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Modeling SiH4/O2/Ar Inductively Coupled
Plasmas Used for Filling of Microtrenches
in Shallow Trench Isolation (STI)
Stefan Tinck,* Annemie Bogaerts
Modeling results are presented to gain a better insight in the properties of a SiH4/O2/Ar
inductively coupled plasma (ICP) and how it interacts with a silicon substrate (wafer), as
applied in the microelectronics industry for the fabrication of electronic devices. The SiH4/O2/
Ar ICP is used for the filling of microtrenches with isolating material (SiO2), as applied in
shallow trench isolation (STI). In this article, a detailed reaction set that describes the plasma
chemistry of SiH4/O2/Ar discharges as well as surface processes, such as sputtering, oxidation,
and deposition, is presented. Results are presented on the plasma properties during the plasma
enhanced chemical vapor deposition process (PECVD) for different gas ratios, as well as on the
shape of the filled trenches and the surface compositions of the deposited layers. For the
operating conditions under study it is found that the most important species accounting for
deposition are SiH2, SiH3O, SiH3 and SiH2O, while SiHþ

2 , SiH
þ
3 , O

þ
2 and Arþ are the dominant

species for sputtering of the surface. By diluting the precursor gas (SiH4) in the mixture, the
deposition rate versus sputtering rate can be controlled for a desired trench filling process.
From the calculation results it is clear that a high depo-
sition rate will result in undesired void formation during
the trench filling, while a small deposition rate will result
in undesired trench bottom and mask damage by sputter-
ing. By varying the SiH4/O2 ratio, the chemical composition
of the deposited layer will be influenced. However, even at
the highest SiH4/O2 ratio investigated (i.e., 3.2:1; low oxy-
gen content), the bulk deposited layer consists mainly of
SiO2, suggesting that low-volatile silane species deposit
first and subsequently become oxidized instead of being
oxidized first in the plasma before deposition. Finally, it
was found that the top surface of the deposited layer
contained less oxygen due to preferential sputtering of
O atoms, making the top layer more Si-rich. However, this
effect is negligible at a SiH4/O2 ratio of 2:1 or lower.
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Modeling SiH4/O2/Ar Inductively Coupled Plasmas Used for Filling of Microtrenches . . .
1. Introduction

Plasma enhanced chemical vapor deposition (PECVD) is an

appropriate process for microtrench (gap) filling during

shallow trench isolation (STI) in semiconductor device

processing as applied in themicroelectronics industry.[1] In

STI, trenches are etched in the silicon substrate, which are

then filled with insulating material (SiO2) to isolate active

areas on the wafer. As microdevice nodes continue to

shrink, the requirements for a decent gap filling process

become increasingly challenging. Tocontinue tomeet these

requirements, thePECVDprocessneeds tobeoptimizedand

better understood. Usually high operating power and low

pressure, aswell as substrate bias and gasmixture,must be

carefully chosen for a stable gap filling process. For

mechanical and electrical stability, both structure damage

and voids in the deposited layer must be avoided and

therefore awell balanced operating processmust be found.

Both the balance between deposition rate and sputtering

rate, as well as sputter deposition and ion angle, have

proven to have a major effect on the resulting deposition

process.[2] Sputter deposition, where the ions from the

plasma are deposited into the surface layer (during

sputtering of the surface), was found to be important for

filling the trenches successfully.

To deposit SiO2 in themicrotrenches, typically a SiH4/O2

or SiH4/N2Omixture is applied, usually diluted with Ar, H2

or He.[3] SiH4 is the precursor gas, while an oxidizing agent

(e.g., O2) is added to the mixture to grow a SiO2 film. Park

and Rhee[4] have experimentally investigated the growth

mechanism of low temperature SiO2 films deposited

by PECVD. The gas mixture under study in their work

was SiH4/N2O. They concluded that SiH2O and SiH3O are

probably the main film precursor molecules and that

oxygen can remove residual �OH in the deposited layer,

resulting in near stoichiometric SiO2 films. However, gas

ratios in combinationwithplasmapowerneed tobe chosen

carefully to obtain the optimum gap fill process.[4]

The goal of this paper is to obtain more insight in the

effects of different gas ratios in an Ar/SiH4/O2 gas mixture

on the plasma properties and on the resulting deposition

process by means of a numerical investigation. Different

types of modeling work on silane plasmas used for

deposition have been reported in literature. Both Kovalgin

et al.[5] and Kushner[6] have numerically investigated the

chemical reactions in an Ar/SiH4 inductively coupled

plasma (ICP) used for PECVD of amorphous silicon by

means of an analytical and a two-dimensional (2D) hybrid

model, respectively, and they presented a detailed reaction

set. However, in both cases no surface reactions were

included to describe the deposition processes. 2D hybrid

plasmasimulationsonHe/SiH4/O2mixtureshavealsobeen

performedbyKushner[7]whopresentedadetailedchemical

reaction set and investigated which species are most
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important for deposition as a function of operating power

and reactor geometry. However, also no surface reactions

were included to investigate the actual deposition process.

Finally, also De Bleecker et al.[8] presented a one-dimen-

sional fluid model for He/SiH4 mixtures containing small

amounts of O2. A detailed reaction set for the gas-phase

oxidation of silane was given, but deposition and surface

oxidationwere again not considered in their model. On the

other hand, there exist some papers in literature on

modeling the oxide deposition process on a surface. Chang

et al.[9] have developed a Monte Carlo profile simulator for

SiO2 deposition which includes different effects, such as

angle dependent sputtering, ion-induced deposition, back-

scatter-deposition, and redeposition of sputtered material.

Moreover, Hsiau et al.[10] have presented a feature profile

model, also based on Monte Carlo simulations, that can be

applied for various etching or deposition processes,

including SiO2 gap fill applications. Both papers, however,

treat only the surface processes without considering the

plasma.

In the present paper, a hybrid model developed by

Kushner[11] is applied that is able to calculate bulk plasma

properties in a 2D geometry, while taking into account also

surface processes, such as sputtering and deposition at the

walls. In this way, we can investigate the influence of

certain process parameters such as power, pressure or gas

mixture on the plasma, and, simultaneously study how a

change in plasma behavior affects the resulting trench

filling process.
2. Description of the Model

A hybridMonte Carlo-fluid plasmamodel, i.e., the so-called

hybrid plasma equipment model (HPEM), developed by

Kushner,[11] is applied to describe the plasmaprocesses and

plasma–surface interactions. It consists of an electromag-

netics module, where the electromagnetic fields are

calculated, an electron Monte Carlo module, where the

electronbehavior is simulated, andafluidpart,which treats

the heavy plasma species. A more detailed explanation of

the model can be found in ref.[11]

This plasma model includes an extra analytical module

to predict changes in the composition of the surface layers

due to sputtering or deposition by plasma species. More

specifically, the fluxes of all plasma species to the reactor

walls and thewafer, as calculated in the plasmamodel, are

used in this module to address the surface processes based

on a surface chemistry reaction set. Fromhere, the fluxes of

surface species returning to the plasma are defined for an

updated description of the plasma chemistry. The overall

calculation switches between these two models in an

iterative way until convergence is reached.
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After convergence, an additional Monte Carlo feature

profile model[12] is introduced to address microstructure

changes in time (i.e., trench filling), during the PECVD

process. Based on the fluxes of species arriving at thewafer,

as calculatedbytheHPEM, thismodel launchesMonteCarlo

particles to the surface to address a change in the surface

compositionand trenchprofile asa functionof time.Amore

detailed description of this model can be found in ref.[12]

In the following sections, we present a discussion on

the different plasma species included in the model, a

reaction set for the plasma reactions, and a surface

chemistry reaction set.
2.1. Species Considered in the Model

Thirty-seven different plasma species are taken into

account in the model, as well as nine different surface

layers (also called ‘‘surface species’’) for addressing thewall

conditions. The complete list of species is shown in Table 1.

The excited species Ar� and O� consist of the 4s and 4p

excited levels, and 3s and 3p levels, respectively. Electron

impact vibrational and rotational excitations are included

for O2, H2 and SiH4, but not for the othermolecular reaction

products. O2 includes the ground state molecule and

two electronic excited levels with thresholds of 8.40 and

10.00 eV. For each of these three states, one rotational

excitation and two vibrational excitations are included

with thresholds of 0.02, 0.19 and 0.38 eV. Similarly,

H2 consists of the ground state and two electronic excited

states with threshold energies of 8.80 and 11.87 eV. Also

two rotational and twovibrational excitations are included

with threshold energies of 0.04, 0.07, 0.52 and 1.00 eV
Table 1. Overview of the species included in the model.

Ground state neutrals Ar, O2, O, H2, H, H2O,

Positive ions Arþ, Oþ
2 , O

þ, Hþ,

Excited species

Negatively charged species

Surface species Si(s), SiH(s), SiH

Table 2. Chemical reactions for pure Ar defined in the model.

Reaction Cross-sec

eþAr!Ar�þ e

eþAr!Arþþ 2e

eþAr�!Arþþ 2e

eþAr�!Arþ e

Ar�þAr�!ArþþArþ e 5.00
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respectively. Finally, for SiH4, two vibrational excitations

are included, with thresholds of 0.11 and 0.24 eV.

Some species are not included in the model, mostly

because their densities are small or because not enough

information can be found on their chemical reactions. The

latter is true for positive ions of SiHxOspecies.No ionization

cross-sections could be found for thesemolecules and their

ionsare thereforenot included.AlsoO�
2 isnot includedsince

it is lostmore rapidly by charge transfer to O� than formed,

because the threshold for the formation of O�
2 is relatively

high.[13,14] Hence, we expect that the density of O�
2 in the

plasmawill bemuch lower than the O� density, at least for

these low pressure systems. Similarly, O3 is not included in

our model, because at the very low pressure under study

(10mTorr), O3 is not likely to be abundant in the plasma.[15]

The same applies for higher silane products such as Si2H6

or SinH2nþ2 (n> 2). Indeed, for gap filling applications,

particle formation is not desired and conditions are

chosen to reduce dust formation as much as possible. Dust

formation is therefore negligible at the very-low pressure

and low silane gas fraction investigated here and is hence

not included in the model.[6]
2.2. Plasma Chemical Reactions Included in the

Model

To describe the plasma chemistry of the SiH4/O2/Ar gas

mixture, a detailed reaction set was constructed which

is presented in Tables 2–6, subdivided according to the

reactants, for the sake of clarity. Elastic collisions are

included in the model but are not listed in the tables.

The electron impact reaction rates are defined by energy
OH, Si, SiH, SiH2, SiH3, SiH4, SiHO, SiH2O, SiH3O, SiO, SiO2

Hþ
2 , H

þ
3 , ArH

þ, Siþ, SiHþ, SiHþ
2 , SiH

þ
3 , SiH

þ
4 , SiO

þ, SiOþ
2

Ar�, O�

O�, SiH�
2 , SiH

þ
3 , electrons

2(s), SiH3(s), SiO(s), SiO2(s), SiHO(s), SiH2O(s), SiH3O(s)

tion or rate constant Reference

s(E) [16]

s(E) [16]

s(E) [16]

s(E) [16]

� 10�10 cm3 � s�1 [16]
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Table 3. Chemical reactions for pure O2 gas defined in the model.

Reaction Cross-section or rate constant Reference

eþO2!O�þO s(E) [16]

eþO2!OþOþ e s(E) [16]

eþO2!O�þOþ e s(E) [16]

eþO2!Oþ
2 þ 2e s(E) [16]

eþO2!OþOþþ 2e s(E) [16]

eþOþ
2 !OþO s(E) [16]

eþO�!Oþ 2e 1.95� 10�12 T�0:7
e exp[�3.4 eV/Te] cm

3 � s�1 [17]

eþO!O�þ e s(E) [16]

eþO!Oþþ 2e s(E) [16]

eþO�!Oþ e s(E) [16]

eþO�!Oþþ 2e s(E) [16]

O�þOþ
2 !OþO2 2.00� 10�7 [T/298K]�0.5 cm3 � s�1 [18]

O�þOþ
2 !OþOþO 1.00� 10�7 cm3 � s�1 [16]

O�þOþ!OþO 2.70� 10�7 [T/298K]�0.5 cm3 � s�1 [19]

O�þO!OþO 8.00� 10�12 cm3 � s�1 [16]

O�þO2!OþO2 2.65� 10�11 exp[67K/T] cm3 � s�1 [18]

OþþO2!OþOþ
2 2.00� 10�11 cm3 � s�1 [20]

Table 4. Chemical reactions for pure H2 gas defined in the model.

Reaction Cross-section or rate constant Reference

eþH2!HþHþ e s(E) [21]

eþH2!Hþ
2 þ 2e s(E) [22]

eþHþ
2 !HþHþþ e s(E) [23]

eþHþ
2 !HþH s(E) [23]

eþH!Hþþ 2e s(E) [24]

eþHþ
3 !HþþH2þ e s(E) [23]

eþHþ
3 !HþH2 s(E) [23]

Hþ
2 þH!H2þHþ 6.40� 10�10 cm3 � s�1 [6]

Hþ
2 þH2!Hþ

3 þH 2.00� 10�9 [T/298K]�0.5 cm3 � s�1 [25]

Modeling SiH4/O2/Ar Inductively Coupled Plasmas Used for Filling of Microtrenches . . .
dependent cross-sections s(E) that can be found in the

corresponding references, while the rates of the heavy

particle reactions are determined by reaction rate coeffi-

cients that are directly presented in the tables. The electron

collisions are electron impact ionization, dissociative

ionization, excitation, and dissociation reactions, as well

as electron dissociative attachment and electron–ion

recombination. The heavy particle reactions include

positive–negative ion recombination, charge transfer, as

well as many chemical reactions to form new species, as is

outlined in the tables.
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2.3. Surface Reactions Included in the Model

When the plasma is in contact with a surface such as the

substrateor the reactorwalls, several surfaceprocesses take

place. Non-volatile plasma species can deposit on the

surface.Moreover, the surface is bombardedbyplasma ions

being accelerated through the sheath, giving rise to

sputtering. In addition to deposition and sputtering, also

chemical reactions can take place, such as oxidation of the

surface. Table 7 presents an overview of the different

surface reactions included in the model.
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Table 5. Chemical reactions for pure SiH4 gas defined in the model.

Cross-section or rate constant Reference

eþ SiH4! SiH3þHþ e s(E) [6]

eþ SiH4! SiH2þHþHþ e s(E) [6]

eþ SiH4! SiHþH2þHþ e s(E) [6]

eþ SiH4! SiHþ
3 þHþ 2e s(E) [6]

eþ SiH4! SiHþ
2 þH2þ 2e s(E) [6]

eþ SiH4! SiHþþHþH2þ 2e s(E) [6]

eþ SiH4! SiþþH2þH2þ 2e s(E) [6]

eþ SiH4! SiHþ
3 þH s(E) [6]

eþ SiH4! SiH�
2 þHþH s(E) [6]

eþ SiHþ! SiþH 1.69� 10�7 cm3 � s�1 [6]

eþ SiHþ
2 ! SiHþH 1.69� 10�7 cm3 � s�1 [6]

eþ SiHþ
3 ! SiH2þH 1.69� 10�7 cm3 � s�1 [6]

eþ SiH3! SiHþ
3 þ 2e s(E) [6]

eþ SiH2! SiHþ
2 þ 2e s(E) [6]

SiH4þH! SiH3þH2 2.68� 10�12 cm3 � s�1 [6]

SiH4þ Si! SiH2þ SiH2 5.33� 10�13 cm3 � s�1 [6]

SiH3þH! SiH2þH2 1.00� 10�10 cm3 � s�1 [6]

SiH3þ SiH3! SiH2þ SiH4 7.00� 10�12 cm3 � s�1 [6]

SiH2þH2! SiH4 2.00� 10�13 cm3 � s�1 [6]

SiH2þH! SiHþH2 7.96� 10�13 cm3 � s�1 [6]

SiH2þH! SiH3 1.11� 10�12 cm3 � s�1 [6]

SiHþH2! SiH3 1.98� 10�12 cm3 � s�1 [6]

SiþH2! SiH2 6.59� 10�12 cm3 � s�1 [6]

SiHþ
2 þ SiH4! SiHþ

3 þ SiH3 1.07� 10�9 cm3 � s�1 [6,20]

SiHþ
2 þH2! SiHþ

3 þH 1.01� 10�10 cm3 � s�1 [6]

SiHþþ SiH4! SiHþ
3 þ SiH2 6.00� 10�11 cm3 � s�1 [6,20]

SiHþþH2! SiHþ
2 þH 1.84� 10�11 cm3 � s�1 [6]

Hþþ SiH4! SiHþ
3 þH2 5.00� 10�10 cm3 � s�1 [6]

Hþ
2 þ SiH4! SiþþH2þH2þH2 3.66� 10�11 cm3 � s�1 [6]

Hþ
2 þ SiH4! SiHþþH2þH2þH 3.66� 10�11 cm3 � s�1 [6]

Hþ
2 þ SiH4! SiHþ

2 þH2þH2 6.59� 10�11 cm3 � s�1 [6]

Hþ
2 þ SiH4! SiHþ

3 þH2þH 6.23� 10�10 cm3 � s�1 [6]

Hþ
2 þ SiH4! SiH3þHþ

3 1.83� 10�11 cm3 � s�1 [6]

Hþ
3 þ SiH4! SiHþ

3 þH2þH2 5.16� 10�10 cm3 � s�1 [6]

SiHþþ SiH4! SiHþ
2 þ SiH3 1.95� 10�10 cm3 � s�1 [20]

Siþþ SiH4! SiHþ
3 þHþ Si 6.50� 10�10 cm3 � s�1 [20]

Siþþ SiH4! SiHþ
2 þH2þ Si 2.20� 10�10 cm3 � s�1 [20]

Siþþ SiH4! SiHþþHþH2þ Si 2.20� 10�10 cm3 � s�1 [20]

SiHþ
3 þ SiHþ! SiH3þ SiH 5.00� 10�7 cm3 � s�1 [6]

SiHþ
3 þ SiHþ

2 ! SiH3þ SiH2 5.00� 10�7 cm3 � s�1 [6]

SiHþ
3 þ SiHþ

3 ! SiH3þ SiH3 5.00� 10�7 cm3 � s�1 [6]
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Table 5. (Continued)

Cross-section or rate constant Reference

SiHþ
3 þ Siþ! SiH3þ Si 1.00� 10�7 cm3 � s�1 [6]

SiHþ
3 þHþ! SiH3þH 1.00� 10�7 cm3 � s�1 [6]

SiHþ
3 þHþ

2 ! SiH3þH2 1.00� 10�7 cm3 � s�1 [6]

SiHþ
3 þHþ

3 ! SiH3þH2þH 1.00� 10�7 cm3 � s�1 [6]

SiH�
2 þ SiHþ! SiH2þ SiH 5.00� 10�7 cm3 � s�1 [6]

SiH�
2 þ SiHþ

2 ! SiH2þ SiH2 5.00� 10�7 cm3 � s�1 [6]

SiH�
2 þ SiHþ

3 ! SiH2þ SiH3 5.00� 10�7 cm3 � s�1 [6]

SiH�
2 þ Siþ! SiH2þ Si 1.00� 10�7 cm3 � s�1 [6]

SiH�
2 þHþ! SiH2þH 1.00� 10�7 cm3 � s�1 [6]

SiH�
2 þHþ

2 ! SiH2þH2 1.00� 10�7 cm3 � s�1 [6]

SiH�
2 þHþ

3 ! SiH2þH2þH 1.00� 10�7 cm3 � s�1 [6]

Siþ SiH4! SiHþ SiH3 3.00� 10�10 cm3 � s�1 [26]

SiHþ SiH4! SiH2þ SiH3 5.00� 10�11 cm3 � s�1 [26]

Modeling SiH4/O2/Ar Inductively Coupled Plasmas Used for Filling of Microtrenches . . .
Themainprocess under study in thiswork is thefilling of

trencheswith SiO2. This process ismainly due to deposition

of low volatile plasma species, not only SiOy (y¼ 1,2) but

also SiHx (x¼ 0–3) and SiHxO (x¼ 1–3), which will later

become oxidized to form SiO2 (see below). The deposition

probabilities, or sticking coefficients, of these species

are given in the upper part of Table 7. The less volatile

a species, the higher is its sticking or deposition probability.

Generally it is accepted that when more H atoms are

bonded to Si, the molecule becomes more volatile. Indeed,

a Si atom, or SiH, is considered to be not volatile and

it will stick to the wall with a probability of 1.00[26]

while SiH4 is a gas and it will be completely reflected

from the surface. SiH2 and SiH3 are considered to be

low-volatile. Ramalingam et al.[29] and Walch et al.[30]

have concluded from molecular dynamics simulations

that SiH3 can only deposit on the surface if it attaches

to a dangling bond from the surface. Otherwise it will

most likely abstract H from the surface, since SiH3 has

one dangling bond, and it will then be reflected as SiH4.
[32]

Both Kessels et al.[26] and Agarwal et al.[33] have stated

that the surface reaction probability of SiH3 is close to

0.3 and this value was adopted in our simulations

(see Table 7). SiH2 has two dangling bonds, so it is less

likely for SiH2 to abstract two H atoms and be reflected as

SiH4. Therefore SiH2 is considered to deposit on the surface,

or if not, be reflected as SiH2. Sriraman et al.[32] have

obtained a wall loss probability of 0.4 for SiH2 based on

moleculardynamics simulations, andthisvalue is therefore

adopted in our model as the deposition probability, and

no H surface abstraction reactions are included for SiH2, in

contrast to SiH3.
Plasma Process. Polym. 2012, 9, 522–539

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
It is well known that O atoms and O2 molecules will

spontaneously reactwithSi to formaSiOx (x¼ 1–2) layerup

to 1.3 nm in thickness. O atoms and OH molecules are

considered to be reactive towards the SiHx or SiHxO surface

(x¼ 0–3), with a reaction probability close to unity;[34]

see Table 7. O2, on the other hand, is less eager to react since

it is more inert, and therefore a reaction probability

of 0.01 is assumed (see Table 7). Actual etching of Si

with oxygen, a process often referred to as active

oxidation, happens only at high substrate temperatures

(>700K)[34–39] which is higher than the temperature

considered in this work (60 8C). For this reason, no etching

reactions with oxygen are considered.

Also different processes for H on the surface can

occur,[40,41] such as H adsorption, H abstraction (to

form H2), etching of SiH3(s) (to form SiH4),
[31] diffusion into

the surface layer, and insertion of H into Si�Si bonds. It is

also known that H can induce crystallization of amorphous

silicon by perturbation of the Si�Si bonds.[42] This has an

advantage in terms of charge mobility for transistor

fabrication. Of all the above processes, the abstraction of

a H-atom from the surface to form H2 through an Eley–

Rideal mechanism is the most likely to occur, since it is

characterized by a zero activation energy barrier.[41]

Therefore, this process is included in our model, with unit

reaction probability for both SiHx and SiHxO surface layers

(x¼ 1–3); see Table 7. However, for a SiH3 surface, the

formation of volatile SiH4 upon impact of H atoms is also

included, with a reaction probability of 0.045; see Table 7.

This value is adopted from Amantides et al.[31]. Incorpora-

tion of H into Si�Si bonds has a threshold energy of about

0.1 eV[33] which is much higher than the plasma gas
www.plasma-polymers.org 527



Table 6. Chemical reactions between Ar, O2 and SiH4 species defined in the model.

Reaction Cross-section or rate constant Reference

ArþþO2!ArþOþ
2 5.10� 10�11 cm3 � s�1 [16]

ArþþO!ArþOþ 1.00� 10�11 cm3 � s�1 [16]

SiHþ
3 þArþ! SiH3þAr 5.00� 10�7 cm3 � s�1 [6]

SiH�
2 þArþ! SiH2þAr 5.00� 10�7 cm3 � s�1 [6]

SiHþ
3 þArHþ! SiH3þArþH 5.00� 10�7 cm3 � s�1 [6]

SiH�
2 þArHþ! SiH2þArþH 5.00� 10�7 cm3 � s�1 [6]

Arþþ SiH4!Arþ SiþþH2þH2 1.18� 10�11 cm3 � s�1 [6]

Arþþ SiH4!Arþ SiHþþHþH2 4.20� 10�12 cm3 � s�1 [6]

Arþþ SiH4!Arþ SiHþ
2 þH2 1.66� 10�12 cm3 � s�1 [6]

Arþþ SiH4!Arþ SiHþ
3 þH 2.40� 10�12 cm3 � s�1 [6]

ArþþH2!ArHþþH 6.00� 10�10 cm3 � s�1 [25]

Hþ
2 þAr!ArHþþH 1.70� 10�9 cm3 � s�1 [25]

eþArHþ!ArþH 1.00� 10�7 cm3 � s�1 [25]

ArHþþH2!ArþHþ
3 1.50� 10�9 cm3 � s�1 [6,25]

Hþ
2 þAr!H2þArþ 2.20� 10�10 cm3 � s�1 [25]

OþOH!HþO2 2.40� 10�11 cm3 � s�1 [27]

O�þH2O!OHþOH 2.20� 10�10 cm3 � s�1 [27]

OHþH2!H2OþH 7.70� 10�12 cm3 � s�1 [27]

OHþH!OþH2 1.48� 10�10 cm3 � s�1 [7,8]

OþH2!OHþH 3.44� 10�10 cm3 � s�1 [7,8]

eþH2O!O�þH2 s(E) [7]

SiH4þO! SiH3þOH 6.98� 10�12 cm3 � s�1 [7,8]

SiH4þO�! SiH3þOH 3.00� 10�10 cm3 � s�1 [7,8]

SiH4þOH! SiH3þH2O 1.40� 10�11 exp[�50.3K/T] cm3 � s�1 [7,8]

SiH4þO2! SiH3OþOH 3.00� 10�12 cm3 � s�1 [7,8]

SiH3þO! SiH2OþH 2.16� 10�10 exp[�1 000K/T] cm3 � s�1 [7,8]

SiH3þOH! SiH2OþH2 8.31� 10�12 cm3 � s�1 [7,8]

SiH3þO2! SiH2OþOH 6.30� 10�12 cm3 � s�1 [7,8]

SiH3þO2! SiH3OþO 6.30� 10�12 cm3 � s�1 [7,8]

SiH2þO2! SiH2OþO 3.75� 10�12 cm3 � s�1 [7,8]

SiH2þO2! SiHOþOH 3.75� 10�12 cm3 � s�1 [7,8]

SiHþO2! SiOþOH 8.50� 10�11 cm3 � s�1 [7,8]

SiHþO2! SiO2þH 8.50� 10�11 cm3 � s�1 [7,8]

SiH3OþO! SiH2OþOH 1.00� 10�12 cm3 � s�1 [7,8]

SiH3OþOH! SiH2OþH2O 1.00� 10�11 cm3 � s�1 [7,8]

SiH2OþH! SiHOþH2 5.48� 10�10 exp[�5276.4K/T] cm3 � s�1 [7,8]

SiH2OþO! SiHOþOH 2.99� 10�11 exp[�1547.7K/T] cm3 � s�1 [7,8]

SiH2OþOH! SiHOþH2O 1.25� 10�11 exp[�85.4K/T] cm3 � s�1 [7,8]

SiHOþH! SiOþH2 3.32� 10�10 cm3 � s�1 [7,8]

SiHOþO! SiOþOH 1.66� 10�10 cm3 � s�1 [7,8]

SiHOþOH! SiOþH2O 1.66� 10�10 cm3 � s�1 [7,8]

SiOþOH! SiO2þH 6.65� 10�12 exp[�2864.3K/T] cm3 � s�1 [7,8]
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Table 6. (Continued)

Reaction Cross-section or rate constant Reference

SiOþO2! SiO2þO 2.36� 10�10 exp[�3266.3K/T] cm3 � s�1 [7,8]

eþ SiO! SiOþþ 2e s(E) [28]

eþ SiO2! SiOþ
2 þ 2e s(E) [28]

SiOþþO�! SiOþO 1.00� 10�7 [T/298K]0.5 cm3 � s�1 Based on ref.[16] a)

SiOþ
2 þO�! SiO2þO 1.00� 10�7 [T/298K]0.5 cm3 � s�1 Based on ref.[16] a)

a)The reaction coefficient for this reaction is not known. Therefore, we have based the rate coefficient on that of a similar neutralization

reaction as presented in ref.[16]

Table 7. Scheme of surface reactions included in the model.

Species Probability

Siþ surface! Si(s)þ surface 1.00

SiHþ surface! SiH(s)þ surface 1.00

SiH2þ surface! SiH2(s)þ surface 0.40

SiH3þ surface! SiH3(s)þ surface 0.30 a)

SiH4þ surface! SiH4þ surface 1.00 (reflected completely)

SiHxOþ surface! SiHxO(s)þ surface 1.00 (x¼ 1–3)

SiOyþ surface! SiOy(s)þ surface 1.00 (y¼ 1,2)

SiHx(s)þO! SiHxO(s) (x¼ 0–3) 1.00

SiO(s)þO! SiO2(s) 1.00

SiHxO(s)þO! SiHx�1O(s)þH (x¼ 1–3) 1.00 b)

SiHx(s)þO2! SiHxO(s)þO (x¼ 0–3) 0.01

SiO(s)þO2! SiO2(s)þO 0.01

SiHxO(s)þO2! SiHx�1O(s)þH (x¼ 1–3) 0.01 b)

SiHx(s)þOH! SiHxþ1O(s) (x¼ 0–3) 1.00

SiO(s)þOH! SiO2(s)þH 1.00

SiHxO(s)þOH! SiHx�1O(s)þH (x¼ 1–3) 1.00 b)

SiHx(s)þH! SiHx�1(s)þH2 (x¼ 1–2) 1.00

SiH3(s)þH! SiH2(s)þH2 0.955

SiH3(s)þH! SiH4 0.045 c)

SiHxO(s)þH! SiHx�1O(s)þH2 (x¼ 1–3) 1.00

SiHx(s)þMþ! SiHxþM (x¼ 0–3) Energy-dependent sputter yield d),e)

SiHxOy(s)þMþ! SiHxOy�1þM (x¼ 0–3) (y¼ 1,2) Energy-dependent sputter yield d),e),f)

SiHx(s)þHþ! SiHxþ1(s) (x¼ 0–2) 1.00 g)

SiHx(s)þHþ
3 ! SiHxþ1(s)þH2 (x¼ 0–2) 1.00 g)

a)If SiH3 is not deposited/incorporated in the layer, it will abstract H from the surface and be returned as SiH4
[29,30]; b)In these reactions,

O or O2 or OH diffuses into the surface layer and is therefore lost from the reaction; c)The active etching of Si in the form of SiH4 by

H atoms is discussed in more detail by Amantides et al.[31]; d)See Figure 1 for the values of the sputter yields; e)M¼Ar, Si, O2, O, SiH, SiH2,

SiH3, SiH4, SiO, or SiO2;
f)Oxygen is preferentially sputtered, compared to SiHx, therefore oxygen is sputtered ‘‘first’’; g)For x¼3, volatile SiH4

is formed.
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temperature in ourwork or the surface temperature (60 8C),
so this process will not likely occur for neutral H, but it can

happen for Hþ and Hþ
3 ions since they are accelerated

through the sheath. Hþ
2 is less likely to incorporate H

compared to Hþ and Hþ
3 , because it is more likely to simply

be neutralized at the surface and reflected as H2. For this

reason no chemical reactions for Hþ
2 and H2 are included in

the surface reaction scheme.

Besides deposition reactions, the surface is also sputtered

by ions.When an ionwith energy of a few 100 eV arrives at

the substrate, it will penetrate into the surface and cause a

collision cascade, which might result in launching one or

more surface atoms into the gas phase, called sputtering.

Matsunami et al.[43] have proposed a formula based on

experimentaldata topredict thesputteryield (SY)ofvarious

monoatomic ions on various surfaces. The SY for Arþ,

Siþ, Oþ and Hþ on poly-Si, implemented in our model, are

based on this formula and are plotted as a function

of bombarding energy in Figure 1. For ions such as SiOþ
2 ,

these data are often not available, but we can consider the

molecular ion as a sum of separate atoms arriving at

the surface. Indeed, it is known that the ion will attract

an electron from the surface (Auger electron) and be

neutralized before collision with the surface. In this

neutralization process, the molecule often dissociates. As

a result, atomic fast neutrals are the actual species that

arrive at the surface. Of course, the sum of the energies of

the dissociated ‘‘parts’’ (or atoms) must be equal to the

total energy of the original molecular ion.

For example, when a SiOþ
2 ion arrives at the surface with

energy of 600 eV,we can assume that this ion is neutralized

and dissociates, and it is actually Siþ 2 O atoms arriving at

the wafer with a total energy of 600 eV. Please note that in

the simulation it is still SiOþ
2 bombarding the wafer, so one
Figure 1. Energy dependent sputter yields for the monoatomic
ions included in the model, adopted from ref.[43]
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positive charge is arriving. Dividing the energy over the

separateatoms isdonebasedontheirmasses.Hence, 47%of

the energywill be transferred to Si and 26.5% to each of the

O atoms. Or in other words, Si will arrive with energy of

280 eV, and both O atoms with 160 eV each. This leaves us

with the final equation:

SY½SiOþ
2 �ð600 eVÞ ¼ SY½Si�ð280 eVÞ þ 2� SY½O�ð160 eVÞ

Since the energy dependent SY of Si and O are known

from experimental data, we can calculate and implement a

SY for SiOþ
2 and all other molecular ions based on this

equation, which is a possible solution when the SY for a

particular ion is not experimentally available.

It should be noted that the SY presented in Figure 1 are

valid for ions arriving perpendicular to the surface,which is

true for most ions when they are accelerated through the

sheath. To account for an angle dependent SY, which is

important for trench sidewall sputtering, the SY are

multiplied by an angular factor that gives rise to an

optimal SY at around 60 degrees from the normal of the

surface, as is known from classical sputtering theory.[44]

Besides sputtering, some ions can also react chemically

with the surface atoms. For example, Oþ can penetrate the

top surface layers of the substrate and cause a Si atom to be

sputtered. The O atom (i.e., neutralized Oþ ion) can then be

reflected or it can reside on the surface or inside the top

surface layers, where it will probably react with another Si

atomtoformSiO.Thisprobability isassumedtobe thesame

as for the neutral O atoms, as presented in Table 7. In this

way, ion deposition is also included in our model.

In practice, the surface will have a SiHxOy composition

close to SiO2, aswill be illustrated below. Indeed, since SiHx

species are more volatile than pure Si, we consider them to

be sputteredmore easily.We could not find reliable data for

theSYofSiHx layers; therefore,weassumedvaluesbasedon

yields proposed by Hoekstra et al.[12] for sputtering SiClx
layers under similar operating conditions.

When a SiO2 layer is sputtered, the O atoms will be

removed at a higher rate than Si, yielding a Si-rich

surface layer. This process is known as preferential

sputtering.[45–49] It has indeed been reported that oxygen

is sputtered about five times faster than silicon,[45] making

the top surface layer of about 9nm to consist of practically

pure silicon.[46] Therefore, the SY for oxygen in SiO2 was

defined as being five times that of Si in our model, and we

have considered reactions where only oxygen is removed

from SiO2 until the layer consists of pure Si. Subsequently,

from then on, the SY is the same as for clean Si (cf. Figure 1).

In practice, this results in a sputter rate for SiO2 which is

about half that for pure Si. This corresponds indeed to

experimental observations, where SiO2 is found to be

sputtered more slowly than poly-Si. Mizutani[48] indeed

observed, for an ion energy range of 400–700 eV, that a
DOI: 10.1002/ppap.201100093
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clean Si layer is sputtered roughly twice as fast as a SiO2

layer under the same conditions.

Finally, note that sputtering by Hþ, Hþ
2 and Hþ

3 is

negligible compared to the other ions due to their lowmass

and thereforepoor energy transfer.However, incorporation

of H into Si�Si bonds is likely to happen by these ions (see

last two reactions in Table 7).
3. Results and Discussion

Simulations are performed for a reactor geometry of an ICP

used for gap filling applications as applied in STI.[1] The 2D

geometry is presented in Figure 2.When rotating this plane

around the left axis the full cylindrical reactor is obtained.

The reactor has two coils, i.e., a planar coil on top of the

chamber and a cylindrical coil surrounding the chamber. At

the bottom of the chamber the silicon substrate is located,

which is a 300mm wafer placed on top of the substrate

electrode that attracts the ions from the plasma. Calcula-

tions are performed for the following operating conditions

typically used for gap filling in STI: 13.56MHz operating

frequency applied both at the substrate and the coil,

10mTorr total gas pressure, 4 400W total coil powerwhere

1 300W comes from the top coil, 3 500W substrate bias

power, 60 8C wall and substrate temperature, 500 sccm

total gas flow rate. The gas consists of 16%Ar, 30% SiH4 and

54% O2. This gas ratio will be varied as explained in

more detail in the following sections.

For these conditions, the effects on the plasma

characteristics of power deposition and other process

parameters such as nozzle position have already been
Figure 2. Two-dimensional reactor geometry defined in the
model. The left axis is the symmetry axis of the cylindrically
symmetrical reactor.
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theoretically investigated by Kushner[7] for almost similar

gas mixtures (with He instead of Ar). In our work, the

influence of different gas mixtures on both the plasma and

deposition process is investigated. We found that a gas

mixture of 16%Ar, 30% SiH4 and 54%O2 gives rise to proper

gap filling conditions, as will be demonstrated below.

Hence, before focusing on the effect of the different gas

ratios on the gap filling process, we will first present

in Figure 3a–f several plasma properties under these

conditions, to illustrate the general plasma characteristics

in our ICP reactor.

Theelectron temperature is illustrated inFigure3awitha

maximumnear the top and side coils, resembling the shape

of the power deposited from these coils. The maximum

electron temperature is about 4 eV. Figure 3b shows the gas

temperature. The gas is injected in the chamber at room

temperature (293K) and is heated slightly above 400K in

the reactor chamber. The electron density (Figure 3c) has a

torodial shapedmaximumwhich is a direct consequence of

the power deposition of both top and side coils. The

maximum density is slightly shifted to the center of the

chamber, compared to thepowerdepositionandmaximum

electron temperature (cf Figure 3a), due to the fact that

electrons are lost rapidly to the walls at this low pressure.

The rapid lossof electrons to thewalls isalso thereasonwhy

the plasma potential has a rather high positive value of

about 100V. Indeed, due to the high power from coils and

substrate bias, the electrons are strongly accelerated and

they can escape from the bulk plasma relatively easily due

to the rather longmean freepath (close to1 cmat10mTorr).

Finally, Figure 3e and f shows the density profiles of SiH2

and of the sum of all ions, respectively. SiH2, together with

SiH3O, is the most important precursor for the gap filling

process, aswill be illustrated below. Its density is highest in

the centre of the reactor since SiH2 is lost at the walls by

deposition. The same is true for the profile of the ions that

are neutralized at the reactorwalls. Density profiles ofmost

plasma species have similar shapes and are quite uniform

above the wafer which is desired for a uniform deposition

process. In the following sections, the effects of Ar and O2

gas fraction will be discussed.
3.1. Effects of Ar Gas Fraction

As mentioned before, we found that the above mentioned

operatingconditions,more specificallyagasmixtureof16%

Ar, 30%SiH4, and54%O2, yieldeda successfull trenchfilling.

To illustrate this, and tounderstandbetterwhy this specific

gas mixture is optimal, we will vary here the fraction of Ar

while keepingaconstant SiH4/O2 ratioof 1:2. Indeed, SiH4 is

considered the precursor for filling the trenches, while

oxygen will convert the SiHx species into SiO2, which is the

desired isolatingmaterial forgapfilling. TheAr fractionwas

varied from 5 to 90% and the reactor averaged plasma
www.plasma-polymers.org 531



Figure 3. 2D contour plots of (a) electron temperature, (b) gas temperature, (c) electron density, (d) plasma potential, (e) SiH2 density, and
(f) total ion density. The operating conditions are: 13.56MHz applied at coil and substrate electrode, 10mTorr total gas pressure, 4 400W
total coil power, 3 500W substrate bias power, 60 8C wall and substrate temperature, 500 sccm gas flow rate, and a gas mixture of 16% Ar,
30% SiH4 and 54% O2.
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species densities are presented in Figure4a–d. Thedensities

of all plasma species included in the model are shown

except for Ar� andO�, since theywere found to benegligible

compared to the densities of their ground state counter-
Plasma Process. Polym. 2012, 9, 522–539
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parts. For clarity, the results are subdivided in four plots

showing (a) the neutral Si-containing species, (b) the

remaining neutral species, (c) Si-containing ions, and (d)

remaining ions and electrons.
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Figure 4. Reactor averaged species densities as a function of Ar gas fraction, divided over four plots for clarity: (a) neutral Si-containing
species, (b) other neutral species, (c) Si-containing ions, and (d) remaining ions and electrons. The other operating conditions are the same as
in Figure 3, and the ratio between SiH4 and O2 was kept constant at 1:2. Some lines are dashed for clarity.
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From Figure 4 it can be concluded that Ar, O2 and H2 are

themost abundant species in the plasma. Apart fromAr, all

other neutral species densities decrease at higher Ar gas

fraction as expected. Although SiH4 is the most abundant

Si-containing species, it is consumed for more than 60%. It

should be realized that SiH4 does not account for deposition

since it is volatile (see Table 7), so the most important

species for deposition are therefore SiH2, SiH3O, SiH3, and

SiH2O. SiO, SiHOandSiO2have lowerdensities andfluxes to

the substrate and are less important for the deposition

process. This is certainly true for SiHandSi,whichhavevery

low densities, in spite of the fact that they have a sticking

probability of 1. O and OH, which are present at high

densities, will oxidize the surface, but theywill not account

for depositionas theydonot contain Si. Finally, theHatoms

have a flux close to that of O, and are important for

abstracting H from the surface, facilitating chemical

conversion of SiHx to SiO2.
Plasma Process. Polym. 2012, 9, 522–539

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Figure4candd illustrates thedensitiesof thevarious ions

as a function of Ar fraction. The total ion density is not

presented, but it exhibits a similar trend as the electron

density, depicted in Figure 4d. The total ion density is

largely dependent on the total power deposition and varies

therefore only slightly as expected. However, it tends to

decrease at very high Ar fraction (80–90%). The reason for

this is explained as follows. SiH4 is ionizedmore easily than

Ar because it has a lower ionization threshold (12.20 eV to

form SiHþ
3 and 13.50 eV to form SiHþ

2 , compared to 15.76 eV

to form Arþ). Therefore, a higher Ar fraction, or a lower

fraction of silane, will result in less total ionization and a

lower total ion density. On the other hand, when the Ar

fraction increases, the mixture tends to change from a

molecular plasma toanatomicplasma. Since atoms cannot

be rotationally or vibrationally excited, the electrons have

more energy for ionization processes in an atomic gas

mixture. Botheffects seemto result inapractically constant
www.plasma-polymers.org 533
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total ion density when the Ar fraction is varied. Only at

>80% Ar the first effect seems to dominate and eventually

results in adecrease of the total iondensity. Thedensities of

Arþ and ArHþ first increase with Ar gas fraction and then

decrease at even higher Ar fraction (Figure 4d) for a similar

reason.

Themost important ions thatwill account for sputtering

of thesubstrateareSiHþ
3 , SiH

þ
2 andOþ

2 at lowAr fraction, but

at an Ar fraction above 40%, Arþ and ArHþ become more

important as expected (Figure 4c and d).

Some other less important Si-containing ions (i.e., SiH�
2 ,

SiH�
3 , SiO

þ and SiOþ
2 ) increase in density when the silane

fraction is reduced,whichmightbeunexpectedatfirst sight

(Figure 4c). The most important losses for these ions are

neutralization with ions of opposite charge. SiH�
2 and SiH�

3

are lost mostly through neutralization with Hþ and Hþ
2 ,

whose densities decrease faster than those of the Si-

containing species at higher Ar gas fraction, as can be seen

in Figure 4d. Similarly, SiOþ and SiOþ
2 are lost due to

neutralization with O�, the most abundant negative ion,

which also decreases in density at higher Ar percentage.

The resulting gap filling process is dependent on two

major effects, namely the deposition rate of low-volatile

Si-containing species and the sputtering by ions. By

varying the Ar gas fraction, we can clearly see a different

contribution fromboth effects. Figure 5 shows the total flux

of species that account for deposition, together with the

total flux of ions accounting for sputtering, both on the left

axis. On the right axis, the resulting deposition rate is

plotted,which is a result from the analytical surfacemodel.

As mentioned before, the most important species that

account for deposition are SiH2, SiH3O, SiH3, and

SiH2O.Their relativecontributions to the totalfluxresemble
Figure 5. Total flux of all species that account for deposition (left
axis), and of all ions that account for sputtering (left axis), as well
as calculated deposition rate (right axis) as a function of Ar gas
fraction.
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those for the reactor averaged densities as presented in

Figure 4a. The same is true for the contributions of the total

ionfluxwhere SiHþ
3 , SiH

þ
2 andOþ

2 at lowAr fraction, andArþ

at anAr fraction above 40%, are themost important ions for

sputtering (Figure 4c and d). As is clear from Figure 5, the

depositing flux decreases with increasing Ar fraction as

expected,while the ionflux ispractically constant, exceptat

higher Ar fraction. As a result, the ratio between deposition

and sputtering decreases at higherAr fraction. For example,

at 10%Ar, the deposition flux is about 35 times higher than

the ionflux,whileat90%Ar, this ratio is close to10. It should

benoted thatnotall specieswilldeposit since theprobability

for sticking/deposition is not always 1 for all species. In

addition, the ions have high energy (close to 600 eV) so that

more than one surface atom/molecule can be sputtered per

ion. It is clear from Figure 5 that this balance between

deposition and sputtering has a profound effect on the

resulting deposition rate, which decreases more or less

linearly with Ar fraction. At a low Ar fraction of 5%, the

deposition rate is around 400–500nm �min�1, while at an

Ar fraction of 60% the deposition rate has dropped to a value

close to 0. Indeed, more sputtering will occur instead of

deposition (¼negative value for deposition rate).

It shouldbenoted that thedeposition rate is calculated in

the analytical surface model, which does not take micro-

trench structures into account. It treats the surfaces of the

substrate and the reactorwalls as a one-dimensional line in

the 2D geometry, so that only the upper layer surface

properties are calculated. The deposition rate is simply

predicted by counting the number of deposition reactions

while substracting the number of sputter reactions. More

detailed results on the deposition process in the trenches

can be seen in Figure 6a–c which illustrates calculation

results obtained with the microscale Monte Carlo feature

profile model.

At lowArpercentage (5%,Figure6a), thedepositionflux is

very high, resulting in dominant deposition over sputter-

ing, as was also shown in Figure 5. This results in serious

void formation. Hence, the deposited layer is not appro-

priate for device fabrication due to a lack of electronic and

mechanical stability. Indeed, during wafer processing, the

wafer is heated and cooled down on various occasions,

increasing the risk of structure damage if voids are present

in the layer. At 16% Ar (Figure 6b), the deposition rate is

slightly lower, but void formation is inhibited as desired.

Finally at higher Ar fraction (>60%; Figure 6c), there is a

strong competition between sputtering of the layer and

deposition, resulting indepositiononthesidewalls, butalso

in damaging the device at the bottom and themask, which

must be avoided of course.

The chemical composition of the deposited layer was

calculated in the analytical surfacemodel andwas found to

be SiH0,5O1,14. This chemical compositionwas predicted for

all investigated Ar gas fractions (ranging from 5 to 90%). It
DOI: 10.1002/ppap.201100093



Figure 6. (a) Calculated deposition profiles at (a) 5% Ar, where a void is formed, (b) 16% Ar where a proper gap filling process takes place, and
(c) 80% Ar, where trench damage occurs.
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should be noted, however, that in the analytical surface

model only the properties of the top surface monolayer are

calculated. Asmentioned before, the SiO2 layer becomes Si-

rich at the surface due to preferential sputtering of oxygen.

This iswhyarather lowratioof1:1.14 ispredicted for Si:O in

the chemical composition of the top surface layer. In the

underlying layers, the composition is closer to SiO2, as can

be concluded from Figure 6 where the deposited layer

(white) has a near-SiO2 composition.

From these results it can be concluded that the shape of

the deposited layer inside the trenches can be controlled by
Figure 7. Schematic illustration of the mechanism for deposition
of a SiO2 layer from an Ar/SiH4/O2 plasma.
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varying the ratio between deposition and sputtering. This,

in turn, can be achieved by varying the fractions of Ar and

precursor gas (SiH4) in the gasmixture.We found that anAr

gas fraction close to 16% yields optimal conditions for

proper gap filling. This value is indeed found back in typical

gap filling recipes in the STI process.[50]

Finally, it shouldbe realized that in theplasma,notavery

large fraction of the silane species is oxidized, as was clear

fromFigure 4,while the deposited layer is close to SiO2. This

indicates that mostly silane species with high hydrogen

content, such as SiH2 and SiH3, deposit and that they are

subsequentlyoxidizedonthesurface (toSiO2) rather than in

the plasma. This is schematically illustrated in Figure 7.
3.2. Effects of SiH4/O2 Ratio

The plasma characteristics and deposition process were

also numerically investigated while varying the SiH4/O2

ratio. As mentioned before, we found that the trenches are

filled successfully with SiO2 when applying a gas mixture

of 16% Ar, 30% SiH4 and 54% O2. To understand why this

specific SiH4/O2 ratio gives rise to successful gap filling, we

have varied the oxygen fraction between20 and80%,while

keeping the Ar fraction constant at 16% The plasma species

densitiesarepresented inFigure8a–dasa functionofO2gas

fraction. The densities are again subdivided into four plots

for the sake of clarity. Figure 8a shows densities of the

neutral Si-containing species, Figure 8b of the remaining

neutrals, Figure8cof theSi-containing ions, andFigure8dof

the remaining ions and free electrons. The Ar� and O�

densities are not plotted due to their low values compared

to the densities of their ground state equivalents.
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Figure 8. Reactor averaged species densities as a function of O2 gas fraction, while the Ar fraction was kept constant at 16%, divided over
four plots for clarity: (a) neutral Si-containing species, (b) other neutral species, (c) Si-containing ions, and (d) remaining ions and electrons.
The other operating conditions are the same as in Figure 3.
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The neutral species densities change as a function of O2

fraction as expected (Figure 8a and b). Indeed, when the

fraction of O2 is increased, the densities of all Si-containing

species decrease, while the reaction products between

oxygen and silane (i.e., SiHO, SiH2O, SiH3O, SiO and SiO2)

tend to show maxima at intermediate fractions of O2

and SiH4. Moreover, the Si-containing ions all decrease in

densityupon increasingoxygen fraction, except SiH�
2 , SiH

�
3 ,

SiOþ and SiOþ
2 which exhibit local minima at a certain O2

fraction, for the same reasons as described in Section 3.1

when the Ar fraction was varied. At higher O2 fraction and

lower silane fraction, less ions are generated and the total

ion density (and electron density) decreases slightly, as also

discussed in Section 3.1.

Both the amounts of precursor gas (SiH4) and oxidizing

agent (O2) change as a function of O2 gas fraction, sowe can

expect a variation in deposition rate, as well as in chemical
Plasma Process. Polym. 2012, 9, 522–539
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composition of the deposited layer. Figure 9 shows the total

flux of depositing species (SiH3, SiH2, SiH, Si, SiHO, SiH2O,

SiH3O, SiO and SiO2), the total ion flux and the fluxes of the

oxidizing species (O2, O and OH) on the left axis, as well as

the resulting deposition rate on the right axis, as a function

of O2 percentage. Similar to the case where the Ar fraction

wasvaried (Figure5), thefluxofdepositing species isalmost

40 times higher than the ion flux at the lowest O2 fraction

(andhighest silane content) investigated,whereas it is only

one order of magnitude higher at 80% O2 (and 4% of SiH4).

This results inadecreaseof thedeposition rate at increasing

O2 fraction as expected.

Similar conclusions can be drawn for the shape of the

deposited layer in the trench as shown in Figure 10a–c. If

the deposition rate is close to 500nm �min�1, at a fraction

of 40% O2 or lower, deposition is dominant and a void is

created (see Figure 10a). Asmentioned earlier, a successfull
DOI: 10.1002/ppap.201100093



Figure 11. Calculated surface fractions of deposited species, or in
other words, chemical composition of the top surface layer of the
deposited layer in the trench as a function of O2 content in the gas
mixture.

Figure 9. (Left axis) wafer averaged flux of (a) O2, (b) O, (c) OH,
(d) all species that account for deposition, and (e) all ions that
account for sputtering, as a function of O2 gas fraction.
(Right axis) calculated deposition rate as a function of O2 gas
fraction.
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filling process occurs at 54% O2 (see Figure 10b, which

corresponds in fact to the same conditions as given in

Figure 6b). At very low deposition rate, (>60% of O2) the

maskandbottomof the trencharedamaged, as is clear from

Figure 10c.

It is interesting to note that the deposition rate increases

from 20 to 40% O2 even when the precursor gas fraction is

decreased. Indeed, at low oxygen fraction, the species that

accountsmost fordeposition is SiH2,whichdoesnotdeposit

with a probability of unity (Table 7). If more oxygen is

present, SiHxO (x¼ 1–3) species becomemore important for
Figure 10. (a) Calculated deposition profiles at (a) 30% O2, where a voi
(c) 70% O2, where trench damage occurs.
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deposition, and they are characterized by a deposition

probability equal to 1 (see Table 7), and this explains the

increase in the total deposition rate.

Naturally, the fluxes of the oxidizing agents increase

with O2 fraction, so we can expect an increase in oxygen

content in the chemical composition of the deposited layer.

The chemical composition of the top surface layer, or more

specifically, the surface fraction of deposited species in this

layer, is plotted in Figure 11 as a function of O2 gas fraction.
d is formed, (b) 54% O2 where a proper gap filling process occurs, and
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It should be noted that this is, again, the chemical

composition of the top surface layer which should have a

lower oxygen content than the bulk of the deposited layer

due to preferential sputtering of oxygen from the surface

(see above). For this reason, the fraction of clean Si on the

surface is relatively high (23%) at low oxygen content.

At the lowest investigated O2 gas fraction of 20% (and

consequently a SiH4 fraction of 64%), the deposited

layer has a chemical composition of SiH0,49O0,75 which is

indeed Si-rich. However at high O2 gas fraction (90%), the

composition is SiH0,12O1,40. As mentioned before, the bulk

deposited layer contains even more oxygen, being close to

SiO2 with a negligible amount of hydrogen.
4. Conclusion

We have numerically investigated Ar/SiH4/O2 ICP used for

the filling of Si trenches with SiO2 by means of PECVD, as

applied in STI. For this, a reaction set for plasma chemistry

as well as for surface chemistry was created for Ar/SiH4/O2

ICPs on a poly-Si surface and presented here. The gas

fractions of all three components were varied and the

influence on the plasma characteristics and on the gap

filling process was discussed. It was found that the most

important species that account for deposition are SiH2,

SiH3O, SiH3, and SiH2O while the most important ions that

account for sputtering of the layer are SiHþ
3 , SiH

þ
2 , O

þ
2

and Arþ.

The Ar gas fraction was varied while the SiH4/O2 ratio

was kept fixed at 1:2. It was found that the deposition

process is strongly influenced by the ratio of deposition

versus sputtering. By varying the Ar fraction, this ratio can

be tuneduntil a desireddeposition rate is achieved. If theAr

fraction is too low (<16%), the deposition rate is dominant

over sputtering, creating an undesired void when the

trench is filled. At an Ar fraction above 60%, the deposition

rate is too slow, resulting in damaging of the bottom of the

trench and of the mask by sputtering. From the results it

canbe concluded that agasmixture of 16%Ar, 30%SiH4and

54% O2 results in a proper trench filling process.

It was found that oxidized Si-containing plasma species

(SiH3O, SiH2O, SiHO, SiO and SiO2) did not constitute the

largest part of the plasma composition, indicating that

rather low-volatile silane species (mainly SiH3, SiH2) are

deposited and subsequently become oxidized, instead of

being directly oxidized in the plasma before they deposit

on the walls.

The SiH4/O2 ratio was varied while the Ar fraction was

kept constant at 16%, and it was found that both the

deposition rate and the chemical composition of the

deposited layer were influenced. At the lowest

investigated O2 fraction of 20%, which yields a SiH4/O2

ratio of 3.2:1, the chemical composition of the top surface of
Plasma Process. Polym. 2012, 9, 522–539
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the deposited layer was calculated as SiH0,49O0,75 which is

considered Si-rich due to preferential sputtering of oxygen.

Thebulkof thedeposited layerhasahigheroxygen fraction,

yielding a composition close to SiO2, even at a low oxygen

gas fraction of 20%, as could be concluded from the

trench profile results where the bulk deposited layer was

calculated.
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