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Abstract. Reaction rates, particle densities, and temperature distribution in pyrolytic
(photothermal) laser-induced microchemical processing are investigated with respect to
temperature and concentration-dependent transport coefficients, and with respect to the
elfect of thermal diffusion. While the model employed is particularly suitable for laser-
induced chemical vapor deposition (LCVD), it can also be applied to many cases of laser-

induced surface modification and dry-ctching.

PACS: 42.5, 68, 82.65

The reaction rates achieved in laser chemical process-
ing (LCP) arc of great relevance to both the appli-
cations of the technique and the elucidation of the
fundamental microscopic mechanisms involved [1]. In
the latter connection the anatysis of experimental data
on the basis of model calculations has been found
cxtremely useful [2]. In pyrolytic (photothermal) LCP
the analysis of reaction rates requires a knowledge of
both the laser-induced temperature rise on the sub-
strate to be processed, and of the transport phenomena
within the ambient medium. While direct measure-
ments of the local laser-induced temperature rise have
actually been demonstrated in a few exceptional cases,
the information on the material transport is almost
cxclusively based on model calculations.

In this paper we report on theoretical investi-
gations on transport phenomena in pyrolytic laser-
induced chemical processing. In contrast to earlier
investigations [2], the present calculations take into
account temperature and concentration-dependences
of the transport coefficients, and also consider the effect
of thermal diffusion. While the model employed is
particularly appropriate to pyrolytic laser-induced
chemical vapor deposition (LCVD), it can be applied
to many cases of pyrolytic laser-induced surface modi-
fication (surface oxidation, reduction, doping, ctc.) and
ctching. Furthermore, some of the equations are
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formulated in such a general way that they can be
adapted to certain cases of pyrolytic LCP from liquid-
like phases.

The paper is organized as follows: The model and
the various different assumptions employed in the
calculations are presented in Sect. 1. In Sect. 2 the
kinetics of pyrolytic LCP is investigated with respect to
the temperature dependences in the particle density,
the molecular diffusion coefficient, and the thermal
conductivity. The effect of the concentration depen-
dence of the thermal conductivity is studied in Sect. 3.
In Sect. 4 the influence of thermal diffusion on the
reaction rate is investigated. The most important
results are summarized in Sect. 5.

1. Model

The experimental situation considered throughout this
paper is depicted in Fig. 1. The recaction zone is
described by a hemisphere of radius r, =d/2 which is
placed on a semiinfinite substrate. Henceforth, we
assume spherical symmetry with respect to the center of
this reaction zone. This geometry applies, for example,
to laser-induced deposition of spots. The temperature
on the surface r =r), shall be uniform and given by

Ty=T(co)+4T;, (1)

where T(cw)=T{r—c0) is the temperature far away
from the reaction zone, and AT is the laser-induced
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Fig. 1. Schematic for pyrolyticlaser-induced chemical processing.
The reaction zonc is represented by a hemisphere of radius
rp=d/2 whose surface temperature, Ty, is uniform, The tempera-
ture of the ambient medium is T(r). The origin of the radius
vector, r, is in the center of the hemisphere. The laser radiation is
exclusively absorbed on the surface r =rp,. Carrier gas or solvent
moleeules which may be present are not indicated

temperature rise on the surface r,. We assume that Ty is
not influenced by the heat of reaction and we also
disregard any temperature jump at the interface be-
tween the solid and the ambient medium. Because of
the latter assumption, we have Ty = T(r,,) where T(rp,) is
the temperature of the ambient at the surface r=rp,.
This approximation holds as long as ry, is much larger
than the mean free path of molecules, 1,. Typical
temperature ranges investigated in LCP are 300 K < Ty,
<3500K.

We now consider a photothermally activated reac-
tion of the type

AB,+G—=A(])+v BN +G, 2)

where AB, is the reactant and G either a carrier gas or,
in the case of liquid-phase processing, a solvent. The
reaction (2) shall be purely heterogenecous, ie. the
decomposition of AB, into A and B occurs exclusively
on the surface r=r,. The species A condense on this
surface and either form the deposit or else react further,
while the species B desorb directly. The decomposition
of AB, according to (2) shall be of first order. Hence-
forth, we consider stationary conditions only. There-
fore, the reaction rate W is independent of time and is
given by

W=kN ,5(rp)= kN (rp)xag(rp), (3)

where k is the rate constant, N,g(rp) the particle
density of species AB, at r=r,, N(rp) the total particle
density, and x,p(rp) the molar ratio of species AB,. The
molar ratio of species i is defined by x,=N,/N with
2'x;=1.Therate constant is given by the Arrhenius law

AE\
lenTs)’

where AE is the apparent chemical activation energy,
and kp the Boltzmann constant. Subsequently we

k=k(T) =k, exp(—— 4

D. Béiuerle et al.

assume that the total number of particles per unit
volume, N, shall remain unchanged by the reaction (2).
In other words, we concentrate on equimolecular
reactions where v= 1. Therefore, N will change only via
the temperature distribution within the ambient
medium, T(r). Henceforth we define the particle density
of species i at the coordinate r by N(r)= N(T(+)). The
total particle density is

N(r)=Nan(r) + Ng(r) + Ng(r). (5)

We will consider cases with either N =0 or Ng 0. If
Ng=0, the N y(c0) will be large compared to Ny(oo),
i.6. Nyp(0)» Ng(co). If Ng =0 we shall have N3 N .
We assume that N(r) is given by the equation of state
T(c0)\?

N(r)nw(oo)( T(r)) , (©
where, in the case of ideal gases, g=1. We also
investigate the case where the density N is independent
of temperature. This approximation is characteristic
for liquids and can be described by gq=0.

Furthermore, we choose conditions where the
specics AB, B, and G do not absorb the laser radiation.
As a consequence, heating of the ambient medium
originates only via the energy flux from the laser-
heated surface r=r, into this medium. Here, we
consider the energy transport by heat diffusion only.
Transport by thermal radiation and by convection are
disregarded. The preceding assumptions are self-
consistent. Nevertheless, to disregard convection is
certainly a very crude approximation if we are dealing
with a high-density ambient medium, i.e. with high gas
pressures or with liquids. However, in such cases the
effect of convection can sometimes be estimated when
the thermal conductivity x and the molecular diffusion
coefficient D, are replaced by other phenomenological
parameters, ¥’ and D, that contain — besides k and D —
the convective terms i, and D,, respectively [3]. In spite
of these difficulties, we will henceforth term media that
are described by the equation of state (6) with ¢=0, as
“liquids”.

In order to permit a direct comparison between the
various results presented in the following sections, we
often introduce normalized quantities. The normalized
radius is defined by

r¥=r/rp (7)
The normalized temperatures within the ambient
medium, T*, and at the surface of the reaction zone,
T, are

T*(r*)=T(r*)/T{c0),

I =T*(1)=Ty/T(0), (8)
ATF=AT* () =T —1.
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The normalized apparent chemical activation energy is

AE
ey T(0)”

AE* = ()

The normalized particle densities can be written as

N{(r*) — N(@r*) - x{r¥)
N{o0) a N(o0) - x;{c0)

(10)
NF()=

where we have employed (6), and also introduced the
normalized molar ratio

The normalized reaction rate is defined by

W = w - kN(rp)Xap(ip)
koN(e0)xsp(00)  koN(a0)xzp(00)
. . AE*
_N“(‘l)xﬁn(‘l)exp<— T ) (11)
A
We also introduce the quantity
legrpy
g OTD_ (12)
Dyp(0)

which describes the influence of the size of the reaction
zone, and of the molecular diffusion coefficient far
away from this zone.

2. Temperature Dependences

In this section we investigate the reaction kinetics with
respect to the temperature dependences of the particle
density, the molecular diffusion coefficient, and the
thermal conductivity. To this end the equation of
continuity must be solved together with the heat
equation and appropriate boundary conditions. With
equimolecular reactions, the fluxes of species AB, jipn,
and of B, jy, are related by jy= —j,5. The equation of
continuity for species AB can then be written in the
form

i) = 5 PIPNED ) Pxal] =0, (13)

where D,y is the effective diffusion coefficient describ-
ing the diffusion of AB within the mixture. Because of
the temperature distribution within the ambient
medium, T'=T(r), all of the quantities depend on the
coordinate r. The boundary conditions to (13) are

Xpp(r—c0)=2x,p(c0) (14)
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and
d
—Jan(rp) = N(rp)D 5(rp) [ﬁgf@]
=W=kN(rp)xan(ip). (15)

The latter condition means that the (net) reaction flux
at the surface, j,5(rp), is balanced by the reaction rate,
W. The heat equation can be written in the form

VIrte(r)V T(r)]=0 (16)

where 1 is the thermal conductivity of the mixture. In
(16) we have assumed that the molecular heat capac-
ities ¢, are equal with all species. The boundary
conditions to (16) are

Tr=rp)=Ts (17)
and
T(r—o0)=T(c0). (18)
The solution of (13-18) yields for the molar ratio
F(r)
Xap{F) = xp(00) (1 Iy F{rn)) (19
with
_ Daglrp) _ 1 AE
¢= kro  &* °xP (kBTg) @0)
and
@ dr
F(r)=rp Nlrp)D sp(rp) - { 0 (21)
with
J(r)=N()- D pp(r'). (22)

The solution for the temperature distribution within
the ambient medium is

T(r)=T(o0)+ 4Ty - &(r) 23)
with

o dy @y =
2014 (L ) 2

if « is independent of temperature, (24) simply yields
D(ry=rp/r.

For the case of gases we employ temperature
dependences of the transport coefficients as given in

[4]

D.(r)=Df(oo)@;2))"—&(@)@"@9 (259)

and

Kk(r)=r(c0) (;?g))m = 1{c0) TE™(r) (26)
G
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where Ty is the gas-phase temperature. Within the
framework of the kinetic thcory of gases [4], the
exponents are within the ranges 1.5=n<2and 0.5<m
<1.5.

In the case of liquids, the thermal conductivity can
also be described, in good approximation, by (26). The
temperature dependence of the molecular diffusion
coefficient, however, is more complicated. In the
phenomenological theory of liquids it is described by

[4]
T,() AE Y
pin=0i=) 1 e~ )
= D0 )E()cm(—%%), (25b)

whete T; () is the temperature distribution within the
liquid. For small temperature intervals, however, (25b)
may be approximated by (25a) where the value of n is
then within ranges 1 <n=<10.

In order to permit a wide application of the present
theory, the subsequent calculations are performed with
arbitrary values of g, n, and m. With (6, 22, and 25a),
Eg. (21) becomes

’

dr

Fir)=rp-Tg~ ‘*I I

(27)
where T1(r) 1s the temperature within the gas or the
liquid phase. Correspondingly, (23) together with (24)
and (26) becomes

Tm-!— 1(1‘) — Tm+ I{OO)+ [Tgn-l-l _ Tm+ I(CK)):I ) f_f_‘_ (28)
When normalized quantities are introduced, as defined

in Sect. 1, the integration of (27), after substitution of
"28), yields

m+1 T
Fyn(r®)=
f;,n,m(r ) (”1‘,’(1“11“{‘1)(?;*’71-!-1_‘1)

mt+g—n-+1

17 m+1
X {|:1+(T5—*m+1—1)r—*} “1}

(29a)

fm+g—n+1+0, and

$m+ 1

——In [1 + (Tt — 1)1:| (29b)
—1 r*

Fq,n,m(r*) T*m f—l

if m+g—n+1=0.
Together with (25a) the molar ratio (19) can be
rewritten in the form
E*Fq,n,m( ) T-k n fDXp F*/[é*)
+&* Fy (1) T exp(—AE*/T)
(30)

xj‘i]}(r*) =1- 1
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Correspondingly, the reaction rate (11) becomes
15" exp(— AE*/TE)
Ie*- F:{ n, m(]) I S CXp(—~AE*/T_§k) I
(31)

1%% :+:( 1()*) —

The temperature distribution within the ambient

medium is ;

1 Jm+1
l)r-;] ; {32)

The preceding equations will be discussed in Sects. 2.1
and 2.2 for different equations of state, (6), character-
ized by g=1 and ¢=0, respectively.

T*(?*): [] _;__(TE{:m +1

2.1. Gas-Phase Processing (q=1)

The preceding formalism will now be applied to gas-
phase processing where ¢=1. To demonstrate the
relative importance of single dependences, we will
discuss three different cases that are characterized by
exponents (g=1, n, m).

Case 1: g=1; n=0; m=0.

In this case, both the diffusion coellicient D, and the
thermal conductivity k are independent of tempera-
ture. The spatial distributions of the particle density
N%g(r*) and of the concentration x%y(r*) are shown by
dashed curves in Figs. 2 and 3, respectively.

In Fig.2a parameter values AE*=90 and
£%*=5%10% have been employed. These values are
typical for the deposition of carbon from C,H,, and of
Si from SiH, [1,5]. In Fig.2b the corresponding
parameter values are AE*=45 and &*=15 x 10*. This
parameter set is appropriate, for example, to pyrolytic
LCVD of Ni from Ni(CO,) [1]. With both parameter
sets, Nxp is much smaller than unity even with r*=35,
and it further decreases with decreasing values of r*.
With T¢F =10 the particle density at the surface of the
reaction zone (r* = 1) almost vanishes, This behavior is
typical for mass transport limitation. Kinetic aspects
become more evident from the concentration de-
pendence x}p(r*) that is plotted in Fig. 3 for the same
parameter sets. The present case is again included in
these figures by dashed curves. In Fig. 3a the x§ =~ 1
within the total region 1=r*<5 if T{#f=4. With
T&F =10, the x%;>0.9 with r*=5 and it almost van-
ishes with r*—1. The behavior observed with surface
temperatures Tg* =4 and 10 is typical for reactions that
are controlled by the chemical kinetics and by mass
transport, respectively. With the parameter set em-
ployed in Fig. 3b, mass transport influences the reac-
tion rate even with 73 =4.

The comparison of Figs.2 and 3 shows that the
overall decrease in particle density N originates from
gas-phase heating.
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Fig. 2. Spatial distribution of normalized particle density N#E(r™)
of gaseous specics AB for normalized substrate temperatures
Tg¢ =4, and 10. Full curves: Both the molecular diffusion
coefficient D,y and thermal conductivity x depend on tempera-
ture (g=1, n=3/2, m=1/2). Dotted curves: D,y temperature-
dependent only (g=1, n=23/2, m=0). Dashed curves: Dy and K
independent of temperature (g=1,n=0,m=0).a 4 E*=90,6*=5
% 10°. With Tg =4, dashed and dotted curves coincide. b AE*
=45, g =5x10*

Arrhenius plots of the normalized reaction rate W*
are shown in Fig. 4 for various parameter sets. The
results that apply to the present case are again included
in the figures by dashed curves. An increase in g*
corresponds to either an increase in reaction zone
radius r, and/or to a decrease in the diffusion coeffi-
cient D yu(00), see (12). If we consider a reaction of the
type (2) with v=1, Ng=0, and Ny, » Ny, the pressure
dependence of the diffusion coclficient can be described
by D,pocl/pap(co). In this case the increase in &* can
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also be interpreted by an increase in the pressure
pan(c0). If, on the other hand, Ng=+0 and N,y <Ng,
the total pressure can be approximated by p=pas+pg
+pg~pg- As a consequence, D,y becomes indepen-
dent of p, and can be described by D g oc 1/pg. With
the decrease in activation energy (Fig. 4b) the reaction
rate is transport limited within the whole tempera-
ture regime, except for values ¢* = 102

The distribution of the normalized gas-phase tem-
perature TZ(r*) is shown in Fig. 5, also by dashed
curves. According to (32) the temperature distribution
depends only on the surface temperature Tg.

Case2: q=1, n=3% m=0.

In this case we investigate the influence of a tempera-
ture dependent diffusion coefficient according to (25a).
With m =0 the thermal conductivity is assumed to be a
constant.

The spatial dependences of Ng(r*) and of x£5(r*)
are included by dotted curves in Figs. 2 and 3, respec-
tively. Within the kinetically controlled regime, ie.
with T =4 and the parameter set employed in Figs. 2a
and 3a, the dotted curves coincide with the dashed
curves within the total range 1 <r* < 5. The situation is
somewhat different in Figs. 2b and 3b (in Fig. 3b with
T;¥ =4 the dotted curve coincides with the full curve).
Here, with T =4 both the particle density and the
concentration are increased with respect to case 1, in
particular near the surface of the reaction zone. The
situation is quite different with TgF=10. Here, the
dotted curves are always below the dashed curves,
except near the surface of the reaction zone, where both
N#*y and x%, are increased with respect to Case 1 (see
inset in Fig. 2a). The crossover between dashed and
dotted curves occurs near r*=1.03. In other words,
consideration of the temperature dependence of D,y
results in a significant increase in particle density N3y
and concentration x¥y at the surface r*=1, and to a
decrease of these quantities away from the reaction
ZOone.

Arrhenius plots of the reaction rate W* are in-
cluded in Figs. 4a, b by dotted curves. It becomes
evident that the increase in diffusion coefficient with
temperature considerably increases the reaction rate
within the transport limited regime. Clearly, the kineti-
cally controlled regime remains unaffected.

The temperature distribution (32) depends on the
exponent m only, and it is therefore identical to that of
case 1.

Case3: q=1; n=% m=1%
This parameter set is most typical within the frame-
work of the kinetic theory of gases [4].

The density N%,(r*) and the concentration xfy(r*)
are included in Figs. 2 and 3 by full curves. The spatial



390

. Bauerle et al.

dependence of the concentrations x¥(r*) remains
almost unaffected with respect to case 2 for all of the
parameter sets investigated (compare full and dotted
curves in Figs. 3a and b). This is different for the
particle density N}, which, for r*>1, is diminished
with respect to case 2 (compare full and dotted curves
in Fig.2). The decrease observed in N¥*z(r*) is a
consequence of the increase in gas-phase temperature
(compare full and dashed curves in Fig. 5). In other

1 Y T T 1 | T
=4 e ke =TT
//f’ /'/” TS*:[' ’/l’
//// /{/ ////
T L
V4 ]
e > ; ’
o ! !
/ o
= 05 1/ = 05F / -
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Fig. 3. Same as Fig. 2, but for the
concentration xi,. With T¥ =4 full
0 I I | 0 ! 1 and dotted curves coincide
1 3 5 1 3 5
a RADIUS r* b RADIUS r*
+— TEMPERATURE T, [K]
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=
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oo <T
o
=
o =
-~ )
= = Fig. 4a, b. Arrhenius plots of
5 << normalized reaction rate W*.
1078 & Different curves belong to various
values of £* and parameter sets
(g=1,n,m). a 4E*=90; b AE*
| L 1 L \ | - | . 1 | 8 TR RPN DR KRN PRI S 1 =45
010 0.15 0.20 010 015 0.20
a __1__ b J?
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words, the temperature dependence of ic decreases the
concentration Ny for distances r* > 1, but has almost
no influence for r*=1.

Arrhenius plots of the reaction rate are included in
Figs. 4a,b by full curves. Comparison of full and
dotted curves for the same values of e* shows that the
temperature dependence of xk has only very limited
influence on the reaction rate W#*. This is, of course,
consistent with the results depicted in Fig. 2.
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Fig. 5. Influence of temperature-dependent thermal conductivity
on the gas-phase temperature distribution TF(r*) for surface
temperatures T =4 and T3 =10

The temperature distribution within the gas-phase
is included in Fig. 5 by full curves. As expected, the
temperature distribution becomes flatter with increas-
ing values of k.

In summary, the particle density of species AB at the
surface of the reaction zone, N, u(r*=1) and, as a
consequence, the reaction rate W#*, are strongly in-
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fluenced by the temperature dependence of the molec-
ular diffusivity D,5. On the other hand, the tempera-
ture dependence of the thermal conductivity has only
very limited influence on these quantities.

2.2. Liquid-Phase Processing (g=0)

In this part we shall apply the preceding formalism to
liquid-phase LCP. With the approximation g=0, we
obtain from (10)

Ap(r™) = xZp(r). (33)
Subsequently, we will consider (30) to (32) for three sets
of exponents (g =0, n, m). The main difference to gas-
phase processing is the small temperature interval that
can be investigated in liquid-phase processing, where
T is, typically, between 1 and 2. The difficulty with
quantitative calculations arises from the paucity of
information on the kinetic constants k, and AE. From
the reaction rates achieved in liquid-phase pyrolytic
processing, activation energies of AE* =10 to 30 can be
estimated [67.

“Case !: g=0,n=0, m=0.

This case refers to temperature-independent coeffi-
cients. The spatial distribution of the particle density

(%) =xX5(r*) is plotted in Fig. 6 for three substrate
temperatures 7¢* by dashed curves. The parameters are
AE*=10, e*=10° and T =1.1, 1.5, and 2. The small
activation energy employed causes transport limit-
ations to start even with the lowest temperature
T¢F=1.1.

TEMPERATURE T,
600 400
I

10'1 -

———r

%
AB

102§

[aw]
(8]

C — (0,5, Y2
----- 0,50)
; === 10,0,0)
i AE.* = 10

107

REACTION RATE W*

! e = 10°

PARTICLE DENSITY Nj

107
| 1 |

.

— {0,5,'2) N
- (0,5, 0 )

--- (0,0 0)

AE® =10

Fig. 6. Normalized
density/concentration of
species AB in the liguid phase
for substrate-temperatures
T¥=1.1, 1.5, and 2. The
parameters employed were
AE*=10 and e* =103, Full
curves: q=0, n=35, m=1/2.
Dotted curves: g=0, n=35,
m=0. Dashed curves: q=0,
n=0, m=0.

Fig. 7. Arrhenius plot of the
normalized reaction rate in
liguid-phase processing for
AE*=10. Dilferent curves
belong to various values of g*
and parameter scts (g=0, nm)

1 3 5 0.3
6 RADIUS r*
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An Arrhenius plot of the normalized reaction rate
is shown in Fig. 7 for AE* =10 and for various values
of ¢*. The dashed curves apply to the present case.

The temperature distribution (32) does not depend
on ¢ and n, and it is therefore equal to that in the gas
phase i.e.

() =TE0™). (34)

Case 2: q=0,n=5, m=0,

The spatial distribution N%,(r) = x%,(r*) for this case
is included in Fig. 6 by dotted curves. Clearly, the
increase in molecular diffusion coefficient with temper-
ature only influences the mass-transport-limited
regime. The particle density/concentration of species is
strongly increased in the vicinity of the reaction zone,
and diminished further away from this zone. This
behavior becomes the more pronounced the higher the
temperature Tg". In comparison to the corresponding
situation in the gas phase (Figs. 2 and 3) the crossover
occurs at greater values of r¥.

The normalized reaction rate for a value of e* =10°
is included in Fig. 7 by the doited curve. Comparison
with the corresponding dashed curve shows that the
increase in diffusion coefficient with temperature
almost eliminates the mass-transport limitation and
causes a strong increase in the reaction rate within this
region.

Case 3: q=0, n=5, m=1/2.
This case isincluded in Figs. 6 and 7 by the solid curves.
As in the case of gas-phase processing, N (™), xX5(r")

and W* all remain almost unaffected by the tempera-
ture dependence of the thermal conductivity (com-

TS
[ T % exp(— pTF)dTy
1

f T#12 exp(— pT)A T

{— T2 - exp (1 — T&)] — Elerfo(uTd)'* —erfe(w) ]
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ity of gases at low to medium pressures is, in good
approximation, inversely proportional to the total gas
pressure. It only depends very slightly, however, on the
relative concentrations of the single gaseous compo-
nents. We therefore use again the relation

D y5(r*) =D ap(c0) T ().

Henceforth, we sct n=3/2. The concentration de-
pendence of the thermal conductivity can be described

by [4]

KX Ay 1) = [ican(o0)xan(r™) -+ rp(00)xy(r)] T YR,

(36)

(35)

where xz=1—x,p. In (36) we have assumed the same
temperature dependence for gases AB and B, L.e. k{r*)

= (00) TEY2(r*).  We now introduce  the
abbreviations

it =3[k an(0) +1cp(0)] 5 (37)
A =7 [xpp(00) —1ep(00)] - (38)
We can now rewrite (36) in thé form

K% oy 1) = [ = Atc + 2410 47 ] TSP (r%) (39)
From (13), (16), and (39) we obtain

e (E) |-+
with

= ?‘%E Cx pp(c0)=const, (41)

where C is a constant that is determined from the
boundary conditions. Integration of (40) yields

=TT exp (i — T3] — Elerfe(uT3) ' —erfe () *]”

pare full and dotted curves). However, as already
outlined in Sect. 2.1, the temperature dependence of
strongly affects the temperature distribution far away
from the reaction zone (Fig. 5).

3. Concentration Dependence of Thermal Conductivity

In this section we investigate the concentration de-
pendence of the thermal conductivity in gas-phase
processing (g =1) with N =0. The molecular diffusiv-

(42)
where
1{m\? 4
()= 5(;) ef.
With (16), (39), and (42) we thain
Xap(r™) = xAn(CO)_CXP {J“U — TFr*1}
1 -
+ (3 5o ) U —exp (Wl - TE0): (4
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When we insct (43) into (15) we obtain an equation that
permits calculation of the quantiy p. Symbolically, this
equation can be written in the form

9
P(p) = — 44
P4 1+3 4
with
1ap(0) !
9= | vy y(e0) <_A - sﬂ (45)
I: Al;( ICB(O’J}
and
. ' HTE"‘ AE*
®(u) =explp(1 — T3] — —-exp ({%
& s
TE
x [ TFexplu(l—T#)]d T, (46)
1

With the constant u calculated from (44} to (46) we can
determine the temperature 7F(r*) from the inverse
function r* =r*(T¥) in (42). Correspondingly, the con-

centration x¥,(r*) is obtained from (43) and it can be

written in the form
xEp(r*)=(1+3)expp(l —TE)] 3. (47
The reaction rate becomes

1
WHT3) = 7z {0+ exp[u(l = T - 9}

N

xexp(—AE*/TE). (48)
Figure 8 shows an Arrhenius plot of the normalized

REACTION RATE W* [x107) . —
(82}

—

0.10 0.15
1

—_—

T
Fig. 8. Inlluence of concentration-dependent thermal conductiv-
ity, described by 9, sec (45), on the reaction rate W*. The other
parameters were AE* =90 and g* =3 x 10°
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Fig. 9. Influence of concentration-dependent thermal conductiv-

e

ity on the spatial distribution of the gas-phase temperaturs,

TE(r*), for AE*=90, ¢*=5x 10%, and T =11

reaction rate (48) for AE* =90, ¢*=75-10° (note that
the value of u changes with ¢*) and for parameters
9= -2, oo, and +2. The figure shows that the
influence of 3 on W* is very small.

The distribution of the normalized gas-phase tem-
perature T;(r*) is shown in Fig. 9 for T¢F =11 and for
values of 8= —2, oo, +2. The figure shows that the
influence of § becomes more pronounced with increas-
ing distance r*,

It should be noted that the concentration de-
pendence of the thermal conductivity causes a cou-
pling between the chemical and the thermal degrees of
freedom of the system. Consider, for example, a
constant temperature T at the surface of the reaction
zone, and xg(00)> 1, p(c0) which yields 9 <0. In this
case the appearance of the reaction product B causes
an increase of heat transport and, as a consequence, an
increase in gas-phase temperature Ty (Fig. 9) and in
concentration x,y. The increase in gas-phase tempera-
ture, in turn, causes an increase in the molecular
diffusion coefficient D, which, as a consequence, will
increase the reaction rate (Fig. 8). Thus, with rg(co)
>xap(00) a positive feedback between chemical and
thermal degrees of freedom is observed. Correspond-
ingly, if ky <1c;3 (9> 0) the feedback is negative and the
reaction rate is decreased.

4, Thermal Diffusion

Up to now, we have considered mass transport by
ordinary diffusion only. Because of the strong tempera-
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ture gradients that occur in many cases of pyrolytic
LCP, however, thermal diffusion can significantly
influence gas-phase distributions of constituents and,
as a consequence, surface reaction rates. This will be
outlined in the subsequent calculations. Here, we will
assume a reaction of the type (2) with Ng+0. With the
assumptions made (Scct. 1), we can approximate
xpa0, and xga1—x,p (this includes the case B=G
where x5~ xg). We start again with the equation of
continuity which can now be written in the form

v \:?’ IN(r)D pp(r)

L Xan(r) L1 —Xap )
<ty o) | o0
(49)

Here, o, is the coefficient of thermal diffusion, whose
sign depends on the relative size of masses Mg and mg
according to

Map—M
= 2L a (50)
'f”,,\n + ?TTG

where o, is assumed to be a constant. In general, the
value of o, shows a weak dependence on concentration
and temperature. With very high temperatures the o
may even change sign. For solving (49) we employ
instead of (15) the boundary condition

ap(r) [1 —xap(r
DAH{rD)[VxAB(r)+ o anl );G(f.)x a(0)} VTG(T):LD

=kxp(rp) - (51)

The temperature distribution Tg(r) is again calculated
from (16) to (18). Here, we assumc that the thermal
conductivity x is a constant. Furthermore, we assume
temperature dependences of N as given by (6) with
q=1,and of D 45 as given by (252). Then, integration of
(49) yiclds

VX an(r)— oxap(r) [1— xan(r)]
AT rp
X
T(co) r*+ A5 rpr
CTa™ ()

~ N(c0)Dpp(o0)r [ To(o0)+4Ts P (52)

where C is a constant of integration. Furthermore, (51)
can be written in the form

Pty = —— AT
D, GV D7
() (TG(OO)>
ATs
+ ot xap(rp) [1 —Xap(rp)] - T.ory (53)
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If we determine Vx,p(r) at r=rp from (52), the com-
parison with (53} yields for the constant C

cwm(rmw(oo)r%(75,(?1)). (54)

Inserting (54) into (52) and introducing the normalized
quantities (10) to (12) yiclds

- 1 PR
7 x () — oxan(r) [1—Xap(r)] (W + ~;—3> 2
B

L i — 1 r L=n
= VV*H*)CAB(OO) [ﬂ TS*]I . (-A_ﬁ; + —rg) . *I‘%.

With the boundary condition (14), integration of (55)
yields, for the simplest casc, n=2

xppl(r) =3 (1 + %’%i% ) o
with &
¥ =2xpp(rp) — 1 0
and
Eo (P f T U =T ) o] G8)
Nand
AWHg*x ,y(00)\1?

where W# is the normalized reaction rate (11) which
can be written as

AE*
exp(~ T*)' (60)
S

xap("p)
W= ————
xp(00) T5*

From (56) we obtain an implicit equation for the molar
ratio x,5 at the surface of the reaction zone r=rp,
which can be written as

2fi[xap(00)— Xan(rp)]
= [~ [2xap(o0) — 1] [2xap(rp) — 111+ [ (61)

with
1 - TS* —‘ﬂ'-[ﬂ
1 T e

Subsequently, we consider solutions for f*>0. With
f?* <0 there are also real solutions which, however, are
similar to those for f?>0. With %<0 there are also
additional solutions. These, however, contain singular-
ities and are of no physical consequence.

Numerical solutions of (61) are plotted in Fig. 10
(full curves) and in Fig. 11 for AE*=90 and
g% =5 x 108,

Figure 10 shows the molar ratio x aplp) as a
function of the normalized substrate temperatures Ts*
with x,5(00)=0.1. The full curves refer to various

r= (62)
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AB (FB} —_—
=
w

RATIO X

MOLAR

10

¥*
Ts —

TEMPERATURE

Fig. 10. Influcnce of thermal diffusion on the concentration of
species AB at the surface of the reaction zone as a function of
surface temperature for AE* =90, 2% =5 x 10°, and x,5(c0)=0.1.
Full curves refer to various values of a,. Dotted curve: o, —0.
Dashed curves: &% —0

“values of «,. The dotted and dashed curves represent
two limiting solutions of (61) which will be studied
in the following.

Case 1: o,—0.

In this limit we obtain from (59)

o AW HeFx (o)

2y e %1 63
Pr e | (63
and from (62)

I'elo fInTE. (64)

With these approximations we obtain from (61)

. AE*
Xan(rp)=Xap(00)| 1 +e%exp| — T

In T¢ -t
- . 5
. Ts*(Ts*»iJ] ¢

This equation coincides with (30) for the case n=2 and
7% =1. The solution (65) is included in Fig. 10 by the
dotted curve. Comparison with the full curves shows
that the effect of thermal diffusion is most pronounced
in the regime of medium to low substrate temperatures.
At very high values of T, the ratio xp(rp) calculated
from (61) can be well approximated by (65).

Case 2: ¢*—=0.

This limit characterizes the kinetically controlled
regime. The spatial density of species, N (), 18
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NN I KR B
AE"=90
g*=5-10°

— a;=-0.5

--= gy = 0.5

Xpg (22) = 0.01
N

Xpp (rp) —>
Mo

MOLAR RATIO

TEMPERATURE  Tg* —

Fig. 11. Influence of thermal diffusion on the surface con-
centration x%y(rp) as a function on surface temperature Tg* for
different values x¥u(c0). Full curves: ¢,= —0.5. Dashed curves:
o, =+0.5

determined only by the temperature distribution. With
B~1 from (59), Eq. (61) yields

{—x, -1
Xap(rp) = (1 + ‘“J%B(};g;i) Ts*ac) . (66)

This dependence is included in Fig. 10 by the dashed
curves. These curves approximate the solutions (61)
very well for values of Tg* <5 (compare dashed and full
curves).

Figure 11 shows the normalized molar ratio
x¥4(rp) as a function of Tg* for various values of x,5(cc).
The full curves refer to o,= —0.5 while the dashed
curves refer to o, = +0.5.

In both Figs. 10 and 11, thermal diffusion results in
an increase in surface concentration Nap(rp) if o, <0
and in a decrease of N p(rp) if o, =>0. In other words,
addition of a carrier gas G will increase the surface
concentration of species AB if mg>m,y and it will
decrease it if mg<map The latter situation is also
possible with B==G. Note that the effect of thermal
diffusion becomes more pronounced with decreasing
concentrations x,z(co) (Fig. 11).

We will now investigate the influence of thermal
diffusion on the reaction rate (60). Here, the con-
centration xg(rp) must be calculated, for cach temper-
ature T, from the implicit equation (61). Figure 12
shows an Arrhenius plot of the rate W* for xp(c0)
—0.1 and values of op = — 1,0, and + 1. The full curves
refer to AE* =90, g* =5 x 10%, and the dashed curves to
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Fig. 12. Influence of thermal diffusion on the reaction rate W* for
xan(c0)=0.1, and ¢,=—1, 0, +1. Full curves: AE¥=90, ¢*=3
% 109, Dashed curves: ALR* =45, e*=5%10*

AE* =45, ¢*=5 x 10*. The figure reveals that thermal
diffusion influences the kinetically controlled regime
and the mass transport limited regime in a similar way.
With respect to the case o, =0, the reaction rate is
increased if o, <0, and decreased in the opposite case.

5, Conclusion

In both gas-phase and liquid-phase laser microchem-
ical processing, consideration of temperature-
dependent molecular diffusion increases calculated
reaction rates within the mass transport limited region

D. Biuerle et al.

by up to about a factor of ten. On the other hand, both
the temperature and the concentration-dependence of
the thermal conductivity are of minor influence only.
Thermal diffusion can significantly change reaction
rates within both the mass-transport limited regime
and the kinetically controlled regime. The sign of this
change depends on the relative size of the masses of
species involved.
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