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Abstract

High resolution and precise surface morphology is a primary goal of laser-assisted chemical etching (LACE) for
microfabrication. However, the interaction of the laser light with the process gas can change the intensity incident to the
target surface due to self-induced, thermally developed inhomogeneities within the gas. The exponential relationship
between LACE rates and surface temperature means that very small changes in intensity, and thus surface temperature
distribution, has a very large effect on the etch profile. This paper models both the inhomogeneous light—process gas
interaction and the etching to predict the regimes in time and absorption path length where this effect needs to be
considered. Numerical calculations of LACE microfabrication of borosilicate glass in a sulfur hexafluoride process gas
with a 10.6 um wavelength laser beam are given that show how the surface morphology of the glass wafer is changed by

the inhomogeneous interaction.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Over the last decade the use of lasers for microfab-
rication of polymers, metals and semiconductor mate-
rials has grown exponentially. Laser light is used to both
deposit and etch materials. Often, in microfabrication,
the laser light must pass through an ambient medium,
such as a chemical process gas. Under these circum-
stances the laser’s intensity field can cause local changes
in the refractive index of the medium through which it is
propagating. These local changes can, in turn, alter the
intensity profile, and thus the evolution of the temper-
ature at the surface. For laser-assisted chemical etching
(LACE) in a process gas, the amount of material re-
moved by chemical etching is a strong function of the
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surface temperature. Indeed LACE processes can be so
highly sensitive to temperature that small changes in
temperature can affect large changes in mass removal via
etching.

In microfabrication via etching, the length scale of
the etched feature is usually the property of interest.
With LACE the goal is to obtain greater resolution with
less surface roughness than that attained by thermal
ablation or phase change. In order to do so, the laser
intensity used is below the plasma ignition and explosive
material removal threshold. Ideally, the fluence is also
below that required to melt and evaporate the target
material. However, even for laser beams at these rela-
tively low intensities and short pulses (<1 ms), propa-
gation through a process gas can significantly alter the
intensity profile of the light from that desired, due to
thermal interactions between the incident laser light and
the process gas. These effects can introduce form errors
in the etching as well as potentially increase surface
roughness, both highly undesirable. Therefore, in this
work, we investigate the affect of laser interactions with
an absorbing gaseous medium on LACE.

. All rights reserved.
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Nomenclature

a absorption coefficient (m™')

¢ speed of light (m/s)

E etch depth (m)

E, chemical activation energy (J)

Fo dimensionless time

Fox, Fourier number

AG Gibbs free energy (J/mol)

AG* dimensionless Gibbs free energy
AH heat of formation (J/mol)

I beam intensity (W/m?)

I dimensionless beam intensity

K equilibrium constant

k wave number (m~")

k dimensionless wave number

ks Boltzmann constant (J/mol K)

L propagation length in medium 1 (m)
n simple refractive index

n dimensionless refractive index

P laser power (W)

P dimensionless laser power

Ry rate constant (s7')

R, universal gas constant (J/mol K)

r reaction rate (s~')

AS entropy (J/mol K)

T temperature (K)

t time (s)

Iy laser pulse width (s)

i complex amplitude field (V/m)

U characteristic amplitude field (V/m)
7 dimensionless complex amplitude field
X,y spatial directions perpendicular to laser

beam propagation direction (m)

X, P dimensionless spatial directions

Ax discretization size for x and y directions

z laser beam propagation direction (m)

z dimensionless laser beam propagation di-
rection

Az discretization size for z direction

Subscripts

0 initial

1 medium 1

2 medium 2

c characteristic

eff effective

FS free space

i, j, k  indices for x, y and z directions, respectively

in effect of laser—material interaction included

] surface of medium 2

Ref reference

RXN  reaction

Superscript

P index for time

Greek symbols

o thermal diffusivity (m?/s)

& free space permittivity (C2/N m?)
€ characteristic dimensionless etch depth
K thermal conductivity (W/m K)

Ao central beam wavelength (m)

Uo free space permeability (N s2/C?)
g beam waist (m)

0 dimensionless temperature

{ fraction of reactants

In general, LACE processes can involve electronic or
vibrational excitation, or thermal heating of the solid
and/or chemical etchant to induce a reaction. The
mechanisms and applications of such processes have
been investigated by several researchers [1-3]. We limit
this work to time scales where thermal effects at the solid
surface dominate chemical kinetics. For these cases it is
necessary to calculate the surface temperature to char-
acterize the etch process. Many workers have investi-
gated methods of calculating the temperature of a
surface heated by laser irradiation for the purposes of
LACE, and related processes. With the assumption of
constant material properties and one-dimensional heat
flow, Burgess et al. [4] derives an analytical expression
that describes the temperature at a solid surface. The
beam is modeled as being uniform on the transverse
plane, as having a triangular temporal pulse and as a
surface heat source. Philippoz et al. [S] compares the

results of [4] to a finite difference method that approxi-
mates the one-dimensional heat diffusion equation. This
model accounts for temperature varying thermal prop-
erties, an experimentally determined laser pulse shape,
and a spatially uniform intensity field that exponentially
decays into the solid. The solutions compare well with
experimental results and show the importance of con-
sidering temperature dependent properties when calcu-
lating heat transfer at the surface of a semiconductor.
Diniz Neto et al. [6] employs an extension of this
method, where the finite difference method is used to
approximate the three-dimensional heat diffusion equa-
tion, including temperature varying thermal and optical
properties. This model allows for Gaussian spatial and
temporal profiles and shows the importance of con-
sidering thermally varying optical properties when cal-
culating temperature profiles for metals. Methods
involving integral transforms [7,8] have also been used
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to solve for temperature change at a surface. However,
all of the above models assume that the spatial profile,
usually top hat or Gaussian, is maintained, and neglect
the higher order effects of laser—material interactions in a
process gas.

Thermally driven LACE can be viewed as consisting
of three events: (i) laser beam propagation through the
process gas, with a concurrent nonlinear laser-material
interaction, (ii) laser heating of the solid surface via ab-
sorption and diffusion and (iii) the chemical reaction oc-
curring at interface of the process gas and surface that
produces the etched features of interest. We propose that
for short pulsed lasers, the output intensity profile re-
sulting from event (i) can be determined by combining the
solutions of the paraxial wave and heat diffusion equa-
tions [9]. The output field from event (i) is then used as the
energy generation term for (i) in the heat diffusion
equation, to solve for the temperature profile at the sur-
face. Using this temperature profile we can then use an
Arrhenius chemical rate equation for (iii) to calculate the
etch depth profile at the surface. It should be noted that
this form of the rate equation exponentially depends on
the inverse temperature distribution, resulting in highly
nonlinear etch depth dependence for even small changes
in the temperature field caused by the inhomogeneous
propagation of laser light through the process gas.

The purpose of this paper is to present the governing
equations and the nondimensionalization utilized for
this analysis. The results of this analysis are compared to
models that neglect higher order laser-light interaction
with the process gas to show that small variations in the
temperature profile can result in significant changes in
the etch profile. Results are also calculated and com-
pared for varying dimensionless material properties of
the process gas and laser and times. We then show
similar results for the etch profiles that correspond to the
temperature profiles. Finally, as a demonstration of the
method, we present temperature variations and etch
profile parameters for the specific case of laser-assisted
dry etching of borosilicate glass (BSG) in sulfur hexa-
fluoride (SF).

2. Theory
2.1. Laser beam propagation through process gas

This section will briefly present the governing equa-
tions used to predict the inhomogeneous laser light
propagation through the process gas, along with the
coupling equations. The method and its limits of valid-
ity, including the paraxial limitation, are described in
detail by Hammonds et al. [9]. The physical system
under consideration, and the co-ordinate axis used for
this analysis is shown in Fig. 1. For laser beam intensi-
ties low enough such that higher order susceptibility

1 beam
Tii
L
medium |
(gas)
e x,y__ _——T—__-
medium 2
22 (solid)

Fig. 1. Schematic illustrating the physical system under con-
sideration and the co-ordinate axes used in the analysis, where
the dashed line designates the medium interface. Section 2.1
describes a model for the laser—gas interaction occurring above
the interface while Section 2.2 models the heat transfer resulting
from laser irradiation taking place below the interface.

terms and Kerr effects are negligible, a paraxial wave
equation is used, such that

’u  a ou

a—x’;+a—y’j— 2jknoa—zul+k212(n2 —m) =0, (1)
where # is the complex amplitude field, k is the wave
number, ny initial refractive index, x and y indicates the
beam’s transverse directions and z; the propagation di-
rection. The subscript 1 denotes propagation in medium
1 or the process gas. For laser pulses occurring over
short times, but not so short as to produce significant
pressure gradients within the medium, convection effects
can be assumed negligible. Due to the low intensity laser
light used in LACE, the process gas is assumed to be
nonionized and sufficiently low enough in temperature
to ignore radiative transfer. Thus energy absorption by
the medium is assumed to occur via diffusion only. The
field equation describing energy transfer is the heat dif-
fusion equation

Lor _ @1 0T @7 al )
w ot 2 r o Ky

where T is the temperature, o; is the thermal diffusivity
of medium 1, k; is the thermal conductivity, a; is the
absorption coefficient, and 7 is the beam intensity. The
imaginary component of the material complex refractive
index is thus accounted for with a; as scattering of the
laser light is assumed to be negligible [9,10]. Therefore
the paraxial wave equation is coupled to the heat dif-
fusion equation through a quadratic expression for the
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real part of the refractive index, or simple refractive
index

dn
n(T) :ng—i—ZnOEAT, (3)
where AT = T — Tj and Ty is the initial temperature. The
heat diffusion equation is coupled to the amplitude by
the expression for the intensity

o\ 172
1= 2n(—°) il @)
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where \ﬂ|2 = uu*, & is the free space permittivity, and g,
is the free space permeability.It should be noted that this
analysis does not account for a true temporal profile. In
this work, the beam’s temporal shape is assumed to be a
top hat for all cases. Accounting for temporal profiles is
important when considering the maximum temperature
rise at the surface. This analysis is interested in relative
spatial profiles; thus the addition of this effect would not
alter the qualitative results.

2.2. Laser heating of surface

The governing equations used to calculate the tem-
perature distribution at the surface and within the vol-
ume are now presented. This analysis is limited to solid
surfaces, where the temperatures are assumed to be low
enough that changes in phases do not occur. In these
cases the energy is transferred by diffusion. The analysis
in Section 2.1 provides us with the laser’s intensity dis-
tribution at the surface, I(x,y,zy =L,t) =1(x,y,z, =
0,7) = I, where L is the propagation distance in the
process gas as shown in Fig. 1, and the subscript 2 de-
notes the solid sample. For a more thorough general
analysis, temperature dependent optical and thermal
properties should be included. Although addition of
temperature varying thermal properties and absorption
coefficients would not significantly change the qualita-
tive results [5,6], reflected light at the surface could in-
terfere with the incoming beam contributing to even
greater changes in the intensity’s spatial profile. This
work neglects reflection, therefore this analysis should
give a lower bound on the spatially varying thermal
field. Heat diffusion in the solid is thus calculated with

10T @T 8T OT ade
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where an exponential decay of the laser light into me-
dium 2 is assumed for opaque targets.

2.3. Chemical reaction at interface

Here we present the equations that are used to pre-
dict the etch depth profile, for a given surface tempera-
ture profile. The processes of interest in this paper are

those characterized by thermally mediated reactions at
the surface, neglecting direct photochemical reactions.
By integrating the reaction rate over time, the resulting
etch depth can be determined. To model this portion of
the process we assume that the reactions occur at the
surface and that the rate, r, can be described by an
Arrhenius type equation

r = Roexp(—E,/kgT), (6)

where the rate constant, R, is related to the density of the
participating particles at the surface per unit time, E, is
the chemical activation energy, and kp is the Boltzmann
constant. In general, for processes where convection is
negligible, Ry can still vary with space and time. This
effect can be due to diffusion induced by temperature
gradients within the process gas or mass transfer due to
changes in the particle density resulting from the surface
reaction itself [11]. For this work we assume that the
number of particles available to react remain constant
for all space and time. Thus the etch depth resulting from
a temperature profile at the surface is given as

E(x,y) = Ry /0 ' exp(—E,/kpT (x, y,1))dt. (7)

This method was employed by Gold et al. [12] and
Wautelet [13] to investigate reaction characteristics for
LACE processes that included effects of temporally
varying temperature fields. These works allow for ther-
mal diffusion effects in the solid, however, the shape of
the spatial intensity field was assumed constant for all
times. In this work we seek to compare the qualitative
differences between this and previous methods, thus only
the relative shapes of the etch depth fields are important.
It therefore suffices to deal with the equilibrium con-
stant, K, which we estimate to be proportional to the
rate, r, [14] or

r~K =exp(—AG/R,T), (8)

where AG is the Gibbs free energy of the reaction and R,
is the universal gas constant. With the local reaction
rate, the etch depth, E, can be estimated as directly
proportional to the reaction rate integrated over the
pulse width or

E(x,y)

o= P2 [ exp(—LAG(T (5 3.0) R ),

©)

where ( is the fraction of reacting material and ¢ = E/R,
is the dimensionless etch depth. This relationship allows
for calculations of qualitative etch depth characteristics.

2.4. Nondimensionalization

To properly couple physical parameters between the
laser beam, the process gas (mediuml) and the solid
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(medium 2), dimensionless parameters were developed.
This section presents those parameters, which will ulti-
mately generalize the results. The nondimensionalized
governing equations that fully describe the LACE pro-
cess will then be presented. Hammonds et al. [9] gives the
nondimensionalization of the equations describing the
laser process gas interaction as

x=x/0y, y=y/oy, Z=z/0y, (10)
T—-T

0= 11
Ty ? ( )

k = aynok = 0'07102.—n7 (12)

40
i =n/ng (13)
and

12712
— |2 ( )] , (14)
7'[0'0 &o

where Ao is the central wavelength, P is the incident
power, and gy is the characteristic length associated with
the optical beam, which we defined as the beam waist.
The resulting dimensionless field equations describing
laser propagation through the process gas are then given
as

a o

O 2a.
6—322+a_3>2 2kaA +k ( -1 =0, (15)
A .00
2 —
VD= (16)
dn
v _
#(0) = 1+2550 (17)
and
i = (0)Plal’, (18)

where Fo, = ait/o} and P = a;P/nx,Ty. Using these
parameters, the dimensionless time for diffusion at the
solid surface is given as
ot 1
FOQZ%:—FI 7—F017 (19)
gy o oR
where the subscripts 1 and 2 denote the properties of
medium 1 and medium 2 respectively, ar = o /0, and
the governing equation is then given as

00
720 e 20
v + aR = "R 5k, 6F01 ( )
where kr = k1/k; and ar = a;/a,. Finally, etch depth

characteristics are determined with a form of Eq. (9)

]
ox3) = [ exp(~{AG"/(0+ D)dFor (1)

where AG* = AG/TyR, and Fof = ayt,/a3, and { is de-
fined in Section 4.

3. Computations
3.1. Computational method

This section gives the computational methods em-
ployed to obtain solutions for the equations presented
above. The computational method used to calculate
solutions for the laser spatial output intensity field fol-
lows that of Hammonds et al. [15], where Eqgs. (15) and
(16) are approximated using the finite difference method.
A brief summary of this method is provided here. To
maintain stability and to achieve solutions with greater
accuracy at lower computational cost than those ob-
tained by straightforward implicit methods, the paraxial
wave equation is modeled using the Crank—Nicholson
method with a predictor—corrector implementation. To
achieve the required accuracy, small time steps are re-
quired due to the nonlinear nature of the diffusion
equation when coupled to the wave equation. Larger
steps would require that implicit methods iterate a
considerable number of times, using more floating point
operations than an explicit method would. An explicit
finite difference scheme is therefore used to solve Eq.
(16), maintaining the appropriate stability requirement.
These equations are coupled by the explicit discrete
forms of Egs. (17) and (18). The reader is referred to
Ref. [15] for a more detailed description of this method.

The finite difference method is also used to approxi-
mate the heat diffusion equation, to model heat transfer
in the bulk of medium 2, resulting from event (ii). Fol-
lowing the method of [4] and [15] Eq. (20) is solved ex-
plicitly as

FOAxl

" n—1 n—1 v n—1
Hi‘j,k - (QH—I Jk + 91 1.j.k + 01'.,‘/'-%—1‘/( + 91’,‘/—1‘k

Fe
+01/k+1+07//: 1) 1-6 O] 07//(
OR

KR 3 A

+ alzﬁf‘k:O exp(—akAz), (22)

where i, j, and k are indices for the x, y, and z directions,

respectively, Ax is the discretization size in the x and y

directions, Az in the propagation direction and # is the

index for time, Foa, 1, with the stability criteria given as
F01 OR

(A%)? < i (23)

FOAXJ =

An expression is then derived to calculate heat transfer
at the surface boundary. This expression is derived
noting that the transverse beam dimension is much lar-
ger than the absorption depth at the surface or oy > a5,
allowing for one-dimensional analysis at the surface. An
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energy balance applied to the surface of medium 2 is
used to derive the FD equation at the interface (as-
suming negligible reflection) as

0"

ij,s

= Foneerr (kr 0770, + 0771 ) + (1 — Foaerr (kv

ijs+1 ijs—1
1 N
) KRI;?/"ﬁ (24)

rat

1
+ 1))071“ +FOAx'eff§ (1 +

where the subscript s denotes the surface node, with

/e 1\]"
Fogr = | = — +— 25
Ocfi [2(F01+F02)} (25)
and the surface stability criteria given as

Foeff < 1
(A% " (er 1)

(26)

Fopcefr =

Finally, a quadrature algorithm, implemented through
the use of MATLAB is used to calculate ¢(iAx, jAy) at
the surface using Eq. (21). This method uses an adaptive
recursive Newton—Cotes 8 panel rule.

3.2. Computational procedure

This section outlines the implementation of the
computational method discussed above. SGI’s Ori-
gin2000 parallel supercomputer was used for these cal-
culations in the following manner. We first calculate
solutions from the model that describes the laser mate-
rial interaction. This output is an amplitude field, which
is then used as the source term for the heat diffusion
process in the solid. The result of this analysis is a
temperature field at the solid surface. This temperature
distribution is then used with the algorithm that allows
us to determine the etch depth characteristics.

The computational procedure to solve laser—process
gas interaction in medium 1 is as follows. This problem
is initialized (p = 1) with a known intensity field—the
output from the laser cavity, propagating undisturbed
through space. This initial intensity field, (/7,;)cq- 1S
discretized over the entire domain of medium 1, such to
conform to the spatial grid. This intensity field is then
used with the explicit FD expression for Eq. (16) to
calculate the temperature field, (ijz,li)medl’ throughout
the domain. This temperature is then used with the ex-
plicit FD form of Eq. (17) to calculate the refractive
index, (7] f,:)medl. Next, by using the refractive index field
with the implicit FD approximation of Eq. (15) the new
amplitude, (ﬁf.ff,f)lnedl, is determined. Finally, a new in-
tensity field, (77),,cq1- is calculated by using the explicit
FD approximation of Eq. (18). This process is repeated
over the entire domain of medium 1 until the desired
time step is reached. For a more detailed description and
the procedure used to parallelize the code, the reader is
referred to [15].

As previously mentioned, the boundary of medium 1,
z; = L, is the boundary for medium 2, z, = 0. Thus the
final output intensity field recovered from the previous
analysis provides the source term for the surface tem-

perature calculations or, (i{;,k:L)medl = (I ' =0 medz- FOT
these calculations, (7;;_) e is used with Egs. (22) and
(24) to determine (0 ;_) yeq, for all times. This method
was also parallelized using the methods of [15]. With a
surface temperature field distribution, the characteristics
of the etch pattern can be calculated with the use of Eq.
(21). This analysis first requires a value for the Gibbs
free energy, AG* which is determined using the ther-
mochemical data obtained from Ref. [16] for the rate
limiting reaction (cf. Eq. (27¢)) discussed in Section 4.
Using the temperature dependent values for AG* (cf. Eq.
(28)) and the temperature distribution at the surface,
MATLAB code was written to solve Eq. (21).

4. Results

In other research, the solutions were obtained by
assuming the beam spatial profile could be described as
a Gaussian or top hat for all times. The current work
shows that at certain pulse times and beam fluences this
assumption could be invalid, depending on the material
properties. We show this by comparing surface tem-
peratures calculated with beam interaction with the
process gas included in the analysis, 6;, to results ob-
tained assuming free space beam propagation, Ogs. In
many cases of interest, the variations in these results
may appear small, but the manifestation of these chan-
ges in the etch depth characteristics can be considerable.
We show this by comparing the etch depth calculated
with 0;, or g, to results calculated with Ogs or epg for
ranges of Fo;, a;L, and j/iRef.

Fig. 2 shows the variation of 0;,/0rs with increasing
Fo,. In these calculations, the parameter, a;L is set to 2, a
constant, where relatively modest departure from the
free space temperature solution is noted (cf. Fig. 4). The
parameter 0;,/0ps is important in quantifying the dif-
ference between solutions accounting for higher order
effects and solutions that neglect them. For early times,
or low Fo, the plot is basically planer, with slight vari-
ations occurring near the middle of the time span and
more significant hills (0;,/0rs > 10) and valleys (0;,/
Ors > 0.5) at later times. It is obvious that the great
variations observed at later times would contribute to
significant errors in an analysis assuming a constant
beam profile, but the small variations should be con-
sidered as well. This point is exemplified in Fig. 3 where
&n/érs 1s plotted against the varying Fo;. Similar be-
havior is observed in both figures, characterized by ini-
tially small changes growing into significant changes.
However, changes in Fig. 3 occur rapidly, as to be ex-
pected by the exponential behavior of the Arrhenius
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S
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Fig. 2. Variation of 0,,/0ps with Fo, where the quantity 0,,/0rs represents the difference in surface temperature calculations that
include higher order beam propagation effects, 6;,, and those that neglect these effects, 05, and Fo, is the nondimensional time in the
analysis. For this analysis ;L = 2 and 1 /iRef = 2. This plot shows that for short times, variations are small. However, these small
differences in the temperature result in a considerable change in the etch field as shown in Fig. 3

LOg 10 (sin/sFS)

1e-07 o4

Fig. 3. Variation of &y/ers With Fo, where the quantity &y, /ers represents the difference in surface etch depth calculations that account
for higher order beam propagation effects, ¢;,, and those that neglect these effects, ¢rs, and Fo; is the nondimensional time in the
analysis. For this analysis ¢;L =2 and i /iRe[ = 2. The small temperature variations shown in Fig. 2, results in several orders of
magnitude differences in etch depth. These results suggest that higher order beam effects could be important for calculations of certain

LACE processes.

equation. In fact, in comparing Figs. 2 and 3, we see that
for the same Fo, of 1075, variations of the temperature
field are on the order of one, whereas variations in the
etch depth field are on the order of ten.

Similar behavior is observed when variations of
Oin/0rs and &y /eps are plotted against a changing ab-
sorption parameter, a;L, while Fo, is held constant at
5x 1073, Fig. 4 shows the changes in 0;,/0ps with re-
spect to an increasing a;L. These variations in temper-
ature are characteristically similar to Fig. 2. One would

expect qualitative behavior to be consistent because the
source term in the diffusion equation increases linearly
with an increasing absorption coefficient and time. Fig. 5
shows how &, /ers varies with a;L. The fact that changes
in temperature on the order of one can contribute to
changes of orders of ten in the etch depth is evident in
this plot as well. The deviations in etch depth shown in
Fig. 5 differ by several orders of magnitude from those
shown in Fig. 3 however. This is because of the shorter
laser pulse width involved in the etch calculations used
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Fig. 4. Variation of 0,/0rs with a;L, where the quantity 0,,/0rs represents the difference in surface temperature calculations that
include higher order beam propagation effects, 0;,, and those that neglect these effects, Ors, and a,L is the nondimensional absorption
coefficient of the process gas. For this analysis Fo; = 5 x 1075 and I /Ire; = 2. These results are consistent with those shown in Fig. 2,
large differences in the temperature fields only occur for large absorption coefficients. However, the small variations for the midrange
values of a;L translate into significant differences in the etch depth, as shown in Fig. 5.
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Fig. 5. Variation of &, /¢rs with a,L, where the quantity &, /ers represents the difference in surface etch depth calculations that account
for higher order beam propagation effects, ¢;,, and those that neglect these effects, ¢rs, and a;L is the nondimensional absorption
coefficient of the process gas. For this analysis Fo; = 5 x 1075 and I /fRCF = 2. The evolution of these etch field differences with a;L is
consistent with the results shown in Fig. 3. The small variations in the temperature fields shown in Fig. 4 cause major changes in the

etch fields.

in Fig. 3. Figs. 3 and 5 show that for larger absorption,
etch profile changes resulting from increases in Fo; and
a;L compound, making possible extremely large devia-
tions from the free space solution for given laser inten-
sities.

Although, many simplifications have been made in
modeling these LACE processes, we believe the results
to be qualitatively descriptive in demonstrating that
neglecting higher order effects in laser propagation
through a participating medium can, in some cases, re-
sult in significant modeling errors. Moreover, including

effects of a varying reactant density at the surface would
introduce more nonlinearities into the solution [11,17],
contributing to even greater variations.

The above analysis provides us with the degree of
variation between results that include higher order laser
effects and those that ignore them, however, a clear
representation of the actual etch depth field is not pre-
sented. This information is of great importance for
LACE processes where the goal is precise microfabri-
cation. For this purpose we investigate the specific case
of laser-induced dry etching of BSG (B,O; + Si0,) in a



J.S. Hammonds Jr., M.A. Shannon | International Journal of Heat and Mass Transfer 46 (2003) 523-534 531

sulfur hexafluoride (SF¢) process gas. The Gibbs free
energy, AG, for the reaction is determined for BSG
composed of 84% SiO, and 16% B,0O; by weight by
assuming that the process can be described as three re-
actions:

SiO, + 2SF¢ — SiF,; + 2SF, + O, (27a)
B,O; + 3SF, — 2BF; + 3SF, + (3/2)0, (27b)
SiO, 51 + 2SFg — SiFy + 2SF4 + (1.51/2)0, (27¢)
and using [18]

AGrxn = AHrxn — TASRxN (28)

where AHrxn is the heat of formation of the reaction
and ASgrxn is the entropy. Fig. 6 plots the variation of
AGrxn, for each reaction, with temperatures varying
from room temperature to the approximate melting
temperature of BSG. This plot shows that reactions 1
and 2 have little chance of occurring under 450 K, while
AGrxx is very negative for reaction 3 at all tempera-
tures. Above 450 K, reaction 2 has a greater chance of
reacting than 1, and thus from Fig. 6 we can conclude
that reaction 2 occurs faster than 1. Furthermore, noting
that Eq. (27c) represents a reaction that occurs after the
partial reduction of the borosilicate, and that this reac-
tion occurs much faster than reaction 2, we conclude
that Eq. (27b) is the rate limiting reaction. This value for
the Gibbs free energy of Eq. (27b) is used with Eq. (21)
where ( is defined as
AGrxns

[ =__ TURXNS 29
: AGgrxns + AGrxn: (29)

Fig. 7 shows the surface temperature distribution, 0;,,
for varying values of I /iRef. In this case frer = 3 x 10
which, for the specific case of dry etching of BSG with
SFs with a beam of spot size 1 mm?, would give an in-
tensity of the order 10° {W/cm?}, well below the abla-
tion threshold of BSG. The material properties used in
this analysis are presented in Table 1. For this analysis
Fo, is held constant at 5 x 107>, thus this figure repre-
sents the surface temperature after being heated for this
time span over varying I /fRel~. For large Fo, the results
become singular and method is no longer valid. In this
figure, the temperature distribution which is Gaussian
initially takes a parabolic form for low I /fRel~. As the
intensity is increased, the fluid in which the laser is
propagating heats up causing the beam profile to deviate
from a Gaussian. Diffusion effects within the solid
smooth out these deviations at lower intensities, broad-
ening and flattening the previously parabolic distribu-
tion. As the intensity increases even higher, these beam
deviations begin to manifest themselves in the tempera-
ture profile as peaks on the outer edges. These peaks
increase and new ones form as the beam profile fila-
ments due to the laser—process gas interaction. The etch
depth, &,, corresponding to the temperature profile
shown in Fig. 7 is presented in Fig. 8. The logarithmic of
this etch depth is presented to clearly show the variation
in etch depth as the intensity increases. The etch depth
profile is smooth for low intensities, which is desirable
for fabrication processes. As this intensity increases,
peaks form on the outer edges and, in fact, they begin to
dominate. At greater Fo, the etch profile would deviate
greatly from the initial Gaussian profile. An example
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-50000
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Fig. 6. The change in AGyy R with Ty(0 + 1) for three competing reactions: SiO, 4 2SFs — SiF4 + 2SF, + O, (—), B,O3+
3SFs — 2BF; + 3SF4 4 (3/2)0; (---) and SiO;s; + 2SF¢ — SiF4 + 2SF4 4 (1.51/2)O, (---). From this plot it is estimated that, in
the etching of BSG by SFg, reaction 2 rate limiting, as reaction 1 occurs slower at high temperatures and reaction 2 occurs much

faster.
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Fig. 7. The change in the nondimensional temperature, 0;,, with I /fkef, over a time period of Fo; =5 x 107, where x/q, is the
transverse spatial plane. This analysis is for the dry etching case of BSG in SFs, using material properties shown in Table 1.
The temperature distribution is Gaussian for low intensities, but as laser fluence increases the distribution gradually changes to reflect
the changes in the spatial distribution of the intensity field. At midrange intensities, peaks that are formed by the altered intensity field
are accompanied by broadening due to diffusion. At high intensities these peaks dominate.

Table 1
Thermal and optical properties used in modeling dry etching of
BSG in sulfur hexafluoride

SF¢ SiO; + B,0;
Absorption coefficient 35.504 [19] 1.05 x 10°¢ [22]
(m™)
Thermal conductivity 0.013° [20]  1.00° [21]
(W/mK)
Density (kg/m?) 6.164° [20]
Specific heat (J/kg K) 666.0° 211 719.0 [21]

Thermal diffusivity (m?/s) 5.50 x 1077° [21]

#Laser wavelength 10.6 nm.
At 1 atm, 300 K.
¢ Laser wavelength 10 nm.

LACE process that supports the computational results
obtained in this work is shown in Fig. 9 (taken from Ref.
[23]). The SEM micrograph in this figure shows the
fabricated features on a Ni (80%)-Fe (20%) alloy, etched
in an atmosphere of CCly at 100 Torr with a 6.3 W
Gaussian Ar laser beam for 120 s. With the spot size
of 80 um, the intensity is estimated as 125 kW/cm?.
The resulting etch profile does not match the incident
Gaussian laser intensity profile, possibly because ther-
mally induced inhomogeneities within the gas brought
about a temperature distribution that is higher at the
hole edges and lower at the center. This situation, sim-
ilar to that plotted in Fig. 7, results in an etched depth
that is deeper at the edges, such as shown in Fig. 8.

Other researchers report that absorption of Ar laser
light by liquid CCl, gas does not exceed 0.01% and is
therefore negligible when examining similar LACE sys-
tems [24]. However, for the relatively long exposure time
used to produce the etch pattern shown in Fig. 9, ab-
sorption coefficients as low as 1 x 10~% (cm™!) are esti-
mated using Eq. (2.15) of Ref. [10] to be sufficient to
drive temperature changes on the order of 0.1%. These
temperature changes are enough to significantly change
laser beam focal characteristics [9], and therefore the
etch depth.

The work presented here outlines a procedure for
calculating the surface temperature for the purpose of
LACE processing. This model takes into account the
spatially varying laser intensity of a laser propagating
through a thermally participating medium. We show
that accounting for these effects may be necessary by
calculating the etch depth field produced in these pro-
cesses. Results from the etch depth calculations show
that small differences between temperature field calcu-
lations that account for laser—material interactions and
those that do not could translate into significant differ-
ences in the predicted etch field. For low absorption
coefficients, small pulse widths and low intensities,
higher order effects from laser—material interactions are
negligible, but when these properties become large, the
effects of beam propagation in the inhomogeneous
medium dominate. This work presents qualitative re-
sults for a range of these parameters, and results for the
specific case of dry etching BSG in SF¢. A thorough
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Fig. 8. The change in the characteristic etch depth, &, with I /fRef, over a time period of Fo; = 5 x 107°, where x/a is the transverse
spatial plane. This analysis is for the dry etching case of BSG in SFg, using material properties shown in Table 1. At the midrange
intensities on this plot, peaks consistent with those that appear in the temperature field shown in Fig. 7. At high intensities these peaks

dominate the characteristic shape.

Fig. 9. SEM micrograph of LACE formed surface morphology
of Ni (80%)-Fe (20%). Etching by CCl, at 100 Torr was driven
by a 120 s pulse, focused Ar laser beam (taken from Ref. [23]).
This picture shows that deeper etching has occurred at the
edges—possibly due to thermally driven inhomogeneities within
the CCl, that result in variations to the initially Gaussian beam
profile.

quantitative analysis of LACE processing with materials
such as BSG should include temperature dependent
thermal and optical properties, temporally and spatially
varying process gas density at surface and the interac-
tion between the incident and reflected beam.
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