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The fluid model, also called the macroscopic model, is commonly used to simulate low temperature and low pressure
radiofrequency plasma discharges. By varying the parameters of the model, numerical simulation allows us to study several
cases, providing us the physico-chemical information that is often difficult to obtain experimentally. In this work, using the
fluid model, we employ numerical simulation to show the effect of pressure and space between the reactor electrodes on
the fundamental properties of silicon plasma diluted with ammonia and hydrogen. The results show the evolution of the
fundamental characteristics of the plasma discharge as a function of the variation of the pressure and the distance between
the electrodes. By examining the pressure-distance product in a range between 0.3 Torr 2.7 cm and 0.7 Torr 4 cm, we have
determined the optimal pressure-distance product that allows better deposition of hydrogenated silicon nitride (SiN,Hy)

films which is 0.7 Torr 2.7 cm.

Keywords: fluid model, numerical simulation, SiNH,, capacitively coupled plasma reactor

PACS: 52.65.—y, 52.77.—j, 52.65.Ww, 52.30.—q

1. Introduction

The development of semiconductor materials and devices
is a powerful driver of many revolutionary changes and in-
novations in the semiconductor industry. Thin films on sil-
icon (Si) alone have an unsatisfactory performance due to
the inherent properties of the material, which motivated re-
searchers to consider introducing a gas mixture. In the litera-
ture, the gas mixtures often used are hydrogenated silicon ni-
tride (SiN,H,),!'=* silicon oxide (SiO,),! silicon oxynitride
(SiO,Ny),!®! and amorphous carbon (a-C:H).[78!

Hydrogenated silicon nitride (SiNH,) has a band gap of
~ 4.6 eV and a permittivity of ~ 6,® making it more suitable
for the production of memory elements and charge carrier in-
jectors. Indeed, silicon nitride has a higher density of states
at the interface with silicon compared to other gas mixtures.
The SiN.H, thin film is prepared by the capacitively cou-
pled plasma (CCP) process, comprising the mixture of silane
(SiH4), ammonia (NH3), and hydrogen (H). Other reagents
can also be added to this mixture.

Modeling and simulation of plasma discharges are con-
sidered as an indispensable tool to improve the knowl-
edge about the physico-chemical processes produced in

-1 which helps understand the complex spatio-

plasma,
temporal dynamics of plasma, and also assists in the design
of new reactors or the optimization of existing reactors.

The mechanisms of low pressure and low temperature
plasma discharges are more complex to study. This complexity

is due to the important interactions between particles, which
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give rise to non-linear phenomena; it is also caused by the
presence of very rich chemical kinetics consisting of many re-
action processes which are difficult to study quantitatively.

The deposition rate, the uniformity, and the film composi-
tion are strongly influenced by the physico-chemical parame-
ters of the reactor, essentially the power, the RF frequency, the
pressure, the distance between electrodes, and the gas mix-
ture. Many researchers investigated the effect of varying the
physico-chemical parameters of the reactor. For instance, the
effect of varying the electrode spacing for SiH4/NH3/N,/He
mixture was considered in Ref. [3]; the effect of varying the
pressure for SiH4/He mixture was investigated in Ref. [12],
many other studies of varying physico-chemical parameters
can be found in Refs. [13,14].

In this work, we are interested in the evolution of the
fundamental characteristics of hydrogenated silicon nitride RF
plasma, in a low pressure and a low temperature CCP reactor,
by varying the pressure and space between electrodes. Our ob-
jective is to discuss the influence of the latter parameters on the
fundamental characteristics of the RF plasma discharge, where
the focus is on the pressure-distance product that allows a high
deposition rate of the SiN,H, thin film and a reduced surface

temperature.

2. Plasma discharge

The electrons naturally present in the gas will be acceler-
ated by the external field applied towards the anode, and they

collide with the neutral particles and lose energy due to in-
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elastic collisions (excitation, dissociation, and ionization of
the gas). Each ionizing collision allows the formation of a
new electron, which is in his turn accelerated and comes into
colliding with the neutral particles (Fig. 1). The repetition of

this process allows the number of electrons and positive ions

to grow.
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Fig. 1. Secondary electron generation.

The creation of secondary electrons is influenced by the
variation of operational parameters, such as frequency and

potential,[>~17] the type of gas,[*>!8] and especially the in-

fluence of pressure and reactor geometry. 314191

2.1. Equations

The general equations of a plasma discharge are resolved
to take into account the following hypotheses:

* The gas is weakly ionized.
* The pressure is low.
* No magnetic field is applied.

* The electrons are supposed to have a Maxwellian energy
distribution function.

* Mobility and diffusion coefficient satisfy Einstein’s re-

lation.

Equations (1)—(7) represent a set of equations solved in a low-

temperature plasma simulation.

¢ Electron and ion transport

8ni _

y—FVﬂ—Su (1)
one B

W—FVFe—Se- (2)

¢ Electron and ion flux

* Energy flux
I =—neus E—V (neDg). 6)

¢ Electric field
V29 =—= (m—ne). ™
&

Here e is the elementary charge, n. and n; are respec-
tively the electron and ion densities, U. = e/(meven) and
W = Z;e/(m;vin) are respectively the electron and ion mobil-
ities, and De = KpT./(meven) and D; = KgT;/ (m;vin) are re-
spectively the electron and ion diffusivity, m, is the electron
masse, vy and viy are the electron and ion-neutral collision
frequencies, ng = n.€ and D¢ = n.D, are the electron energy
density and electron energy diffusivity where € is the electron
energy, E = — V¢ is the electric field where ¢ is the electrical

potential, 7. and 7; are respectively the electronic and ionic

temperatures.
* Source terms
Se= Z:x,kanne7 (8)
Si= Zx,k,Nnne, )
Se=Y xrk:Noneg,, (10)
ky = y/scr(e)f(s) de, (11)

where x, is the molar fraction of species r, N, is the total den-
sity of the neutrals, &, is the kinetic coefficient, ,(€) are the
cross sections of elastic and inelastic collisions, f(g) is the
Maxwellian electronic energy distribution function.

2.2. Chemical reactions

Our model considers elastic and inelastic excitation and
ionization collisions. From the radicals formed, a multitude
of reactions can take place within the plasma giving com-
pounds that will intervene in the deposition. The calculation
of the source term (Egs. (8)—(10)) is crucial for the selec-
tion of effective sections of the different reactions taken into
account.!>16] Thus, a wide range of energy was considered
for the most reactive collisions.

The predominant reactions occurring in plasma are shown
in Tables 1 and 2.

Table 1. Energy of reactions NH3 and SiHg.

I, = —nee E—V (neDe), 3)

L=nE -V (mD;). “4)
* Electron energy

dan

a—; +VI:+ET. =S,. (5)

Reaction Energy (eV)
1: e+ NH3; = e+ NH3* 0.42
2: e+ NH; = 2e+NH3™ 10.2
3: e+ SiH4y = e+ SiH4" 0.27
4: e+ SiHy = e+ SiH3; + H 4
5: e+ SiHy = e+ SiH; +H 2.2

The cross sections data used in simulation, SiHy, NHj3,

and H; collisions are given by Hayashi.
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Table 2. Kinetic coefficient of reactions NH3, SiH4, and Hj.

Kinetic coefficient

Reactions

[m?/(s-mol)]
6 : SiH, + SiHy = Si)Hg 2.8 %107
7: SiH4 +H = SiH3 + H, 1.9 x 10°
8 : SiH4 +NH = HSiNH, + H, 3.6 x 107
9: SiH4 + NH; = SiH; + NHj3 2.4 % 10°
10 : SiH4 +NH = SiH3 + NH, 2.4 %107
11: H + H, = Hj +H 1.26 x 10°
12: SiHy + H = SiH{ +H; + H; 3.1x 108
13: SiH4 +Hj = SiHj +H, + H, 3.96 x 107
14: SiHy +HJ = SiHf +H, +H 3.75 x 108
15: SiH} + SiHy => Si;Hj +H, +H, +H  15.05 x 106
16: SiH4 +H = H, + SiH3 2.6 x10°
17: SiH4 + SiH3 = SiyHs +H, 1.07 x 103
18: SiH; + SiH; = SiH, + SiH, 9.03 x 107
19: SiH; +H = SiH, + H 6.02 x 107
20: SiHy + SiH,; = SiHs 2.26 x 10°
21: SiH4 + SioHs = SizHg 6.02 x 10°
22: SiH, + H = SiH+H, 4.79 x 10°
23: SiH, + H = SiH3 6.68 x 10°
24: NH; +NHp; = NpH,y 6x 10°
25: SiH+ H, = SiHj 11.9x10°
26: NH, + H = NH;3 6x 10*
27: SiH4 +NH, = SiH3 + NHj3 2.4 %107

2.3. Boundary conditions

The boundary conditions used in this section are similar
to those presented in Refs. [1,2,14].

The limit condition for the Poisson equation is the amount
of potential on the electrodes: V = 0 electrical potential at
the cathode. Vif = Vpsin(wr) electrical potential at the anode.
Here, @ and Vs are respectively the pulsation and the ampli-
tude of the alternative voltages.

The limit condition of electrons has a proportional flux to
their thermal velocity, whereas ions have a zero gradient near
the walls
Vih/le

I.=5"""—yI, (12)

L= Vv, (13)

where vy, is the thermal velocity of electrons, and ¥, is the
secondary electron emission coefficient that is initiated by the

collision of ions with the surface.
Quantities vy, and g, are calculated by

Vink
e = “;B, (14)
8kpT.
Vin = m‘jf (15)
€

3. Results and discussion

The CCP reactor is driven by a sinusoidal voltage with a
frequency of 13.56 MHz at a temperature of 500 K. A silane
mixture diluted with hydrogen and ammonia is used as a de-
position precursor in this simulation. The RF voltage taken is

130 V, applied to the anode at pressure p and inter-electrode
distance d. The results are presented at a final computation
time of the order of 7.37 pus.

Figures 2-5 show the variation of electron density, tem-
perature, electric field, and electron velocity as a function of
pressure, taking a pressure margin between 0.3 and 1.2 Torr
for an inter-electrode distance of 2.7 cm. Keeping the pressure
at 0.3 Torr and varying the distance between 2.7 and 7 cm,
Figures 610 respectively show the variation of electron den-
sity, temperature, electric field, and velocity as a function of
the distance between the electrodes. Finally, figures 11 and
12 show the electron density and temperature for a pressure-
distance product noted p x d.

—p=20.3 Torr

5.0

4.0

3.0

2.0

1.0

Electron density (109 cm~3)

0 0.5 1.0 1.5 2.0 2.5

z-coordinate (cm)

Fig. 2. Variation of electron density (cm ™) as a function of pressure.

17
—— p=20.3 Torr
15 MmNy p=0.7 Torr
’ — ——= p=1.0 Torr
130 [ r
\ p=1.2 Torr

Electron temperature (eV)

0 0.5 1.0 1.5 2.0 2.5

z-coordinate (cm)

Fig. 3. Electronic temperature variation (eV) as a function of pressure.
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—200

Electron field (V/cm)

—300 .
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Y /A I N (R p=0.7 Torr
—400+ / ——— p=1.0 Torr
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0 0.5 1.0 1.5 2.0 2.5

z-coordinate (cm)

Fig. 4. Electric field variation (V/cm) as a function of pressure.
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Fig. 5. Electronic velocity variation (cm/s) as a function of pressure.

By increasing the pressure in the deposition system up
to 0.7 Torr, the radical density rises as the precursor density
grows (Fig. 2). Another effect of increasing the pressure in
the deposition chamber is that it leads to the accumulation
of radicals in the region between sheaths, which reduces the
temperature in this region (Fig. 3). According to Bavafa,[!4]
the typical pressure in a capacitively coupled PECVD process
mostly varies between 0.05 and 1 Torr. Therefore, when we
exceed the limits of the physical parameters (0.05 and 1 Torr),
we should expect anomalies. Indeed, the simulation results
(Fig. 2) show that the electron density becomes less important
and almost bipolar once the pressure reaches 1.2 Torr, which
does not present the characteristics of RF plasma discharge.

An electric field is introduced and added to the field cre-
ated by the charges in the plasma. Figure 4 shows that it be-
comes large (in absolute value) when the pressure increases,
causing a large displacement of electrons and ions. In the
cathode region, the electrons are strongly accelerated, which
explains the high speed (Fig. 5) as well as the high temper-
ature in this region (Fig. 3). As we get closer to the anode
region, we notice that there is an inversion of the field; as a
consequence, the electrons gain energy which accelerates the
electrons towards the electrode (Fig. 5).

The influence of the distance between electrodes on the
discharge is shown in Figs. 6-10. For a small distance be-
tween 2.7 and 4 cm, the electron density increases even as the
distance increases (Fig. 6). This means that this range gives the
electrons enough space for the creation of secondary electrons,
which leads to a large migration of electrons to the cathode,
which explains the high temperature shown in Fig. 8. When
the distance becomes larger (between 5 and 7 cm, Fig. 7), the
collisions between electrons will be small, and consequently
the creation of secondary electrons will be low. Also, when
the distance increases, the plasma density region moves closer
to the anode (Figs. 6 and 7). Figure 9 shows that the electric
field decreases (in absolute values) as the distance between
electrodes increases, which explains the decrease in electron
velocity (Fig. 10).

The evolution of these characteristics corresponds well to
the theory of an RF plasma discharge given the density and

energy equations.>!?? Indeed, these results are in accordance

with the electron temperature and electric field distributions

shown in the literature.[!419-23]

3.2
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2.4
2.0
1.6
1.2
0.8
0.4

—— d=2.7 cm
/ N d=3.0 cm
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Electron density (10° cm™—3)

0
0 0.5

1.0 15 20 25 3.0

z-coordinate (cm)

Fig. 6. Electron density variation (cm™3) as a function of the distance

between 2.7 and 3.5 cm.
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Fig. 7. Electron density variation (cm™3) as a function of the distance

between 5 and 7 cm.
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Fig. 8. Electronic temperature variation (eV) as a function of distance.
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Fig. 9. Electric field variation (V/cm) as a function of distance.
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In order to determine an optimal pressure-electrode dis-
tance p x d product, we will vary both the pressure (between
0.3 and 0.7 Torr) and the inter-electrode distance (between
2.7 and 4 cm) at the same time. The optimal p x d choice
is the best compromise between a high electron density and a
low surface temperature. Figures 11 and 12 show the varia-
tion in electron density and temperature for different pressure-
distance p x d products.

Figure 11 shows that the product 0.7 Torr 2.7 cm sur-
passes all other electronic densities; it has the highest esti-
mated density of about 5.5x10% cm~3, followed by the prod-
uct 0.5 Torr 3cm with a density close to 4.7x10? cm ™ and the
product 0.5 Torr 4cm with a density close to 4.2x10° cm 3.
The product 0.7 Torr 4 cm shows an electron density less
important with a bipolar shape, which is inadequate in our

—
3 d=2.7 cm
E ““““““““ d=3.0 cm
5] ——— d=5.0cm
;/ d="7.0 cm
[e=]
—
N
>
o
=
Q
2
[
>
=]
o
S
ey
Q
2 _ g
oS [ ) L
2 4 6

z-coordinate (cm)

Fig. 10. Electronic velocity variation (cm/s) as a function of distance.
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© ‘% ———— p=0.7 Torr, d=4.0 cm
2 4.0 2
— J T X
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3? 3.0
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2
< 1.0
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<) 0 j
0 1.0 2.0 3.0 4.0
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Fig. 11. Electronic density distribution in cm~2 for the product pxd.
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———p=0.5 Torr, d=4.0 cm
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—— p=0.7 Torr, d=4.0 cm

Electron temperature (eV)

0 1.0 2.0 3.0 4.0

z-coordinate (cm)

Fig. 12. Electronic temperature distribution in eV for the product p x d.

context. Finally, the lowest of the products is the 0.3 Torr
2.7 cm, which barely reaches 2.3x10° cm~3. By examining
Fig. 12, we find that the products have almost the same an-
ode temperature with a value close to 3.5 eV. Based on the
two criteria of electron density and surface temperature, we
can deduce that the product 0.7 Torr 2.7 cm is the optimal
choice with respect to all products considered in this simula-
tion. Therefore, this product will allow a better deposition rate,
which improves the uniformity of the hydrogenated silicon ni-
tride thin film.

4. Conclusion and perspectives

Understanding the RF discharges used in the processing
of electronic materials requires a valuable study of the various
parameters of discharge reactors. In our work, we were inter-
ested in modeling a thin film deposit in a CCP reactor driven
by a sinusoidal voltage of 130 V and a frequency of 13.56
MHz at a temperature of 500 K. We used a silane mixture di-
luted with hydrogen and ammonia for a variable electrode dis-
tance d and pressure p. The fluid model used is solved using
the one-dimensional finite element method.

The results of the numerical simulation that we performed
by varying the pressure and the distance between electrodes
have revealed the importance of these factors in the variation
of the fundamental characteristics of the discharge and con-
sequently influencing the quality of the deposit in the reactor.
Moreover, by considering the criteria of electron density and
surface temperature and examining a wide range of products,
we were able to select an optimal pressure-distance product
that is 0.7 Torr 2.7 cm. The use of this product will result in
the creation of a more reactive plasma volume, which allows
an increase in deposition speed and a more conformal surface
treatment. Consequently, enhance the quality of the deposit in
the CCP reactor.
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