piisEpdR D GH?STAL
GROWTH

ELSEVIER Journal of Crystal Growth 143 (1994) 103—-109

Thermodynamic approach
to the chemical vapor deposition process

Nong M. Hwang **, Duk Y. Yoon "

Y Korea Research Institure D_II"."i'-I'ﬂHifrTHf.'t arid Scrence, PO Box 102, Taedok Science Town, Taejon, CF wnpnam 305-600) South Korea
" Korea Advanced Institute af Science and Technology, 373-1 Kusung-dong, Yusung-gu, Daejon 305-701, South Korea

Received 27 April 1994; manuscript received in final form 18 June 1994

Abstract

The portion of the free energy change which is solely dissipated for deposition in the chemical vapor deposition
(CVD) process is examined. The partial pressure of the species to be deposited in the supersaturated gas phase is
determined by minimizing the Gibbs free energy without the condensed phase. The supersaturation ratio for
deposition is defined as the ratio of this partial pressure to the equilibrium vapor pressure of its solid, The
supersaturation ratio for deposition is the same as the activity when the solid phase is chosen as the standard state.
It can be cxpressed in terms of the partial pressures of the other species which satisfy the law of mass action.
allowing the estimation of the supersaturation ratio of the compound whose stoichiometry is not maintained in the
vapor phase. This supersaturation ratio is consistent with the CVD phase diagram, being unity along the phase
boundary and less than unity in the gas phase region. Based on this scheme. the line of the Iso-supersaturation ratio
for deposition or etching can be introduced to the conventional CVD phase diagram and the dependence of the
CVD processing variables on the supersaturation can be assessed. By applying this scheme to the Si-Cl-H system,
the supersaturations for deposition of silicon are evaluated with respect to temperature, pressure and composition.

1. Introduction able amount of a deposit under the specified
experimental conditions.

Chemical vapor deposition (CVD) is widely The CVD process is the precipitation of the

used In preparing various kinds of films, espe-
cially for solid state devices [1-4]. Thermody-
namic analyses provide a basic guideline for the
process. From equilibrium thermodynamic calcu-
lations the CVDE phase diagram [3,5,6] can be
drawn, which predicts deposition or etching of
the given solid phase and a theoretically obtain-

® Corresponding author,

solid phase from the gas phase reaction. The
driving force for precipitation of the solid phase
should be distinguished from the driving force for
the overall CVD process. The free energy change
between the initial reactants and the final equi-
librium products is the driving force for the over-
all CVD process. This free energy change is dissi-
pated not only in the precipitation process but
also in various other processes such as producing
the new gas species, entropy of mixing of all gases
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and in some cases, the diffusion of the reactant
gases. Only a small portion of this free energy
change will be dissipated in the precipitation of
the solid phase.

The initial reactant gases are always unstable
with respect to the final equilibrium, where all
the gas species involved in the reactions exist in
their due proportions to minimize the total free
energy. Even when the solid phase is not stable in
the final equilibrium, the chemical reactions of
the initial reactant will proceed. In this case, the
free energy that drives the overall process does
not contribute to deposition at all; it is dissipated
in the chemical reactions and diffusion of the
reactant gases. The free energy difference be-
tween the initial state and the final equilibrium is
always negative, regardless of the initial composi-
tion. However, the free energy change dissipated
solely for deposition should be negative only when
the solid phase is predicted by the compaosition of
the initial reactant gases in the CVD phase dia-
gram. The driving force for precipitation should
be consistent with the CVD phase diagram which
shows the equilibrium region for deposition and
etching; along the phase boundary of the
gas /(gas + solid), the driving force should be zero
and in the etching region, its sign should be
reversed.

The driving force for deposition is the differ-
ence in the chemical potential of the species to
be deposited between the gas and the solid
phases. In this paper, the chemical potential of
that species in the supersaturated gas phase is
suggested to be approximated by the value deter-
mined by the gas phase equilibrium. We will use
two terminologies, “the gas phase equilibrium”
and “the final equilibrium™ or “‘the gas—sohd
equilibrium™. By the first we mean the equilib-
rium among the gas phase species excluding any
condensed phases. The gas phase equilibrium is
determined by the Gibbs free energy minimiza-
tion excluding the condensed phases. By the sec-
ond we mean the total equilibrium including the
condensed phases, which minimizes the total
Gibbs free energy of the system.

The detailed description of this scheme in
relation to other driving forces in the CVD pro-
cess is described elsewhere [8]. The driving force

determined by this scheme would be the max-
mum driving force that can be achieved by the
chemical reactions among gases. This scheme will
be a good approximation especially when the
chemical reactions among gases are sufficiently
fast [8,9]. With the suggested scheme, the activity
of the species to be deposited can be evaluated
quantitatively in terms of the CVD-independent
variables such as the temperature, the pressure
and the compositions of the reactant gases, and
the iso-supersaturation ratio or the iso-activity
lines can be introduced into the CVD phase
diagram. This scheme is applied to the deposition
of silicon in the Si—-Cl-H system.

2. Supersaturation ratio for deposition

The following reaction involving three gas and
one solid species will be considered:

A +B=lelid+D' {1}

The supplied gases A and B react to form the
solid C, which is to be deposited, and the gas D
which diffuses away from the substrate during the
process. The species C will be regarded as the gas
unless it has the subscript “solid”. The gas species
are assumed to be ideal so that the fugacity of
each gas can be replaced with its partial pressure.

The supersaturation ratio for deposition from
the vapor phase is defined as the ratio of the
pressure deviated from equilibrium to the equi-
librium vapor pressure of the solid [10]. If this
definition is extended to the CVD process, the
supersaturation ratio, «, for deposition in the
CVD process can be written as

o= Jr'ff}{E'r (2)

where P is the partial pressure of the species C
exerted in the gas phase which has deviated from
equilibrium and PE the equilibrium vapor pres-
sure of the solid C. The equilibrium vapor pres-
sure Pl is the pressure exerted by the species C
in the gas phase in the final equilibrium. The
supersaturation is defined as a-1 [10]. Thus,
along the phase boundary of the CVD phase
diagram, which is equivalent to the equilibrium
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solubility line, the supersaturation ratio and the
supersaturation are unity and zero, respectively.

F¢ depends only on temperature. P adjacent
to the growing surface determines the supersatu-
ration ratio for deposition in the CVD process.
Before the reaction of Eq. (1) starts, P, is zero.
As the reaction proceeds, P is built up. In order
for deposition to take place, P in Eq. (2) should
be higher than PL. P. depends not only on the
thermodynamic conditions, but also on the kinet-
ics of the chemical reactions. The steady-state
value of P for the fast chemical reaction will be
higher than that for slow one. The maximum
value of P is determined by the gas phase
equilibrium [8,9],

For the ideal gas, the activity is defined as the
ratio of the partial pressure of the species in that
state to its pressure in its standard state [11].
When the standard state of the species to be
deposited is set to be that of its solid phase, the
activity of the species C in the gas phase becomes
the same as Eq. (2) the activity becomes the
supersaturation ratio for deposition.

The maximum supersaturation ratio for depo-
sition can be written as [8,9]

a=PE/FE, (3)

where the asterisk represents the partial pressure
in the gas phase equilibrium. P} will be the limit
of the metastability of the species C in the gas
phase with respect to the solid C. The driving
force for deposition is the difference in chemical
potential of the species C between the solid and
the gas phases. The maximum driving force for
deposition per mole of the species C will be

Apc= —RT In( P /PL). (4)

Eqgs. (3) and (4) will be valid only when the
chemical reactions are sufficiently fast so that the
metastable gas phase equilibrium may be main-
tained adjacent to the growing surface. Katz and
Donohue [12] reported previously the same
scheme as Eq. (4) for nucleation involving the
chemical reactions, The concept similar to Eq. (3)
was suggested by Piekarczyk et al. [13], who de-
rived the supersaturation for deposition by com-
paring the super-equilibrium solubility with the
equilibrium solubility of solid in the gas phase

[14]. To our understanding, the terminology of
“the super-equilibrium™ that they used corre-
sponds to “the gas-phase equilibrium” in this
paper. The CVD phase diagram describes the
region where the concerned phase is stable or
not. It can predict whether deposition is possible
or not for the composition of the source gases.
The phase boundary in the CVD phase diagram
normally demarcates the one-phase region of the
gas phase and the two-phase region of the gas
and the solid phases. In the one-phase region of
the gas phase, the supersaturation ratio is less
than unity, in which case etching is predicted and
in the two-phase region, it is higher than unity, in
which case deposition is predicted. Eqgs. (3) and
(4) are consistent with the CVD phase diagram;
deposition or etching will take place depending
on whether the overall composition falls in the
two-phase (gas + solid) region or in the one-phase
region of gas. Along the boundary of the gas /(gas
+ solid), the driving force for deposition given by
Eq. (4) is zero.

3. Deposition of a compound or a solid solution

When the species to be deposited is a com-
pound or a solid solution, the partial pressure or
the equilibrium vapor pressure is often difficult
to define. For example, some compounds do not
have vapor species corresponding to the same
stoichiometry of the solid phase. Assume that the
compound A B, does not have vapor species of
the same stoichiometry. Here, A and B are the
elements. From Eq. (3), the supersaturation ratio
becomes

= P.:,,Hbe’lppr.uu,; (5)
However, PY , and P, ; do not exist and thus
cannot be obtained in the equilibrivm calcula-
tion. If the gas species that are in equilibrium
with the hypothetical P , and Py , are consid-
ered, the supersaturation ratio can be obtained,
Consider the following two hypothetical equilib-
ria: one for the gas phase equilibrium and the
other for the final equilibrium:

a A* + b B* = A_B*, (6)

aA'+b B'=A B! (7)
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From these two equilibria, the following relation-
ship is derived:

d I
we  (PD)'(PE)

f - a b -
P, (PL)(P)

(8)

P#. P% and PL, Pf can be determined in the gas
phase equilibrium and in the final equilibrium,
respectively. The supersaturation ratio of the
compound is expressed by

ey
(PL)'(PE)

The driving force for deposition per mole of the
compound A B, becomes

(9)

(PH'(PE)”
(PA)'(PR) |

This result for the compound can be extended to
the solid solution by assuming that the stoichiom-
etry coefficients @ and b can continuously change
within the solid solution range with the restraint
that the sum of the stoichiometry is unity, that is
a +h =1, which is needed because the driving
force is evaluated per mole of the solid solution.
For an example, the deposition of silicon carbide

by the following overall reaction will be consid-
ered.

SiH, + CH, = SiC + 4 H,. (11)

Ap = —RT In (10)

By considering the gas phase equilibrium and the
final equilibrium of this reaction, the supersatu-
ration ratio for deposition of silicon carbide can
be obtained in terms of the partial pressures of
the other gases in their gas phase and the final
cquilibriums as

4
*= ik * f
SIC I!'iithF('H‘(PE!‘.}

P 4"
S af i =
Psic fﬁi:—lipr.n‘{ |13)

(12)

The supersaturation ratio can be obtained from
any reactions satisfying the law of mass action,
Consider the following simpler hypothetical gas
phase and final equilibriums.

Si+C=SiC. (13)

Since Py, and P, can be determined by the gas
phase and the final equilibria, the supersatura-
tion ratio can be expressed as

i E £ &
sic  Psif’c

Pé‘n:' 2 P:»".if’{f' -

(14)

The supersaturation ratio for deposition of SiC
can be determined either by Eg. (12) or by Eg.
(14).

4. Supersaturation ratio for deposition in the
Si—-Cl-H system

The thermodynamic scheme of Egs. (3) and (4)
will be applied to the deposition of silicon. Start-
ing reactant gases may be the mixtures of SiCl,,
SiH,, and H,. For the overall composition of the
reactant gases and the given reactor pressure and
the substrate temperature, the gas phase and the
final equilibria can be calculated. Consider any
reaction which produces silicon. For example, the
following reaction is considered.

SiCl, —— Si + 2 Cl,. (15)

From the gas and the final equilibriums, the
following relation can be derived.

Py Pla, (PL)

Pi  Pia, (PY)

(16)

The supersaturation ratio for deposition of sili-
con, a, can be determined from either the left
side or the right side of eq. (16). The driving force
for deposition per mole of silicon will be

Ap = —RT In(PE/PG)- (17)

Based on Eq. (16), the line along which the
supersaturation ratio for deposition or the activ-
ity is the same can be drawn in addition to the
CVD phase diagram. The lines of the iso-super-
saturation ratio can provide additional informa-
tion compared to the conventional CVD phase
diagram such as the effect of the independent
CVD variables on the supersaturation ratio for
deposition. The dependence of the supersatura-
tion ratio on the CVD processing variables will
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Fig. 1. CVD phase diagram of the Si-Cl—-H system at 10666
Fa and composition of MH) = 200 and SUCH = 1. The dashed

lines of the iso-supersaturation ratios, (.1, 0.0, 10, and 100
are calculated from Eg. (16).

also be evaluated. All thermodynamic calcula-
tions in this paper are done by the Thermo-Calc
software [15] based on the thermodynamic data
of the related species in the database of the
software,

The CVD phase diagram in the Si-Cl-H sys-
tem at 10666 Pa is shown in Fig. 1, together with

Supersaturation Ratio

T I |
800 1000 1200 1400 1600 1800 2000
Temperature, K

the dashed lines of the iso-supersaturation ratios
of (.1, 0.01, 10, and 100. The solid line in Fig. 1is
the phase boundary of the gas/(gas+ solid),
which corresponds to the supersaturation ratio of
unity. Fig. 1 is the temperature versus N(Si) plot
for a fixed mole of N(CD =1 and N(H) =200,
where N means the number of moles, Fig. 1
shows the effect of temperature and N(Si) on the
supersaturation ratio. A melting point of the solid
silicon is 1687 K and above this temperature the
solid silicon is metastable with respect to its lig-
uid. By this scheme, a map of the supersaturation
or the driving force for deposition can be made
with respect to the independent CVD thermody-
namic variables.

Figs. 2a and 2b show the supersaturation ratio
versus temperature plot with N(Si) = 0.1, 0.2, 0.3,
and (1.4 for the two different amounts of a chlo-
rine content of N(Cl)=1 and NICly=0.2, re-
spectively, at 10666 Pa for the fixed mole of
N(H) = 200. Note that the ordinate in Fig. 2b is
in logarithmic scale. Decreasing the chlorine con-
tent from N(CD=1 to N(Cl)=0.2 increases
enormously the supersaturation ratio for deposi-
tion. Fig. 2a shows that with increasing N(Si), the
supersaturation ratio varies more sensitively with
temperatures. The supersaturation tends to be
maximum around 1600 K in Fig. 2a. This maxi-
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Fig. 2. Plot of the supersaturation ratio versys temperature for N(Si)= 0.1, 0.2, 0.3, and 0.4 for (a) NICly =1 and (b) N(Cl) = 0.2

10666 Pa and N(H) = 200,
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mum tends to shift to lower temperatures with
increasing content of silicon. When the content of
silicon is larger than that of chlorine, the super-
saturation ratio monotonically increases with de-
creasing temperature, as shown in Fig. Zb. Figs.
2a and 2b indicate that the supersaturation ratio
depends very strongly on the ratio of silicon to
chlorine. When this ratio is sufficiently large, gas
phase nucleation above the surface 15 expected.
while when it is sufficiently low, etching instead
of deposition of silicon is expected.

Fig. 3 shows the supersaturation ratio versus
pressure plot at 1400 K for M(Si)=0.1, 0.2, (1.3,
and 0.4 for a fixed mole of N(Cl)=1 and N(H)
= 200. For N(Si)=0.1, the supersaturation is
insensitive to pressures but with increasing N(Si),
it becomes more sensitive to them. In the chosen
range of pressures, the supersaturation in the
intermediate range around 10° Pa tends to be
maximum. It should be noted that the deposition
rate of silicon is not only related to the supersatu-
ration, but also to the hypothetical partial pres-
sure of silicon [16] because all silicon-containing
gas compounds can contribute to deposition.

The driving force for deposition can be evalu-
ated from Fig. 2 by Eq. (17). Fig. 4 shows the
driving force versus temperature plot for thermo-

Supersaturation Rato

L

T

Pressure, Pa

Fig. 3. Plot of the supersaturation ratio versus pressure for
NS =01, 0.2, 03, and 0.4 at 1400 K, N(H)= 200 and
MNCD=1.

A S —

Driving Force for Deposition, 10000 J/mole

-B T T T T T -1
800 1000 1200 1400 1600 1800 2000
Temperature, K

Fig. 4. Plot of the molar Gibbs energy change for deposition
versus temperature for MSid= 0.1, 0.2, 0.3, and 0.4 at 10666
Pa, N(H)= 200 and M(CD=1.

dynamic conditions of Fig. 2a. Depending on the
sign of the driving force, the deposition is possi-
ble or not. When the driving force for precipita-
tion of the solid from the gas phase reactions 1s
determined, the nucleation kinetics can be evalu-
ated, which are closely related to the microstruc-
tural evolution. The dependence of the supersat-
uration or the driving force on the CVD variables
is determined by the relatively simple expressions
of Eqs. (16) and (17), regardless of the complexity
of the involved chemical reactions. It should be
noted that 17 gas species are involved in the
51-Cl-H system.

5, Consideration of the substrate

In the previous sections, the role of the sub-
strate or the growing surface has not been consid-
ered, although the gases normally undergo het-
erogeneous reactions on the surface. The atoms
that are attached to the kink sites mostly come
from the adatom by diffusion on the surface not
directly from the gas phase. The composition of
the adsorbed species can be different from that
of the gas phase because the desorption energies
are different for each species.
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Eq. (2) for the gas phase can be extended to
the adsorbed state when the equilibrium adsorp-
tion concentration of the species C and the ad-
sorption concentration of C deviated from equi-
librium replace P. and P, in Eq. (2), respec-
tively. Especially, when the gas phase is in equi-
librium with the adsorbed species, the chemical
potential of the species to be deposited might be
the same for the gas phase and the adsorbed
state. In this case, the supersaturation ratio given
by Eq. (3) can be directly applied to the adsorbed
state.

However, the difference in the rates of each
species for incoming to and outgoing away from
the substrate might make the local composition
different from that of the initial reactant gases.
Normally the species to be deposited tends to be
depleted because it is lost faster by being de-
posited than the others which have to diffuse
away. The depletion would reduce the driving
force for deposition. This depletion will be af-
fected by the gas flow rates and the gas flow
patterns, the pressure of the reactor and the
temperature of the substrate. Non-uniformity of
the deposition rate might be related to the non-
uniformity of this depletion.

6. Conclusion

The chemical potential of the species to be
deposited is suggested to be approximated by the
value determined at the gas phase equilibrium
where the condensed phase is excluded in the
minimization of the Gibbs free energy. This ap-
proximation will be valid when the gas phase
reactions are sufficiently fast. From this scheme,
the iso-supersaturation or iso-activity line can be
added to the conventional CVD phase diagram
and the dependence of the supersaturation and
the driving force for deposition on the CVD
independent variables can be evaluated.
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