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Abstract−A numerical process to simulate SiO2 dry etching with inductively coupled C2F6 plasmas has been con-

structed using a commercial CFD code as a first step to design a run-to-run control system. The simulator was found

to reasonably predict the reactive ion etching behavior of C2F6 plasmas and used to investigate the effects of plasma

operating variables on the etch rate and uniformity. The relationship between the operating variables and the etching

characteristics was mathematically modeled through linear regression for future run-to-run control system design.
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INTRODUCTION

Plasma processing plays an important role in micro-electronics

fabrication. In recent semi-conductor fabs, around one-third of the

manufacturing steps are known to be related to the plasma pro-

cessing such as dry etching, chemical vapor deposition, cleaning,

and ashing. Among them, dry etching is regarded as the trickiest

application because of the complicated and poorly understood sur-

face reactions. For this reason, the operating conditions for plasma

etchers are usually found through time-consuming trial-and-error

test runs. Such a difficulty may be overcome if we have a system-

atic and efficient way to search for the optimum operating condi-

tion. With the above problem in mind, a research to develop a run-

to-run control technique has been conducted for SiO2 film etching

with C2F6 inductively coupled plasma (ICP).

The ICP is generated by an RF current passing through a coil

winding around a dielectric chamber. The RF current produces a mag-

netic field changing in upward and downward directions, which

induces a circular electric field along which the electrons move while

colliding with other gas particles in the chamber. This significantly

extends the lifetime of electrons before they annihilate by neutral-

ization on the chamber wall, and makes it possible to achieve higher

density plasma than in the capacitively coupled plasma. Another

advantage of the ICP etcher is that a separate RF power can be ap-

plied to the wafer chuck. The RF power develops a bias potential

over the sheath through which ions are accelerated and bombard

the wafer surface. In this way, the ion bombardment energy can be

independently controlled by the chuck RF power while the plasma

density can be adjusted by the chamber RF power [Lieberman and

Lichtenberg, 1994].

In SiO2 etching, fluorocarbon plasmas are widely used due to

the high etch rate and selectivity over Si etching [Bell et al., 1994;

Oehrlein et al., 1994; An et al., 1999; Rolland et al., 2000; Xiao,

2001]. The fluorocarbon gas can be chosen among CF4, C2F6, and

possibly other higher carbon content gases. By the collision with

high energy electrons, the gas is dissociated into different radicals

and ions like F, CFx, and CFx
+. In typical ICP, less than a few per-

cent of the feed gas is dissociated into the plasma components. It is

known that the CFx radicals tend to attach to the SiO2 surface pro-

ducing active monomer sites. The active monomer sites are turned

to active polymer sites by combining again with incoming CFx radi-

cals. These sites continue to grow and form passivation polymer

layers, whose F/C ratio is about one, on the SiO2 surface [Thomas

et al., 1986; Booth et al., 1989; Tserepi et al., 1997]. On the other

hand, the ions attack the SiO2 surface and the passivation layer with

high bombardment energy and etch the surface through reaction or

by sputtering. Hence, two competitive reactions, polymer layer form-

ing and etching, take place on the SiO2 surface at the same time.

Which one dominates the other mainly depends on the ion bom-

bardment energy and the F/C ratio of the feed gas. Fig. 1 shows an

exemplary operating window for etching versus polymerization.

For high bias voltage, i.e., large ion bombardment energy, and high

Fig. 1. Typical operating window for polymerization and etching
in SiO2 etching [Xiao, 2001].
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F/C gases, etching governs the surface reaction, and vice versa.

In SiO2 etching, atomic or molecular oxygen is produced when

fluorine radical reacts with SiO2. The oxygen is apt to react with

CFx radicals to form CO and CO2, and consequently, suppresses the

polymerization. In Si etching, however, no oxygen comes out and

the polymer layer forming is not hindered by carbon depletion. This

is why fluorocarbon gases can have higher etching selectivity on SiO2

than Si.

In plasma etching, the etch rate and uniformity are the two most

important quality variables. They depend on ion flux and energy as

well as neutral radical flux [Gray et al., 1993]. Among them, the ion

energy can be manipulated by adjusting the bias voltage or equiv-

alently, the RF power applied to the wafer chuck, whereas the ion

and neutral fluxes are complex functions of chamber pressure, RF

power, and gas flow rate. Therefore, determination of the operating

variables for a desired etching state usually becomes a nontrivial task.

In this research, a numerical simulator has been developed for

an ICP etcher for SiO2 etching with C2F6 plasmas using a commer-

cial CFD code called CFD-ACE+/TOPO with the final goal to de-

velop a run-to-run control system of the etcher. The simulator can

be used as a test plant as well as an underlying model from which

the run-to-run controller is derived. The controller can be employed

to improve the operation of real processes since run-to-run control

is able to accommodate model uncertainty of roughly up to 100%

without losing its ultimate performance [Kim et al., 2000]. To de-

velop the simulator, we judiciously tuned the associated simulation

modules in CFD-ACE+/TOPO by selecting appropriate reaction

sets and adjusting kinetic parameters for the gas phase as well as

surface reactions. With the simulator, the effects of operating vari-

ables including RF power, bias voltage, and chamber pressure on

the etch rate and uniformity were investigated. Finally, a linear input-

output model was derived for future run-to-run controller design.

ICP ETCHER MODEL BY CFD-ACE+

1. Process Description

A schematic diagram of the ICP etcher concerned in this study

is given in Fig. 2. It has a multi-turn RF coil around the dielectric

plasma chamber. The 13.56 MHz RF power is inductively coupled

to the plasma by transformer action and the plasma acts as a single-

turn lossy conductor. To the wafer chuck, a separate 13.56 MHz

RF source is connected for independent adjustment of ion bom-

bardment. The wafer temperature is controlled by a gas cooling sys-

tem. The etcher has an axisymmetric shape and a 2-dimensinal mod-

el was considered to represent the process. In fact, the etcher model

considered in this sturdy is a simplified model of the Multiplex plas-

ma etcher from Surface Technology System Co.

2. Governing Equations

The governing equations for the ICP etcher consist of mass, mo-

mentum, and enthalpy balances with appropriate boundary condi-

tions for ionic and neutral species and also for electrons that com-

prise the plasmas. The balance equations are completed by neces-

sary constitutive equations such as reaction equations in the bulk

plasma as well as on the wafer surface, electro-magnetic relation-

ships, thermodynamic and transport relationships, and so forth. In

reality, rigorous description of all the above equations is formidable

and solving them as a whole is impractical. Hence, simplification

to a reasonable degree is necessary.

In the ICP etcher model in CFD-ACE+, neutrals, ions, and elec-

trons are treated in different ways according to their unique charac-

teristics. For neutrals consisting of gas molecules and radicals, mass

and momentum balances for usual uncharged fluids are considered

for each component. For ions, external force by the electric field is

included in the momentum balance. In addition, the flux density in

the mass balance is described for each component i by the follow-

ing drift diffusion approximation:

Ji=−ρDi∇yi+ρyiudi+Jc (1)

where y, ρ, and D denote the mass fraction, mass density, and dif-

fusion coefficient, respectively; ud is the drift velocity given by

(2)

where E, q, and µ are electric field, charge, and mobility, respectively.

Jc represents a bulk mass flux that appears to satisfy the mass con-

servation  The temperature of ions and neutrals is assumed

to be same and described by a single enthalpy balance equation. In

the enthalpy balance, Joule heating (or Ohmic heating) by the ion

current in the electric field is considered together with the heat of

reaction (energy gain or loss by collisions).

For electrons, the number density is obtained from that of ions

by the quasi-neutrality condition instead of solving the mass bal-

ance equation. Also the electron flux density is calculated by the

following drift diffusion approximation instead of the solving the

momentum balance equation:

Je=µeneE−De∇ne (3)

where ne denotes the number density of electron. The energy bal-

ance is written in terms of the electron temperature Te such that

(4)

In the above, the energy flux consists of a convection term (5/2)TeJe

and thermo-diffusion term (5/2)neDe∇Te. −Je·E, Pext, and L repre-

sent the joule heating absorbed by electrons, the collisionless heat-

ing, and the energy loss by reactions, respectively.

udi = E qiµi − qjµjyj
j

∑( )

Ji =  0.∑

3

2
---
∂
∂t
---- neTe( ) + ∇ 5

2
---TeJe − 

5

2
---neDe∇Te⎝ ⎠

⎛ ⎞
 = − Je E + Pext − L⋅ ⋅

Fig. 2. Schematic diagram of the ICP etcher.
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In CFD-ACE+, the mass balance for the gas molecules and the

momentum balances for the ions and neutrals are solved in the flow

module; the mass balances for the ions and radicals are solved in

the chemistry module; the enthalpy balances for the ions and neu-

trals are solved in the heat transfer module; and the enthalpy bal-

ance for the electron and the electron number density from the quasi-

neutrality condition are solved in the plasma module. The plasma

module also provides plasma specific constitutive terms required

by other modules. The electric field is computed in the electric and

magnetic modules according to

(5)

where ϕ and A denote the electrostatic and vector magnetic poten-

tials, respectively, which are obtained by solving the Maxwell equa-

tions in the frequency domain.

The surface as well as plasma reactions are specified in the chem-

istry module. Indeed, this part is most crucial to the reliability of

the simulator. In the subsequent two sections, the reactions consid-

ered in this research are described for the bulk phase plasma, the

wafer surface, and other walls.

3. Gas Phase Reactions

Due to the light mass, electrons are easily accelerated by electric

field while ions are not. The average electron energy reaches 2-7

eV in a typical ICP etcher, which roughly corresponds to 20,000-

80,000 K. On the other hand, the average ion energy remains around

0.03-0.06 eV or 350-700 K. Under such a non-thermal equilibrium

state, plasma reactions are governed by the electron collision with

neutral and ionic species. Reactions between heavy particles are

scarce compared to the electron-impact reactions.

For an electron-impact reaction, the most fundamental informa-

tion is the collision cross-section of the reaction. Fig. 3 shows the

cross-section as a function of the electron energy for different elec-

tron-impact reactions of C2F6 gas. CFD-ACE+ is a continuum model-

based program and the Arrhenius-type reaction rates are used instead

of the cross-section data. For C2F6 plasmas, Arrhenius-type reaction

rates of 132 gas phase plasma reactions are provided in CHEMKIN,

a commercial program for reactor simulation [Meeks and Ho, 2000],

by converting the cross-section data of Christophorou et al. [1998].

Since that number is too large to accommodate in the two-dimen-

sional rigorous ICP etcher model, we selected 24 reactions that have

more direct effects on the SiO2 etching. For example, electron-impact

reactions with SiFx gases that produce SiFy gases and F radical were

not included, since F is known to have far less effect on SiO2 etch-

ing compared to CFx radicals and ions. Likewise, electron-impact

reactions with oxygen and CO were not considered. In Table 1, the

reaction set considered in this research is shown. Indeed, it is the

whole collection of the electron-impact reactions with all possible

CFx neutral and ionic components gathered in CHEMKIN.

4. Surface Reactions

The etching reactions on the SiO2 surface are more difficult to

investigate than the bulk phase plasma reactions since other hardly

observable and measurable physical processes such as adsorption,

surface migration, and desorption occur along with the reactions

on the surface. Nonetheless, intensive researches during the past

decade have enabled us to comprehend the overview and some key

features of the surface reactions.

It was mentioned in the introduction that fluorocarbon plasmas

are subject to competitive reactions between polymerization and

etching on the SiO2 surface. The CFx and F radicals isotropically

diffuse to and stick on the oxide surface to form ‘surface sites’ as

monomer-covered oxide (SiO2CFx
*) and fluorinated oxide (SiO2F2

*).

It is generally accepted that CF has the highest sticking tendency

E = − ∇ϕ − 
∂A

∂t
-------

Fig. 3. Electron interaction cross sections for C2F6 gas [Christo-
phorou et al., 1998].

Table 1. Gas-phase reactions for C2F6 plasmas (Reaction rate coef-
ficients k=ATe

Bexp(−C/Te), units: kmol, meter, seconds,
and Kelvin)

Reaction A B C

Ionization & Dissociation

C2F6+e→2CF3+e 7.99881×10−14
−0.10033 13.7131

C2F6+e→CF3+CF3

++2e 9.28898×10−15
−0.87904 14.106

C2F6+e→CF++CF++2e 1.08688×10−15
−0.86553 20.7527

C2F6+e→CF4+CF++F+2e 1.00003×10−15
−1.0093 17.0386

CF4+e→CF3+F+e 2.48222×10−17
−1.3087 12.4653

CF4+e→CF3+F++e 9.58009×10−16
−0.9375 34.6649

CF4+e→CF2+2F+e 5.06791×10−18
−1.1844 14.3309

CF4+e→CF3

++F+2e 1.48377×10−14
−0.76448 17.1756

CF4+e→CF3

++F++3e 1.99544×10−17
−1.4127 34.1814

CF4+e→CF2

++2F+2e 3.43838×10−15
−0.51007 22.8287

CF4+e→CF2

++F++F+3e 1.37927×10−18
−2.4313 33.7092

CF3+e→CF3

++2e 6.03125×10−15
−0.6481 09.76366

CF3+e→CF2+F+e 6.24916×10−14
−0.9407 11.2114

CF3+e→CF2+F++2e 8.38792×10−15
−0.28955 28.7438

CF3+e→CF2

++F+2e 8.20373×10−15
−0.43666 17.1239

CF3+e→CF++2F+2e 5.70236×10−15
−0.50598 21.1543

CF2+e→CF+F+e 2.48222×10−17
−1.3087 12.4653

CF2+e→CF++F+2e 3.64391×10−15
−0.7803 13.8044

CF2+e→CF2

++2e 5.67046×10−15
−0.62866 09.69558

CF2+e→CF+F++2e 1.77025×10−14
−0.25189 38.3178

CF+e→CF++2e 2.10287×10−15
−1.038 08.8502

F+e→F++2e 2.33354×10−15
−0.85951 17.5987

Recombination

CF2

++e→CF+F 00004.0×10−14
−0 00

CF3

++e→CF2+F 00004.0×10−14
−0 00
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among CFx and F radicals [Feldsien et al., 2000]. The active sites

are easily combined with incoming radicals to form a polymer pas-

sivation layer with an F/C ratio of about one.

Unlike the radicals, ions are accelerated by the electric field over

the plasma sheath and bombard the wafer surface in the vertical

direction. The bombardment energy can be adjusted by the chuck

bias voltage. Fig. 4 shows a typical trend on how the dominant sur-

face reaction varies with the ion energy. At low ion energy (<50 eV),

the ion bombardment cannot suppress the polymerization reaction.

As the ion energy increases, ion bombardment overwhelms the poly-

merization by sputtering the polymer sites and removing the depos-

ited polymer before it forms a continuous film [Oehrlein et al., 1994].

At even higher ion energy, the ions are actively reacting with SiO2

together with other activated monomer sites to produce the etch prod-

ucts SiF2 and SiF4 with byproducts like CO and CO2. The etch rate

is significantly enhanced by the existence of activated monomer

sites, and thus the ion enhanced etching (RIE) is enabled. Fluorine

atom can directly etch the SiO2 film but the contribution is not high

compared to the ion reactions.

Even with the above-mentioned understanding, many features

of the surface reactions still remain unexplained and quantitative

description is still far from reality although the gap has been con-

tinuously reduced. In CFD-ACE+, the rate of the surface reaction

is defined by the sticking coefficient. However, the sputtering yield

is additionally considered in the ion enhanced reaction. For exam-

ple, the rate of the radical reaction

F+0.5 SiO2
*(S)→0.5 SiO2F2

*(S)  (6)

Fig. 4. Dominant surface reactions on SiO2 with ion energy [Felds-
ien et al., 2000].

Table 2. Surface reactions and sticking coefficients

Wafer Sticking coefficients

F+0.25SiO2(B)→0.25SiF4+0.25O2 0.15823, E/R=1890

F++SiO2

*(S)→F+SiO2

*(S) 0.8

F+0.5SiO2

*(S)→0.5SiO2F2

*(S) 0.02

F++0.5SiO2

*(S)→0.5SiO2F2

*(S) 0.2

CF+SiO2

*(S)→SiO2CF*(S) 0.66

CF++SiO2

*(S)→CF+SiO2

*(S) 0.8

F+0.5SiO2CF*(S)→0.5CF3+0.5SiO2

*(S) 0.01

CF++SiO2

*(S)→SiO2CF*(S) 0.2

CF2

++SiO2

*(S)→CF2+SiO2

*(S) 0.8

CF3

++SiO2

*(S)→CF3+SiO2

*(S) 0.8

CF3

++SiO2(B)+2SiO2F2

*(S)→CF3+SiF4+O2+2SiO2(S) 1

CF2

++SiO2(B)+2SiO2F2

*(S)→CF2+SiF4+O2+2SiO2(S) 1

CF++SiO2(B)+2SiO2F2

*(S)→CF+SiF4+O2+2SiO2(S) 1

F++SiO2(B)+2SiO2F2

*(S)→F+SiF4+O2+2SiO2(S) 1

CF3

++SiO2(B)+2SiO2CF*(S)→CF3+SiF2+2CO+2SiO2

*(S) 1

CF2

++SiO2(B)+2SiO2CF*(S)→CF2+SiF2+2CO+2SiO2

*(S) 1

CF++SiO2(B)+2SiO2CF*(S)→CF+SiF2+2CO+2SiO2

*(S) 1

F++SiO2(B)+2SiO2CF*(S)→F+SiF2+2CO+2SiO2

*(S) 1

CF2+1.5SiO2

*(S)→SiO2CF*(S)+0.5SiO2F2

*(S) 0.02

CF2

++1.5SiO2

*(S)→SiO2CF*(S)+0.5SiO2F2

*(S) 0.2

Wall

CF3

++e→CF3 0.6

CF3

++e→CF2+F 0.4

CF2

++e→CF2 0.7

CF2

++e→CF+F 0.28

CF++e→CF 1

F++e→F 1

2F+M→F2+M 0.5

2CF3→C2F6 0.01
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is expressed as Sc [F][SiO2

*(S)] where Sc, [F], and [SiO2

*(S)] repre-

sent the sticking coefficient, volume concentration of F and surface

concentration of the activated SiO2 site, respectively. The rate of

the ion enhanced reaction

CF2
++ySiO2(B)+2ySiO2F2

*(S)→CF2+yO2+y SiF4+2ySiO2
*(S) (7)

is expressed as Sc [CF2

+][SiO2

*(S)]. Together with this, the sputtering

yield is given as

(8)

where Ei is the ion energy, and Eth is the threshold energy. 

In this study, we relied on the reaction equations in CHEMKIN

and selected 20 equations out of 55 for possible simulation in a rea-

sonable time span. The selected reactions are the ones by CFx and

F ions and radicals while the deselected reactions included the ones

by SiFx, CO, CO, O, and O2. The sticking coefficients were, how-

ever, partly modified so that the rate of the associated reactions com-

plies with the experimental observations by other researchers [Mayer

and Baker, 1982; Bell et al., 1994; Gray et al., 1993]. Since the reac-

tion rates on polymerization are not contained in the CHEMKIN

database, the simulation has been performed in the operating range

where RIE prevails.

On the side wall, electrons are consumed by recombination reac-

tions. We considered eight reactions by referring to CHEMKIN and

the work by Feldsien et al. [2000]. In Table 2, surface reactions con-

sidered in this study are listed with sticking coefficients.

The surface reactions define the boundary conditions of the par-

tial differential equations for the ICP model. For example, the bound-

ary condition for the mass balance equation of species i is given by

the following flux balance:

n·Ji=Si (9)

where n is a unit normal vector to the surface and S is the surface

production (or consumption) rate per unit area.

5. Feature Scale Simulation

Once CFD-ACE+ solves the ICP model, the energy and angle de-

pendent distribution of each ion flux and the energy dependent distri-

bution of each radical flux over the wafer surface are obtained. The

radical fluxes are given angle-independent. CFD-TOPO inherits this

information and calculates the time-varying etching profile using

the level set method. CFD-TOPO has no parameters to tune except

the initial geometry of the photo-resist pattern on the SiO2 surface.

Incident angle dependent specular reflectivity data for each mate-

rial on the wafer surface can be input by the user, but we used the

default values that are provided in CFD-TOPO. Fig. 5 shows the

overall structure of the ICP simulator by CFD-ACE+/TOPO.

SIMULATION STUDY

1. Chamber Geometry and Simulation Conditions

In Fig.6, the detailed geometry of the ICP chamber model is shown

together with the wafer pattern for feature scale simulation. Here,

the point designated as ‘probe’ is the hypothetical position where

plasma variables are measured. The RF coil is made of copper with

radius of 0.6 cm and has five turns around the chamber wall. It is

assumed that the chamber wall temperature is maintained at 300 K

and the wafer temperature is regulated at 573 K. The wafer pattern

is given as stripes with 250 nm of opening. The photo resist is as-

sumed to be completely intact by the plasmas.

During the simulation study, C2F6 flow rate was fixed at 50 sccm

since its effect is less salient than others once it exceeds a certain

value. Consequently, the chamber pressure, main RF power, and bias

voltage were chosen as the operating variables. We took the base con-

dition of the operating variables as 10 mtorr, 2 kW, and 200 V and. By

changing them over 5-30 mtorr, 150-300 V, and 1-3 kW around the

base condition, the plasma as well as etching states were investigated

and a linear regression model between the operating variables and

etching state was determined for run-to-run con- troller design.

y = max a Ei − Eth( ) 0,[ ]

Fig. 5. CFD-ACE+/TOPO modules used for ICP etcher simula-
tion.

Fig. 6. Geometries of ICP etcher and wafer pattern considered in
the two-dimensional simulation.

Fig. 7. Distribution of electron number density in the bulk plasma
 (2 kW, 10 mtorr, RF bias 200 V, 50 sccm C2F6).
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2. Results and Discussion

Fig. 7 shows the distribution of the electron number density (END)

in the chamber at the base condition. The simulator produced the

maximum electron number density of 5.71×1017 m−3 and average

electron temperature of 3.38 eV. These values correspond to the re-

sults in typical ICP [Kono et al., 2002; Sun et al., 2003; Efremov et

al., 2004]. Since the recombination reactions that consume elec-

trons mainly occur on the side wall, the electron number density is

large at the plasma core and decreases gradually along the outward

direction. Though not shown here, the number density and distri-

bution of CFx radicals were also found to agree well with the results

by other researchers [Cunge and Booth, 1999; Hebner, 2002].

Fig. 8 shows the effects of operating variables on END at the prob-

ing position. The END increases with both RF power and pres-

sure. Indeed, this is an expected result since the increase in the RF

power and chamber pressure boosts the collision frequency by en-

hancing the electron energy and reducing the mean free path. On the

other hand, the RF bias has little effect on the END, which is also

expected. Although not shown here, the ion flux over the wafer sur-

face shows the same trend with the operating variables as the END

does. However, the radical flux decreases with the RF power.

In Fig. 9, the effects of the RF power and chamber pressure on

the electron temperature (in terms of eV) at the probing position

are depicted. Electrons gain energy from the RF power. Hence, the

electron temperature increases with the RF power. On the other hand,

the electron temperature is reduced by the decrease in the mean free

path when the chamber pressure is increased.

Fig. 10 shows the angle-dependent distribution of CF+ ion inci-

dent upon the wafer surface when 2 kW of RF power, 10 mtorr of

pressure, and 200 V of RF bias were applied. The data were taken

at the center position but similar results were obtained at other po-

Fig. 8. Variation of electron density with changes in operating vari-
ables (probe position, 2 kW, 10 mtorr, RF bias 200 V, 50 sccm
C2F6).

Fig. 9. Variation of electron temperature with (a) RF power and
(b) pressure (probe position, 2 kW, 10 mtorr, 200 V RF bias,
50 sccm C2F6).

Fig. 10. Angle-dependent distribution of CF+ ion incident on the
wafer surface.
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sitions, too. It can be seen that the ions attack the wafer at different

angles but within 9 degrees from the surface normal. The distribu-

tions for other ionic species are not shown but only slightly differ-

ent from that of CF+.

Fig. 11 shows the profiles of the total ion flux, total radical flux,

and etch rate at five radial points on the wafer surface. It can be seen

that the radical flux tends to be higher at the wafer edge than at the

wafer center, whereas the ion flux shows a reverse pattern. The rea-

son for this is thought to be the recombination reactions on the wall,

which consume ions and produce radicals. The etch rate decreases

along the radial position but only slightly. It was mentioned that the

radicals and ions enhance the etch rate in a synergic way through ion

bombardment of activated monomer sites. Hence, the opposite pat-

tern of the flux profiles gives a flattening effect on the etch rate profile.

Fig. 12 shows how the etch rate and uniformity vary with the

change in the RF power, chamber pressure, and RF bias. Together

with this, variation of the radical to ion flux ratio is shown. As can

be seen from the figure, the etch rate increases monotonically with

all three operating variables. The result is expected for the RF power

and RF bias but not for the chamber pressure. Indeed, the effect of

the chamber pressure is not easy to predict. At low pressure, increas-

ing the chamber pressure offers the electrons higher collision fre-

quency with the neural gas. The consequence is that more ions are

produced and the etch rate is increased. At high pressure above a

certain value, the mean free path becomes too short for the elec-

trons to gain enough energy for ionization reaction. Under this situa-

tion, only the recombination reaction of the ions with the electrons

can be enhanced and the ion concentration can be reduced. From

the result in Fig. 12(b), we can see that 30 mtorr is not high enough

for the recombination to prevail over the ionization for the con-

cerned plasma etcher.

As for uniformity, however, the operating variables except the

chamber pressure don not seem to yield outstanding trends. It can be

seen that the uniformity deteriorates with an increase in the chamber

pressure, whereas the other variables fail to show any distinct trend.

The radical to ion flux ratio (Γn/Γion) was estimated to increase

Fig. 11. Radial distributions of total ion flux, total radical flux, and
etch rate (2 kW, 10 mtorr, 200 V RF bias, 50 sccm C2F6).

Fig. 12. Radial distribution of etch rate and radical to ion flux ratio
with changes in (a) RF power, (b) pressure, and (c) RF bias
(2 kW, 10 mtorr, 200 V RF bias, 50 sccm C2F6).
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with the RF power but decrease with the pressure. Since ionization

requires higher energy than dissociation, more ions are produced

as the RF power increases. With the pressure increase, however,

the electrons cannot gain enough energy due to the reduced mean

free path and the ion flux decreases in relation to the radical flux.

3. Linear Modeling

For future run-to-run controller design, a linear static model that

relates the operating variables to the etch rate and uniformity was

determined through linear regression. For this, a simulation was

conducted at 64 different operating conditions. The etch rate was

defined as the average value and the uniformity was defined as the

normalized standard deviation over the five monitoring points, which

is actually non-uniformity, such that

X(nm/min)=(x1+x2+x3+x4+x5)/5 (10)

(11)

Using the weighted least squares method, we obtained the follow-

ing linear regression model:

(12)

CONCLUSIONS

A numerical process to simulate SiO2 etching with inductively cou-

pled C2F6 plasmas was developed by using CFD-ACE+/TOPO. First,

it was confirmed that the simulator provides reasonable results in

terms of the number density and distribution of electron and radi-

cals. Through extensive simulation study, it was observed that the

etch rate and uniformity depend on both ion and radical fluxes on

the wafer surface. Also, both fluxes were observed to be affected

by RF power and chamber pressure, and the ion energy was shown

to be strongly influenced by RF bias. From the above observations,

the relation of RF power, chamber pressure, and RF bias to etch

rate and uniformity was modeled through linear regression for future

construction of a run-to-run control system.
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NU %( ) = 
σ

X
---- 100× ,

σ = 
X − x1( )2 + X − x2( )2 + X − x3( )2 + X − x4( )2 + X − x5( )2

4
--------------------------------------------------------------------------------------------------------------------------------

X nm/min( )
NU %( )

 = 
193.3632 20.1555 1.3352

− 0.3232 0.0460 − 0.0015

RF power kW( )
Pressure mtorr( )
RF bias V( )

 + 
− 195.1989

1.2464



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


