PEEHM R (LRRBR EXEMFRT RXE) F1488 (1994)
Research Report, The Institute of Industrial Technology, Kangwon Nat'l Univ., Korea, Vol. 14, 1994

The Behavior of Negative Ions in
Silane Plasma Chemical Vapor Deposition

Kyo-Seon Kim *

A2t Zal=o} 553

El

EHollMe| Fo|2HE

}&-!*

ABSTRACT

The objective of this research is to analyze the phenomena of negative ion behavior
in silane plasma chemical vapor deposition. Based on the plasma chemistry, the model
equations for the formation and transport of negative ions were proposed and solved.
The evolutions of gaseous species along the reactor were presented for several
conditions of process variables such as reactor pressure, total gas flow rate, and
electric field. Based on the model results, it is found that :

(1) The concentration profiles of positive ions show the sharp peaks at the center

of plasma reactor.

(2) Most of negative ions are located in bulk plasma region, because the negative
ions are excluded from the sheath region by electrostatic repulsion.

1. Introduction

The industrial plasma processes are
widely used for deposition, etching, and
sputtering in device fabrication. The
plasma process is notorious as one of the
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dirtiest processes used in microelectro-
nics production, Particle contamination
problem in various plasma processes
induces several severe effects on device
performance, quality and cost of final
products. Dust particles formed in pla-
sma processes can range from submicron
to micron sizes and we believe there are



two pathways for particle formation in
plasma processes : by the plasma che-
mistry in the gas phase and by the frac-
ture of deposited thin films from the tool
walls and electrodes. The dust particles
can be formed in the gas phase by
nucleation from the chemical species
inside the plasma reactor. The dust
particles can also be formed from the
fracture of thin films by thermal and
electrical stresses induced by the pla-
sma. Those particles in a plasma will
gain negative charges by collision of hot
electrons, be trapped inside the plasma by
electrostatic repulsion from the sheath

region, and will grow to larger particles'-®,

Recently, it is believed that the poly-
merized negative ions are the precursor
of dust particles. In this research, we
concentrated on the pathway of particle
formation by the plasma chemistry in the
gas phase and analyzed the negative ion
formation, growth and transport in pl-
asma reactor, We included the plasma
chemistry of silane and transport of
chemical species.

There are 3 general approaches for
plasma modeling : (1)fluid approach
based on the general tranport equations,
(2) kinetic approach based on particle-in-
cell/Monte Carlo simulation and (3)
hybrid Monte Carlo/fluid model'®2. 230,
The second and third methods are, more
or less, related with Monte Carlo simu-
lation and are expensive compuationally
and we decided to work on fluid ap-
proach for plasma modeling. Also it is
assumed that the electron number con-
centration and electron energy are uni-
form inside the reactor and the electric
field is given as a function of position

only and we neglected the time variant
effects of electric field inside the plasma
reactor,

Based on literature survey, there are
no other published results about particle
contamination problems in plasma syst-
em, considering all those relevant topics
together such as plasma reaction chem-
istry for cluster formation, particle for-
mation, particle growth and transport in
plasma reactor. Recently, some publi-
shed papers are found to discuss about
just one or two of those relevant topics.
In this analysis, all those important
phenomena were included for negative
ion evolutions from plasma reaction
ghemistry to negative ion transport.

2. Chemical Reactions for Negative
lons in PCVD of Silane

To describe the plasma chemistry and
reactions in PCVD of silane completely,
more than 50 chemical species and more
than 200 chemical reactions will be
needed?®® 15 338 Ag the main purpose of
this research is focused on the predicton
of negative ion formation and transport,
we tried to discard all those chemical
reactions which are less important for
negative ion formation and growth.

To select the important chemical re-
actions for particle formation from pla-
sma chemistry of SiH,, it is assumed that
the negative ions have more pivotal role
for the particle formation and growth
than the neutrals and positive ions in
plasma'®z ® [t is also suggested ex-
perimentally that polymerization pathway
in PCVD of SiH, will proceed via negative



ion clustering, based on several exper-
imental observations : no neutrals as high
as negative ions in mass were detected,
the very different abundance ratio be-
tween negative ions and neutrals cannot
be explained by imposing attachment
reaction and no attachment reaction were
measured for negative ions heavier than
trisilicon hydride anions!'®?,

By discarding some chemical reactions
which are not important for particle
formation, we could end up with 18

chemical species and 23 chemical reac-

tions. The following 23 chemical reac-
tions are considered in our modeling to
predict the particle formation and growth
in PCVD of SiH,*z 5 938,

SiH, + e _4xw0'¥ |

SiHl; (SiH; or SiH;) + (H or H,) (R1)
SiH, + e _2xu0'® |

SiH, (neutrals) + (H or H,) (R2)
SiH, + e __ taxuw!!

SiH + (H or H,) (R3)
SiH, + e _ 834x10°°®

SiH, (v2, 4) + e - (R4
SiH, + e __87x10"°

SiH, (v1, 3) + e _ (R5)
SiH, (v2, 4) + H, _s.05xw0"* |

SiH, + H, (R6)
SiH, (v1, 8) + H, _s6oxw!l |

SiH, (v2, 4) + H, (R7)
SiHf + e _ne8x107

SiH, (neutrals) + H (R8)
SiH, + e &0 | gipy- (R9)

5x10°7

SiH; + SiH}

Si,H,- (neutrals) + (H or H,) (R10)

+SiH,, k,

SinH; Si|w1H;’ +
(H or H) (n:1~13) (R11-23)

(k=10", k=2.5X10°, k=2.8X10",
ki=3.2X10°, ks=3.6X10°, ks \s=4X10°)

3. Governing Equations for Gas
Species in Silane PCVD

For our numerical calculation, we used
the experimental reactor proposed by
Watanabe*®, The plasma reactor by
Watanabe® is designed to observe the
particle formation, growth and trans-port
in PCVD of SiH,. He used the powered
electrodes and ground electrodes made
of stainless steel and both electrodes
have perforations so that the input and
output gas can pass through the elec-
trodes. The gas stream is flowing up-
ward (opposite to the direction of grav-
ity). The powered electrode is located
upstream of the grounded elecirode. We
can expect the plug flow (1-dimensional
flow) inside the reactor by these per-
forated electrodes. As we are dealing
with many chemical reactions already, it
is absolutely required to simplify the fluid
model equations as much as possible. By
using the ideal reactor proposed by
Watanabe® as our model reactor, we
could neglect the momentum balance
equation from our model equations. By
assuming a 1-D flow in our model
equations, we could reduce the required
computational time abruptly.

The governing equations for gaseous
chemicals, i, such as neutrals, radicals
and ionic species are expressed as Eq. 1,
considering chemical reactions, convec-
tion, electric migration and diffusion.

— 65 —



oN;
—— = (RXN),-
ot

VAR (UN," S ;EN; - DivNi) (1)

The first term on RHS terms in Eq. 1 is
the generation rate of chemical species
by the chemical reactions. The second
term shows the effect of fluid convection
and the third term is the effect of
electrical migration of ionic species under
the electric field of plasma. The electrical
migration coefficients (¢, ) of ionic spe-
cies was calculated by the Einstein
relationship as* :

_zh

"= kBT (2)

The §; is given as 1 for positive ion,
-1 for negative ion and 0 for neutral
species and z; is the number of charges
for ionic species, The time-averaged
electric field (E) inside rf plasma reactor
was expressed as a function of axial
distance as follows, by adopting the
computed results for average -electric
field from literature® and also by ap-
plying the Child~-Langmuir equation for
collisionless plasma sheath?’ :

1/3
E=EDOS[1 - (Xx > J for 0<zsm,,s (3)

pos

E=0 for x,,<xlx,., (4)
EeE [1 _ (ﬁg“x)m}
nee Xend ~ Xneg
for Zee<a<tg - (5)

The last term on RHS in Eq.1 shows
the effect of gas species diffusion in axial
direction and the diffusion coefficients of
chemical species were calculated by the

Chapman and Enskog equation as® :

D,=1.858 X 107 T?%?2

. 12
CE S
gap= (04 +08)/2 G
fn= YI:B ’ exp((I:)T") ’
exp FF ™ " exp ((I;{T") ®
-2 ©)
ean= (Eacs)"” (10)

where A=1.06036, B=0. 15610,
C=0.19300, D=0.47635,
E=1.03587, F=1.52996,
G=1.76474, H=3.89411.

The Lennard-Johnes potential parame-
ters for SiH, were available in the
literature®® and, for the remaining silicon
containing species, were estimated by
scaling to analogous carbon-containing
species.

We assumed that the plasma reactor is
supplied with pure SiH, and the
concentrations of all the other chemical
species were assumed to be zero as initial
conditions. As boundary conditions at
electrode walls, we assumed that the
sticking coefficients of positive ions are
unity and the sticking coefficients of
positive and neutrals are zero!32. 2% 30,

By appling the finite difference at P
mesh points for spatial variable (x) only,
the 18 partial differential equations for
chemical species are converted into 18xP
ordinary differential equations (ODEs).
The 18xP ODEs are solved by the effi-



cient ODE solver, GEAR subroutine.

4. Results and Discussion

The numerical simulation of the model
equations proposed in previous section
was performed for the following process
conditions and reactor parameters .

total gas flow rate=50ci/sec.,
pressure=4_. 2torr,

Eps =3 volt/em, E,, = -3 volt/om,
reactor length (x,,4 ) = 20om,

reactor temperature (T) = 800K,
reactor diameter = 8. 5em.

All those process conditions except for
E and E
typical reactor conditions for amorphous
Si deposition by PCVD. The model
equations for ionic species are so sen-
sitive to the changes of E,,; and E,, |

are in the range of

pos neg

and we need to increase the number of
meshes at high value of E,,; and E,,
for the stable solution of mode
equations. For these standard conditions
of E s =3 volt/em and E ,, =-3 volt/em,
we needed, at least, 23 meshes and the
computational time required at HP
workstation was about 2 hrs to reach the
steady states at t = 0.02sec. The E,
and E,,, in industrial PCVD reactor
would be around -+100 volt/em and -100
volt/em, respectively, and the number of
meshes required for the stable solution is
more than 200 and the computational time
would increase by 450 times, comparing
to the computational time in standard
conditions. Because of the high cost of

computational time for high values of
E,s and E,., we decided to analyze the
effects of electric field, qualitatively, by
changing the E,,; and E,,, at low

values.

Fig.1 shows the evolution of SiH,
concentration along the reactor length
for various times. It is assumed that the
reactor is filled with pure SiH, initially
and, as time(t) increases, the SiH,
concentration decreases by chemical
reactions and reaches the steady state
concentration about=0. 02 sec. The pure
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Fig. 1. The evolution of SiH concentration
profiles along the axial distance for
various times.



SiH, is supplied at the reactor inlet (x=0)
and the SiH, concentration decreases by
chemical reaction as the axial distance of
reactor increases. The change of SiH,

neutral concentration inside the reactor is
shown in Fig.2. The concentration of

SiH,

than in the region near electrode wall,

at the center of reactor is higher
because the SiH, is formed inside the
reactor and lost by diffusion towards the
The SiH;

electrodes. concentration

24E+12
| =2.E-03 sec

= 1.E-03 sec.

=4.E-03 sec.

2.0E+12 }

=1E-02 sec

=2.E- 02 sec.

1.6E+12 F = 5.E-04 sec.

SiH, Concentration (#/cm”)

1.2E+12

B.0E+11
2 0.5 1 1.5 2

Axial Distance (cm)

Fig. 2. The evolution of SiH, concentra-

tion profiles along the axial
distance for various times.

increases very quickly by fast ionization
reaction before t=5E-04 sec. and
by the ion-ion

decreases, after then,

reaction, electrical migration and dif-
fusion to reach the steady state at t=0.02
sec. (Fig.3). The SiH} concentration at
the center of reactor shows a steeper
peak than the SiH,

cause the SiH;}

concentration, be-
is lost towards the

electrodes by fast electrical migration

and diffusion rates.
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Fig. 3. The evolution of SiH] concentra-
tion profiles along the axial
distance for various times.



The SiH;

peaks on both sides of sheath bound-

concentration shows two

aries, because the SiH, formed in she-
ath regions is excluded from sheath
regons by the electrostatic repulsion and
accumulated at the sheath boundaries
(Fig.4). The SiH; concentration at the
center of reactor is balanced by chemical
generation and disapperance rates, and
transport rates by diffusion and conve-
The SiH;

ction, concentration at the

5.0E+08 f=5E-04 sec.

4.0E+08 |

3.0E+08

2.0E+08

SiH,” Concentration (#/cm®)

1.0E+08

0.0E+00 . L
‘o 05 - 1 1.5 2

Axial Distance (cm)

Fig. 4. The evolution of SiH, concentra-
tion profiles along the axial
distance for various times.

center of reactor is shown to be lower

than at the sheath boundaries.
Figs. 5-8 show the evolutions of Si,H,,
Si;H; , Si,H; , and Si,aH; concentra-

tions, respectively, along the reactor
distance and those concentrations are
higher in the bulk plasma region than at
the sheath region, because the negative
ions are extracted from the sheath region
by the electrostatic repulsive force. As

the number of silicon atom increases in

1.8E+09

= 1.E-02 sec

1.5E+09 p t = 2.E-03 sec.

=1.E-03 sec.

1.26409 | 5.E-04 sec.

(#/cm®)
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H, Concentration
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6.0E+08 r

S

3.0E+08 [

0.0E+00

0 0.5 1 1.5 2

Axial Distance (cm)

Fig. 5. The evolution of Si,H, concentra-

tion profiles along the axial
distance for various times.



chain reactions, it takes more time for
the polymerization reaction to take place,
propagating through the chain reactions
R 11-23),

higher mass negative ions increase more

and the concentrations of

slowly than those of lower mass negative
ions. For example, the Si;H; starts to
increase in concentration at t=5.E-04
sec., Si, H; att=1.E-03 sec., and Si,,
H, att=1.5E-03 sec. and they reach the

steady state concentrations at t=1.E-02
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Fig. 6. The evolution of Si;H, concentra-
tion profiles along the axial
distance for various times.

sec. The concentrations of Si,H, at the
sheath boundary of downstream (x=1.7
em) are higher than those of upstream (x
=(.3cm), because the fluid carries those
chemical species towards the

downstream.

5. Conclusions

The model equations to predict negative

ion formation and transport in rf PCVD
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Fig. 7. The evolution of Si,H, concentra-

tion profiles along the axial
distance for various times.



reactor with SiH, were proposed in this
study. The major physical phenomena
considered in model equations are:
plasma chemical reactions related with
cluster formation, convection, diffusion
and electrical migration of gas species.
The evolutions of gaseous species along
the reactor were presented and the im-
portant results in this research are :

o It takes 0. 02 second for all chemical
species to reach the steady state at
standard process conditions in these
simulations.

1.2E+09 |

t=1.E-02 sec

1.0E+09 |

= 4.E-03 sec.

§.0E+08 ¢

6.0E+08

H, Concentration (#/cm’)

113

4.0E+08

S

2.0E+08 = 2.E-03 sec.

0.0€+00

0 0.5 1 1.5 2

Axial Distance (cm)

Fig. 8. The evolution of Si,H, concentra-
tion profiles along the axial
distance for various times.

o The positive ions are formed inside
the reactor and lost very fast to both
electrodes and the profiles of positive
ions show sharp peaks at the center of
reactor,

0 The negative ions are excluded from
the sheath region by electrostatic force
and are accumulated in bulk plasma
region, The concentration profiles of
negative ions are very steep in sheath
region but are flattened in the bulk
region.

0 The negative ions of higher mass
are generated later than those of lower
mass, because it takes more time for the
polymerization reaction of higher mass
negative ions to occur through the chain
reaction.

As it takes long computational time to
get the results with the actual values of
E,s and E,, (about £100 volt/em), we
assumed the lower values of E,,, and
Epeg (St4 volt/em).
required to find a numerical scheme to
reduce the computational time with the
and E,,, . We
need to find more elaborate numerical
scheme to improve numerical computa-
tional efficiency for this complicated
problem, where the transport phenomena
and chemical reactions are coupled.

It is absolutely

actual values of E,

We just selected the plasma chemical
reactions that might be important for the
particle formation, growth and transport
in silane PCVD. To have better predictive
results in plasma chemistry, more che-
mical reactions should be included in
model equations, but, in this case, it will



cost more computational time. We also
assumed that the electron concentration
and kinetic energy are uniform inside the
reactor, but they will change as a func-
tion of time and position. In that sense,
our model equations are not self-consistent.
We can improve the accuracy of model
results by adding the model equations for
electron concentration and energy, but it
will also add lots of computational time
and we will, again, need to find more
efficient numerical scheme.

Nomenclature

D diffusitivity, ot/sec.

E electric field in plasma
reactor, volt/cm.

E,os maximum avearge electric

field in rf plasma at powered
electrode, volt/cm.

Eoeq minimum avearge -electric
field in rf plasma at ground
electrode, volt/cm.

kg Boltzmann constant.

k, chemical reaction constant
for the n-th chemical
reaction,

M, , Mg molecular weight of chem-
ical species, A and B.

N number concentration of
chemical species, #/cn.

D pressure, atm.

P number of mesh points for
computation.

RXN chemical reaction rate, /
om sec.

t time, sec.

T temperature, K.

u gas stream velocity, om/

sec.

X axial distance of reactor,
om.

Xend reactor length in axial
direction, om.

Xpos axial distance where the

average plasma electric
field becomes zero near
powered electrode, ¢m.

Xneg axial distance where the
average plasma electric
field becomes zero near
ground electrode, om.

z number of charges of
chemical species.

Greek Letters

) identification of ionic spec-
ies (5 = 1 for positive
ion, & = 0 for neutrals,
& = -1 for negative ion).

€4, €p Lennard-Jones well depth.

/" electrical mobility.

04, 0p Lennard-Jones character-
istic length.

Op diffusion collision integral.

Subscripts

i i chemical species.
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