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Numerical Investigation of SiO2 Coating
Deposition in Wafer Processing Reactors with
SiCl4/O2/Ar Inductively Coupled Plasmas
Stefan Tinck,* Peter De Schepper, Annemie Bogaerts
Simulations and experiments are performed to obtain a better insight in the plasma enhanced
chemical vapor deposition process of SiO2 by SiCl4/O2/Ar plasmas for introducing a SiO2-like
coating in wafer processing reactors. Reaction sets describing the plasma and surface

chemistry of the SiCl4/O2/Ar mixture are presented.
Typical calculation results include the bulk plasma
characteristics, i.e., electrical properties, species densi-
ties, and information on important production and
loss processes, as well as the chemical composition of
the deposited coating, and the thickness uniformity
of the film on all reactor surfaces. The film deposition
characteristics, and the trends for varying discharge
conditions, are explained based on the plasma behavior,
as calculated by the model.
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1. Introduction a proper wafer-after-wafer process repeatability. It is
During wafer processing as applied in themicroelectronics

industry, it is common to introduce a coating in the reactor

chamber before each new processing step.[1] It has been

shown that coatings can have beneficial effects in terms of

uniformity and wafer-after-wafer process reproducibili-

ty.[2,3] During plasma etching, etch products redeposit on

the reactor walls, changing the chemical composition of

these surfaces, which in turn can significantly affect the

discharge properties, such as ion and radical density (e.g., Cl

for etchingSi), therebycausingprocessdrifts.[3]Asa result, a

major challenge in integrated circuit processing is to obtain
therefore common to clean the chamber walls after each

wafer processing step, which is typically performed with a

SF6-based plasma to remove SiClxOy species from thewalls.

However, in this process the (Al2O3) walls are converted to

AlFxwhich can bemore easily sputtered in the next plasma

step.[1] A solution to this problem is the introduction of a

coating (typically SiO2-like) before the plasma processing

step, which is removed afterwards, maintaining similar

reactor wall conditions wafer after wafer.

Furthermore, standard inductively coupled plasma (ICP)

reactors have Al2O3 walls and a quartz top dielectric

window. During plasma treatment, the top window is

sputtered to some extent due to capacitive coupling from

the coil, entailing significant ion bombardment on the

quartz plate. The sputtered particles can subsequently

redeposit, creatingaSiO2filmonthe sidewallsduringwafer

processing. So, during wafer processing, the reactor walls

are slowly becoming covered with SiO2 sputtered from the

quartzplate, changing thewall recombinationprobabilities

of reactive species and hence altering the overall plasma
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characteristics. However, if all reactor walls are initially

covered with a SiO2 coating, sputtering of the top window

will have minimal influence on the plasma characteristics.

Another advantage of applying a SiO2 coating is that the Cl

radical recombination probability is much lower on SiO2

surfaces, resulting in a higher etch rate on the wafer and

improved density uniformity of Cl radicals in chlorine-

based etch recipes.[2]

SiCl4/O2-basedplasmasare suitable for introducing SiO2-

like coatings with good chemical and electrical integrity

through plasma enhanced chemical vapor deposition

(PECVD).[4,5] It has been shown that chlorine-containing

gasescanbeveryeffective for removing impurities fromthe

reactor walls and for improving the overall chemical and

electrical stability of the deposited SiO2 layer.
[6] The basic

mechanism of deposition can be summarized as follows:

(i) SiCl4 dissociates in the plasma into low- or non-volatile

products (SiCl0–3)which are the precursormolecules/atoms

for deposition. (ii) O2 and O oxidize the deposited

SiClx-layer to a SiO2-like layer.[4–7] In addition, the only

byproduct is Cl, which can remove H impurities from

the SiO2 layer through formation of HCl.[7]

Several authors have reported on SiO2 film deposition

at low substrate temperature by PECVD using SiCl4/O2

plasmas. Alonso et al.[6] have experimentally investigated

the deposition rate and structural properties of the SiO2

layer deposited from different SiCl4/SiF4/O2 mixtures with

ellipsometry, etch rate measurements, and infrared spec-

troscopy. Ortiz et al.[7] have also used infrared transmit-

tance, Auger electron spectroscopy, ellipsometry, and etch

ratemeasurements to characterize the SiO2 films deposited

through PECVDusing SiCl4 andO2. From their results, it can

be concluded that a lower flow of reactant gases results in

more homogeneous porous films.

The effect of addingH2 to the SiCl4/O2 gasmixture on the

properties of SiO2-like layers has also been experimentally

investigated by Alonso et al.[4] They have reported that the

addition of H2 reduces the deposition rate but can improve

the stability of the films by reducing the amount of Cl

incorporated during growth, due to the formation and

extraction of HCl.

Although some work has been carried out already to

investigate the chemical and electrical properties of the

SiO2 films deposited by PECVD with SiCl4/O2-based

mixtures, in most cases, experimental measurements are

performed in one particular location of the film, yielding

limited or no information on uniformity of the deposited

layer along the reactor surfaces. However, it is of utmost

importance to be able to properly control the deposition

uniformity on all reactor surfaces in terms of film thickness

and chemical composition. If the chemical state of the SiO2

coating is not uniform across the reactor surfaces, e.g., if it

contains significantly more chlorine in certain locations,

thewall recombinationprobabilityof radicals suchasCl can
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be very different, resulting in a less uniform plasma. The

same applies to the structural integrity of the coating. If the

stability and porosity of the coating show large variations

due to a non-uniform deposition rate, sputtering of the

coating will create additional local variations in plasma

uniformity.

The goal of this paper is therefore to focus on the

uniformity of the deposited SiO2 filmalong all reactorwalls

in terms of thickness and chemical state, and to bring

insight into how the plasma characteristics determine

the coating growth mechanism. For this purpose, a two-

dimensional numerical model is applied that can yield

information on plasma uniformity as well as on the

deposition process at all reactor surfaces for an Ar/SiCl4/O2

ICP used for PECVD of SiO2. Asmentioned above, SiCl4 is the

precursor gas for deposition,while O2 is the oxidizing agent

tocreateaSiO2film.Ar is typicallyaddedtodilute thegas for

a better control of the deposition rate at a fixed operating

pressure and gas flow.
2. Description of the Model

AhybridMonteCarlo–fluidmodel is applied todescribe the

bulk plasma and surface chemistry.[8] A more detailed

explanation of the model can be found in this ref.[8]

In thismodel, an analyticalmodule is included to predict

the thickness and chemical composition of the deposited

layer on all reactor surfaces during plasma treatment.More

specifically, the fluxes from the plasma are used in this

module to address the surface processes based on a surface

chemistry reaction set. From here, the fluxes of species

returning to the plasma, as in the case of etching or

sputtering, are defined for an updated description of the

plasma behavior. The overall calculation switches between

these two parts in an iterative way until convergence is

reached.

In the following sections, reaction sets for the bulk

plasmaandsurface chemistryofanAr/SiCl4/O2mixtureare

presented and discussed.
2.1. Species Considered in the Model

Thirty-two different plasma species are included in the

model, aswell asninedifferent surface layers foraddressing

the wall conditions. The surface layers are denoted by (s).

The complete list of species is shown in Table 1.

Electron impact rotational and vibrational excitations

are included for Cl2 and O2, but not for other molecules.

These excited levels of Cl2 and O2 are, however, not

explicitly taken into account as separate species, but they

are included in the ground state species.

Cl2 consists of thegroundstateand twoelectronic excited

levels (at 2.49 and 9.25 eV). For these three states, one
715www.plasma-polymers.org



Table 1. Overview of the species included in the model.

Ground state neutrals Ar, Cl2, Cl, O2, O, ClO, Si, SiCl, SiCl2, SiCl3, SiCl4, SiO, SiO2

Positive ions Arþ, Cl2
þ, Clþ, O2

þ, Oþ, ClOþ, Siþ, SiClþ, SiCl2
þ, SiCl3

þ, SiCl4
þ, SiOþ, SiO2

þ

Excited species Ar�, Cl�, O�

Negatively charged species Cl�, O�, electrons

Surface layers Si(s), SiCl(s), SiCl2(s), SiCl3(s), SiO(s), SiO2(s), SiClO(s), SiCl2O(s), SiCl3O(s)

S. Tinck, P. De Schepper and A. Bogaerts

716
vibrational and one rotational excitation are included as

well with threshold of 0.07 and 0.02 eV. Similarly, O2

includes the ground state molecule, and four electronic

excited levels (at 0.98, 1.63, 8.40, and 10.00 eV). For these

five states, one rotational excitation and two vibrational

excitations are also included with thresholds of 0.02,

0.19, and 0.38 eV. For Ar� a collection of all 4s levels are

lumped together (with defined average threshold of

11.60 eV and all 4p levels at 13.10 eV. In the same manner,

Cl� comprises of all 4s (8.90 eV), 3d (10.40 eV), 4p (11.80 eV),

4d (12.00 eV), and 5p (12.40 eV) excited levels, and O� of

the 3s (9.15 eV) and 3p (10.73 eV) levels. Other negative ions

in our model besides Cl� and O� are not included as their

densities are negligible.[9–12]

As far as the reaction products are concerned, various

ClxOy products might exist in principle, such as ClO, Cl2O,

ClO2, and Cl2O2. However, compared to ClO, other ClxOy

products have low densities and therefore only ClO is

considered in our model.[13] Finally, it is most likely that

SiClxOy species are present in the plasma.[14] However, not

much information can be found in literature about the

chemical reactions of these species. In ref.[15], it is reported

that SiClx molecules will only be oxidised in the gas phase

at a gas temperature of at least 1 500K, which is much

higher than the typical gas temperature under study in

this paper (<600K). Therefore, gas-phase SiClxOy species

are not included in our plasma model, but several SiClxOy

species are considered in the surface reaction set as

surface species.
2.2. Plasma Chemical Reactions Included in the

Model

The bulk SiCl4/O2/Ar plasma chemistry is decribed by a

reaction set which is presented in Table 2. Elastic collisions

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

Most electron impact reaction rates are defined by energy

dependent cross sections s(E) that can be found in the

corresponding references, while in other cases (i.e., some

electron impact reactions and all heavy-particle reactions)

the reactions are defined by rate coefficients, which are

directly presented in the table. Concerning the ion-ion

neutralizations, not all rate constants of these combina-

tions are known, but for the typical chemistry under study,

these are generally in the order of 10�7–10�8 cm3 � s�1.
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Indeed, for neutralizations between Arþ and Cl� ions,

Subramonium and Kushner have provided coefficients

which are 10�7 [T/298K]0.5 cm3 � s�1 while Thorsteinsson

andGudmundssonhaveusedacoefficientof5.00� 10�8 [T/
298K]0.5 cm3 � s�1 for ion–ion neutralizations between

chlorine and oxygen ions.[13,16] For the other combinations

of ion–ion neutralizations, no data could be found in

literature, and therefore we have adopted the same values.

Similarly, for charge transfer reactions not all rate

coefficients for all ion-neutral combinations could be

found in literature and therefore some data were based

on comparable charge transfer reactions presented by

Thorsteinsson and Gudmundsson.[13]
2.3. Surface Reactions Included in the Model

The reaction set describing the surface processes of the

SiCl4/O2/Ar plasma is presented in Table 3. Si, SiCl, SiO, and

SiO2 are non-volatile molecules or atoms, so they will stick

at the surface and remain there with a high probability

(�100%).[32] SiCl2 and SiCl3 can stick on the surface but the

probabilities for these reactions are not very high. Cunge

et al.[28] have deduced a sticking probability for SiCl2 of 0.05

based on experimental measurements. On the other hand,

SiCl3 is quite reactive towards the surface. Upon impact

with the wall, it can abstract Cl from the surface to form

SiCl4 if possible, or it can bond to the surface and remain

there. SinceSiCl3 isnearvolatile likeSiCl2, thesamevaluefor

the sticking coefficient was adopted in our simulations.

To describe the oxidation of chlorinated silicon in the

model, we consider step-wise oxidation, where a chlorine

atom is gradually replaced by an oxygen atom, eventually

to form SiO2. This step-wise oxidation was proposed by

Cunge et al.[28] and our surface oxidation probabilities are

based on thismechanismwhere the reactivity ofO atoms is

much higher than for O2 molecules.

The chemical etching of silicon by chlorine, although

included in our model, is not very likely to occur due to the

high oxygen content in the plasma under study and the

very low sputter yield by ions.

Finally, since there is typically no bias applied for SiO2

coatingdeposition, the sputteryield isnotveryhighand, for

the conditions under study in this paper, it could be

concluded that ions do not have a significant influence on

the deposition process and that sputtering effects are
DOI: 10.1002/ppap.201300005



Table 2. List of plasma reactions included in the model.

Reaction Cross section

or rate constant

Reference

1. Electron impact reactions

eþ SiCl4! SiCl4
þþ 2e s(E) [17,18]

eþ SiCl4! SiCl3
þþClþ 2e s(E) [17,18]

eþ SiCl4! SiCl2
þþCl2þ 2e s(E) [17,18]

eþ SiCl4! SiClþþCl2þClþ 2e s(E) [17,18]

eþ SiCl4! SiþþCl2þCl2þ 2e s(E) [17,18]

eþ SiCl4! SiCl3þClþþ 2e s(E) [17,18]

eþ SiCl3! SiCl3
þþ 2e s(E) [17,19]

eþ SiCl3! SiCl2
þþClþ 2e s(E) [17,19]

eþ SiCl3! SiClþþCl2þ 2e s(E) [17,19]

eþ SiCl3! SiþþCl2þClþ 2e s(E) [17,19]

eþ SiCl3! SiCl2þClþþ 2e s(E) [17,19]

eþ SiCl2! SiCl2
þþ 2e s(E) [17,20]

eþ SiCl2! SiClþþClþ 2e s(E) [17,20]

eþ SiCl2! SiþþCl2þ 2e s(E) [17,20]

eþ SiCl2! SiClþClþþ 2e s(E) [17,20]

eþ SiCl! SiClþþ 2e s(E) [17,20]

eþ SiCl! SiþþClþ 2e s(E) [17,20]

eþ SiCl! SiþClþþ 2e s(E) [17,20]

eþ Si! Siþþ 2e s(E) [8]

eþ SiO! SiOþþ 2e s(E) [21]

eþ SiO2! SiO2
þþ 2e s(E) [21]

eþAr!Ar�þ e s(E) [22]

eþAr!Arþþ 2e s(E) [22]

eþAr�!Arþþ 2e s(E) [22]

eþAr�!Arþ e s(E) [22]

eþO2!O�þO s(E) [23]

eþO2!OþOþ e s(E) [23]

eþO2!O�þOþ e s(E) [23]

eþO2!O2
þþ 2e s(E) [23]

eþO2!OþOþþ 2e s(E) [23]

eþO2
þ!OþO s(E) [23]

eþO�!Oþ 2e 1.95� 10�12 Te�0.7 exp[�3.4 eV/Te] cm3 � s�1 [23]

eþO!O�þ e s(E) [23]

eþO!Oþþ 2e s(E) [23]

eþO�!Oþ e s(E) [23]

eþO�!Oþþ 2e s(E) [23]

eþCl2!ClþCl� s(E) [24]

eþCl2!ClþClþ e s(E) [24]

eþCl2!Cl2
þþ 2e s(E) [24]

eþCl2
þ!ClþCl s(E) [24]

(Continued)
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Table 2. Continued

Reaction Cross section

or rate constant

Reference

eþCl!Cl�þ e s(E) [24]

eþCl!Clþþ 2e s(E) [24]

eþCl�!Clþþ 2e s(E) [24]

eþCl�!Clþ 2e s(E) [24]

eþClO!ClþOþ e 1.27� 10�7 Te�1.36 exp[�6.84 eV/Te] cm3 � s�1 [13]

eþClO!ClOþþ 2e 9.48� 10�9 Te0.85 exp[�12.24 eV/Te] cm3 � s�1 [13]

2. Ion neutralization reactions

SiCl4
þþCl�! SiCl4þCl 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiCl4
þþO�! SiCl4þO 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiCl3
þþCl�! SiCl3þCl 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiCl3
þþO�! SiCl3þO 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiCl2
þþCl�! SiCl2þCl 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiCl2
þþO�! SiCl2þO 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiClþþCl�! SiClþCl 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiClþþO�! SiClþO 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiþþCl�! SiþCl 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiþþO�! SiþO 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiOþþCl�! SiOþCl 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiOþþO�! SiOþO 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiO2
þþCl�! SiO2þCl 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

SiO2
þþO�! SiO2þO 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

O�þO2
þ!OþO2 2.00� 10�7 [T/298K]�0.5 cm3 � s�1 [25]

O�þO2
þ!OþOþO 10�7 cm3 � s�1 [25]

O�þOþ!OþO 2.70� 10�7 [T/298K]�0.5 cm3 � s�1 [26]

Cl�þClþ!ClþCl 10�7 [T/298K]0.5 cm3 � s�1 [16]

Cl�þCl2
þ!ClþClþCl 10�7 [T/298K]0.5 cm3 � s�1 [16]

Cl�þArþ!ClþAr 10�7 [T/298K]0.5 cm3 � s�1 [16]

O�þArþ!OþAr 10�7 [T/298K]0.5 cm3 � s�1 Estimated (see text)

O�þClþ!OþCl 5.00� 10�8 [T/298K]0.5 cm3 � s�1 Estimated from ref. [12]

O�þCl2
þ!OþCl2 5.00� 10�8 [T/298K]0.5 cm3 � s�1 Estimated from ref. [12]

Cl�þO2
þ!ClþO2 5.00� 10�8 [T/298K]0.5 cm3 � s�1 [13]

Cl�þOþ!ClþO 5.00� 10�8 [T/298K]0.5 cm3 � s�1 [13]

Cl�þClOþ!ClþClO 5.00� 10�8 [T/298K]�0.5 cm3 � s�1 [13]

O�þClOþ!OþClO 2.60� 10�8 [T/298K]�0.44 cm3 � s�1 [13]

3. Charge transfer reactions

ArþþCl2!ArþCl2
þ 0.84� 10�10 [T/298K]0.5 cm3 � s�1 [16]

ArþþCl2!ArþClþþCl 0.64� 10�10 [T/298K]0.5 cm3 � s�1 [16]

ArþþCl!ArþClþ 2.00� 10�10 [T/298K]0.5 cm3 � s�1 [16]

ArþþO2!ArþO2
þ 5.10� 10�11 cm3 � s�1 [25]

ArþþO!ArþOþ 1.20� 10�11 cm3 � s�1 [25]

OþþO2!OþO2
þ 2.00� 10�11 cm3 � s�1 [25]

(Continued)
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Table 2. Continued

Reaction Cross section

or rate constant

Reference

ClþþCl2!ClþCl2
þ 5.40� 10�10 [T/298K]0.5 cm3 � s�1 [16]

ClþþO2!ClþO2
þ 4.90� 10�11 cm3 � s�1 Estimated (see text)

OþþClO!OþClOþ 4.90� 10�10 cm3 � s�1 [13]

O2
þþClO!O2þClOþ 4.90� 10�10 cm3 � s�1 [13]

ClþþClO!ClþClOþ 4.90� 10�10 cm3 � s�1 [13]

Cl2
þþClO!Cl2þClOþ 4.90� 10�10 cm3 � s�1 [13]

ArþþClO!ArþClOþ 4.90� 10�10 cm3 � s�1 Estimated (see text)

ArþþClO!ArþClOþ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Oþþ SiClx!Oþ SiClx
þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

O2
þþ SiClx!O2þ SiClx

þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Clþþ SiClx!Clþ SiClx
þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Cl2
þþ SiClx!Cl2þ SiClx

þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Arþþ SiClx!Arþ SiClx
þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Arþþ SiClx!Arþ SiClx
þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Oþþ SiOx!Oþ SiOx
þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

O2
þþ SiOx!O2þ SiOx

þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Clþþ SiOx!Clþ SiOx
þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Cl2
þþ SiOx!Cl2þ SiOx

þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

Arþþ SiOx!Arþ SiOx
þ 4.90� 10�10 cm3 � s�1 Estimated (see text)

4. Other chemical reactions between neutral heavy particles

SiþCl2! SiClþCl 3.30� 10�10 cm3 � s�1 [27]

SiClþCl2! SiCl2þCl 5.30� 10�11 cm3 � s�1 [28]

SiþO2! SiOþO� 1.73� 10�10 [T/298K]�0.53 exp[�17K/T] cm3 � s�1 [29,30]

SiOþO2! SiO2þO 2.36� 10�10 exp[�3266.3K/T] cm3 � s�1 [30,31]

O�þO!OþO 8.00� 10�12 cm3 � s�1 [25]

O�þO2!OþO2 2.65� 10�11 exp[67K/T] cm3 � s�1 [25]

Cl2þO�!ClOþCl 2.11� 10�10 cm3 s�1 [13]

ClOþO!O2þCl 4.11� 10�11 exp[42K/T] cm3 � s�1 [13]

Ar�þCl2!ArþCl2
þþ e 7.10� 10�10 [T/298K]0.5 cm3 � s�1 [16]

Ar�þCl!ArþCl� 0.70� 10�11 [T/298K]0.5 cm3 � s�1 [16]

Ar�þAr�!ArþþArþ e 5.00� 10�10 cm3 � s�1 [16]
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negligible (i.e., below threshold). However, some ions can

also account for deposition and these probabilities are

taken the same as those of their neutral equivalents, which

is the case for SiCl3
þ, SiCl2

þ, SiClþ, Siþ, SiOþ, and SiO2
þ.
3. Experimental

The SiO2 layers are deposited in a 300mm LAM Research

ICP 2300 Versys Kiyo 3X etch reactor. Prior to deposition,
Plasma Process. Polym. 2013, 10, 714–730

� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
the native SiO2 layer is removed from the wafers with

an HF(49%)/O3 dip. The deposited SiO2 thickness after

plasma processing is determined by means of a SCD100

spectroscopic ellipsometer (235–750 nm) from KLA Ten-

cor. A two-layer model is used for analysis. The first

layer is the Si substrate itself with fixed optical

parameters. The second layer is the deposited SiO2,

which is described by a harmonic oscillator model. The

goodness-of-fit for the results presented in this paper is

between 0.7 and 0.9.
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Table 3. Overview of the surface reactions included in the model.

Surface reaction Probability Reference

1. Deposition of low- or non-volatile products

Siþ surface! Si(s)þ surface 1.00 [32]

SiClþ surface! SiCl(s)þ surface 1.00 [32]

SiCl2þ surface! SiCl2(s)þ surface 0.05a [28]

SiCl3þ surface! SiCl3(s)þ surface 0.05a [28]

SiCl4þ surface! SiCl4þ surface 1.00 [32]

SiOþ surface! SiO(s)þ surface 1.00 [32]

SiO2 þ surface! SiO2(s)þ surface 1.00 [32]

2. Oxidation of the surface

Oþ SiClx(s)! SiClxO(s) (x¼ 0� 3) 1.00 Based on ref. [28]

Oþ SiClxO(s)! SiClx�1O(s)þCl (þO) (x¼ 1� 3) 1.00b Based on ref. [28]

Oþ SiO(s)! SiO2(s) 1.00 Based on ref. [28]

Oþ SiO2(s)! SiO2(s)þO 1.00 Based on ref. [28]

O2þ SiClx(s)! SiClxO(s)þO (x¼ 0� 3) 0.01 Based on ref. [28]

O2þ SiClxO(s)! SiClx�1O(s)þCl (þO2) (x¼ 1� 3) 0.01b Based on ref. [28]

O2þ SiO(s)! SiO2(s)þO 0.01 Based on ref. [28]

O2þ SiO2(s)! SiO2(s)þO2 1.00 Based on ref. [28]

ClOþ SiClx(s)! SiClxþ1O(s) (x¼ 0� 2) 1.00 Based on ref. [28]

ClOþ SiCl3(s)! SiCl3O(s)þCl 1.00 Based on ref. [28]

ClOþ SiClxO(s)! SiClx�1O(s)þ 2 Cl (þO) (x¼ 1� 3) 1.00b Based on ref. [28]

ClOþ SiO(s)! SiO2(s)þCl 1.00 Based on ref. [28]

ClOþ SiO2(s)! SiO2(s)þClO 1.00 Based on ref. [28]

3. Chlorination of the surface, leading to etching

Clþ Si(s)! SiCl(s) 1.00 [33]

Clþ SiCl(s)! SiCl2(s) 0.20 [33]

Clþ SiCl2(s)! SiCl3(s) 0.15 [33]

Clþ SiCl3(s)! SiCl4 0.001 [33]

Cl2þ Si(s)! SiCl2(s) 0.01 [33]

Cl2þ SiCl(s)! SiCl2(s)þCl 0.01 [33]

Cl2þ SiCl2(s)! SiCl3(s)þCl 0.01 [33]

Cl2þ SiCl3(s)! SiCl4þCl 0.0001 [33]

aThe wall loss probability for SiCl2 was taken from Cunge et al.,[28] and the same value is adopted for SiCl3.
bThe remaining O atom or O2

molecule will diffuse into the layer in our model and does not return to the plasma.
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4. Results and Discussion

4.1. General Plasma Properties

The two-dimensional half cross section of the ICP reactor

under study is shown in Figure 1.[34] When rotating this

plane around the left axis, the full cylindrical reactor is

obtained. Thegas ispumped into thechamberbythenozzle,

which is located in the center of the top window.

Calculations are performed for the following operating

conditions: 13.56MHz coil operating frequency, 10mTorr
Plasma Process. Polym. 2013, 10, 714–730
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chamber pressure, 1 200W coil power, 60 8C wall and

substrate temperature, 120 8C dielectric window tempera-

ture, 30 sccm SiCl4, 60 sccm O2, 310 sccm Ar gas flow rate,

and 44 s operating time.
a.
 Importance of the various plasma species

The calculated volume averaged densities of all species

are listed in Table 4, sorted from highest to lowest density,

including theirmain production and loss processes. Ar is by
DOI: 10.1002/ppap.201300005
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far the dominant species in the discharge, with a density of

more thana factor 20higher than theO2density andalmost

two orders of magnitude higher than the SiCl4 density. Ar

atoms can only be lost by electron impact excitation and

ionization, whereas the molecular gases can also be

converted into radicals and atoms, by dissociation,

dissociative ionization and/or dissociative attachment.

The latter processes are very important, as is demonstrated

by the high densities of Cl and O atoms, which are

signficantly higher than their parent gas molecules. The Cl

and O atoms are indeed mainly formed by electron impact

dissociative ionization of SiCl4 and by electron impact

dissociative attachment of O2, respectively, as appears

from Table 4. Other important plasma species are SiCl3
and SiCl2, with a density only a factor of 2–3 lower than

the SiCl4 density, making them the most important

deposition precursors in spite of their much lower

deposition probability (i.e., 0.05 for SiCl2–3 versus 1.00 for

the other species; see Table 3).

Concerning the ions, the most abundant positive ion in

the plasma is Clþ, closely followed by SiCl3
þ and it is

interesting to note that the Arþ density is much lower.

Indeed, inthecaseofSiCl4andtheSiClx radicals, dissociative

ionization is almost equally important as direct ionization

resulting in ahigh total production of Clþ ions,whereasArþ

can only be formed from electron impact ionization of Ar.

Another important production process for Clþ ions is

direct ionization of Cl atoms,which have a high abundancy

in the plasma as their density can build up to higher values

than the SiClx densities. The ionization potentials of Ar

and Cl are 15.76 and 12.99 eV, respectively and Cl is

therefore more easily ionized. Nevertheless, the largest

single production process for electrons is still direct

ionization of Ar, as mentioned in Table 4.

For all positive ions, wall neutralization is found to be

by far the most important loss process (i.e., �4� 1019 s�1).

On the other hand, the negative ions are mainly lost

by cation–anion neutralization, as they cannot easily

reach the reactor walls.
b.
 Behavior of the deposition precursors in the plasma

The most important precursors for deposition are the

non-volatile dissociation products of SiCl4, i.e., SiCl3, SiCl2,

and SiCl. Si, SiO, and SiO2 will only have a minor

contribution to film growth due to their much lower

densities in the plasma as is clear from Table 4. The density

profiles of SiCl4 and of the most abundant deposition

precursors are plotted in Figure 2a–d.

Comparing these density profiles indicates a stepwise

dissociation process from SiCl4 towards SiCl in the bulk

plasma. Indeed, it is more likely to create SiCl3 from SiCl4,

SiCl2 from SiCl3 and so on, abstracting only one Cl atom or

Clþ ion each time.[17,18] This explains the maxima of the
Plasma Process. Polym. 2013, 10, 714–730
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densities of SiCl1–3 since the gas is injected towards the

center of the wafer and then disperses in the lateral

direction. Indeed, the maximum densities of the ‘‘higher-

stage dissociation products’’ tend to bemore or less located

gradually further away from the nozzle. The calculated

densities of the various SiClx species are in qualitative

agreement with several experimental papers on the

plasma-induced fragmentation of SiCl4 into SiClx species.

It is generally found that the most abundant dissociation

product is SiCl3, followed by SiCl2 and SiCl.[35–40] Further-

more, of all SiCl4 molecules entering the plasma reactor,

32% is finally lost at the walls for growing the coating.

It is also apparent from Figure 2b that SiCl3 has a small

local secondmaximumunderneath the topwindownext to

the nozzle, which can be explained by a fraction of the flow

of SiCl4 that dissipates horizontally near the top window

besides thestrongerverticallydirected jet-likeflowtowards

the center of the wafer. It was confirmed that this small

local maximum near the top window was not a numerical

artifact as it covers a few layers of computational cells.

The gradual dissociation of SiCl4 into SiCl3, SiCl2, SiCl, and

eventually Si entails the creation of a large number of Cl

atoms. Since Cl atoms have a very lowwall loss probability

on a SiO2 coating its density can build up significantly

during plasma coating growth (see Table 4).[41]
c.
 Behavior of the oxidizing agents in the plasma

The deposited SiClx layers must be oxidized towards

the formation of a SiO2 coating. For this, the fraction of

oxidizingspecies in thegasmixture is typicallychosentobeat

least twice that of SiCl4 to assure proper/complete oxidation.

As mentioned earlier, oxidation in the bulk plasma

and subsequent deposition of SiO1–2 is not likely, as it is

reported that SiClx molecules will only be oxidized in the

gas phase at a gas temperature of at least 1 500K, which is

much higher than the calculated gas temperature under

these conditions (<600K).[15]

The most important oxidizing agents are O and O2. Both

have comparable volume averaged densities (see Table 4)

but it is generally known that O atoms are more reactive.

Despite theirhigh reactivity, theoverall calculatedwall loss

probability forOatomswas found tobevery small, i.e., 0.03.

There are more than sufficient O atoms present in the

plasma to make certain that the coating is practically

always consisting of SiO2 during growth. Since the fluxes

of the deposition precursors are at least one order of

magnitude lower compared to theOandO2fluxes and since

SiCl3 and SiCl2 have low sticking probabilities, oxidation of

the film occurs much faster than its growth. O can also be

lost at the SiO2-like walls by recombination to O2, but the

probability of this process is expected to be low as well.

Indeed, Takeshi and Lieberman reported that the recombi-

nation coefficient for O atoms should be in the order of
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Table 4. List of the plasma species included in the model, sorted by magnitude of their volume-averaged densities, including their most
important production and loss processes, as obtained from the model.

Species Density (cm�3) Leading production process Leading loss process

Ar 1.75� 1014 Gas inlet eþAr!Ar�þ e

Cl 2.80� 1013 eþ SiCl4! SiCl3
þþClþ 2e eþCl!Cl�þ e

O 9.41� 1012 eþO2!O�þO eþO!O�þ e

O2 7.67� 1012 Gas inlet eþO2!O�þO

SiCl4 2.18� 1012 Gas inlet eþ SiCl4! SiCl4
þþ 2e

SiCl3 1.17� 1012 eþ SiCl4! SiCl3þClþþ 2e eþ SiCl3! SiCl3
þþ 2e

SiCl2 8.15� 1011 eþ SiCl3! SiCl2þClþþ 2e eþ SiCl2! SiCl2
þþ 2e

O� 5.90� 1011 eþO!O�þ e O�þwall!Oþwall

Cl� 2.29� 1011 eþCl!Cl�þ e eþCl�!Clþþ 2e

Electrons (e) 7.66� 1010 eþAr!Arþþ 2e eþwall!wall

Clþ 3.89� 1010 eþCl!Clþþ 2e Clþþwall!Clþwall

SiCl 2.64� 1010 eþ SiCl2! SiClþClþþ 2e SiClþwall! SiCl(s)þwall

SiCl3
þ 2.08� 1010 eþ SiCl4! SiCl3

þþClþ 2e SiCl3
þþwall! SiCl3þwall

SiClþ 7.63� 109 eþ SiCl2! SiClþþClþ 2e SiClþþwall! SiClþwall

Ar� 6.28� 109 eþAr!Ar�þ e eþAr�!Arþþ 2e

SiCl4
þ 5.75� 109 eþ SiCl4! SiCl4

þþ 2e SiCl4
þþwall! SiCl4þwall

SiCl2
þ 3.01� 109 eþ SiCl3! SiCl2

þþClþ 2e SiCl2
þþwall! SiCl2þwall

Arþ 1.79� 109 eþAr!Arþþ 2e Arþþwall!Arþwall

O� 1.78� 109 eþO2!O�þO O�þClþ!OþCl

Si 1.30� 109 eþ SiCl! SiþClþþ 2e eþ Si! Siþþ 2e

SiO 1.24� 109 SiþO2! SiOþO� SiOþwall! SiO(s)þwall

Cl2 5.61� 108 eþ SiCl4! SiCl2
þþCl2þ 2e eþCl2!Cl2

þþ 2e

O2
þ 2.71� 108 eþO2!O2

þþ 2e O2
þþwall!O2þwall

Siþ 1.64� 108 eþ SiCl! SiþþClþ 2e Siþþwall! Siþwall

Oþ 8.68� 107 eþO!Oþþ 2e Oþþwall!Oþwall

Cl� 4.20� 107 eþCl2!ClþCl� SiCl3
þþCl�! SiCl3þCl

ClO 1.26� 107 Cl2þO�!ClOþCl eþClO!ClþOþ e

SiO2 2.55� 106 SiOþO2! SiO2þO SiO2þwall! SiO2(s)þwall

ClOþ 2.26� 106 eþClO!ClOþþ 2e ClOþþwall!ClOþwall

SiOþ 5.67� 105 eþ SiO! SiOþþ 2e SiOþþwall! SiOþwall

Cl2
þ 1.95� 105 eþCl2!Cl2

þþ 2e Cl2
þþwall!Cl2þwall

SiO2
þ 8.22� 103 eþ SiO2! SiO2

þþ 2e SiO2
þþwall! SiO2þwall

A species with a (s)-subscript denotes a surface species.
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0.0001 on a glass surface in a pressure range of

1–100mTorr.[41]

4.2. General Properties of the Coating

The calculated chemical composition of the coating on the

various reactor surfaces, for the same conditions as

mentioned in the beginning of the results and discussion

section, is presented in Figure 3.
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It is clear that for a 2:1 O2:SiCl4 ratio the chemical

composition is very uniform and very close to stoichiomet-

ric SiO2 on all surfaces. The amount of chlorine trapped in

the layer is very low (�1%)with amaximumof about 3% in

the center of the wafer and near the gas nozzle. The slight

increase in chlorine content in these locations is due to a

local higher deposition rate, resulting in a thicker coating

which is shown in Figure 4, and the latter is in turn
DOI: 10.1002/ppap.201300005



Figure 2. Calculated two-dimensional density profiles of (a) SiCl4, (b) SiCl3, (c) SiCl2, and (d) SiCl, for the conditions mentioned in the
beginning of the results and discussion section.
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attributed to a higher flux of SiClx species, as shown in

Figure 5. Since the layer is efficiently oxidized towards

SiO2 during growth, the chemical etching rate by chlorine

radicals was found to be negligible, i.e., three orders of

magnitude lower than the total deposition rate.

The thickness of the coating is not very uniform, ranging

from 20–50nm at the sidewall to maxima of 300nm at the

center of thewafer and 420nm at the topwindow near the

gas inlet and the calculated coating thickness on the wafer

surface is ingoodagreementwith themeasuredvalues. The

small peak at around 17 cm is a numerical artifact (i.e., a

corner effect) when moving from the horizontal surface of

the confinement ring to its vertical surface (see Figure 1).

The thickness uniformity is directly dependent on the

flux uniformity of the deposition precursors. These species

have higher fluxes at the center of the wafer and near

the nozzle, as is clear from Figure 5, which are, in turn

dependent on their bulk plasma density uniformities as
a Process. Polym. 2013, 10, 714–730
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shown in Figure 2b–d. As mentioned before, a sufficiently

high oxygen flux is necessary to ensure complete oxidation

of the SiClxO film into SiO2. It is therefore expected that a

higher deposition rate will result in more trapping of

chlorine during the film formation.

The SiCl3, SiCl2, and SiCl species each contribute for

about 47, 32, and 13% to the film growth, respectively. The

remaining 8% is deposited by less abundant species such

as SiCl3
þ, SiCl2

þ, and Si.

We can conclude that the chemical composition of the

coating is already close to SiO2 at all reactor walls, but

the coating thickness is not very uniform, which can be

explained from the fluxes of the SiClx growth precursors

towards thewalls.Moreover, the thickness non-uniformity

is more pronounced compared to the flux non-uniformity

due to the fact that the deposited layer is highly porous. In

order to find out whether this uniformity can be improved,

we will investigate in the following sections the effect
723www.plasma-polymers.org



Figure 3. Calculated chemical composition of the deposited
coating on the wafer, sidewall and top window, for the same
conditions as mentioned in the beginning of the results and
discussion section. The x-axis corresponds to the dashed arrow
path illustrated in Figure 1.

Figure 5. Calculated fluxes of O, O2, SiCl3, SiCl2, and SiCl towards
the wafer, sidewall and top window, for the same conditions as
mentioned in the beginning of the results and discussion section.
The x-axis corresponds to the dashed arrow path illustrated in
Figure 1.
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of varying the operating conditions, such as gas flow,

operating power, and gas pressure.
4.3. Effect of Gas Flow

Figure 6 presents the calculated coating thickness at a total

gas flow of 100 and 400 sccm, keeping all other operating

conditions, including the Ar:SiCl4:O2 gas ratio, the same as
Figure 4. Calculated thickness of the deposited coating on the
wafer, sidewall and top window after 44 s of processing time, for
the same conditions as mentioned in the beginning of the results
and discussion section. The x-axis corresponds to the dashed
arrow path illustrated in Figure 1. The x-shaped datapoints
represent the experimentally measured coating thickness on
the wafer.

Plasma Process. Polym. 2013, 10, 714–730

� 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
mentioned in the beginning of the results and discussion

section. Moreover, also the measured coating thickness at

the wafer surface is indicated for both gas flow values, and

very good agreement is reached with the calculation

results. A lower gas flow means less supply of SiCl4
molecules in the reactor within a fixed time and hence a

lower source of SiClx species, so it is expected to result in a

thinner film in general. However, it cannot simply be said
Figure 6. Calculated coating thickness for a total gas flow of
100 sccm (black curve) and 400 sccm (grey curve). The other
operating conditions are the same as in the beginning of the
results and discussion section. The x-axis corresponds to the
dashed arrow path illustrated in Figure 1. The x-shaped
datapoints represent the experimentally measured coating
thickness on the wafer, again in black for the 100 sccm case
and in gray for the 400 sccm case.
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that the deposition rate will be four times lower according

to this different gas flow, as still the same amount of

molecules are present in the reactor since the pumping

speed is adjusted to maintain a fixed pressure of 10mTorr.

At 400 sccm gas flow, the residence time of the species

in the reactor, as calculated in our model, is 0.09 s, whereas

at 100 sccm it was found to be (naturally) about four

times longer at the same chamber pressure of 10mTorr.

A longer residence time entails a higher dissociation degree

of SiCl4 into SiClx products, even if the operating power is

the same, as SiCl4 has more time to be dissociatied before

being pumped out. Indeed, at 100 sccm, SiCl4 is dissociated

for 68%,which is clearlyhigher than thedissociationdegree

at 400 sccm (i.e., 52%). In spite of this higher dissociation

degree, the volume averaged plasma densities of all

SiCl1–3 species are found to be roughly five times lower

at 100 sccm than at 400 sccm, because these species still

become lost at the walls with the same probability. Hence,

as the source function of the SiClx species (i.e., the SiCl4
supply) is reduced by the lower gas flow, and the most

important loss function is the same (i.e., wall loss), the

balanced densities in the bulk plasma and therefore also

the fluxes of SiCl1–3 are smaller at a lower gas flow, which

results in a lower deposition rate and hence coating

thickness, as indeed shown in Figure 6.

The volume-averaged densities of SiCl1–4, O, and O2

for both conditions are shown in Table 5. The densities

at 200W operating power and 60mTorr pressure are listed

as well, since they will be discussed in the following

sections.

The relative contributions of SiCl3 and SiCl2 species to the

film growth are found to be higher at 100 sccm than at

400 sccm (i.e., 53 and 45% for SiCl3 and SiCl2 at 100 sccm, vs.

47 and 32% at 400 sccm), whereas the contribution of SiCl

is lower (i.e., 1% at 100 sccm, vs. 13% at 400 sccm). These

relative contributions are strongly correlated to the ratio

of their volume-averaged densities, as listed in Table 5.
Table 5. Volume averaged densities of themost relevant species respo
comparison.

Species

Standard conditions

(cm�3) 100 sccm

SiCl4 1.89� 1012 1.84� 1011

SiCl3 1.05� 1012 2.46� 1011

SiCl2 7.17� 1011 1.59� 1011

SiCl 2.52� 1010 6.90� 109 c

O 1.07� 1013 5.98� 1012

O2 6.60� 1012 1.84� 1012

The standard conditions are mentioned in the beginning of the result
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The density profiles of the most important precursors

(i.e., SiCl3, SiCl2, and SiCl) at 100 sccm gas flow are found to

be very similar to those already presented in Figure 2a–d

for 400 sccm, except that the maximum densities are

located closer towards the nozzle, as the gases (and

the SiClx species) move more slowly in the reactor volume

due to the lower gas flow rate.

Finally, the chemical composition of the coating also

appears to be very similar (�SiO2) for 100 and 400 sccm.

It is expected that the chemical composition can be

directly altered by tuning the SiCl4/O2 gas ratio. The effect

of oxygen flow on the chemical state of the SiO2

layer created by PECVD was already investigated by Ortiz

et al.[7]

It canbe concluded that a variationof the gasflowallows

control of the film thickness at a fixed pressure and power

without significantly improving the thickness uniformity

or chemical composition for the conditions under study

here.
4.4. Effect of Operating Power

The calculated coating thicknesses, for an operating power

of 200 and 1 200W, keeping all other conditions the same,

are illustrated in Figure 7, together with the measured

coating thickness at the wafer surface. The dissociation

degree of SiCl4 is calculated to be only 14% at 200W,

compared to 52% at 1 200W. Furthermore, the density

of SiCl3 is also slightly higher at 200W, but the next-

stage dissociation products (i.e., SiCl2 and SiCl) have

significantly lower densities (see Table 5). These higher-

stage dissociation products are indeed not likely created

in the plasma at lower power. The density of SiCl3, on the

other hand, seems to be less influenced by power, as its

production rate is based on dissociation of SiCl4 and its

loss rate is based on further dissociation towards the

formation of SiCl2 or SiCl. Hence, both production and loss
nsible for coating growth, listed at different operating conditions for

200W 60mTorr

cm�3 1.33� 1013 cm�3 2.15� 1013 cm�3

cm�3 1.62� 1012 cm�3 3.00� 1012 cm�3

cm�3 3.39� 1011 cm�3 2.34� 1012 cm�3

m�3 1.25� 109 cm�3 8.81� 1010 cm�3

cm�3 1.27� 1012 cm�3 8.06� 1011 cm�3

cm�3 2.99� 1013 cm�3 1.13� 1014 cm�3

s and discussion section.
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Figure 7. Calculated coating thickness at 1 200W (gray curve) and
200W (black curve) operating power. The other operating
conditions are the same as in the beginning of the results and
discussion section. The x-axis corresponds to the dashed arrow
path illustrated in Figure 1. The x-shaped datapoints represent the
experimentally measured coating thickness on the wafer, again
in gray for the 1 200W case and in black for the 200W case.
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terms are reduced at lower power, and they seem to be

balanced particularly for SiCl3. As the overall density of

the depositing species is lower, this results in a lower film

growth rate explaining the reduced coating thickness,

displayed in Figure 7.

Our model predicts that the coating becomes thinner

and significantly more uniform at lower power due to the

lower dissociation degree of SiCl4 in the plasma. However,

the comparison with the measured thickness on the wafer

illustrates that the calculated thickness is underestimated

by the model. This will be explained in more detail in the

following section.

The density profiles of SiCl4, SiCl3, SiCl2, and SiCl at the

operating power of 200W are shown in Figure 8a–d.

The plasma is more uniform at this lower power, with

especially less prounounced peaks in the SiCl3 and SiCl2
density profiles near the wafer and nozzle, what gives rise

to more uniform fluxes along the reactor surfaces.

The fluxes of the relevant species for coating formation

on the different reactor surfaces are presented in Figure 9

for 200 and 1 200W operating powers.

The SiCl3 and SiCl2 fluxes are indeedmuchmore uniform

at 200 than at 1 200W. The SiCl flux, on the other hand,

seems to be equally non-uniform at both power values, but

its contribution to the silicon chloride film growth has

dropped significantly at 200W, to about 0.03% compared

to 13% at 1 200W.

Furthermore, at 200W the O2 flux is about an order of

magnitude higher than the O flux, which is significantly

different compared to the case at 1 200W. Due to the
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much lower flux of atomic oxygen arriving at the walls,

the oxidation of the deposited layer is more modest at

lower power, which results in a higher concentration of

trapped chlorine in the film during growth. Indeed, as

illustrated in Figure 10, the SiO2 film contains �7%

undesired chlorine at 200W coil power, compared to only

1–3% at 1 200W.
4.5. Effect of Gas Pressure

In Figure 11, the coating thickness is plotted for chamber

pressures of 10 and 60mTorr, keeping the other operating

conditions the same. Experimentally we found that at

60mTorr, the coating is thicker and less uniform on the

wafer compared to the 10mTorr case, but the model

predicts the opposite. This underestimation of the

coating thickness by the model is explained as follows:

In the experiments, the nozzle is a very small needle-like

tube, injecting the gas at very high speed towards

the center of the wafer. In the model, the smallest size

the nozzle can have is one computational cell, which is in

this case about 0.5 cm wide. Since an identical gas flow is

defined for both experiment and model (i.e., 400 sccm),

the actual speed of the species when they are launched

towards the wafer is therefore underestimated in the

model. Hence, while the model can predict the coating

thickness properly under most other conditions (see

previous sections), it seems to underestimate the coating

thickness at lowerpowerandhigherpressure. Indeed, these

conditions result in a lower flux of SiCl3 and SiCl2 towards

the wafer. Note, however, that this effect is very local and

only applies to the wafer. Indeed, while the species are

launched towards the wafer in a strong laminar flow, the

arrival of deposition precursors on the sidewall and top

window is much more dependent on diffusion within the

reactor volume. It is therefore expected that the calculated

coating thickness on sidewall and top window are closer

to reality compared to the prediction on the wafer and

the model therefore can still provide us with useful

information.

As the diffusion coefficients of the plasma species in the

reactor are inversely proportional to the gas pressure,

the species will diffuse more slowly within the reactor

volume at higher pressure, which generally yields more

uniformfluxes along the reactor surfaces. Therefore, as also

predicted by the model, we expect the coating thickness to

be slightlymore uniform on the reactor surfaces, except for

the wafer due to the local vertical ‘‘nozzle jet-flow effect’’

which results in an even worse uniformity specifically in

this location, as illustrated by the experimental results in

Figure 11.

The fluxes of the species important for coating growth

at 60mTorr are presented in Figure 12. While we now

know that the calculated fluxes towards the wafer are
DOI: 10.1002/ppap.201300005



Figure 8. Calculated two-dimensional density profiles of (a) SiCl4, (b) SiCl3, (c) SiCl2, and (d) SiCl at 200W. The other operating conditions are
the same as in the beginning of the results and discussion section.

Figure 9. Calculated fluxes of the relevant neutral species for SiO2
film deposition at 200 and 1 200W operating powers. The other
operating conditions are the same as in the beginning of the
results and discussion section. The x-axis corresponds to the
dashed arrow path illustrated in Figure 1.

Figure 10. Calculated chemical composition of the deposited
coating for 1 200 and 200W coil power. The other operating
conditions are the same as in the beginning of the results and
discussion section. The x-axis corresponds to the dashed arrow
path illustrated in Figure 1.
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Figure 11. Calculated coating thickness at 10mTorr (gray curve)
and 60mTorr (black curve) chamber pressure. The other
operating conditions are the same as in the beginning of the
results and discussion section. The x-shaped datapoints represent
the experimentally measured coating thickness on the wafer,
again in gray for the 10mTorr case and in black for the 60mTorr
case. The x-axis corresponds to the dashed arrow path illustrated
in Figure 1.

Figure 13. Calculated chemical composition of the deposited film
for 10 and 60mTorr chamber pressure. The other operating
conditions are the same as in the beginning of the results and
discussion section. The x-axis corresponds to the dashed arrow
path illustrated in Figure 1.
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underestimated as explained in the previous paragraphs,

we still can obtain valuable information onfluxuniformity

on the other reactor surfaces. At 60mTorr, the O flux is

generallymore thananorderofmagnitude lowercompared

to the 10mTorr case. The lower O flux can be explained by

the lower dissociation degree, as the electrons have lost

more energy by vibrational and rotational excitation
Figure 12. Calculated fluxes of the relevant neutral species for
SiO2 film deposition at 10 and 60mTorr chamber pressure. The
other operating conditions are the same as in the beginning of
the results and discussion section. The x-axis corresponds to the
dashed arrow path illustrated in Figure 1.
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collisions. This lower flux gives rise to a more modest

oxidation of the silicon chloride film, aswas also the case at

lower operating power. Indeed, the Cl content in the SiO2

film is around 11% at the wafer and sidewall, increasing

even to 33% at the top window, at 60mTorr, whereas it is

only a few % at 10mTorr, as shown in Figure 13. Hence, at

the top window, the layer is clearly not SiO2-like, as it

contains almost asmuch chlorine as oxygen (28% Si, 39%O,

and 33% Cl) which is undesirable in terms of chemical

stabilityof thedepositedfilm.[4]Moreover, since thecoating

under this condition contains much more chlorine, it is

more receptive to chemical etching by chlorine radicals.

Indeed, itwas found that the chemical etch ratewas 13% of

the total deposition rate, which is a significant increase

compared to the case at 10mTorr where chemical etching

was negligible.

It can therefore be concluded that a higher pressure

seems tohavenegativeeffects on the chemical composition

of the film, certainly at the topwindow, due to significantly

more incorporated chlorine in the SiO2-like coating.
5. Conclusion

We investigated the PECVD process of a SiO2 coating by

SiCl4/O2/Ar ICPs applied in wafer processing reactors by

means of a hybrid model. Thickness measurements were

performed on the wafer for validation of the model. A

reaction set for the bulk plasma and surface chemistry was

created for Ar/SiCl4/O2 ICPs and presented in this paper.

The properties of the deposited SiO2 layer, including

chemical composition, thickness, and overall uniformity
DOI: 10.1002/ppap.201300005



Deposition in Wafer Processing Reactors with SiCl4/O2/Ar Inductively Coupled Plasmas
on all reactor surfaces, are discussed. Furthermore, the

deposition characteristics are explained, by analyzing

some general bulk plasma properties, such as the species

densities and their leading production and loss processes,

as calculated by the model. Furthermore, the effects of

gas flow; operating power and chamber pressure at a

fixed gas ratio were investigated, to obtain more insight

in how to improve the general properties of the deposited

SiO2 film.

The most important precursors for deposition appear

to be SiCl3, SiCl2, and SiCl, while sputtering of the layer

by ions is found to be negligible, as no bias is applied. O

and O2 are the most important species for oxidation of

the film to form a SiO2 coating. Gas phase oxidation of

the SiClx precursors was found to be negligible, indicating

that the layer growth mechanism is based on the

deposition of SiClx species, followed by surface oxidation

towards SiO2.

The calculated chemical composition of the deposited

film was found to be very similar on all reactor surfaces

and very close to stoichiometric SiO2 at the operating

conditions investigated, except at low power and high

pressure. Indeed, the percentage chlorine in the coating

was typically found in the order of 1–3%, but it increases

to �7% at low power (200W), and even to �33% at the

top window, at a pressure of 60mTorr. Such a high

percentage of chlorine in the film is undesirable in terms

of chemical stability of the film.

The calculated thickness of the coatingwas found tovary

significantly along the reactor surfaces, depending on

the conditions. At 400 sccm total gas flow, 1 200W and

10mTorr gas pressure, the thickness ranges from20–50nm

at the sidewall to 300 and 420nmat the center of thewafer

and near the gas nozzle, respectively.

By varying the total gas flow, the spreading of deposition

precursors in the reactor volume can be tuned for

controlling the overall deposition rate and hence the

thickness of the coating. A lower gas flow results in a

thinner coating, but the thickness uniformity was not

affected.

At lower operating power, the gases are less dissociated,

resulting in a lower density and flux of deposition

precursors and hence a thinner SiO2 film. Furthermore,

the thickness uniformity is significantly improved, because

of a more uniform plasma shape, but as mentioned

above, the chlorine content in the film was found to be

higher (�7% at 200W vs. �1% at 1 200W), due to the

more modest oxidation of the layer.

Finally, at higher pressure, the experiment and the

model show contradictory results concerning the thickness

uniformity. It was found that the model underestimates

the coating thickness on the wafer due to a limitation

in local nozzle gas flow towards the center of the wafer

under this condition. Nevertheless, still valuable informa-
Plasma Process. Polym. 2013, 10, 714–730
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tion could be derived from the modeling results. At higher

pressure, the film tends to contain significantly more

chlorine, which is generally undesired for the chemical

stability of the coating.

In general, it can be concluded that ‘‘mild’’ operating

conditions, especially low operating power, can enhance

the plasma uniformity and hence the coating thickness

uniformityalong the reactor surfaces.Ahigherpressure can

most probably improve thickness uniformity on the

sidewall and top window of the reactor, but yields a

coating with more chlorine incorporated, which is detri-

mental for the chemical stability of the film. Hence, under

the studied conditions, a trade-off exists between film

uniformity on the one hand, and film composition on the

otherhand.Dependingon the application, oneneeds tofind

the desired balance between film uniformity and chlorine

content in the layer. This research has shown that the

structural and chemical state of the coating significantly

depends on the operating conditions and it is clearly not

always uniform along the reactor surface. Therefore,

process parameters must be carefully chosen, to ensure a

good uniformity of the coating for eventually obtaining

more uniform plasma.
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