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Abstract— The concept and design of a new chemical vapor deposition (CVD) reactor is presented
for both epitaxial and nonepitaxial film deposition in semiconductor processing. The reactor is design-
ed in such a way that a stagnant semiconductor source fluid of uniform concentration is provided
for the film deposition without causing free or forced convection. The supply of the source gas for
the deposition is by diffusion through a porous material such as quartz or graphite. Compared to
the low pressure CVD (LPCVD) reactor with mounted wafer configuration, the new reactor should
give a better film thickness uniformity and about an order of magnitude reduction in the amount
of the source gas required. Further, at least for polycrystalline silicon deposition, the deposition
rate can be much higher than is currently practiced with the LPCVD reactor. Design equations for
the reactor are given. Details on the design for the polycrystalline silicon deposition are also given.

INTRODUCTION

Polycrystalline and amorphous film deposition on
a substrate is an important part of any semiconductor
fabrication. As a result, considerable attention has
been paid to the deposition apparatus or reactor. The
chemical vapor deposition (CVD) reactors are usually
classified [1] as horizontal reactor, vertical reactor,
barrel-type reactor, which is an outgrowth of a horizon-
tal reactor with tilted susceptor, and “pancake”-type
reactor, which is similar to Berty reactor. Although
the classification is based on the placement of substra-
tes, the major factors affecting the mode of operation
are temperature and pressure.

The CVD reactors are increasingly operated at low
pressures, typically around one torr, because of better
thickness uniformity of grown film afforded by the
low pressure. Although the better uniformity over the
atmospheric CVD is often attributed to higher diffusiv-
ity at lower pressure, the major factor for the better
uniformity has to do with the stabilization of flow or
absence of buoyancy effects at low pressures [2]. The
question of which regime (kinetic or mass-transfer)
controls at low pressure is not dependent solely on
the diffusivity but rather on the relative magnitude
of diffusion and intrinsic growth rate. Note in this re-
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gard that the growth rate decreases with decreasing
pressure.

For polycrystalline silicon film growth, the usual
choice is a hot wall, low pressure reactor with wafer
mounted on a rack. The feed gas flows in the direction
perpendicular to the mounted wafers [3]. Typical flow
rates are around 50 sccm for pure silane feed or 500
scem with nitrogen carrier gas with approximately one
fourth silane by volume for the polysilicon film growth.
The corresponding growth rate is approximately 20
nm/min. The flow in the annulus between the tube
wall and the mounted wafers serves as the source
of the gas; the film growth on the mounted wafers
is mainly by the supply of the gas through the diffu-
sion of the gas between two adjacent wafers. The wa-
fer-to-wafer uniformity is usually controlled by choos-
ing a sufficiently high flow rate so that the reactants
are not depleted toward the reactor outlet, often in
conjunction with temperature control in the direction
of flow.

Although the low pressure CVD (LPCVD) reactor
is a significant improvement over the atmospheric
pressure reactor, it is not without problems. The
streamlines intruding into the space between two adja~
scent wafers [ e.g.9] can cause local nonuniformity. The
wafer-to-wafer nonuniformity is still a problem. More
importantly, the wafer-to-wafer nonuniformity prob-
lem limits the number of wafers that can be processed.
Another problem is the waste of quite costly, high
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purity gases: the amount of the gases used is too far
in excess of what 1s needed for the actual film growth.
Unlike the usual chemical reactors and processes, the
gases in semiconductor processing are not recycled
because of the impurity problem the recycle can cause.
Note in this regard that the purity of interest is in
the ppm range.

Proposed in this paper is the concept and the design
of a novel CVD reactor that can assure the thickness
uniformity for any number of wafers processed and
yet the amount of source gas used can be reduced
at least by an order of magnitude.

CVD REACTOR

Consider polycrystalline film deposition with the
mounted wafer configuration. Suppose that the stag-
nant fluid medium of constant concentration and tem-
perature can be provided for the film deposition in
the absence of buoyancy-driven free convection. This
latter condition can be assured by operating the reac-
tor at a low pressure. Suppose further that the supply
of gases for the deposition is by diffusion rather than
forced convection or flowing fluid. Then the amount
of gas used could be made just enough (by diffusion)
to assure uniform deposition across a wafer rather
than across a number of wafers, thereby reducing sub-
stantially the amount of gas used.

The fact that diffusive flux is involved means that
the supply of gas should be by diffusion through a
porous material. The fact that a low pressure is to
be used suggests that a part of reactor should be un-
der vacuum and that there should be a buffer zone
between the low pressure rigion and the vacuum to
preserve the stagnancy of fluid in the low pressure
region. A reactor satisfying these requirements is
shown in Fig. L

The reactor consists of five parts in a rectangular
cell. The empty upper chamber is maintained at a de-
sired total pressure by regulating the feed rate of the
source gases. If a total pressure less than atmospheric
pressure is desired, the upper chamber is first eva-
cuated to a pressure lower than the desired pressure
by a mechanical pump and then the pressure maintain-
ed at the desired level by the feed rate. The second
part is a column (block) of porous material, preferrably
quartz or graphite with a desired average pore diame-
ter. A wide range of average pore size material can
be chosen for specific design. The third part is the
deposition chamber wherein wafers mounted on a
rack are placed in the middle. Because of the vacuum
in the empty lower chamber. which is the fifth part,
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the deposition chamber is at a lower pressure. As discu-
ssed later, the total pressure in the depositicn cham-
ber can be maintained at a desired level at steady
state.

The gas around the mounted wafers is heated by
a furnace jacket and the part of the chamber close
to the quartz columns are cooled to prevent homoge-
neous nucleation outside the heated region. It 1s noted
that the deposition chamber is symmetric around the
mounted wafer, in particular with respect to cooling.
The fourth part, which is another column of porous
quartz, ensures gas stagnancy in the deposition cham-
ber. The relative length of the quartz column with
respect to that of the upper quartz column is an impor-
tant design parameter for the pressure in the deposi-
tion chamber.

In the basic unit, the wafers are placed on a hung
rack in the direction of “diffusion” so that if there
were any thickness nonuniformity it would be nonuni-
formity within a wafer. This means that there is essen-
tially no limitation on the number of wafers that can
be processed; the only limitation being the size (side
width) of the reactor. Since the supply of source gas
to the wafer is through diffusion rather than the usual
flow of gas (approximately 500 sccm for a typical LP-
CVD reactor with approximately 23% source gas such
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as silane by volume [3]), a significant reduction of
the costly source gas can be realized.

DESIGN CONSIDERATIONS

There are essentially two requirements for uniform
deposition in the reactor : uniform concentration and
absence of free or forced convection in the deposition
chamber when the temperature is uniform. Consider
the steady-state mass balance in the deposition cham-
ber for the first requirement:

A(’ I:Nm - Nr;m] = G; + DIEE (1)

where A, is the external area of the quartz column
facing the deposition chamber, N,, is the flux of the
source gas from the upper quartz column, N,, is the
flux into the lower gquartz column, G, is the total gro-
wth rate in moles/time (G,= p,GnA./M; G: growth rate
in length/time, n: number of wafers, p: density of film,
A,: wafer area, M: molecular weight of the film), and
D, is the deposition rate onto the hot walls. If the
flux from the upper quartz column is much higher
than the deposition rate E, the concentration in the
deposition chamber should be sufficiently uniform. Di-
viding both sides of Eq. (1) by AN,, yields

Nnul _ E

=N, 7 AN,

@

Therefore, the concentration uniformity is assured
within a desired limit if

_E
AN,

where 3 is a small number, say 0.001 (less than 0.1%
change in the concentration).

The second requirement of no free convection can
be met [4] if

_ b= BT —Tog
va

<8 3

Ra <1708 4)
In view of the fact that the number is for the case
of two parallel plates, a more conservative (smaller)
number than 1708 may have to be used. This criterion
is for a stagnant fluid confined by two parallel plates,
one of which is at a cold temperature T, and the other
at a higher temperature T, (lower plate) separated
by a distance b. Here Ra is the Rayleigh number, £,
[—plo(1/p)/aT},] is the coefficient of volume expan-
sion at T, P is the fluid density, v is the kinematic
viscosity, a is the thermal diffusivity, and g is the grav-

ity.

In light of the two requirements, consider the flux
in the upper quartz column. In general, the flux of
species i in one direction [5] consists of viscous flow,
gaseous diffusion, and surface diffusion. If the surface
diffusion is neglected and an effective diffusivity is
used, the flux of species i, N, in the absence of reac-
tion can be written in terms of pressure as follows:

Ni= —prgm— o — o —2 )

where p; is the partial pressure of species i, B, is the
Darcy permeability, R, is the gas constant, T is the
temperature, y is the fluid viscosity, P is the total pres-
sure, D; is the effective diffusivity, and z is the axial
coordinate in the direction of diffusion. The ideal gas
law was used in writing Eq. (5). The mass conserva-
tion equations for the upper quartz column can be
written in the following dimensionless form:

bt )= ®)

Zy =¥ (7)
where

x=z/L,, vi=p/P.. Y=P/P,

p=t5 = =y ) ®

Here P, is the total pressure in the empty upper cham-
ber, L, is the length of the upper quartz column, D,
is the effective diffusivity of carrier gas, M, is the mo-
lecular weight of carrier gas, and M, is the molecular
weight of species i. Eq. (7) follows from the definitions
of y, and Y. The boundary conditions are:

Y=1

vi=(y) at x=0 9)

where (y;), 1s the mole fraction of species 1 in the feed.
One can also write the same equations as Lgs. (6)
and (7) for the lower quartz column and the boundary
conditions are:

Y=v,=0 at ;=1 (10)

where x; 18 the axial coordinate normalized with re-
spect to the lower quartz column length L, with the
origin at the top of the column. These conditions fol-
low from the fact that the empty lower chamber is
under vacuum. A specific value of Y, which could be
very small, may be used. In such a case, the condition
on y, should be replaced by the flux ratios at the end
of the column. However the value of Y and v, are
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so small that they can be set zero without causing
any deviation. The other boundary conditions for sol-
ving the two conservation equations are the continuity
conditions at the deposition chamber:

N1 x=17" lej 1]
Yher=Y'y o an

The flux in terms of dimensionless y, is given by

_/dy; N B dY
N:= a,( dx v, Yidx / ) 12)
where
_ DpP,
o= RTL ; L=L, or L, (13)

The solution of these equations yields the necessary
information required for specifying the design opera-
ting conditions.

Consider the design of the reactor for polycrystal-
line silicon growth. The polycrystalline growth in the
LPCVD reactor is usually carried out with either pure
SiHy or 20 to 30% SiH, in nitrogen carrier gas at
around 0.2-1 torr. The growth rates are 10 to 20
nm/min [6]. Consider the case of pure SiH,. In these
case, only one conservation equation [Eq. (6)] is in-
volved, which is

& +B[Y o +( dx):|

dx® dx?
upper quartz column (14)
d? Y dy\_
dx,“ B’[ ( dx ) j|_0.
lower quartz column (15)
where
(B.)P.
- . = =0
x=z/Li B H(D)l Xs
at the top of the lower quartz column (16)
Y=1 at x=0
. Y=w at x,=1
y 17)
with Yw'f:YhyﬂEYd an
Nli-1=Nly-0

The last two conditions in Eq. (17) are the (approxi-
mate) continuity conditions in the deposition chamber
when the requirement of uniform concentration given
by Eq. (3) is satisfied. Here w is Y in lower chamber,
which should be close to zero under vacuum condition,
and L, is the length of the lower quartz column. The
subscript / is for the lower quartz column. Note that
B and B, do not have to be the same since different
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Fig. 2. Dimensionless total pressure in the deposition cham-
ber.

quartz pore structure can be used for the two columns.
The solutions yield:

FrHY=2 oY)+ Sa-vpf:

B~ B 2 B
upper quartz column (18)
1 1, . 1 1. .
*Z _'+_"377'~ _1_2:
Y B[ ARG x| 5 (om w5 (Y o)}
lower quartz column (19)
where
[ 1+a
Yd—{&& +B}
/ @B+ P2+ B+ao+pw)) iz
([1+ oy -1} o
- oy D1 L
a= o LD ; Dit D in the lower chamber

It is instructive to examine the dimensionless total
pressure (normalized with respect to the total pres-
sure in the empty upper chamber, P,) when quartz
columns are of the same pore structure, ie., B=§.
Then Eq. (20) reduces to

Y(,:%{[Hﬂ%}”tl} ©—0; Y:% D)

since then bar a reduces to Y. The demensionless
total pressure in the deposition chamber is shown in
Fig. 2 as a function of B with y as the parameter.
It is seen that the pressure is dependent mainly on
the value of v. For a given v, the pressure increases
with increasing . The dimensionless pressure given
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Fig. 3. Effect of using quartz columns of different pore
structure on the dimensionless total pressure in the
deposition chamber.

by Eq. (20) when the two quartz columns are made
of different pore structure, is shown in Fig. 3 for o—0.
The dimensionless pressure is normalized with re-
spect to the dimensionless pressure for the case of
B=p: in Fig. 3 to examine the effect of using quartz
columns of different pore structure. It is readily seen
that the effect is not significant when a is large as
seen from the dashed curves for a=100. Some lev-
erage for changing the pressure in the deposition cham-
ber can be gained as seen from the solid curves for
a=10. It is seen from these curves that the pressure
in the deposition chamber can be reduced further by
increasing the ratio B/B; and that the effect is larger
for larger B. According to Eq. (12), the flux is given
by

v D.P,
N=a,,{(1~Ya)+%(lfo)]f; W= 22)
v "

where Eq. (18) has been used and subscript u is for
the upper quartz column.

Consider the first requirement on the flux for uni-
form concentration in the deposition chamber. If it
is assumed that the silicon deposition on the deposi-
tion chamber walls [(D, in the Eq. (1)] is of the same
magnitude as that on the wafers and that the area
of the quartz column for the flux is the same as the
total surface area of the wafers, one can rewrite Eq.
3) as

2Gp/M <

N d; G in length/time (23)

The kinetics of polycrystalline silicon growth at low
pressure are well established [1] and the growth can
be represented by first order kinetics. Since a, in Eq.

(22) in terms of the concentration in the deposition
chamber C, is given by (C./Y)(D./LXT,/T), Eq. (23)
can be rewritten as

2kp,Ys/M

(v Ba-va)
where k is the apparent rate constant for the first
order kinetics. Noting that p,=2.33 g/cm®, T,=873K
(typical growth temperature of 600C for pure silane),
T=298K, M=29 g/gmol and (1 Y)<[1-Y,+B.(1—
Y»/2], one has from Eq. (24)

0.057kY,

(P)a-v

<8 (24)

<5 (25)

According to Rosler [3], the polycrystalline growth
rate is 125 nm/min at 600C and 0.6 torr, which means
that k is approximately 1.91 c¢m*/(s*gmol). Thus, the
final form of Eq. (23) is:

O1Ys 5. (DL in cm/s 26)

; Du \
T

Consider now the second requirement for the ab-
sence of free convection in the deposition chamber
[Eq. 4)Y], which can be written as

—oepe PR TT
Ra=GrPr= " ( T, )Pr
(T T RYM

_lF ( Tp, /)\ RgTh

=1361b%P.Y,)*Pr<1708; 27
L in ¢m, P, in atm

where b is the distance between the hot region and
the cooled section of the deposition chamber. The vis-
cosity of silane at low pressure is 279 uP at 873K
according to the formula based on Lennard-Jones pa-
rameters for silane [71. Thus, one has

bY(P,Y,)?<1.79 (28)

if the Prandtl number is taken as 0.7. If the distance
b is taken as 10 cm, the requirement is given by

P.Y,<0.042; P, in atm (29)

which means that the pressure in the deposition cham-
ber be less than 30 torr.

The reactor design problem is now reduced to spe-
cifying P,, Y and D,/L, for a given desired growth
rate with the constraints of Egs. (26). and (29) if both
the upper and lower quartz columns have the same
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pore structure. Note that § is still a free parameter
although it was not used in arriving at Eq. (26). Other-
wise, one has an additional freedom to choice B;. Sup-
pose that the desired growth rate is 75 nm/min. Since
125 nm/min growth rate is possible at 0.6 torr and
the growth is proportional to silane concentration, the
pressure in the deposition chamber should be 3.6 torr
at 600C . This pressure certainly satisfies the const-
raint of Eq. (29). i.e. less than 30 torr. If, for example,
(L./D.) is chosen as 100 cm/s and & as 0.001 (less
than 0.1% change in the concentration in the deposi-
tion chamber), Y, that satisfies the constraint of Eq.
(26) is 0.5, which in turn means that P,=7.2 torr. The
Darcy permeability can be calculated [8] by

3

B,= 10—

ey ™)

where ¢, i1s the porosity of porous matenal. For a typi-
ca! value of =04, B is 0.127. Use of this value in
Eq. (21) for a calculation of ¥ yields 1.06. Thus, the
length of the upper quartz column is 5 cm and that
of the lower column is 4.7 cm.

The case of polycrystalline silicon growth in nitro-
gen carrier gas is nearly the same as the growth with
pure silane since Y, in this case is close to unity, ie.
Ysing—0.94. Therefore, the dimensionless total pres-
sure behavior is similar to the one for the silane case.
For rigorous treatment, however, Eq. (6) written for
N, and SiH; needs to be solved with the aid of Eq.
(7).

IN SUMMARY

The concept and design of a new CVD reactor has
been presented for film deposition. An ideal CVD reac-
tor is one in which a stagnant source gas of constant
composition is provided without free or forced convec-
tion. The stagnancy is provided in the new reactor
by feeding source gas by diffusion through a porous
material. The constant composition is achieved by en-
suring that the flux of the source gas is much larger
than the growth rate. This condition is given by Eq.
(3). The absence of free convection is achieved by
maintaining the total pressure in the deposition cham-
ber of the reactor low enough to satisfy Eq. (4}. Solutions
of Egs. (6) and (7) provide the information neces-
sary for the flux and the total pressure in the deposi-
tion chamber. For a given desired growth rate, these
equations together with Egs. (3) and (4) can be used
to specify the total pressure in the upper empty cham-
ber, the lengths of the upper and lower quartz col-
umns, the total pressure and the partial pressure of
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the source gas in the deposition chamber and the type
of quartz or graphite with desired diffusivity and Da-
rcy’s permeability. It should be noted in this regard
that if the same material of construction with the same
pore characteristics is used for the quartz columns,
only one set of equations applicable to both columns
needs to be solved instead of one set for the upper
column and another set for the lower column.

For polycrystalline silicon deposition, which follows
first order kinetics, the growth rate can be set at any
desired level as long as Eq. (4) is satisfied. This means
that the deposition rate in the new CVI) can be made
much higher than is now practiced in an LPCVD reac-
tor.

Lastly, a substantial reduction in the amount of sou-
rce gas used for the polycrystalline deposition can be
realized with the new reactor. For the mounted wafer
configuration in an LPCVD reactor, the concentration
has to be uniform over the entire number of wafers
for the wafer-to-wafer uniformity. For the new reactor,
it has to be uniform over a single wafer in the direc-
tion of diffusion. Therefore, a one order of magnitude
reduction in the amount of silane required for polycry-
stalline silicon deposition could be realized, for in-
stance, if the number of wafers in the LPCVD reactor
exceeds one hundred.
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NOMENCLATURE

: cross sectional area of quartz column [L?]

: wafer external surface area [L?]

: distance between hot and cold region [L]

: Darcy permeability [L*]

: concentration of the source gas in the upper
chamber in Fig. 1 [mol/L*]

: effective diffusivity of carrier gas [L*/t]

. effective diffusivity of species i [L*/t]

D, :D: for key species in the lower quartz column

in Fig. 1 [L*t]

D, :total deposition rate on walls [mol/t]

D, :effective diffusivity of key species in the upper
chamber in Fig. 1 [L%t]

: total deposition rate [mol/t]

g gravity [L/t*]
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: linear growth (deposition) rate [L/t]

: Grashof number

: molar growth rate {mol/t]

: rate constant for polycrystalline silicon deposi-

tion [L*/mol t]

:length of upper quartz column in Fig. 1 [L]
: length of lower quartz column in Fig. 1 [L]
:length of upper quartz column in Fig. 1 [L]
: molecular weight [M]

: M for carrier gas [M]

: M for species i [M]

: number of wafers

:molar flux of species i [mol/L%/t]

: N for incoming source gas [mol/L? t]

: N for outgoing source gas [mol/L? 1]

: partial pressure of species i [M/L t*]

: total pressure [M/L t*]

: total pressure in the upper chamber in Fig. 1

[M/L t*]

: Prandtl number

: Rayleigh number

: gas constant [ML*/t* Tmol]

: temperature; cold region temperature [T]

: cold region temperature [T]

: hot region temperature [T]

: dimensionless axial coordinate for upper quartz

column in Fig. 1

: dimensionless axial coordinate for lower quartz

column in Fig. 1

- mole fraction of species i

1y, of feed

: dimensionless total pressure {M/Lt?]

.Y in the deposition chamber in Fig. 1 [M/Lt*]
:axial coordinate for the upper quartz column

in Fig. 1 {L]

:axial coordinate for the lower quartz column

in Fig. 1 [L]

Greek Letters

.
a

*

a

: quantity defined by Eq. (13) [mol/Lt]
:q, in the lower quartz column in Fig. 1 [mol/L?

t]

. 0, in the upper quartz column in Fig. 1 [mol/L?

t]

T/t

B : dimensionless quantity defined by Eq. (8)
Byx  :volume expansion coefficient evaluated at T,
[T']
B :B for the lower quartz column in Fig. 1
Y : L/L,
Y, :dimensionless quantity defined by Eq. (8)
8 : dimensionless fractional allowance in concen-
tration variation
¢  :porosity of the column material in Fig. 1
pu o fluid viscosity [M/L/]
v : kinematic viscosity of fluid [L?/t]
p : fluid density [(M/L*]
p,  :solid density [M/L*]
Subscripts
c : cold
h : hot
{ :lower quartz column in Fig. 1
u :upper quartz column in Fig. 1
Dimension
L :length
M :mass
t : time
T  :temperature
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