents the locking behavior consistent with a non-Gaussian statistical mechanics
description of rubber elasticity. In this formulation, an internal back stress develops in the polymer chain
network as illustrated in Figure 6. This internal stress represents the ever increasing stress locked in the
aligned structure, i.e. the stress beyond which the polymer must be loaded to further strain and align the

chain network so that now the constitutive law becomes

(c—-p)°*=C":D (49)

The back stress is assumed to remain coaxial with the left plastic stretch tensor, V?, with principal values

given by
wollee(B)inre ()] w
where
F"=RU" =V'R (51)
V" = VP40 (52)

and N is the number of rigid chain links between entanglements. CF is the rubbery modulus, and £ is the
Langevin function given by

L) = coth() — > = j_,_v_ (53)

This locking behavior is shown in Figure 8 where the nonlinear behavior of the Langevin function is
illustrated. Effectively, the alignment of polymer chains requires increasingly larger stresses. Because the
strength of the back stress is proportional to the rigid chain link density, this spring element provides an
appealing means of modeling crosslinked polymers through its observed locking behavior.

Because the swelling strains have been shown to be of order unity, we describe this element of the complete
model for illustration. However, as the locking behavior may not be realized by silylating polymer resists

and because it has no counterpart in viscoelastic material models, this element is not exercised in simulations
reported here.
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5 Solution Method

This section describes the numerical implementation of the silylation model for two-dimensional (2D) tran-
sient problems. The equations formulated in Section 4 are reduced to a set of first order ordinary differential
equations that can be explicitly integrated in time. The computational space is discretized into 2D La-
grangian finite elements and all conservation equations are solved simultaneously on the same moving mesh.
The model has been formulated so that each element contains a volume of solid mass that may or may not
undergo a chemical transformation depending on the material type and whether it is crosslinked. During a
simulation, no solid mass is permitted to cross the boundaries of an element. The element may, however,

deform and grow in volume due to silylation. All mass transport across the boundaries of an element is due

to diffusion and convection of the silylation agent and reaction product.

Figure 9 shows a typical four node quadrilateral element in the global 2D planar (z —y) coordinate system.
Each element is assumed to have a uniform and constant thickness of unity in the 2 direction (the plane strain
assumption). The goal in finite element discretization is to obtain a set of ordinary differential equations
for the dependent variables at each node in the mesh. The dependent variables include the nodal masses
of all five species, the unconstrained (stress-free) nodal volume expansion rate, the z and y components of
nodal velocity, and the z and y nodal displacements. Equations for nodal masses and volume expansion
rate are obtained from a control volume finite element discretization of the mass conservation equations (see
Section 5.1). Equations for nodal velocities are obtained from a traditional Galerkin one-point-quadrature

finite element discretization of the momentum equation (see Section 5.2).

Typically, nodes are shared by several adjacent elements. Thus the element contributions to a nodal variable
equation must be superimposed in order to determine the complete equation for each nodal variable. Adding
these contributions is commonly referred to in the finite element literature (e.g. [34]) as the “assembly

process.” After the assembly process is compete, explicit time integration for the nodal masses, unconstrained

nodal volume rate, and nodal velocities can then take place.

The stress rate in each element is computed at the single Gauss-point from the deformation rate tensor
and the Gauss-point interpolated unconstrained volume expansion rate (see Section 5.3). The stress, =
displacement, and 4 displacement are obtained from a straightforward explicit time integration of the stress
rate, x velocity and ¥ velocity. Explicit time integration and time stepping is discussed in Section 5.4.

Before proceeding to Sections 5.1 and 5.2, it is useful to introduce a few concepts. The four node quadrilateral
elements used in the numerical implementation of the silylation model employ the following equation for

spatial interpolation:



4
=) &N; (54)
I=1

where I is the node number, N is the bilinear shape function, and @ is the nodal dependent variable (mass,

volume rate, or velocity).

The global £ — y coordinate system shown in Figure 9 is transformed into the isoparametric local £ — 7
coordinate system shown in Figure 10. Mapping of points between the = — y and £ — 7 coordinate systems

is accomplished using the following equations:

4
z(&n) =D Ni(&,n)zr (55)

I=1

4
y(&m) = Ni(&nr (56)

I=1

where the bilinear shape function Ny is

Ni(€,m) = 301+ €)1+ 7r) (57

and zy and yy are the z and y coordinates of node I. The values £; and 7y are the coordinates of node I in

the ¢ — 7 plane shown in Figure 10. Depending on the node number, these values are either —1 or 1.
5.1 Mass Transfer and Chemistry

The species mass conservation Equations (10)-(14) and the unconstrained silylation volume expansion
Equation (15) described in Section 4.1 have been discretized and solved on 1D and 2D domains using
two different numerical methods. In the absence of stress, Equations (10)-(15) have been solved on a 1D
domain using an implicit ODE integrator, DVODE [35], which is a double precision variable coefficient ODE
solver for stiff or nonstiff problems. The solution (not shown) compares well with the solution of the model
formulation described in Appendix A. The 2D formulation described here has been solved on a 1D domain
in the absence of stress; again the results agree well (cf. Section 6) with those obtained from the solution of
the 1D formulation.

Equations (10)-(15) have been discretized on a 2D domain using the control volume finite element method
(cf. {36], [37]). This method has been applied to ablation problems with moving control volumes [38]. The
control volume finite element method (CVFEM) applies local conservation principles to the finite element
method. Figure 11 shows a four node quadrilateral element that is divided into four regions labeled SCV1
through SCV4; these regions are associated with local nodes 1 through 4 of the element. Each of these nodes
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corresponds to point P of the control volume shown in Figure 4 (note that if the node is on a boundary,
it will not be at the center of the control volume); e.g., if node 1 corresponds to point P then SCV1 is
part of the control volume V,(¢) associated with node P, and other parts of the control volume V, (%) lie in
adjacent elements (not shown in Figure 11). The conservation Equations (10)-(15) are discretized on the
control volume; however the matrix is assembled on an element by element basis as done in finite element

method applications. As an example, the element matrix equation for the conservation of mass of unsilylated

polymer resist material C can be written as:

[Mc]{@c} = {bc} (58)

where

{Qc} =

[Mc] = 1] (60)

and

d)cl Vscvl
we, Ve

b} = vep SCVZ R 61
=1 ooy (61)

We, Vscva
Although the left hand side of Equation (58) is written in element matrix form, it is not assembled into
a global matrix because the solution method is explicit and the left hand side of Equation (10) is simply
the time rate of change of mass of C. The right hand side of the element matrix equation, Equation (61),
is assembled from the element level into a global matrix for the mass of C at the nodes by summing the

contributions of all the elements to each node. Similar expressions apply for material species D and E .

For the mass conservation Equations (13) and (14) of species A and B and for the unconstrained volume
Equation (15), fluxes across control volume boundaries must be evaluated. Referring again to the element
shown in Figure 11, the surface areas of the control volumes across which fluxes are determined are labeled
ss1 through ss4; the midpoints of these lines are designated as integration points ipl through ip4; the fluxes
are evaluated at the integration points. For example, for the subcontrol volume SCV1 of Figure 11, the
contribution of the mass diffusion flux, given in Equation (21), of species A to the total mass diffusion flux

of species A (for the control volume centered at node 1) is:
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/ jA-ndA=/ j,,-ndA—/ ja-ndA (62)
scvil ssl ss4

where
/ Ja-0dA =3, )i Ays — jaylipp Az, (63)
ssl

and
[ inmdA = i liu i = gl (64)
ss4

In Equations (63) and (64), Az, = z, — Tmpl, AY1 = Yo — Ympl, Azy = z, — Zmp4,

and Ays = yc — Ymps, Where the coordinates of the points (z,y.), (Tmp1; Ymp1), and (Zmp4, Ympa) are
determined using Equations (55) and (56).

The mass diffusion flux components of species A at the integration points are then given by (cf. Equation

(21)):

4
in|, | = =pDoetrsiMa)| 3 [ O] T (65)
*lip1 ipl =1 T i1 m;
j = —pD, e(wa/ME)I 24: ON;| ™y (66)
Jaylpy T TPFe i =\ Oy 1 ™
4
ON; My,
i =— (wog /ME) =7 ) 67
.742 ipd pDoe E L‘p4 J‘Z‘; ( 3.’: ipt mj ) ( )
4
= —pDyetwen/Me)| 3 (05| s (68)
i it S\ Oy |, o0 T
where the shape function derivatives are given by:
o %
9y 6n
8 8
1 5 ot
-1 _ ]
J = il [ _ez 8z (70)
on o




and |J| is the determinant of the Jacobian of the transformation, given by Equation(77) in the next section.

Similar expressions hold for the mass diffusion flux components of B at integration points ipl and ip4 as well
as for the mass diffusion flux components of A and B at integration points ip2 and ip3. The area integrals
and source terms on the right hand sides of Equations (13), (14), and (15) are thus evaluated, yielding a
right hand side vector for each element. The element right hand side vector is then summed over all nodes
in the problem to yield the global right hand side vector, which is the discretization of the right hand side
of Equations (13), (14), and (15) for each control volume in the problem. The discretized equations for
the conservation of mass of species A, B, C, D, and E at each control volume are then integrated in
time as discussed in section 5.4. The discretized equation for the unconstrained volume is not integrated
in time; rather it is the fime rate of change of the unconsirained volume (the discretized right hand side of

Equation(15)) that is required by the material model and discussed further in section 5.3.

5.2 Momentum

Chain rule differentiation of the inertia term in Equation (27) yields

pv+pv=V-0+F. (71)

As discussed in Section 4.2, the material motion is quasi-static (negligible inertia). However, to facilitate
the time integration for velocity, v, only the first term in Equation (71) is neglected, resulting in

pv=V.-0+F. (72)

The method of weighted residuals (see e.g. [34]) is applied to Equation (72) in order to obtain expressions
for the contribution of each element’s the nodal velocity components. The process begins by casting the
momentum equation into the so-called “weak-form” by multiplying its residual by a set of weighting functions,

W, and integrating the result over the volume of an element, i.e.,

/(p\'r—F—V-a)WdV=0. (73)
v

The method of weighted residuals seeks to approximate the dependent variables (nodal velocities) using
simple functional forms like that expressed in Equation (54). The functions are selected in such a way as to

minimize the residual in Equation (73) thus approximating the solution over the element domain.

For the planar problem solved here, a special form of the method of weighted residuals referred to as
Galerkin’s method is used. In Galerkin’s method, the weighting functions are chosen to be the same as
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the shape or interpolation functions in Equation (54), i.e. W = N. Furthermore, for an assumed element

thickness of unity, dV = dA, where A is the element area. Thus for the planar problem:

/(pv-F—v-a)NdA=o (74)
A

Integration of the first two terms in the above equation is straighforward, but the last term requires special
treatment because of the spatial gradient operator V. The last term is integrated by parts using Green’s
theorem. This results in two integrals for the third term: an area integral and a line integral, where the line

represents the perimeter of the element, i.e.:

/p\'rNdA—/FNdA+/ a-VNdA—/a~nNdS=0 (75)
A A A S

The line integrals provide a means of applying the appropriate global boundary conditions. They vanish for
all elements which do not have a physical boundary (i.e., all interior elements). The vector n represents the
outward pointing normal to the line S (element side on a physical boundary). Hence in Equation (75), the
last term represents the influence of boundary traction and pressure on the boundary elements. As discussed

in Section 4.2, this term is zero for the elements along the free surface for the silylation problem.

Integration of Equation (75) proceeds in the £ — 5 coordinate system (Figure 10 and Equations (55)
through (57)) by noting that

dA = dzdy = |J| dédy. (76)

where |J]| is the determinant of the Jacobian transformation matrix, i.e.,

0z dy Oyoz
JN===-==. 77
[J1 55y BEn (77)
It can be shown that the determinant of the Jacobian is directly related to the element area,
A
V=7 (78)
where the element area is expressed in terms of the element nodal coordinates as
A= @z —9) + (%2 —24)(ys — ) (79)

2

Substituting £ — 9 transformations into Equation (75) and neglecting the boundary integrals yields,
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+1 1 +1 1 +1 p+1
/ / VN |J| dedn — / FN |J|dedy + / / o - VN |J|dédn = 0. (80)
-1 J=1 -1 J-1

-1 J-1

Integration of the terms in the above equations is performed numerically at a single Gauss point for which
& =1 = 0. The “one point quadrature” assumption is a popular simplification (see e.g. [16, 39, 40, 41]) that
permits p, F and o to be taken as constant over the element and moved outside of the integral. The element
stress tensor, o, is the time integrated value of the element stress rate tensor which is determined from the
deformation rate tensor and the unconstrained volumetric strain rate. The element deformation rate tensor
is, in turn, computed from the nodal velocities. The remaining functions inside the integrals such as Ny are

easily integrated since, e.g.,

Ni(m) = Ni(0,0)= 5. - &

where I = 1,2,3,4.

After some algebra, Equation (80) takes the form,

PAney = Ay L
L IMI{9} = S{F} + 5[Al{o). (82)
The mass matrix [M] is given by
(1 010101 0]
01010101
10101010
01010101
10101010
Ml=lg 1010101 (83)
10101010
01010101
1010101080
0101010 1|

The “lumped” matrix approximation is made for the mass matrix, i.e., each row of the mass matrix is
summed and the result placed at the diagonal. Hence,

[M] = 4{]] (84)

where [I] is the identity matrix.

The column vectors {V},{F} and {o} and the matrix [A] in Equation (82) are given by
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=1 - r (85)

( 3
le

{F}=J > (86)

{oy=4 % } 87

Yo — Y4 0 T4~ To

[A]

0 T4 — To
Ys — % 0

0 Ty — &3
Y4 — Yo 0

0 To — T4

Y2 — Y4
Z1 — 23
Ys — %
T2 — T4
Ya — Y2

(88)

¥ —Ys 0 T3~ Ty
0 T3—T1 Y- Y3

(e I an B e JY e I oo I ao I oo B an

Equations (82) through (88) represent a set of eight ordinary differential equations that determine the
contribution of each element to the nodal accelerations ii; and #; where I = 1,2,3,4. Once the total
contribution is determined from the finite element assembly process, %y and #; are integrated with respect
to time to yield the nodal velocities %y and 9. The nodal velocities are then integrated with respect to time
to yield the nodal displacements u; and vr. For the silylation problem the body forces F, and F, due to
gravity are neglected.

Spatial integration of elements at a single Gauss point (i.e. the one point quadrature used here), though
computationally efficient, can lead to the calculation of spurious energy modes. If these modes are not
supressed, a severe and usually fatal mesh distortion known as “hourglassing” may occur. The term
hourglassing was coined because of the shape taken by adjacent affected elements in structural calculations.
The problem arises when & single gauss point is used to calculate the deviatoric part of the stess. When
this is done, it is possible for certain element deformations to produce no stress. Such deformations are

commonly refered to as “zero energy modes.”
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A number of procedures have been developed to eliminate hourglassing (see e.g. [42, 43, 44]). In the
present work, the method of Flanagan and Belytschko [43, 44] was used. Details of their procedure and

its implementation into the silylation model will not be presented here.

5.3 Polymer Material Response

As is typical for constitutive laws involving inelastic deformation with an evolving microstructure, the

equations for the material point stress and state variables form a coupled system and must be solved
simultaneously. To do this, both Equations (42) and (47) are discretized in time and coupled using Equation
(43) for the plastic strain rate.

5.3.1 Coupled Newton-Raphson Algorithm

A trial stress state is computed by assuming that the strain step is entirely elastic. Using (37) and (38)
rtrial

o =6a,+C :[D —D° - {ab + &}T]AL (89)

and

' 1trial -
=0 " —4PC"  NAt (90)

Use of the associative flow rule allows (90) to be reduced to an equation for the stress magnitude alone in

terms of the as yet unknown plastic strain increment

1trial

Tap1 =0 g1l =10 |- 2piPAL (91)

In order to satisfy the consistency condition for yielding at the end of the time increment, from (43)

4P = 4, exp .‘_AM 1_<T"i>§ (92)
e e Sn+1

Finally, the strain softening state variable evolution depends upon the plastic strain increment

Sp+1 = Sp + R{1~ -s—:i}’):pAt (93)
85
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Now Equations (91) and (93), coupled through the plastic strain rate magnitude, are formed into residuals
which must ultimately vanish. This is accomplished using a Newton-Raphson iteration scheme which, after

some manipulation, results in the matrix equation

G® } [ AR B AR, 0
g (T K E [ = { (94)
{ H® c® D || A, 0
where
2=9
* — 210 Ap ST Lw
A TN T (95)
n+1
) +B) )\ B
—2Ap pT, S E
k) _ n+1 +1 n+1 (%)
Spi1 Snt1 \Tn+1
CR ()
hA s s,
o = 22 At{ ’g,;gl} [1 - —sj} i) (97)
Ta+1 5
(k)
® _ w , b4 Sni1
D At fat1 + ) At{ s
*) Y% *® /.® \ 5
Tn PTny1 [ 5nta (k)
1- —“} + =2t (—+ ) f, (98)
k k k n+1
[ { 35;-21 g s'fz-l)-l 71(1-21

are the components of the Jacobian matrix and

, —As® {8
8 =,exp [—e—ﬂ {1 ~ ( (,31 (99)
n+1

is the plastic strain rate iterate. Equation (94) is solved iteratively for the increments in stress, flow resistance

and plastic strain.

5.3.2 Radial Return Algorithm

While the Newton-Raphson algorithm is generally very fast, it can exhibit difficulties when the local Jacobian
vanishes. For strain softening polymers, this can happen during the elastic-plastic transition where the local

material stiffness tends to zero. At the expense of somewhat less accurate simplifying assumptions which

42



vanish with decreasing time step size, a simpler radial return algorithm does not suffer this drawback. While
a general radial return algorithm would necessitate iteration owing to the nonlinear constitutive law, we

examine a simpler case for illustration here. For gléssy polymers below the glass transition temperature,
’q3 — 1 3. In this limit, a single iterate radial return is possible. To formulate this algorithm, however, a
quasi-yield function must be defined by inverting the flow rule.

Writing (43) in terms of the stress magnitude required to produce strain rate 4* for 5 =1,

r—{s+%1n(j/—;)}=o (100)

Now (100) takes on the form of a yield function

Yy=r—R (101)

where the yield resistance, R, has two contributions: a part, s due to flow resistance inherent in the material

structure and a rate dependent contribution

a9 [
_9, (% 102
s =u{l} (102)
Taking an elastic strain step?
ririesl — o 4+ 2u|D|At (103)
strisl = 5. — p 22 |D|At (104)
Ssg

The yield condition (101) is then checked. If Y < 0, the step is elastic and the solution

Tn+l = ririal (105)

Sn+1 = Sp (106)

3For the representative polymer PMMA, for instance, the ratio fl’- = % .
41t has been shown [32] that, for large inelastic strain problems of this type, it is a good approximation
to replace 4* with [D] in the yield condition and the state variable recovery terms.



is accepted. If Y > 0, then the consistency condition Y = 0 must be enforced in order for the stress solution
to remain on the inverted yield surface. This results in an expression for the appropriate plastic strain

increment

,rtrial — strial _ ﬂ

P = 4PAL = 107
AyP = 4PAl ST h (107)
which is then used to update the stress and the flow strength
Tng1 = T — 2pAnP (108)
Sni1 =Sn+hAY? (109)



5.4 Time Integration

Solving for the dependent variables in the silylation model is accomplished by integrating first order differ-

ential equations in time. The general form for each of these equations is

ad
= = RHS. (110)

where @ represents Gauss point stress or nodal velocity, mass, or unconstrained volumetric expansion rate.

The shorthand notation “RHS” is used to indicate the right hand side of the equation which in general is a

function of other dependent variables.

A simple “upwind” difference in time is used to approximate the time derivative, i.e.,

§n+1 —~ Pr
At
where n 4+ 1 refers to the value at the new time step and n the previous time step. Whether the integration

= RHS. (111)

is explicit or implicit depends, of course, on how RHS is evaluated. If it is evaluated at n + 1, then the

integration is implicit and a nonlinear algebra problem must be solved. If it is evaluated at n, as in the

present model, the integration is explicit, resulting in the following simple expression for &7+,

@™+ = @" 4 (At)RHS™ (112)

Explicit integrations are conditionally stable which requires careful selection of the time step At. The
Courant stability limits for the mass transport (diffusion) and mechanical calculations are functions of
element geometry (shape and size) and the properties of the material. For quadrilateral elements it can be

shown that

Aty = 2= (113)

_ .| 2

where Aty and Aty, are the stable diffusion and mechanical time steps, respectively. In the above equations D
is the diffusion coefficient, A and p are Lamé elastic constants, A is the element area (given by Equation (79))

and B is an element geometric parameter given by,

o B2 —va)+ @ — ) J; (1 = 25)° + (22 — 4)° (115)
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Generally Aty is orders of magnitude larger than At,,. Hence, the time step is controlled by the mechanical
part of the problem. In quasi-static mechanical calculations such as this one, an arbitrary scaling of the
mechanical density can be used to bring the stable mechanical time step more in line with the stable diffusion
time step. Hence for the purpose of computing material momentum, the density can be increased by some
arbitrary scaling factor, f4, where f; 3> 1. The effect of this density scaling is to add artificial inertia to the
momentum equation. Care must be taken to insure that density scaling does not compromise the quasi-static
behavior of the momentum equation. When this occurs, the solution exhibits obvious nonphysical behavior.
In order to avoid excessively long computational times, some measure of mechanical density scaling was used

for all silylation calculations presented in Section 6.

5.5 Mesh Generation and Post Processing

A Fortran 77 computer program was written to solve the 2D silylation equations presented here. The program

reads a keyword driven problem description file using the parsing language developed by Perano and Kaliakin
(see e.g. [45, 46]) and generates a two-dimensional computational mesh using the Sandia developed mesh
generator AP [47]. During the solution phase a series of time-state files are written, typically one time-state
file for each second of simulated time. Post processing of these time state files is also performed using AP.

This relatively mature pre and post processing interface makes it possible to set up, solve and post process

a wide variety of 2D silyation problems quickly and accurately.
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6 Results

Calculations made using the previously described models are presented in this section. The first two
subsections deal with model verification for simple geometries including transient behavior at a single point
and transient behavoir in one spacial dimension. The remaining subsection discusses the fully coupled

transient behavior of the silylation model (2D Model) in two spacial dimensions.

6.1 Constitutive Model Material Point Simulations

The polymer constitutive model consists of the coupled system of Equations (42), (43), and (47). They are
parametrized by a set of material constants {1, A, %,, So, 855, 4, 2, P, ¢}. These parameters are generally either
derived from other physical quantities whose values are known for a class of materials (e.g. see Equation (44)
for A) or fit to experimental data. A complete set of parameters have been fit for the amorphous polymer,
polymethylmethacrylate (PMMA) elsewhere [30]. These are used here to illustrate features of the model
behavior for a material point under three distinct homogeneous deformation paths. We exercise the model
for constant strain rate uniaxial extension to show that it recreates the intermediate strain tensile data. We
then use the model to simulate one-dimensional free surface swelling characteristic of the behavior of the
silylating layer far from the substrate edge. Lastly, we artificially restrict the model to elastic deformations
only to illustrate the effect of non-volume conserving fiow on the degree of free surface swelling. For all the
discussions which follow, the material properties correspond to a constant temperature of © = 90 °C < O,

and are given by

p=1x10" %123 (116)
A=3.33x10° % (117)
4o = 1.0 x 10** s71 (118)
5o =8.8 x 10® %’%e (119)
Sgs = 7.7 x 108 %_’:%9 (120)
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K — cm?
A=17 - - 121
x 10 dyne (121)

h=9x 10° dyn,f (122)
cm

6.1.1 Uniaxial Extension

The viscous inelastic softening response prior to polymer locking behavior can be parameterized entirely by
scalar state variables in the model. These can be estimated by fitfing the model to uniaxial deformation
paths. Here, we adopt the set of material parameters in [30] listed above. These have been chosen, for
illustrative purposes, to reproduce the uniaxial tensile data for PMMA [30]. The response of PMMA pulled
in uniaxial extension at a rate of unity is shown in Figure 12 along with the response reported by Boyce et al.
[30]. Only the softening portion of the response is included in the model presented here. Further, the rate-
dependent yield and post-yield softening response are functions of the applied deformation rate magnitude
|D|, the hardening modulus 4, and the steady state inelastic flow strength s,;. The mechanical response
depends on these model parameters as illustrated in Figures 13, 14, and 15 respectively. A similarly isolated
integration of the model equations is compared in Figure 16 with its implementation in the two-dimensional

finite element code.
6.1.2 Free Surface Swelling

Because we interface the material model with a displacement-based finite element code, the constitutive
subroutine is generally driven by a strain history discretized in time. This is straightforward when kinematic
or Dirichlet boundary conditions are imposed on the finite element mesh. When Neumann, flux or stress
boundary conditions are imposed, iteration is generally necessary in order to converge on the appropriate
strain step necessary to satisfy this boundary condition. This is the case for the one-dimensional silylation
experiment described in Appendix A where the free surface of the silylating layer is traction-free. In order
to test the constitutive algorithm for this case, an iterative loop was added which imposed a stress free
boundary condition in one-dimension. To do this, an elastic strain step is presumed for the out-of-plane

swelling response:

A+ 2p

A622 = D”At = N+ 2#

A® (124)
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This strain step is applied, resulting in a non-zero normal component of the stress at the layer surface.
The strain step is iteratively adjusted until the normal stress component vanishes. At each increment, the

corresponding compressive in-plane layer stresses accompanying the induced silylation swelling are given by

AO’n = AO‘33 = —2#A622 (125)

The deviatoric resultant in-plane compressive stress associated with a constant rate of swelling, 3, is shown
in Figure 17. Note that the response is similar qualitatively to the kinematically driven response described in
the previous Section. After yielding, the polymer inelastic flow strength evolves in accordance with Equation

(47). This state variable evolution is depicted in Figure 18 for one-dimensional free surface swelling.
6.1.3 Idealized Elastic Swelling

As a final case study, we restrict the mechanical constitutive model to purely elastic behavior. For this
example, the free surface expansion can be computed in closed form as a means of verifying the numerical
implementation. Such a case will only be physically plausible for very small deformations. To simulate this
behavior, however, the yield strength, s,, can be artificially increased to ensure that no plasticity occurs.
For this limiting case, the incremental relations (124) and (125) can be replaced by total quantities and the
free surface strain will be given by

/\+§u 1+v
= d= i) 12
A+ 2p 3(1-v) (126)

€22

and the accompanying lateral compressive stresses in the silylation layer are

-E
011 =033 = —2#622 = m_—y-)-‘ﬁ (127)

both in agreement with the one-dimensional model presented in Appendix A. The dependence of free surface
swelling on Poisson’s ratio is shown in Figure 19. For swellings to large strain, the fully elastic-plastic free
surface motion is closely approximated by the elastic limit as » — . The isolated model integration is

shown in this limit in Figure 20 along with the two-dimensional finite element model implementation.

6.2 Comparison of 1D and 2D Model Results

A simple one-dimensional transient problem was formulated for the purpose of comparing the 1-D model
discussed in Appendix A and the more general 2D silylation model. It is assumed that a layer of unsilylated
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and uncrosslinked resist 1 x 10~° cm thick is applied to a perfectly rigid surface. The resist and the surface
it is attached to are infinite in the plane orthogonal to the thickness direction. At t=0 a fixed concentration

of the silylation agent is imposed on the free surface of the resist. As time proceeds the agent diffuses into
the resist from the free surface and reacts with the resist, causing silicon deposition and swelling of the entire
resist layer. Material parameters and boundary conditions are selected such that an unstressed layer would

double in thickness when the layer becomes fully silylated.

Figure 21 illustrates the mesh and application of boundary conditions for the transient 1-D problem. A
single row of 100 elements was used in the 2D simulation. (Correspondingly, 100 grid points were used in
the model described in Appendix A). The lower two nodes of the bottom element (at z = L(t)) are fixed to
the rigid surface and no mass transfer is permitted across the element face. Symmetry boundary conditions
are imposed on the right and left boundaries of the element row to simulate the “infinite layer”. Constant
values for the concentrations of species A and E are imposed on the free surface. The coordinate z shown in
the figure is the nondimensional distance (i.e., actual distance divided by current length L(t)) from the free

end.

It should be noted that the model of Appendix A does not account for the presence of a silylation reaction

product species B. Furthermore, the constitutive model used in Appendix A relating stress to strain is a simple
elastic model and therefore not realistic for real silylation problems undergoing large strains. Nevertheless,

the model is useful for verifying coupled momentum/diffusion behavior in 1D.

Dimensional parameters used in the 2D model are related to the dimensionless parameters of the 1D model

according to the following:

ksPA,
= (128)
p=2Prs (129)
Aﬂ
A~ pc
== 130
Q 7 (130)
f=LoMe (131)
Pc Mp
=  pe Mc
BE==—— 132
pc Mg (132)



=i = 2.0 (133)
- J%Z»Af_ ~1.0 (134)
T = %ke‘l =1.0 (135)
g = "’:" =0 (136)

where,
Co= Pe _ 00113007 mol/cm® (137)

c

Note that if the silylation reaction rate does not depend on stress, then b = 0 in Equation (180) and
k1 = k, = k;. Also note that the diffusion coefficient, D, in Appendix A is equal to D, in Equations (21)
and (22).

In Equations (128) through (136), 7 is dimensionless time, and P,Q,U, and E are dimensionless dependent
variables. The remaining dimensionless parameters depend on material properties and boundary conditions
and remain constant throughout the calculation. The dimensional properties used in the 2D calculation were
determined from the constants specified in Equations (128) through (136) and can be summarized as follows:

p. = 39.62 g/cm?® (138)

pc =12 g/em® (139)
pp = 2.6717 g/cm® (140)
pe = 1.3359 g/cm?® (141)
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M, =175 g/mol

M. =106 g/mol

» = 236 g/mol

Mg =236 g/mol

pa, = 19810 g/cm®

k, = 175 cm®/(mol — s)

D, =2 x 10712 cm?/s

L,=1%x10"%cm

k. =1.981s!

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

Comparisons of predictions from the 1D and 2D models are shown in Figures 22 and 23. Figure 22 shows

the growth of the silylation layer as a function of time for two different Poisson ratios, » = 0.3 and v = 0.5.

It can be shown that the final layer thicknesses corresponding to ¥ = .3 and v = .5 are 1.62 x 105 cm

and 2.00 x 10~° cm respectively. The latter value follows from the observation that all elastic deformation

for the case where v = .5 must be volume conserving. In each case, the 2D model correctly predicts the
final layer thickness. The 1D model of Appendix A predicts slightly lower values of layer thickness than the
2D model throughout the transient. These differences tend to disappear when more grid points are used in
the 1D model. The dashed blue line shown in Figure 22 illustrates the effect of including plasticity in the
material response. The 2D model prediction of the layer thickness for » = .3 shows that when plasticity

is included, the growth of the silylation layer is nearly volume conserving. This is the case because only
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a small portion of the total deformation is elastic. The volume-preserving plastic deformation comprises a

substantially larger percentage of the total deformation.

Figure 23 compares 1D and 2D model predictions for mass concentrations and stress distributions at three
different times during “elastic” silylation with » = .5. Figure 23 (a) shows the mass concentration of the
silylation agent at 2.5, 10, and 60 seconds. Results are plotted using the nondimensional length 2(t). Similar
comparisons for the mass concentration of unsilylated resist and silylated resist are shown in (b) and (c).
In each case the comparisons are excellent. The lateral stress distributions (o, and o.;) are compared in
Figure 23 (d). Each model predicts a final compressive lateral stress of 1.05x10'? dynes/cm?. Transient stress
distributions also compare favorably, although the 2D model predicts a small compressive stress through the
layer thickness during the propagation of the silylation front.

6.3 Transient 2D Silylation - Nominal Calculation

In this subsection the results of a 2D transient silylation simulation will be presented. The objective is to
simulate the material behavior observed during a process similar to that shown in Figure 2. Figure 24 shows
the computational mesh for the nominal 2D silylation problem. A resist 4 X 10~° cm in thickness is bonded
to a rigid surface (fixed surface). Part of the free surface has been crosslinked to a depth of 6 x 1076 cm.
The planes of symmetry shown in Figure 24 are used to simulate a series of silylation lines parallel to the
z axis. The distance between any two adjacent silylation centerlines is 4.8 x 10™° c¢m. In this simulation,
crosslinked behavior is modeled by reducing the diffusivity,D,, of the silylation agent in crosslinked elements
by three orders of magnitude relative to the uncrosslinked elements. Except for the diffusion coefficient, all
other crosslinked and uncrosslinked material properties are assumed to be identical. These properties are

summarized as follows:

E =2.25 x 10'° dyne/cm? (151)
v=.125 (152)

50 = 8.8 x 10® dyne/cm? (153)

h =9.0 x 10° dyne/cm? (154)
A=1.7x10"°% K — cm?/dyne (155)
555 = 7.7 x 10® dyne/cm? (156)
a=00 (157)

40 =10 x 10 571 (158)

M, = 175. g/mol (159)
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Mg = 45. g/mol (160)

¢ = 106. g/mol (161)

My = 236. g/mol (162)

My = 236. g/mol (163)

pa = 39.62 g/cm? (164)

ps =100.0 g/cm® (165)

pe =12 g/cm® (166)

pp =12 g/cm?® (167)

pe =12 g/cm® (168)
ke=20s" ' (169)

ks = 175 cm®/(mol — s) (170)

w = 0 cm®/mol (171)
Crosslinked D, = 2.0 x 107! cm?/s (172)
Uncrosslinked D, = 2.0 x 107'? cm?/s (173)

Initially the resist is assumed to be unsilylated; i.e., it is composed entirely of species C. At time zero the free
surface is exposed to the silylation agent, species A, and mass transport, chemistry, and material swelling

proceed for a simulated time of 60 seconds.

Boundary conditions for mass transfer may be summarized as follows:
At the free surface: ¢4 = .05,eg = .95
At the right symmetry boundary: No mass transfer

At the left symmetry boundary: No mass transfer

At the bottom fixed boundary: No mass transfer

Boundary conditions for momentum may be summarized as follows:
At the free surface: Stress free, see Equation (28).
At the right symmetry boundary: &+ =0

At the left symmetry boundary: & =0



At the bottom fixed boundary: 4 =9 =0

Figure 25 shows cross-sections of silylation agent (species A) concentration and material swelling for time
states corresponding to 0, 1, 3, 5, 10, 30 and 60 seconds. To aid in visualization, results have been mirrored
across the left symmetry boundary which corresponds to the y axis and the centerline of a typical silylation
cross-section. At t=0 seconds, the resist is unsilylated except for the imposed concentration of A at the
free surface. As early as t=1 second, evidence of species A diffusion, silylation reaction, and the onset
of material swelling is clearly visible in the uncrosslinked region. As time proceeds the silylation agent
continues to diffuse preferentially into the uncrosslinked resist causing a localized material swelling similar
to that observed in Figure 2. In this particular simulation, the effect of crosslinking was modeled using a
reduced diffusion coefficient for the crosslinked material. As a result, mass transport, chemistry and material
swelling in the crosslinked region were localized to a very thin layer along the free surface. This layer is
most visible at t=60 seconds and resembles the so-called “scum” layer observed over crosslinked regions after

silylation experiments.

Figure 26 shows concentration profiles of the silylation reaction product (species B), the unsilylated solid
(species C), the unexpanded silylated solid (species D) and the expanded silylated solid (species E) at the end
of the simulation (t=60 seconds). As expected the highest concentration of the silylation reaction product
(species B) occurs above the reaction front. The contour plot of unsilylated solid (species C) clearly shows
the depletion of species C above the reaction front. The blue core representing low concentrations of C
shows that the reaction front is beginning to move under the crosslinked portion of the resist. Because of
the relatively short relaxation time for the conversion of species D to E (k. = 2.0 s™! ), significant amounts
of D are confined to a relatively narrow band (shown in green in the D concentration plot) near the reaction
front. The portions of the resist which have completed the conversion to the expanded silylated solid are

clearly visible as a yellow band in the concentration plot for species E.

Stresses developed during the silylation process ultimately determine the amount of swelling and the final
shape of the material. Figure 27 shows cross-sectional contours of stress at 60 seconds. Included are contours
for the through-thickness stress, o, the lateral stress, 0, and the shear stress, 6;,. Note that the individual
in-plane deviatoric stress component, o';z, reaches values beyond the rate-dependent yield strength. This
indicates that substantial inelastic flow can occur at swelling rates typically seen in the silylation process.
We point out for clarification that this is true if the polymer plastic properties are reasonably represented
by those for PMMA. When there is substantial inelastic flow, volume conservation dictates that the amount
of swelling will be only marginally affected by the stress response. The stresses and kinematic constraints,
i.e. the geometry of the crosslinked region, however, can play a substantial role in the overall shape change
of the material.

The relationship between crosslinked and uncrosslinked regions at the conclusion of the simulation is shown in



Figure 28. Elements of the crosslinked polymer are distinguished solely by their reduced diffusion coefficient
relative to the uncrosslinked material. Elements in the crosslinked region are shown in blue and elements in
the uncrosslinked region are shown in red. The original shapes of these regions prior to silylation are shown
in Figure 24. As expected, nearly all material swelling has been confined to the uncrosslinked region. Some
swelling is evident in the crosslinked area along the free surface (the “scum layer”) and in the interior interface
between the crosslinked and uncrosslinked regions. This was to be expected since, in this modeling scenario,
the crosslinked region was assigned a finite (but low) diffusion coefficient and the silylation reaction was

permitted to proceed unimpeded when the silylation agent was present. Here, the crosslinked polymer has

been assigned the same constitutive parameters as the uncrosslinked polymer. Figure 28 shows that in this

case, silylation extends to the material below the crosslinked region. The resulting swelling causes substantial

upward movement of the crosslinked material. The simulation suggests that such movement is likely to occur
whenever crosslinking is sufficiently shallow and silylation times are long. It may be expected, however, that
these response features would be sensitive to changes in the inelastic mechanical properties of the crosslinked
region. For future reference, it may prove worthwhile to implement the locking Langevin spring element in
the large strain model (this may represent crosslinked behavior as described in Section 4.3.5) or perform a

parameter study over a range of stiffer effective elastic moduli for the crosslinked polymer.



7 Concluding Remarks

This report documents the development of a new two-dimensional transient finite element model of the
positive tone silylation process. The 2D model focuses on the part of the process in which crosslinked and
uncrosslinked resist is exposed to a diffusing silylation agent. The model accounts for the combined effects
of mass transport (silylation agent and reaction product), the chemical reaction leading to the uptake of
silicon and material swelling, the generation of stresses, and the resulting material motion. Both Fickian
and Case II diffusion models are incorporated. The model provides for the appropriate mass transport and
momentum boundary conditions and couples the behavior of uncrosslinked and crosslinked materials as well

as the compliance of any underlying device topology.

The 2D model behavior has been verified using independent material point simulations and a one-dimensional
transient finite difference model. Finite element mesh generatioﬁ, problem setup, and post processing
of computed results is sufficiently mature to permit the 2D model to be used in the investigation of a
broad parameter space which includes material properties and geometry issues (e.g., alternate crosslinking
distributions, resist thickness, etc.).

The authors recommend that future work in the area of silylation modeling be directed toward exercising
the present model over a range of parameter space to determine which properties and phenomena have the

largest affects on the silylation process. In addition, studies should be undertaken to determine relevant
material properties. In order for the model to become a predictive design tool, it is recommended that it be

verified against a set of well controlled silylation experiments.
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A APPENDIX - A One-Dimensional Model

A logical first step in simulating a process such as silylation is to develop a one-dimensional model. This
can be used to obtain a basic understanding of at least some aspects of the process with a minimum of
computational effort, and it can also serve as a validation tool for multidimensional codes that will eventually
be used to describe the process in detail. The model to be presented here is similar to that developed by
Zuniga and Neureuther [19], but there are some differences in implementation. In particular, the bulk
(convective) flow arising from the volume change of the solid is now accounted for explicitly in the species
conservation equations, and simple analytical relations for the amount of swelling and the induced stresses
are derived. However, since the stress-strain relations are based on the linearized equations of elasticity, the

model is strictly valid only for small deformations.

If it is assumed that the gas phase is well mixed and nonreacting, then the modeling effort can be confined

to the solid. According to Zuniga and Neureuther, there are four chemical species of interest: the (dissolved)
silylating agent P, the unreacted hydroxyl group Q, the silylated but unexpanded group U, and the expanded
group E. In what follows, the latter three species will be assumed to include the associated part of the polymer
chain, so that all of the solid material is accounted for. Clearly, only species P is free to diffuse, and it can
react with Q according to

P+Q3U+...

Here k, is a second-order rate constant, provided that mass-action kinetics is appropriate. While there
may be mobile reaction products in addition to the fixed group U, they will not be important as long as
their volumes are negligible and the reaction is irreversible. In any case, the newly formed U is eventually

converted to E with a characteristic relaxation time ¢,:
t,
U—-E

The primary task is to determine the time-dependent concentration profiles for the four species and, of

particular interest, the total amount of swelling as a function of time.

The differential equations governing the process can be obtained by applying the general material balance [48]

to each species. In molar units and in one dimension,

Oc; B v 8,
_B—t-'*-vb—;_-cia_z—_a_z"i-R‘ (174)

where £ is time, z is the spatial coordinate (measured perpendicular to the gas-solid interface), v is the mass-
average velocity, ¢; is the molar concentration of species i, J; is its diffusion flux, and R; is its volumetric

production rate by chemical reactions. Letting C = P, and so forth, one has

OJ;

ot oz oz Oz —kPQ (175)
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0E OFE ov U

B +’U% = -E% + -t: (176)
5Q . 8Q v

3t = ~Q3-~khPQ (177)
ou  oU Ov U

a"*‘ﬂa— *Ua'{'klPQ—z: (178)

Following Zuniga and Neureuther, we approximate the diffusion flux by

wEgg

Jp =-De Bz

(179)

where w is a parameter that allows the diffusivity of species P to vary with the extent of swelling; D is
simply the diffusivity in the initial state. In addition, at fixed temperature the rate constant k; is assumed
to vary with the local stress ¢ according to

ky =koe (180)

Equation (175) then becomes

0P P _ _p . pl (e”’Ea—P
T oz

bo
5 "oz P oz )"k"e PQ (181)

and there are similar modifications to Equations (177) and (178).

Since there are now four differential equations but six unknowns (P, E, Q, U, v, and o), two additional
equations are needed. These can be obtained by relating the stress level and the overall molar concentration
of the fixed species to the extent of the swelling reaction. The first step is to introduce a parameter «, which
is the ratio of the molar volumes of species E and U in a completely unconstrained system; it is assumed
that the molar volumes of Q and U are identical. Then, in the absence of stresses, the fractional increase in
volume at any point (neglecting the effect of the dissolved gas P) is

_ E(a-1)

=0+U+E (182)

The quantity @ plays the same role as a thermal expansion in the equations of statics. For the one-dimensional
system being considered here, there is no stress in the z-direction, while there are no strains in y and z. The

equations of equilibrium [49] then show that the axial strain is

1+v
- 183
€z 3(1~-v) (183)
and the transverse compressive stress is
Y
Oy =0; = __§3(1—1/) (184)



where Y is Young’s modulus and v is Poisson’s ratio. From Equations (182) and (183) it can be shown that

the molar concentrations of the fixed solid species are related by

Q+U+Ea+E(a-—1)23(—(21V-:—:)l= (185)
where ¢ is the initial molar concentration of Q. For the special case v = % this reduces to
Q+U+Ea=¢ (186)
which is identical to the result that would be obtained for a completely unconstrained system.
Now, the initial conditions to be used with the differential equations are
R=c¢q, P=E=U=0, and v=0 at t=0 (187)

Likewise, if the gas-solid interface is defined to be the position z = O, then two boundary conditions are
P=P, and v=0 at z=0 (188)

Here P, is assumed to be given by the solubility of the gaseous silylating agent in the solid, i.e., equilibrium
prevails across the interface. Analysis of the first-order partial differential equations (176)—(178) shows that

all of the associated characteristic base curves originate on the line ¢ = 0 in the t-z plane; therefore, the
initial conditions on E, @, and U are sufficient to determine these functions without any boundary conditions
being specified. However, a second boundary condition is needed for P. If the thickness of the silylation
layer is denoted by L, and if the solid substrate at = > L is impermeable to the diffusing species P, then an
appropriate condition is

oP

5;:0 at z=1L (189)

Finally, because the swelling reaction causes the silylation layer to thicken over time, L varies and must be

determined as a function of ¢ by means of the kinematic condition

%’% = (L, 1) (190)

together with the initial condition
L=Ly at t=0 (191)

The set of governing equations and auxiliary conditions is now complete. However, in order to assist in dealing
with the moving boundary at = = L(t), it is convenient to introduce the new spatial variable z = z/L(%),
so that the problem is now defined over the interval 0 < z < 1. With this transformation, Equation (181)
becomes

and similar results are obtained from Equations (176)—(178).
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It can be seen that the mathematical model involves eleven different parameters, namely D, w, ko, b, t-, ,
o, ¥, Y, Ps, and Lg. In order to reduce this number somewhat and to make the solutions more general, one
can write the system in dimensionless form using the following variables:

. P A~ Q . U . E v L . o
T = Pt’ P:—, =—,U=-—-—,E=—, = ——) =—, 0==
FoPe P9 % Ve PR T REL T OTY

The new equations need not be given here, but suffice it to say that they involve seven dimensionless

(193)

parameters (as could have been anticipated from the Buckingham Pi Theorem [50]):

_ D _ wep _ _Co _
_LgkoPa’ B= o’ 7r = koFstr, «, '7—Ps, v, A=bY (194)

All of the sample solutions to follow will be characterized in terms of these dimensionless groups.

6

The most straightforward way to solve the system is via the method of lines. The first step is to replace
all spatial derivatives with finite differences; this leads to a mixture of algebraic equations and time-
dependent ordinary differential equations. Upwind differencing is used in order to assure stability. The

differential /algebraic system is then integrated in time using the packaged solver DASSL [51], which is
ideally suited to problems of this kind.

A sample set of solutions will now be presented for an arbitrarily chosen set of parameters. The quantities 8

and A are both taken as unity, so that the diffusivity of the silylating agent increases with time while the
rate constant for the silylation reaction decreases. The values of the swelling factor a and Poisson’s ratio »
are 2 and 0.5, respectively; these should be fairly realistic for the polymeric materials used in this process.
The concentration ratio o and the parameter 7., which is a ratio of characteristic times for the swelling
and silylation reactions, are set equal to unity. Finally, the parameter 6, which is a ratio of characteristic
times for silylation and diffusion, is assigned a value of 0.01. The relatively slow diffusion should lead to the

appearance of a fairly well-defined reaction front that moves into the material as time progresses.

The results of the computations are shown in Figures 29-36. In all but the last two figures, spatial profiles are
plotted for fixed moments in time separated by A7 = 0.5. Figure 29 shows that the concentration of P in the
solid builds up only slowly, because the silylating agent cannot diffuse very far before being consumed by the
relatively fast chemical reaction. This situation is alleviated only when the fixed reactant Q is consumed.

Concentration profiles for the latter are shown in Figure 30, where the aforementioned reaction front is
evident (although not particularly sharp). In Figure 31 one sees typical behavior for a reaction intermediate:
at any position, the concentration of U initially rises as a result of the silylation reaction, but it eventually
erodes as U is converted to E. Since the concentration of U is generally small even at its peak, it is not
surprising that the profiles for E in Figure 32 are complementary to those for Q in Figure 30. However,
it should be noted that the maximum concentration of E is 0.5 rather than 1.0, as a result of the swelling
factor & = 2.

The dimensionless velocity profiles are shown in Figure 33. To reiterate, these nonzero velocities arise entirely
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as a result of the swelling reaction. Since the boundary at z = 0 is fixed, the maximum velocity at any time
must always occur at the other boundary z = 1 (z = L()), even if the reaction front has not yet reached
that point. However, the value of the maximum velocity is a nonmonotonic function of time; this is obvious
from the fact that it must start at zero and then eventually return to zero when the process is complete. For

the case at hand, the velocity at z = 1 appears to reach a maximum at about 7 = 2.5.

The stress profiles in Figure 34 bear a strong resemblance to the concentration profiles for species E in
Figure 32. This would be very obvious if one were to plot the absolute values of the stress; the actual values
are of course negative because the stress is compressive. As noted above, this causes the rate constant for
the silylation reaction to decrease with time, and this (together with the increased diffusivity of P) leads to

a reaction front that is not as sharp as it would otherwise be.

Finally, Figures 35 and 36 show (as solid curves) the overall layer thickness [ as a function of time. The

time span in Figure 35 is the same as in Figures 20-34. Since the value of I at 7 = 10 is still less than
1.4, the process is obviously very far from completion (I = 2.0), in accordance with Figure 32. Figure 35
also gives results for a different value of Poisson’s ratio, namely v = 0.3, which is appropriate to a wide
variety of elastic solids. The volume increase in this case is considerably smaller; this is expected, because
the compressive stresses will have a larger effect on the volume the more v deviates from the value of 0.5 for

an incompressible solid.

The behavior of I(7) over the entire course of the process is shown in Figure 36. There are four identifiable
although indistinct regimes: a short induction period (more obvious in Figure 35) due to the preliminary
formation of U; a period of rapid, unconstrained expansion; a period of slower growth after the leading edge
of the expansion front reaches the impermeable boundary; and a ﬁnal stage of no growth after the reactions
are complete. The ultimate value of [ at T = oo can be obtained from Equation (183) by realizing that the
layer thickness is inversely proportional to the total concentration of Q, U, and E at any time. This gives

A+v)(e-1)

lo =1+ 3(1-v)

(195)

Forv = % the result is simply I, = @, as expected. For v = 0.3 and o = 2 one finds I, = 1.619, which
agrees well with the asymptotic value in Figure 36.

Many more parameter studies could be undertaken, but it should be remembered that the results are largely
fictitious due to the assumption of purely (and linearly) elastic behavior. Therefore, as noted earlier, this
model should be used primarily to check the functioning of the multidimensional codes.
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Figure 4: A two-dimensional quadrilateral control volume centered about point P.
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Figure 5: Control volume and fluxes at resist/gas interface.
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Figure 10: Four node quadrilateral element in local isoparametric coordinate system.
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Figure 11: A four node quadrilateral element showing sub control volumes and integration points for the
CVFEM.
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Figure 29: Concentration profiles for silylating agent P in one-dimensional model for § =0.01,8 =1, 7+ =1,
a=2,vy=1Lrv=035and A=1.
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Figure 30: Concentration profiles for unreacted solid Q in one-dimensional model for § = 0.01,8 =1, 7, = 1,
a=2,7v=1,v=0.5,and A =1.
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Figure 31: Concentration profiles for reacted but unexpanded solid U in one-dimensional model for § = 0.01,
B=lL1n=La=2,vy=1,v=05and A=1.
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Figure 33: Velocity profiles in one-dimensional model for § = 0.01, 8 =1, 1, = La=2,vy=1,v=0.5, and
A=1
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