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Theoretical concepts in CVD

cPrL

e Mass transport in the boundary layer
e Modeling of the CVD film growth

rate

iz ra ard Manodabsic sion [MEMS)

In the previous lesson we have introduced
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Mass transport in the boundary layer =PrL

y[ i, e A gas molecule may be chemically
- annihilated at the heated surface
5 ) e e |t is transported either via advection
e : = mean velocity transport without
ST Concentration "eIoGity ( N y P
dyg% o , Thermal  boundary lbﬂundar:.r dlffLESlDﬂ)
/" boundary layer ayer e Or transported via diffusion
ayer ar e We will now do a calculation of the
Hudu.}ﬂd}! Hdif.y+d}- . . . .
- RERRS . mass transport in an infinitesimal 2
L —4»* % dimensional ‘volume element’ dxdy
M aig, x M dif, x+dx
Hﬂdh‘.}' I H dif, ¥
the concept of velocity and concentration boundary layer near a heated substrate notes

during a chemical vapor deposition process. Now we will discuss theoretically what
is the gas molecule transport from the bulk of the flow through the boundary layer
towards the substrate. This transport is key for understanding the growth of the thin
film on the substrate. We will subsequently present a simple model for the CVD film
growth. If we have a heated surface of an arbitrary shape like represented by the
pink line, and if we apply a flow of gas it is already clear that there will be
development of a thermal boundary layer in which the temperature varies; of a
concentration boundary layer in which the gas concentration varies; and a velocity
boundary layer in which the velocity varies. For simplicity, we will do here a two
dimensional treatment and we consider an infinitesimal surface element dxdy. We
will consider now the transport of gas molecules in and out of such element. This
element is again drawn here at a bigger scale.
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=PrL

e Net rate at which the gas enters the control volume due to diffusion in the x-
direction, using Fick's law of diffusion:

) I|1"EirI‘Jl’l'lf'._'|-'+|‘.I'_'r' ] ]\ Mr]'i_,l'_}'+t1_‘|r'

- j====== a3 .-
P y — M 1y, X 1 l'ﬂ"f ady, x+adx
M aifx =M difxrax=—"7"" dxdy e —=t

'w dif, x

M dif, x4+dx
Mﬂﬂb‘._‘r‘ J l Mmr.},
Mizro and Manolsbric slisn [MEMS)
The transport can be either by advection-- that is, by an imposed ordered flow-- or notes

by diffusion from all sides. If we have somewhere in our two dimensional surface
element the boundary layer of the heated surface-- that means if this element would
be here exactly where the pink line is-- then there the gas molecules can be
annihilated leading to a deposition event. This expression represents the net rate at
which the gas enters the two dimensional surface element due to advection in the
x-direction. The first term represents the transport to the line element dy of our
infinitesimal surface element with rho--the density of the gas-- and u--the transport
velocity in the x-direction. If we move further in the x-direction to the coordinate x +
dx, we will have here the second line element dy to which the transport by advection
is possible. Because we have moved over the distance dx, the term rho-u can be
different. That is why we write it as a variational term, as written here in the square
brackets. For describing the diffusion through the two dimensional surface element
we write Fick's law of diffusion for the transport to the first line element dy. And
using a similar variational approach as before, the second term describes the
transport by diffusion through the second line element dy.
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=PrL
e [his becomes
p2P

2w | a(pw) _ 3(035) | 2(055)
dx +5y - ﬂxx-l_ dy

W

+n

e re and Hanol sl slice [MEREE)

Here we have written the net transport through the surface element by diffusion in notes
the x-direction. We can do a similar treatment for the y-direction and we define the
advection velocity in this direction by v. This gives us eight terms: four advective
terms and four diffusional terms. The last term in the equation describes the
annihilation of the mass, which is only non-zero when the heated substrate is
present in the surface element.
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e This becomes

dp 9p
o(pw) | a(pv) _ 9(p58)  (F) | .
+ = + +n
dx dy dx dy
M re and Hanol sk slice [MERE)
Writing all these contributions in the the x- and y-direction down, gives us the final notes

equation with the two advection terms and the two diffusional terms and the
annihilation term.
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=PrL
e [his becomes

2(pw) | 3(pv) _ a(p32) N a(ﬂg_i)
dx ay ox dy

e Assuming that one is close to the surface with no advection (u=v=0), and that
there is no lateral variation (in the x-direction), this simplifies to

+n

d%p _
De—s=—-n
ady
Micrs and Hanol sk atios [MEMS)
So this is the equation we need to solve in general. notes
summary
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e [his becomes

a ap

apw) | a(pv) _ o(p3E) " o(p32)
dx dy T 9x dy

e Assuming that one is close to the surface with no advection (u=v=0), and that

there is no lateral variation (in the x-direction), this simplifies to

+n

e SO
—_— 11
dy?
Micre and Hanol sk slice [MERE)
Fortunately we can write this complex equation in a simplified way by assuming that notes

one is close to the surface where there are no advective terms-- that means close to
the surface u and v are zero-- and by considering that there is no lateral variation in
X, which is a plausible assumption as we have a flat substrate
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e This becomes

ap
a(pw) , a(pv) _ 9(p38)  a(PF5) | .
dx + dy - E:‘xx T dy +n

e Assuming that one is close to the surfice with no advection (u=v=0), and that
there is no lateral variation (in the x-dig@8iion), this simplifies to

= BEpia .
—_— 11
dy?
M re and Hanol sk sice [MERE)
so there is no dependence in the x-direction on the gas density. notes
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e [his becomes

2(pw) | 3(pv) _ a(p32) N a(ﬂg_i)
dx dy  ox dy

e Assuming that one is close to the surface with no advection (u=v=0), and that
there is no lateral variation (in the x-direction), this simplifies to

+n

D ﬁ = —Nn
e Exactly at the surface, n is constant = parabolic
p(v) concentration dependence. Away from the surface,
nn =0 - linear p(y) concentration dependence

This equation is then simplified to this one where we only have a variational term in notes
y and the annihilation term. The solution of this last equation is simple. Immediately
at the surface where annihilation of the gas can occur-- where this term is
non-zero-- this gives us a parabolic shape. Somewhat away from the surface this
term becomes zero and this gives a line. The solution is schematically illustrated
here in this diagram. This is the linear solution close to the substrate. In reality, we
will have a concentration which gradually approaches
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Mass transfer from the gas phase to the substrate =P:-L

e At equilibrium, the concentration at the surface (y=0) is maintained at a
uniform value pg,,r < py-e and the gas transfer rate per unit surface can

be written in three dimensions as

N[m=2s5s 1 = h[ms™1] (pm,_.,f - p},=m)[m‘3"’]
with h the mass transfer coefficient

M re and Hanol sk sices [MERE)

the value for the density of the gas that is far away from the substrate, as denoted notes
by the full line here.
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Expression for D and the mass transfer coefficient h cP~L
e Flow of molecules through a surface in the gas per unit area and time

p_v | Py V
Jim=2571] = vils~1] (p_ — p,)[m~]

with { the mean free pa

e Comparing with Fick's la

M re and Hanol sk sice [MERES)

-

We now consider that we are in equilibrium conditions and that the density of the notes
gas near the surface is lower than the density of the gas far away, which is logical
during a deposition process. We can then write the gas transfer rate per unit surface
in three dimensions as following. This is the difference between the surface and the
far away concentration of the gas. And this is h-- the mass transfer coefficient. As
close to the surface of the substrate there are no advective terms, Fick's law of
diffusion should apply which, by equalization to this expression, leads to the value
for the mass transfer coefficient h. We see that h is proportional to the diffusion
coefficient. We will now find an expression for the diffusion coefficient. If we
consider somewhere in the gas plane with a gas density rho minus at the left and a
gas density rho plus at the right of that plane
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e We just found that D =~ vl

e Using the ideal gas law, I~p~! ~ (kg T/P)

with T and P the temperature and pressure of the gas, resp.

cPrL

e Moreover, equalizing kinetic and thermal energy in the gas, we find

that v~/kp T
e Henceinthegas D = D, T/ /P

and therefore the mass transfer coefficient h = hy 772 /P

e re and Hanol sl slice [MERE)

and if v is the molecular velocity, we can write down the effective number of
molecules flowing through the plane by this expression. It is the difference between
molecules flowing from left to right and right to left. We can now follow again, a
variational approach to write down this difference in which we subsequently
equalize the variational distance delta x by I, which is the molecular mean free path
in the gas. Comparing this expression with Fick's law we find that diffusion
coefficient is given by the velocity of the molecule times the mean free path of the
molecule. Here we repeat the expression we just found for the diffusion coefficient.
We can write the mean free path in the gas as function of the temperature and
pressure of the gas using the ideal gas law. And we can write the molecular
velocity-- which is here-- by the square root of the thermal energy. This provides
then the following expression for the diffusion coefficient: T*1.5 and P”-1. Therefore
the mass transfer coefficient has the same dependence.
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Calculation of the film growth rate =PrL
e Diffusion flux of molecules through the boundary layer
Ny[m=2s71] = h[m s (Psurf — Py=co)[m ™3]
o Flux of reacted molecules consumed by the surface reaction

Ny[m=2s71] = _kﬁurflm S_IJpsurf[ﬂl_EJ
with k,,,-s the surface reaction rate
e In equilibrium, N = N; = N, , giving

=1
h + ksur,"'
Psurf = Py=cw h

e re andd Hano | albre alice, [MERER)

We present here again, the formula we have found before notes
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=PrL
e The film growth rate is then proportional to

N _ ksurfh
= —_— -
n"‘-‘fsu?’f y

e re and Hamol slre slice [MERER)

for the diffusional flux of molecules through the boundary layer. The second formula notes
describes the flux of reacted molecules that are consumed by the surface reaction,
with ksurf the surface reaction rate. In equilibrium both fluxes should be the same
and this allows us to find an expression for the gas density at the surface in function
of h and ksurf.
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o The film growth rate is then proportional to
. k h
N — surf
n+k5ui’f
e If h > kg, ¢, we have the surface
jon-controlled case and

y=00

surf Py=eo

e re and Hanal sk slice [MERES)

By substitution in the first formula of previous slide, we find the following expression notes
for the growth rate.

summary
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o The film growth rate is then proportional to
. k h
N = surf
n+k5u‘r’f
e If h > kg, ¢, we have the surface
reaction-controlled case and

y=00

N = kgyrf Py=co

e If h < kg, ¢, we have the diffusion-
controlled case and
N =hpy-o

cPrL

e res and Hanol sl slice [MERER)

If the mass transfer coefficient by diffusion is much higher than the surface reaction
rate, we obtain the film growth rate in the reaction-controlled case from this
expression. Under these conditions there is no dependence on h as sufficient gas is
provided everywhere for the reaction to occur. In the opposite case, we have
diffusion-controlled film growth and this evidently depends on h.

notes

summary
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&

as carrier gas.

Deposition rate

Emmanusal & Pollock
Gupta

Emmanuel & Pollock
Yasuda el o
Eversieyn & Pul
Yasuda ef al
Bhola & Mayer
Mayer & Shea
Ogirima o al.

Mishi & Walanabe

T

S Silicon growth rate from SiH, decomposition
/ at a system pressure of 1 bar using hydrogen

Adapted from W_A. Bryant, Thin Solid Films 60 (1979) 19-25.

e re and Hanol slre slice [MEREE)

These theoretical findings allow us to understand the Arrhenius-type plot for the thin
film growth, which we have already introduced before, with here the exponential
temperature dependence and here the T"1.5 dependence.

notes
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summary

cPrL

e Gas transport and CVD film growth
rate equation

e Reaction- and diffusion-dominated
growth regimes

Wiz ra and Manolsbic stion [MEMS)

Finally on this slide we have plotted a number of experimental data of the growth of notes

silicon on a heated substrate. Here one has used silane as a gas and this gas is
diluted in hydrogen as a carrier gas. The experimental curves indeed are in line with
the result of previous theoretical finding. In this lesson we have discussed gas
transport by diffusion in the boundary layer near the substrate during a CvVD
process. We then have written a simplified expression for the mass transport
towards the substrate as limited by diffusion. Finally, assuming equilibrium
conditions, we have compared a reaction- and diffusion-limited growth rates which
have allowed us to understand the dependence of CVD film growth rate as a

function of temperature.
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