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i.) Liquid methanol  produces a physisorbed layer at the 
gallium arsenide surface. The layer is non-protective and 
can persist for hours following evaporation of the liquid. 
Because the physisorbed methanol layer is non-protective, 
the natural oxide re-grows while methanol is still adsorbed 
on the surface. 

ii.) The natural oxide of gallium arsenide contains Ga203 
as well as a non-stoichiometric sub-oxide of gallium or ar- 
senic. Liquid methanol  treatment removes the sub-oxide 
component  of the surface layer. It may remove surface 
Ga203 to a lesser extent as well. 

iii.) Methoxide ion in solution (formed when KOH is dis- 
solved in methanol) appears to etch the gallium arsenide 
surface via a two-step oxidation/dissolution process. 

All of these conclusions carry implications for semicon- 
ductor processing, particularly for solvent cleaning and 
degreasing steps. In  addition, it has been demonstrated 
that surface infrared spectroscopy is a sensitive technique 
of investigation and is capable of monitoring minute  
changes (down to the monolayer level) in surface films at 
liquid-solid interfaces. 
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Chemical Boundary Layers in CVD 
II. Reversible Reactions 

M. H. J. M. de Croon and L. J. Giling 

Department of Experimental Solid State Physics III, R.I.M., Faculty of Science, University of Nijmegen, 6525 ED 
Nijmegen, The Netherlands 

ABSTRACT 

In addition to irreversible reactions, which were treated in part I, reversible reactions in the gas phase have been 
studied using the concept of the chemical boundary layer. The analysis is given for the situations in which either the for- 
ward or the back reaction is dominant.  Two conceptual models for the boundary layer are used in the calculations: the 
block model and the linearly varying k model. It  is shown that both models lead to the same deposition rates. 

One of the important  processes available for the growth 
of both electronically active and insulating layers is chemi- 
cal vapor deposition (CVD). Studies in connection with 
this technique unti l  recently mainly have dealt with 
growth and doping, i.e., with the practical technology of 
the process. The theoretical modeling of the physical phe- 
nomena occurring in CVD reactors, such as flow dynamics 
and depletion effects, appears to be difficult, but already 
several attempts have been made and understanding in 
this area is growing rapidly, too (1-5). However, the chemi- 

cal aspects of the CVD process up unti l  now are mostly 
poorly understood, and the chemistry underlying the 
growth still constitutes a field full of speculations. When 
the chemistry is coupled to the flow dynamics of the pro- 
cess, an even more complicated situation arises. Numeri- 
cal methods have been used to solve the differential equa- 
tions which mathematically describe this problem (1-4). 
Necessarily the results then are given in graphical form, 
rather than analytically. Although the graphical represen- 
tation of results obtained by the simulations is probably 
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very quantitative and also quite instructive, we think that 
the exactness is obtained at the expense of a loss of direct 
insight into the physics and chemistry of the process. For 
this reason we follow another, semi-quantitative but ana- 
lytical route to describe the chemical/physical behavior. 

Recently (6, 7) we developed an analytical, two-dimen- 
sional model  in which flow, diffusion, and thermal diffu- 
sion of growth species and surface kinetics were combined 
in order to predict  deposition rates and depletion effects in 
a horizontal reactor at atmospheric pressure in the diffu- 
sion-limited and surface reaction-controlled regime. If one 
considers not only gas phase transport of growth species 
to the substrate surface together with reaction at this sur- 
face, but also homogeneous reaction kinetics in the CVD 
system, then the description becomes more realistic. How- 
ever, because of the presence of steep temperature gradi- 
ents in the reactor, in general gas phase reactions will be 
very strong functions of the position in the reactor. There- 
fore a complete  analytical solution of this problem is im- 
possible, but still rather good approximations can be 
found which give an accurate description of the growth 
process within the uncertainties of the exper iment  itself. 

In part I of this series (8) we introduced this approximate 
solution to the problem in order to describe the deposition 
rate in a CVD reactor. The solution was based on the no- 
tion of a chemical  boundary layer, a conceptual region in 
the reactor caused, not by developing velocity and tem- 
perature fields, but by the chemistry of the process itself, 
coupled to the temperature profile in the reactor. Up until 
now we only presented an analysis for the ease of unidirec- 
tional homogeneous  gas phase reactions of arbitrary reac- 
tion order. In this paper we will extend our analysis to the 
ease of reversible reactions in the gas phase. 

The Reactor System 
Our analysis is based on a two-dimensional reactor sys- 

tem with constant height (h) and with a long horizontal 
susceptor. Cartesian coordinates are used where x is in the 
flow direction and y is in the direction perpendicular to the 
substrate. Flow conditions are supposed to be laminar; in 
addition, a steep temperature  gradient is imposed between 
hot susceptor, T = T~, and cooled upper  wall. The tempera- 
ture of this upper  wall is taken to be equal to the inlet tem- 
perature of the gases, To. Reactant concentrations are as- 
sumed to be small if compared to the concentration of the 
carrier gas. Transport in the flow direction is considered to 
be completely dominated by forced flow. End effects are 
not taken into account, thus the profiles of velocity and 
temperature are completely developed. This will be true 
after a thermal entrance length, xT, which for practical re- 
actors is a distance of several to tens of centimeters. The 
concentration entrance length, x~, defined by the distance 
necessary to develop the concentration profile by diffusion 
and thermal diffusion in a laminar flow, at most will be as 
large as the thermal entrance length, as is shown by van de 
Ven (9). Therefore concentration profiles also will be con- 
sidered as completely developed. For this case, as shown 
in part I, the temperature  distribution in the gas phase is 
described by the relation 

1 

T(y) = [T~ +~ - (T~ +~ - T~+~)y/h] 7~g [1] 

where 13 equals the temperature dependence of the ther- 
mal conductivity of the carrier gas, which is about equal to 
0.7 (3, 10). The velocity profile v~(y) in this configuration 
appears to be a distorted parabola with its maximum 
shifted slightly towards the colder part of the reactor. A 
schematic overview of the CVD reactor system that we 
will use for our analysis is given in Fig. 1. 

In this context  we suppose that film growth proceeds 
through a gas phase reaction followed by adsorption of 
products. Finally we assume---for the sake of computa- 
tional s implici ty-- that  the reactants of the forward gas 
phase reaction have sticking coefficient zero, whereas 
products of this reaction will adsorb on the hot substrate 
but not on the cold upper  wall of the reactor. This ad- 
sorption will give rise to deposition on (or growth of) the 
substrate material. 

J i 7'o 
I I 

Vo (y) I I vr (Y) T y 
I D I ro I I T(y) 

co I I c (= ,y )  
I I T s 
0 x r 

Fig. 1. Schematic model of the reactor used in the calculations 

Analysis and Discussion 
The model  which was described in part I allowed us to 

calculate deposition rates in horizontal CVD reactors for 
the case in which the deposition process is limited by a 
highly activated unidirectional chemical reaction in the 
gas phase, viz. 

k m 
viRi ~" 2 t~jPj [a] 

z=l j = l  

in which Ri are reactants and Pj products. The main idea 
behind the model  was the notion of a chemical reaction 
boundary layer, i.e., a conceptual layer in the reactor just  
above the hot susceptor where the chemical reaction takes 
place. This layer results from the coupling between the 
strong temperature dependence of chemical rate constant 
and the steep, imposed temperature gradient in the re- 
actor. 

It was found (Eq. 23 and 25 in part I) that an expression 
could be derived relating the width of the reaction bound- 
ary layer to parameters defining the temperature gradient 
in the reactor and to the apparent activation energy of the 
reaction, E~, by solving Eq. [2] 

s: ) k l~ [ R1]v~ dy = k% [R:.T~] ~ 
/=1 /=1 

[2] 

where k equals the reaction rate constant, grs its value at 
temperature T~, [R~] equals the concentration of reaction R1, 
[RL@ the magnitude of the latter at temperature T~, i.e., 
close to.the susceptor surface, and Vl the fractional reaction 
order with respect to compound R~. The thickness of this 
chemical boundary later, ~, is given by 

(1 + [3) (T~'~ 1+~ 
\ ~oo/ RT~ 

[3] 

 g0: - : 

showing that in good approximation it is independent  of 
the partial order of reaction, v~, and of the concentration of 
the reactants. 

From its definition as given by Eq. [2], it can be seen that 
the concentration gradient can be thought  of as totally 
confined to a boundary layer. The form of the boundary 
layer, however, is not defined and will depend on our inter- 
pretation of the right-hand side of Eq. [2]. As was shown in 
(8), in principle an infinite number  of, but for practical ana- 
lytical solutions two, models emerge from our analysis, 
The first and simplest model, see Fig. 2, interprets the reac- 
tion boundary layer as a zone of constant width g where 
the temperature,  To, is constant. Consequently also the re- 
action rate constant, /Ors, has a constant value (block 
model). In the second model  it is assumed that the reaction 
rate constant is a linear function of height in a boundary 
layer of width 2g, as shown in Fig. 3, whereas the tempera- 
ture in this layer is taken as (approximately) constant. In 
this model, also, the reaction occurs in a boundary layer 
but, because of the linearly varying rate constant, the reac- 
tion rate is more concentrated near the suseeptor surface. 

In this study we preferably will make use of the first 
model  because of the mathematical  simplicity. However, 
below it will be shown that in practice both models lead to 
nearly the same deposition rates. One has to bear in mind 
that product  concentration profiles will strongly depend 
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Fig. 2. Normalized reaction rate as function of the normalized height 
in the reactor with first-order approximation of the chemical boundary 
layer, i.e., constant reaction rate in boundary layer of width ~. The full 
line is the exact behavior, the dotted line represents the first model. 
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Fig. 3. Normalized reaction rote as function of the normalized height 
in the reactor with second-order approximation of the chemical bound- 
ary layer, i.e., rate varying linearly with height in boundary layer of 
width 25. The full line is the exact behavior, the dotted line represents 
the second model. 

on the model used in the calculations and therefore will 
differ in the two cases. We will make use of the notation of 
part I, in which we denote by JD,Q the total diffusional flux 
of component  Q in the vertical direction, by J~.Q the flux 
component  Q because of forced flow in the horizontal di- 
rection, and by [Q] the concentration of species Q. 

Reversible reactions in the gas-phase-reaction-limited re- 
gime.--In part I we analyzed the situation for irreversible 
reaction in the gas phase kinetics limited regime, and a so- 
lution was given for the corresponding deposition rate. A 
new situation arises when reversible reactions of the type 

a ~ P [b] 
k2 

are considered. When it is assumed that deposition takes 
place because of adsorption of P onto the substrate, 
whereas the sticking coefficient of R is zero, one can quite 
easily give the flux equations for reactant R and product P, 
viz. 

- If' k~[R]dy + l~ k2[P]dy [4] 

and 

�9 . , . I o '  + , < , C R 1 d , ,  - : 

- JD,p(O) q- k,[R]dy - k~[P]dy [5] 

as follows from the integration of the corresponding conti- 
nui ty equations, thereby accounting for the remarks on ad- 
sorption of the different species. Using the concept of the 
boundary layer, the two-source term of the right-hand side 
of both equations can be written as kl[R]~ and k2[P]~2, re- 
spectively, where the magnitudes of ~ and ~2 are deter- 
mined by the respective activation energies E1 and E2, as 
given in Eq. [3]. The use of Eq. [3] for the determination of 
~2 is only allowed when the T-dependence of k2 is large, as 
is deduced in part I (Eq. 24, 25, and 57). 

This gives 

JF,RI0 h = --kl,ws[RWs]51 + k2,ws[PT~]52 [6] 

and 

JF,p]0 h = --JD,p(0)  + kl,Ws[RTs]~ 1 -- k2,Ts[PTs]~2 [7] 

The forced fluxes JF,R and JF,P at the left-hand side of these 
equations, which flow through a cross section given by 
w x h, can also be split up into forced fluxes through cross- 
sectional areas w x ~ and w x (h - ~), where w is the width 
of the reactor. Here one must  be careful which ~ should be 
used. This will be shown below. 

In  the following one will distinguish between three dif- 
ferent cases, viz., ~1 = ~2, ~1 < ~2, and ~1 > ~2, as determined 
by the magnitude of the respective activation energies, E~ 
and E2. In  the following we will shortly discuss the differ- 
ences in these three cases. Especially it will be shown that 
the relative magnitude of the two chemical reaction 
boundary layers has a strong influence on the general form 
of the derived deposition rate equations. 

Solutions of the f lux  equations, model l . - -Case l ,  
&l = 82.--Because only one chemical reaction boundary 
layer thickness appears in this case, see Fig. 4, indicating 
that forward and back reaction will take place in the same 
region in the reactor, the splitting-up of the fluxes JF,a[0 h 
a n d  JF,p] h, because of flow through boundary layers and 
bulk of the gas phase, is performed without any problem. 

j h From part I it follows that for this case F,R{~ ---- --JD,R(~) 
and Jf,P{~ = --JD,P(~), SO we obtain 

JF,R{~ = JD,R($) -- kl,Ws[RTs]$ + k2,Ts[PWs ]~ [8] 

and 

JF,P{~ = JD,p(~) -- JD,p(0) q- kl,Ts[Rws]~ -- k2,ws[PTs]~ [9] 

with ~ = ~1 = ~2 

The complete temperature-dependent  flux Eq. [4] and [5] 
now have been reduced to flux equations within the 
boundary layer at a temperature equal to the substrate 
temperature. 

In order to find the deposition rate of P, one must  return 
to the original differential equations, i.e., the equivalent 
continuity equations in the boundary layer. They can be 
written from Eq. [8] and [9], as shown in Eq. [10] and [11]. 
For reaction rate-limited growth we can put the left-hand 
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r0 
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Ts z '  ~, P ~ R Ts 
Ts 0 R * P  P * R  Ts 

Fig. 4. Schematic view of the different reaction regions in a horizon- 
tal CVD reactor for case 1, 81 = 82, indicating the reactions proceed- 
ing in the boundary layers. Note that no reaction occurs in the bulk of 
the gas phase. 

X 

Fig. 5. Schematic view of the different reaction regions in a horizon- 
tal CVD reactor for case 2, 82 > 81, indicating the reactions proceeding 
in the boundary layers. Note that no reaction occurs in the bulk of the 
gas phase. 

sides equal to zero for reasons given in part I, viz.,  v~ = O, 
o[Q]/oy = 0, whereas the differential fluxes are replaced by 
Fick's law. Hence 

02[R] 
0 = DR,T ~ ~ -- kLT~[R] + kz,%[P] 

and 

offp] 
0 = Dp,% ~ + kL%[R ] - k2.%[P] 

for ye(0, 8) 

In these equations DQ,T s equals the diffusion constant of 
species Q at the substrate temperature. One may calculate 
now the deposition rate of P in the usual way by solving 
these differential equations for [P(y)] and [R(y)] with the 
following boundary conditions 

and 

JF,PI~ 2 = JD,p(82) - ED,p(0) + kx.%[R%]81 - kz,T~[P%]82 [15] 

The deposition rates of P follows by solving the appro- 
[10] priate continuity Eq. [16] and [17], which may be deduced 

easily from Eq. [14] and [15] after equating J~.~l~ ~ and 
JF,p[~ 2 to zero 

02[R] 
0 - - kl Is[R] + k2,Ts[P] [16] [11] - DR,Ts ~ , 

for  ye(0,81) and 

0 DpTs O2[P] = - -  + k, %[R](1 - Sh(y)) - k2,T~[P] �9 ~y2 , [17] 

for ye(0, 8z) with boundary  conditions 

0[R] 0 O[P] o DR.% ~ - y  = O Dp,% ~ - y  = k~[P]y=o 

[12] 

[R]y=s = [R%] /gp.T~ 0[P]d~_ 8 = 0 

where k~ is the first-order rate constant for adsorption 
and/or surface reaction for species P. The last boundary 
condition is introduced to depict the behavior of the con- 
centration of P in the case of a fully developed [P] profile in 
the bulk of the gas phase. 

Using the fact that in the gas phase reaction-limited re- 
gime the forward chemical reaction rate must  be small as 
compared to diffusional processes, one finds for the depo- 
sition rate 

D~pDp 
r = k, \]T=- [R%] 

m 

sinh 8 

cosh 5 + 
k~ \ ~ Dp / 

[13] 

in which the rate parameters and the diffusion constant 
have to be evaluated at the susceptor temperature. The re- 
agent concentration [Rws ] has to be calculated at the sub- 
strate temperature as well, but  care must  be taken of ther- 
mal diffusion effects and of the mass conservation of the 
carrier gas, as discussed in part I. 

Case 2, 8, < 8e.--Now there are three different regions in 
the reactor, i.e., bulk gas phase where no reaction takes 
place, the boundary layer 8x where both forward and back 
reactions proceed, and an intermediate region from 8x to 82 
where only the back reactions will occur. The situation is 
sketched in Fig. 5. The foregoing implies that we have to 
split up the flux Eq. [4] and [5] as given in Eq. [14] and [15]. 

JF,RI~ 1 = JD,R(81) --  kl,Ts[RTs]81 + k2,Ts[PTs]82 [14] 

0[R] 0 0[P] 0 DR,Ts ~ - y  = 0 Op,% ~ - y  = k2[P]y~0 

[R]y=8, = [Rws] Dp,T5 ~ - y  = 0 

[18] 

Here Sh(y)  is the uni t  step functions, i.e., Sa I = 1 for y >- 8,; 
note the difference in boundary conditions in 8L and 82l 

In  the completely gas reaction-limited regime--when k; 
is almost vanishingly small as compared to the diffusional 
processes--the deposition rate appears to be given by 

m/~pDp 
r = k 1 3Js-=- [RTs ] 

' g 2  

sinh ~2 - sinh (82 - 8,) 

[19] 

cosh 82 + k~2Dp sinh 82 
k~ 

with values of the rate constants, the diffusion coefficient, 
and the reactant concentration evaluated at susceptor tem- 
perature. As is to be expected, one can easily show that 
Eq. [19] reduces to Eq. [13] for equal boundary layer thick- 
nesses 81 and 52. 

Case 3, 51 > 52.--Similarly to the second case, there are 
three different reaction regions in the reactor, as is de- 
picted in Fig. 6: bulk gas phase, which is the region where 
no reaction takes place, the boundary layers of reaction [2] 
with thickness 82, where both forward and back reactions 
proceed, and the region with thickness 51 - 8z, between 
the boundary  layer of the back reactions and the bulk gas 
phase. In  this last region only the forward reaction occurs. 

For this case the flux equations can be shown to be com- 
pletely similar to the flux equations of case 2, Eq. [14] and 
[15]. However, the equivalent continuity equations within 
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R ~ P  I ~' Ts x '  

R * P  P * R  
o 7s 

Fig. 6. Schematic view of the different reaction regions in a horizon- 
tal CVD reactor for case 3, 51 > ~2, indicating the reactions proceeding 
in the boundary layers. Note that no reaction occurs in the bulk of the 
gas phase. 

the reaction boundary layer 5~ appear to be different from 
Eq. [16] and [17], as may be deduced readily 

02JR] 
0 = DRT, - -  kl,w,[R] + k2.%[P](1 - Sa2(y)) 

, 0 y 2  
[20] 

O = Dp% 02[P----~] + klT~[R] - k2.ws[P](1 - Sa~(y)) [21] 
' 0 y 2  , 

Solving both equations with the appropriate boundary 
conditions, Eq. [22] 

D O[R] R,% - -  = 0 
oy o 

[R]y= h = [RT~] 

D 0[P] o P T ~ - -  = k~[P]~=0 
' 0 y  

a[p][ 
= 0  Dp'Ts ~ y=51 

[22] 

one may find the deposition rate of P. Under  the suppo- 
sition that the forward reaction is sufficiently slow as com- 
pared to diffusional processes, it follows that 

r = kl [RT~] 

k2 

cosh 32 + - -  sinh 32 
k~ 

[23] 

in which no reference to chemical boundary layers is pres- 
ent anymore. In  this relation the role of the boundary layer 
widths has been taken by k/~p/k2, the diffusion length of 
product P, which in fact is the mean distance a product 
molecule can traverse by diffusion through a boundary 
layer before reaction back to reactant R. If in this case, 
also, the surface reaction step becomes very fast, we arrive 
at 

r = kl [RT~] [26] 

which relation already was obtained by Moffat and Jensen 
(3) in their study of silicon deposition from silane. 

iii.) When the rate of the surface reaction is much 
smaller than the rate of the back reaction, we end up, for 
all cases, with 

kl 
r = ks k2 IRIs] [27] 

an equation describing the adsorption, and possibly con- 
comitant surface reaction, of product P in equilibrium 
with reactant R at gas temperature T s. Case [26] and [27] de- 
scribe the situations where either the reactions in the gas 
phase are rate-limiting or surface reactions are the slowest 
process. 

Solut ion of  the f l u x  equations, model 2.--Having solved 
the flux equations for the simple model of reaction rate 
constants, independent  of height within the boundary lay- 
ers, we now will proceed by using linearly variable rate pa- 
rameters, ki, viz. 

kl = kl,w~(1 - Y/2~1) [28] 

and 

k2 = k2z~(1 - y/252) [29] 

in boundary layers of width 2~ and 2~2, respectively. The 
temperature in these boundary layers will be taken to be 
approximately constant  as far as reactant concentration 
and diffusion coefficients are concerned, stressing the far 
stronger temperature dependence of rate constants as 
compared to the variation of the other parameters in the 
reactor system. In  this way the reaction rate appears to be 
higher in the lower region of the reaction boundary layer 
near the hot susceptor, in accordance with the practical sit- 
uatfon. Proceeding along the lines of model 1, it now is 
possible to write down the continuity equations that cor- 
respond with cases 1, 2, and 3, i.e., by taking care in Eq. [10, 

where all constants and the concentration of the reactant R 
have to be calculated at susceptor temperature. Also, in 
this case the limiting form of Eq. [23] for 51 approaching 52 
equals Eq. [13], the rate equation derived for equal chemi- 
cal boundary layer widths. 

Three other interesting limiting cases may be obtained 
from rate expressions [13], [19], and [23] 

i.) As expected, one regains in the limiting process of 
very small values of k2 (or ~)-or better when the rate of the 
back reaction is much smaller than the diffusion out of the 
boundary layer 

7" = kl[Rws]~ 1 [24] 

the deposition rate equation for a unidirectional reaction, 
as derived in part I. The same expression can be derived 
for case 2 for the case of very small values of ~, together 
with large values of ks. 

it.) For very large values of k2 and/or ~2, however, i.e., 
when the rate of the back reaction is larger than the diffu- 
sion rate of the boundary layer, it can be shown that all 
three rate equations reduce to Eq. [25] 

1 
_r = kl [RTs] [25] 

k/k2Dp 
l + - - -  

ks 

0 5 1 0  1 5  
1 . 0 6  , , 1 . 0 6  

; 

1.04 1 . 0 4  

1 . 0 2  1 . 0 2  

1 . 0 0  , t , f , 1 . 0 0  
0 5 1 0  1 5  

5e (k2/Dp) ~ 

Fig. 7. Maximum ratio of deposition rates calculated by means of 
model 1 and model 2 for case 1, ~1 = ~ ,  as a function of 32" kVk2/D~. 
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11, 16, 17, 20, 21] of the height variation of the rate con- 
stants and changing the boundaries 8~ and 82 in 231 and 282, 
respectively. With the assumption of a sufficiently slow 
forward reaction as comi3ared to diffusional processes-- 
thus assuming no limitation of gas phase transport--very 
complicated solutions for the rate equations can be ob- 
tained after a lot of tedious mathematics. Equations 
[30]-[32] show the expressions for the case that the rate for 
adsorption and/or surface reaction is larger than the rate 
for the back reaction in the boundary layer, i.e., for the 
completely gas phase kinetics-limited regime. One finds 
for case 1, 8, = 5~ 

Dp 
(I-,/3 2/3~} 

[30] 

for case 2, 8, < 82 

Dp ~2 
-r=kl~-~2[RTs]{-~ll[I2/3Ll-l/3 2/3~1 [1 + qT'I]2/3(X -- -~l/Hi('q2/3)]~2] J 

and 

z = k , [ ~ ] 8 1  

Dl-~p' Dp 
r = k, ~/_~[RT~] 

Vk2Dp 
l + - -  

k~ 

[34] 

[35] 

respectively. Equation [34], obtained for very small values 
of kz, is equal to the expression for an irreversible reaction 
given in part I, whereas Eq. [35], derived for very large 
values of ke, is identical to Eq. [25], which was derived in 
the block-profile model for the chemical boundary layer. 

When the rate of the surface reaction is smaller than the 
rate of the back reaction, complex equations can be de- 
rived, similar to Eq. [30]-[33], which upon simplification 
end up as 

r = k~ k~ [RT~] [36] 

{ I_~ - ['/312/31 
~2 ~ ) 2~3 n 
82 [ I1/312r3) 

{I-2/3 -- - - }  
[. I-1/3 ) 2]3~(1-B1/62) 3/2 

2/3~1(1_61/52)3/2 

1 

82 

81 _ 81 
[31] 

and for case 3, 81 > 82 

4 ~I ~3 

+ ~r(1 - ~)Gi'(0)} {I_2/3 I'/312~ I 

82 
2/3"~ 

with 

[32] 

282 
- - -  [33] 

V ~ p / k 2  

the ratio of the total boundary layer width for the back re- 
action and the diffusion length of product P. In these equa- 
tions, Ij are modified Bessel functions of the first kind and 
of order j, whereas G~, G', Hi, and Hi' are functions related to 
Airy functions and integrals of these as defined by 
Abramowitz and Stegun (11). As usual, all variables have 
to be evaluated at susceptor temperatures. 

In  normal  practice, equations such as [30]-[32] are very in- 
convenient  and difficult to handle, but  it can be shown eas- 
ily that in the limits of very small and of very large values 
of ~1, i.e., for very small and very large values of kz, the rate 
constant  of the back reaction, one regains the rate expres- 
sions 

In  general one can prove that reaction rates calculated 
from expression derived with model 2 will not differ more 
than about 20% from rates computed by means of model 1. 
Figure 7, e.g., shows the maximum ratio of deposition 
rates (model 1/model 2) for case 1, 82 = 82 as a function of 
82 ~r P. In this case the  difference between the two 
models is even smaller than 6%. Hence, as boundary layer 
calculations are always approximate in nature, it seems ap- 
propriate to avoid the mathematical complexities con- 
nected with the introduction of non-constant  rate parame- 
ters in this type of calculation. 

Conclusion 
In  part I of this series an analysis was presented which 

allowed us to derive semiquantitative deposition rate 
equations in horizontal CVD reactors when the deposition 
process is a product of an activated unidirectional chemi- 
cal reaction in the gas phase. In the present paper, we have 
shown that, using the already developed notion of chemi- 
cal boundary layers, it is possible to arrive at analytical 
rate expressions for the CVD process in which the deposi- 
tion is governed by an activated, reversible gas-phase re- 
action. 

Two models for the chemical boundary layer were con- 
sidered in this context, one with constant  and one with lin- 
early varying reaction rate parameters within the bound- 
ary layers. We found that the obtained results only slightly 
or even insignificantly depend on the interpretation one 
has to make within the reaction boundary layer concept. 
Therefore it seems appropriate to use only the most simple 
boundary-layer model, i.e., a block profile, for the reaction 
rate constants as far as the calculation of deposition rates 
is concerned. Although we did not discuss in this paper 
the influence of bulk gas-phase transport on the deposition 
rates, it can be readily accounted for, as is shown by Van 
Stark et al. (12) for the deposition of Si from Sill4 and for 
the doping of GaAs with silane as dopant precursor. In a 
next  series of papers the concept of chemical reaction 
boundary layers will be used to describe more complex 
processes in the modeling of growth and doping of semi- 
conductors (13-15). 
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ABSTRACT 

The anisotropic etching behavior of single-crystal silicon and the behavior of SiO2 and Si3N4 in an ethylenediamine- 
based solution as well as in aqueous KOH, NaOH, and LiOH were studied. The crystal planes bounding the etch front and 
their etch rates were determined as a function of temperature, crystal orientation, and etchant composition. A correlation 
was found between the etch rates and their activation energies, with slowly etching crystal surfaces exhibiting higher acti- 
vation energies and vice versa. For highly concentrated KOH solutions, a decrease of the etch rate with the fourth power of 
the water concentration was observed. Based on these results, an electrochemical model is proposed, describing the aniso- 
tropic etching behavior of silicon in all alkaline solutions. In an oxidation step, four hydroxide ions react with one surface 
silicon atom, leading to the injection of four electrons into the conduction band. These electrons stay localized near the 
crystal surface due to the presence of a space charge layer. The reaction is accompanied by the breaking of the backbonds, 
which requires the thermal excitation of the respective surface state electrons into the conduction band. This step is con- 
sidered to be rate limiting. In  a reduction step, the injected electrons react with water molecules to form new hydroxide 
ions and hydrogen. It is assumed that these hydroxide ions generated at the silicon surface are consumed in the oxidation 
reaction rather than those from the bulk electrolyte, since the latter are kept away from the crystal by the repellent force of 
the negative surface charge. According to this model, monosilicic acid Si(OH)4 is formed as the primary dissolution prod- 
uct in all anisotropic silicon etchants. The anisotropic behavior is due to small differences of the energy levels of the back- 
bond surface states as a function of the crystal orientation. 

Anisotropic etchants for crystalline silicon have been 
known for a long time (1-3). Their first applications in- 
cluded the etching of V-grooves on <100> silicon or U- 
grooves on <110> silicon, in order to fabricate MOS tran- 
sistors for high power and high current densities (4). In- 
creasing attention has been paid to this etching technol- 
ogy, after recognizing its unique capabilities for 
micromachining three-dimensional structures (5-9). Due to 
the strong dependence of the etch rate on crystal direction 
and on dopant concentration, a large variety of silicon 
structures can be fabricated in a highly controllable and 
reproducible manner.  Typical structures include thin 
membranes,  deep and narrow grooves, and cantilevers 
with single or double sided suspension. Important  fields of 
application include the fabrication of passive mechanical 
elements, sensors, and actuators, as well as micro-optical 
components (8, 10). Among the best known examples are 
sensors for pressure (8), acceleration (11), and flow (12), as 

well as ink jet nozzles (13), connectors for optical wave- 
guides (14), and major components of a gas chromatograph 
(15). 

All anisotropic etchants are aqueous alkaline solutions, 
where the main component  can be either organic or inor- 
ganic. The first organic system was proposed in 1962 and 
consisted of hydrazine (N2H4) and water with the addition 
of pyrocatechol (C6H4(OH)2) (16). It was shown that pyro- 
catechol is not a necessary component,  and might well be 
omitted (2). Experiments were made with iso-2-propyl al- 
cohol as a third component,  which was shown to act as a 
moderator (3). In  a later work, hydrazine was substituted 
by ethylenediamine (NH2(CH2)~NH2), which is more stable 
and less toxic than the former (2). 

Purely inorganic aqueous solutions of KOH and NaOH 
have been known to etch silicon anisotropically for a long 
time (1). A different system with improved etching behav- 
ior was obtained by the addition of isopropyl alcohol (17). 




