Korean | of Chem. Eng, 9(1), 29-36 (1992)

SIMULATION OF SILICON FILM GROWTH BY SILANE
DECOMPOSITION IN A MERCURY-SENSITIZED
PHOTO-CVD PROCESS

Ju Hyung Lee, Sang Heup Moon* and Shi-Woo Rhee**

Dept. of Chemical Engineering, Seoul National University, Kwanak-ku, Shinlim-dong, San 56-1, Seoul, Korea
**Dept. of Chemical Engineering, Pohang Institute of Science and Technology, P.O. Box 125, Pohang, Korea
(Received 2 December 1991 « accepted 15 February 1992)

Abstract — Deposition of silicon film by a mercury-sensitized photo-CVD process has been simulat-
ed by numerical solution of governing equations with proper boundary conditions. The results indicate
that the film deposition rate is controlled by homogeneous decomposition of the reactant, silane,
in the gas phase. The growth rate increases but the film uniformity decreases with the increase
of reactant inlet concentration. Increase in the reactant flow rate decreases the deposition rate but
gives no effect on the film uniformity. Among process variables, the light intensity and the mercury-
saturator temperature are important parameters.

INTRODUCTION

Photo-CVD is a new promising technique for prepa-
ration of thin films [1-3], and has many advantages
over other CVD methods, particularly in that it pro-
ceeds at low-temperatures. Unlike high energy ionized
molecules in PECVD (Plasma Enhanced CVD), the dis-
sociated reactants are electrically neutral (or free rad-
icals) and therefore films of good quality can be grown.
Since a given molecule absorbs light only at specific
wavelengths, the choice of photons from lamps or la-
sers also allows for a high degree of selectivity and
a great control of the deposition process.

Although it has long [4] been known that SiH, is
decomposed by mercury photo-sensitization, applica-
tion of this method to microelectronics processing is
relatively recent. Lampe and his coworkers [5-7]
steadily reported the results of their observations on
the photolysis and photo-sensitized decomposition of
silane compounds. On the basis of these results, de-
tailed kinetics for mercury-sensitized photo-CVD was
proposed by Matsui et al. [8]. Kmisako et al. [9] per-
formed similar work to that of Matsui et al. [8] and
obtained informations on the deposition mechanism
of a-SiH film.

Despite these works, however, there is no published
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article which deals with the effect of process variables
on the film growth rate and the uniformity, although
they are the most required informations in the actual
fabrication.

In this work, mercury-sensitized UV-CVD process
has been modeled and analyzed mathematically to in-
vestigate the effect of process variables on the film
growth rate and uniformity.

MODEL FORMULATION

A schematic diagram of a typical photo-CVD appara-
tus is shown in Fig. 1. Presently, most photo-CVD
methods are used for growing of hydrogenated amor-
phous silicon films [10]. Reactant gases, silane-hydro-
gen or silane-helium mixtures, are introduced into the
reaction chamber after passing through a mercury sat-
urator where the amount of mercury vapor is control-
led thermally. UV light with the wavenumber ranging
between 185 and 250 nm is emitted from a low-pres-
sure mercury lamp to dissociate the reactant gas mol-
ecules.

The photo-CVD reactor is usually operated under
the conditions of low pressures (near 1 Torr), low sub-
strate temperatures (lower than 400°C) and with high
silane concentrations. Typical operating conditions of
the reactor are shown in Table 1.

1. Transport Equations
With the assumptions of steady-state operation and
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Fig. 1. Schematic diagram of photo-CVD reactor used in
modeling.

negligible influence of natural convection and thermal
diffusion, the transport equations for a two-dimension-
al photo-CVD process are simplified as follows [11].
Similar assumptions have been made for a thermal
LPCVD process in our previous study [12].
Continuity
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where p, u, C,, and A are density, viscosity, heat capac-
ity and thermal conductivity calculated by consider-
ing all the species in the reactor. D; w;, and r; are
diffusivity, mass fraction and production rate of the
component i (SiH,, SiH, SiH,, H,, H, Hg, Hg* HgH).
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Table 1. Typical operating conditions in photo-CVD

Temperature Inlet 1298 K
Saturator : 353 K
Wall : 523K
Substrate : 523 K
Pressure 1Torr
Total flow rate 50 sccm
Inlet SiH, Fraction :0.8
H, Fraction :0.2
Production rate : 1078 g/em®-s

Reactor dimension : 3 (height) X 14 (length) cm?

The total number of differential equation is 12,
2. Kinetic Expression

Since photo-CVD process is operated at low temper-
atures and pressures, a detailed knowledge of the
reaction kinetics is essential for interpreting the phe-
nomena in the reactor. When silane is used as a
source gas for deposition, a small quantity of mercury
has to be added to the gas mixture because silane
does not dissociate in the range of UV wavelength
emitted from the low-pressure mercury lamp. The ad-
dition of mercury makes it much more difficult to clar-
ify the mechanism of decomposition reaction.

Matsui et al. [8], based on the results previously
reported, proposed 17 elementary reaction steps for
homogeneous decomposition of silane which are anal-
ogous to those proposed by Coltrin et al. [13] in ther-
mal CVD process. Among the species included in their
reaction steps, however, there are some insignificant
species. The quantities of high order silanes such as
SiHe, SisHs and SiyHy are found to be small when
SiH, is used as a source gas [14]. Also, high order
free radicals (e.g. Si;Hs, Si;H,) scarcely contribute to
film formation compared to radicals such as SiH, and
SiHa.

Based on the above consideration, the reactions se-
lected from the steps proposed by Matsui et al. [8]
are summarized in Table 2. The last reaction in Table
2 has been included considering the phenomenon of
silane saturation which is reported in the other litera-
ture [15].

Major differences in the kinetic expressions be-
tween the conventional thermal-CVD [12,13] and the
UV-CVD considered in this study are that 1) silane
decomposition proceeds at relatively low temperatures
and 2) mercury vapor has been included in the reac-
tant mixture as a ‘UV-sensitizer’. Role of mercury
vapor as a sensitizer is to absorb the UV light, be
excited to an unstable state, and eventually transfer
the excess energy to SiH; and H, so that the reactants
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Table 2. Selected homogeneous reaction kinetics* for

Table 3. Sticking coefficients for the species in photo-

photo-CYD CVD
Reaction AX10 B E/R Species B(i)
Hg+hv—Hg* H, 0.0
H,+Hg*—H+ HgH 7.7 0 H 10
H;+Hg*~>H+H+ Hg 33 0 SiHy 0.0
SiH, +Hg*—SiH;+ H+Hg 5.1 0 SiH; 0.1
SiH,+H—SiH;+ H: 17 1250 SiH, 1.0
SiH;3+ SiH;—SiH4 + SiH, 1.8 0 SiHe 0.0
HgH + SiH;—~Hg+ SiH, 300 0 Hg 0.0
*Rate constant is given in the form k=A-exp(—E/RT), Hg* 1.0
where A and E are in the units cm®-mol '-s ! and HgH 1.0

cal/mol. respectively.

undergo successive decomposition reactions.

The photochemical reaction to produce the excited
mercury species proceeds almost spontaneously by
UV irradiation, activation energy of the reaction being
negligible as specified in Table 2. The rate of the mer-
cury excitation, or the production rate, is therefore
proportional to the intensity of UV absorption by the
mercury vapor.

Lo = Q- Lne (5)

The quantum yield, £, is defined as the number of
reactant molecules excited for each photon of light
absorbed. The UV intensity from the light source, I,
is usually constant and pre-determined by the lamp
characteristics, but the intensity of radiation absorbed
by the reactant species, L., changes according to the
Beer-Lambert law.

Lse )
T 1—exp(—udc) 6)
Here, u is the molar extinction coefficient, d is the
depth of absorber through which the light beam has
passed, and C is the absorber concentration. When
the magnitude of udc is much smaller than 1, above
equation may be approximated as follows.

Lo udc (7)
Iy

Combining equations (5) and (7), we get the final ex-
pression for the rate of mercury excitation.

Ty = Q- ud-Cyp 1y &)

The constants, 2, u, and d may be combined together
into a new parameter, k;, and then the final rate
equation is given below.

U= Kae * Crp o (9)

It should be noticed in equation (9) that the rate of

mercury excitation, or the production rate, is propot-

tional to the concentration of the mercury vapor as

well as to the light intensity from the UV lamp.

3. Boundary Conditions and Deposition Rate
Boundary conditions for the governing equations

are given below.

At x=0 :T=Tiw, C=Cimr, Vo= Vinser, v,=0
At x=x; : 90/9y=0 (=T, C, v.), v,=0
At y=0 :T=Tu, vo=v.=0

At y=h :T=Tuu v.=v,=0

The four conditions refer to the conditions of inlet,
outlet, substrate, and wall of the reactor, respectively.
The condition that the concentration of free radical
on the wafer surface is zero, which is usually assumed
in thermal CVD, can not be used in photo-CVD be-
cause in the latter case the surface temperature is
low and therefore the assumption of rapid disappear-
ance of free radicals on the wafer surface is no longer
valid. Instead, Nishida et al. [10] have suggested that
the following surface reactions should be considered.

SiHs L>SiH(ad)+ H. (10
SiH, —W-~?>Si(ad)+ H. (1D

Here, ‘W’ above the arrow indicates that the reaction
occurs on the surface and the species with ‘(ad)’ are
adsorbed on the surface. Equation (10) indicates that
SiH; is decomposed incompletely to produce SiH(ad),
which contributes to the amount of hydrogen contain-
ed in the silicon film.

Since the surface reaction kinetics is not known,
the reaction rate of component i, r,... on the surface
has been estimated from that only a fraction of com-
ponent i colliding with the surface undergoes the reac-
tion.

Korean J. Ch. E.(Vol. 9, No. 1)
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Table 4. Important dimensionless variables

Re Reynolds No. Dvp/u 0.02-0.05
Pe;, Thermal Peclet No. Dv/a 0.01-0.05
Pe, Mass Peclet No. Dv/D; 0.01-0.03
Ra Rayleigh No. BeC,p?h*AT/ku  0.0001-0.001
Gr  Grashof No. Bgp*h3AT/u? 0.001-0.01
Ri  Richardson No. BghAT/v? 0.01-0.1
Cisurf = B(l) ZLisun (12)

Collision frequency of component i with the surface,
Z. o, 1s derived from the Kkinetic theory as follows

(16].
Z, = RT/2nM)"- C, (13)

Here. M; and C, represent molecular weight and molar
concentration of component i, respectively. B(i), stick-
ing coefficient for component i, represents different
strengths of the adsorbed species [17]. In Table 3
are shown the sticking coefficients of various com-
ponents produced in the photo-CVD process.

Employing the above surface reaction, we may de-
rive the surface boundary condition by equating the
flux of diffusion from the bulk with the rate of surface
reaction on the wafer.

oG

B (RT/2rnM)¥*-C,=D,- (14)
For the other non-consumed species, such as SiH,,
Hg or Hg*, no such equations have been used. Finally,
the film growth rate, G, is determined from the total
flux of SiH: and SiH. to the wafer surface.
G=600-10° Y (D, @S |y, ECsi | as)
Y o ay oy
My is the atomic weight of silicon (28.09 g/g-atom),
and v is the density of silicon film (2.33 g/cm?). Cap,
and y are in units of gmol/cm® and cm.

NUMERICAL COMPUTATION

Numerical computation method used in this study
is the same as used in our previous report [12]. That
1s, a generalized finite difference computer program
[18] has been used to solve the coupled model equa-
tions for reaction and transport phenomena. The sec-
ond order parabolic forms of the partial differential
equations have been reduced to six-point, finite differ-
ence forms, and then solved with TDMA (Tri-Diago-
nal Matrix Algorithm) [19] by marching integration
through the finite difference grid of 21X 17 points.

SIMPLE(Semi-Implicit Method for Pressure Linked
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Equations) algorithm [19] and upwind scheme have
been adopted for correct solution and program stabil-
ity. Typical computational run has required 12 hours
using a personal computer of 386-SX.

RESULTS AND DISCUSSION

A typical set of operating conditions used in photo-
CVD is listed in Table 1. As explained in section 2-
2, the production rate refers to the rate at which the
mercury atoms are excited by UV light, and its magni-
tude has been determined after several computer trial
runs by the following procedures. The concentration
ratio of nonactivated mercury ('Sy) to excited mercury
(*Py) has been adjusted by varying the ‘production
rate’ so that it has the same ratio as reported in the
literature [17]. The dimensionless variables corre-
sponding to the process conditions in Table 1 are list-
ed in Table 4.

1. Typical Results

Fig. 2 shows a schematic view of the velocity field
obtained for the operating conditions of Table 1. The
flow is fully-developed soon after it enters the reactor.
Temperature field in the reactor is given in Fig. 3.
It shows that the reactant is heated slowly as the tem-
perature difference between the wall and the inlet
reactant is relatively small.

Distribution of the SiH; concentration is shown in
Fig. 4. The iso-concentration line is almost vertical
to the flow direction since the dissociation of SiH,
1s small (less than 10%). The iso-concentration profile
of SiH. (Fig. 5) shows a similar shape to that of SiH,
with small variation along the y direction. This is be-
cause the reaction of SiH, production occurs very rap-
idly with no dependence on the temperature field
(see Table 2). The SiH.-concentration profile (Fig. 6),
however, 1s much different from the profile of SiH..
Reaction steps in Table 2 indicate that SiH, is pro-
duced by thermal activation as well as by instantaneous
reaction with the photon-excited mercury.

The deposition rate is small because the iso-concen-
tration lines of SiH; and SiH, which determine the
deposition rate touch the wall almost at a right angle.
2. Effect of Process Variables
2-1. Reactant Flow Rate

In Fig. 7, the deposition rates along the reactor po-
sition have been plotted for various flow rates and
it i1s assumed that wafers are loaded at the middle
part of the reactor. Results to be noted are that the
deposition rate decreases with increasing flow rate
but the film thickness uniformity is not influenced by
the flow rate.
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Fig. 3. Typical shape of temperature distribution (operating conditions in Table 1).
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Fig. 4. Typical shape of SiH, concentration profile (operating conditions in Table 1).

This result, which is different from the trend observ-
ed in thermal LPCVD [12], arises from that the de-
position rate in photo-CVD is limited by the tempera-
ture-independent decomposition step. The advantage
of fast mass transfer with increased flow rate is sur-
passed by the negative effect of reduced retention time
of the deposition precursors in the reactor.

2-2. Inlet Concentration

Variation of the deposition rate with axial positions
for several inlet concentrations of SiH, is given in Fig.
8. As the inlet concentration increases, the growth rate
not only increases but also varies greatly along the
reactor position. This is because SiH; decomposition
is enhanced when the inlet concentration is high. The
explanation is supported by the fact that the film uni-
formity degrades more significantly at the reactor out-

Korean J. Ch. E.(Vol. 9, No. 1)
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Fig. 6. Typical shape of SiH; concentration profile (operating conditions in Table 1).

let than at the inlet when the reactant concentration
1s gradually lowered.
2-3. Total Pressure

Fig. 9 shows the dependency of the deposition rate
and the film uniformity on the total pressure. The
growth rate decreases at low pressures due to re-
duced reactant concentrations, but the film uniformity
slightly increases as the pressure decreases. The re-
sult is very much different from that in thermal-LP-
CVD [12], particularly in that the growth rate is less
dependent on the mass transfer rate in photo-CVD
process.
3. Effect of Optical Parameters

As described in section 2-2, one of the major differ-
ences between the conventional thermal CVD and
the photo-CVD in this study is that mercury has been
used as a UV-sensitizer so that the photochemical reac-
tion is initiated by optical excitation of the mercury
vapor. The rate of mercury excitation, i.e., the produc-
tion rate, is proportional to the lamp intensity and
the mercury concentration as derived earlier.

January, 1992

I'Hg':k;,,‘CHK‘][, (16)

In this study, we have varied the intensity of the
UV lamp and the mercury concentration in proper
ranges so that we may compare the relative impor-
tance of these variables with that of other process
variables such as reactant concentration and total pres-
sure. The intensity of the UV lamp has been decrea-
sed to half of the typical condition of Table 1. In the
actual experiments, a low-pressure mercury lamp is
used for the UV irradiation, and its light intensity cha-
nges significantly depending on the mercury pressure
in the lamp tube, UV-transparency of the lamp and
the window materials, and the distance between the
lamp and the CVD reactor [20].

The mercury concentration in the reactant stream
is controlled by the temperature of the mercury satu-
rator installed in the CVD system as in Fig. 1. The
following thermodynamic correlation exists between
the saturator temperature, T.(K), and the mercury
vapor pressure, Py(Torr).
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In this study, the saturator temperature has been var-
ied between 343 K and 353 K so that the mercury
vapor pressure changes between 0.048 Torr and 0.089
Torr, ie., by about two fold.

Since the film growth rates vary with the axial
position in the reactor, the rates under different con-
ditions of the variables have been obtained at the
center position of the wafer and the results have
been compared in Fig. 10. In the figure, X-axis has
been normalized for the variables considered and the
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Fig. 10. Dependency of growth rate on process variables.

actual ranges are given under the axis.

Since the magnitude of each variable is different
from each other, it may not be proper to discuss
the relative importance of the variables based on the
absolute scale. However, within the practical range
of the CVD process conditions considered in this
study, it appears that the optical parameters such as
the UV-lamp intensity and the mercury-saturator te-
mperature make more significant influence on the
deposition rate than other variables such as the SiH,
concentration and the total pressure which are usua-

Korean J. Ch. E.(Vol. 9, No. 1)
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lly important in thermal CVD processes.
CONCLUSIONS

Dependency of the silicon-film growth rate and the
film uniformity on process variables of mercury-sensi-
tized photo-CVD has been studied by computer simu-
lation, and the following conclusions have been obtain-
ed.

(1) The deposition rate increases with the reactant
inlet concentration, but the film uniformity decreases
at high inlet concentrations.

(2) High reactant flow rates offer a negative effect
on the deposition rate and no effect on the film uniform-
ity, which is different from the trend observed in
thermal CVD.

(3) UV intensity and the mercury-saturator temper-
ature are important parameters to determine the film
deposition rate.
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NOMENCLATURE

C : concentration
C,  :heat capacity
d : depth of light absorber
D : diffusivity

G : growth rate

g ; gravity acceleration

h : reactor height

I : light intensity

k : reaction rate constant

L : reactor length

M : atomic or molecular weight

.. - reaction rate of component i on the surface

R : gas constant

T : temperature

u : molar extinction coefficient

v : velocity

w : weight fraction

X : lingitudal position

Y : vertical position

Z..r : collision frequency of component i on the sur-
face

B : sticking coefficient

Y : density of silicon film

A : thermal conductivity

u : viscosity
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p
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12.
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20.

: density
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