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For various fluorocarbon processing chemistries in an inductively coupled plasma reactor, we have
observed relatively thick~2–7 nm! fluorocarbon layers that exist on the surface during steady state
etching of silicon. In steady state, the etch rate and the surface modifications of silicon do not
change as a function of time. The surface modifications were characterized byin situ ellipsometry
and x-ray photoelectron spectroscopy. The contribution of direct ion impact on the silicon substrate
to the etching mechanism is reduced with increasing fluorocarbon layer thickness. Therefore, we
consider that the silicon etch rate is controlled by a neutral etchant flux through the layer. Our
experimental data show, however, that ions play an import role in the transport of silicon etching
precursors through the layer. A model is developed that describes the etch kinetics through a
fluorocarbon layer based on a fluorine diffusion transport mechanism. The model is consistent with
the data when one or two of the following roles of the ions on the etching process are assumed. The
first role is an enhancement in the diffusivity of fluorine atoms through the fluorocarbon layer and
an enhancement in the reaction probability of fluorine in the fluorocarbon layer. In this case the
fluorine is assumed to originate from the gas phase. The second role includes ion fragmentation and
dissociation of the fluorocarbon surface molecules. ©1998 American Vacuum Society.
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I. INTRODUCTION

High density plasma~HDP! SiO2 etching processes ar
currently being developed to replace the conventional S2

etching processes performed using low density reactive
etching ~RIE! tools. High ion densities and relatively low
operating pressures (;1 – 10 mTorr) allow highly aniso-
tropic and fast etching, which are important requirements
future semiconductor manufacturing. The planar coil ind
tively coupled plasma~ICP! reactor1 is a promising candi-
date for meeting these and other demands, such as high
cess uniformity over large area wafers.

For contact hole etching through insulating films, hi
selectivity with respect to the underlying material is require
Recently, Ruegeret al.2 reported data from an initial study o
selective etching of SiO2 over Si in the ICP reactor, where
selectivity of 40 is achieved using fluorocarbon gas
Highly selective etching of SiO2 to Si is suggested to be du
to the different etching mechanisms of the materials.2–8 The
etching of both materials occurs through a fluorocarbon fi
In the case of SiO2, this fluorocarbon film is very thin~typi-
cally less than 1 nm! and a reactive ion sputtering process
observed.9 This article will show that silicon etching is regu
lated by a relatively thick fluorocarbon layer~2–7 nm!,

a!Electronic mail: standaer@cnsvax.albany.edu
b!Permanent address: Eindhoven University of Technology, P.O. Box
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which protects the silicon from direct ion impact. Oehrle
et al.10,11 proposed a neutral transport mechanism for R
etching of silicon through a thick fluorocarbon layer. How
ever, in a HDP environment it will be shown that in additio
to a neutral etchant flux ions also play an important role
the Si etching mechanism. A model extended to account
this role of ions will be presented.

II. EXPERIMENTAL SETUP

The ICP or transformer coupled plasma~TCP! reactor that
is used in our work is similar to the one described by Kel
et al.1 with the exception that magnets were not installed
our multipole bucket. Figure 1 shows a cross sectional vi
The vacuum in the chamber is separated from atmospher
a 19-mm-thick quartz coupling window with a diameter
23 cm. For the plasma generation, a planar coil with a dia
eter of 16 cm is placed at the atmospheric pressure sid
the window and supplies inductively power~0–1400 W,
13.56 MHz! to the discharge. The rf current through the c
induces a current in the plasma generation region whic
confined to a small region~2–3 cm! below the coupling
window.12 The gas is injected into the plasma generat
region by a gas feed ring under the coupling window. Duri
the generation, the plasma diffuses over a few mean
paths to a 125 mm wafer which is located 7 cm under

3,
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coupling window. The planar coil design results in a high
uniform ion current density across the wafer~,7% from
center to edge!.13

The wafer is clamped by an electrostatic chuck cooled
10 °C using a circulated coolant. Due to the inductive co
pling, a low plasma potential of 15–20 V~Ref. 14! with
respect to the floating walls is obtained. This results in l
ion impact energies. The energy of the ions impacting on
wafer can be increased independently of the plasma gen
tion by applying a rf bias~0–250 W, 3.4 MHz! to the chuck.
The increase in energy is linear with the rf bias power.13,15

The self bias voltage that is being developed on the wa
was measured with respect to ground using a probe that
attached to the wafer. The floating potential with respec
ground is equal to115 V and the self-bias voltage was va
ied down to2150 V. Thermal contact between the waf
and chuck is established by a 5 Torr helium pressure at th
backside of the wafer. The partial pressure due to a hel
leak in the chamber, if any, was less than 0.1 mTorr. T
thermal conductivity of helium is about 1000 times low
than the thermal conductivity of the wafer. Therefore, it c
be expected that the wafer temperature increases by 20
the bias power is increased to 250 W. The temperature
ference between front- and backside of the wafer is estim
to be about 0.1 °C at this bias power.

The base pressure in the chamber was maintained
31026 mbar by a 450l /s turbomolecular pump backed by
Roots blower and mechanical pump. During experiments
pressure was set at 6 mTorr by an automatic throttle valv
the exhaust line. The gas chemistries used were 40 s
CHF3, 20 sccm C3F6, 30 sccm C2F6, and 20 sccm C3F6

admixed with 12 sccm H2.
The deposition and etch rates were measured using

time in situ He–Ne ellipsometry. The ellipsometer is a
automated rotating compensator ellipsometer working in
polarizer-compensator-sample-analyzer~PCSA! configura-
tion.16 A sampling time of 0.5 s gives an accuracy inC and
D of about 0.01°. The angle of incidence was set at 71.7
This setup also allows for real timein situ surface analysis
on crystalline silicon as is described in Refs. 17–19.

FIG. 1. Schematic of the experimental apparatus.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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More detailed surface information was obtained using
ray photoelectron spectroscopy~XPS! on etched crystalline
silicon samples. After real time ellipsometry surface ana
sis, first the inductive power and, within 1 s, the rf bi
power, were turned off in order to maintain the surface mo
fications that are present during the etching process.
samples were transferred under ultrahigh vacuum~UHV! to a
Vacuum Generators ESCA Mk II analysis chamber. Pho
electrons were emitted using a nonmonochromatized MgKa
x-ray source~1253.6 eV!. Survey spectra and high resolutio
spectra of C(1s), Si(2p), F(1s), and O(1s) electron emis-
sion were obtained under two emission angles, 75° and
with respect to the sample normal. The spectra presente
this article were obtained at a 20 eV pass energy.

B-doped, 3–5V cm ~100! silicon was used for surface
analysis experiments and for obtaining fluorocarbon e
rates. Samples with a multilayer structure~250 nm polycrys-
talline Si, 100 nm SiO2 on a crystalline substrate! were
etched to determine the silicon etch rate by ellipsome
Before loading a sample into the ICP reactor, fluorocarb
residues in the chamber were removed by running an oxy
plasma. After this step, an untreated poly- or crystalline s
con sample was loaded without any initial surface clean
step, because a native oxide layer is removed in less th
few seconds during the etching process. Before acqui
any data the chamber was seasoned for about 90 s by run
a fluorocarbon plasma without any rf bias to cover the wa
and the wafer with a fluorocarbon film. Then the bias w
turned on and the deposited fluorocarbon film on the wa
was etched back. From this point surface information or e
rates were obtained. For determination of the fluorocarb
etch rate, a fluorocarbon film was deposited at this po
without applying any bias and was subsequently etched b
In this way reproducible results were obtained. However,
highly polymerizing conditions, e.g., C3F6/H2, small varia-
tions ~,20% in the etch rates! between different runs can
still be observed. This effect is strongly dependent on
chamber condition20 and has been extensively studied
Schaepkenset al.21

Finally, it should be mentioned that all data presented
this article are taken under steady state conditions. T
means that the etch rate is constant during the etching of
substrate~silicon or fluorocarbon material!. The surface
modifications are also constant in case of steady state sil
etching. The fluorocarbon layer that exists on the silicon w
be referred to as steady state fluorocarbon layer or CFx layer.

III. RESULTS AND DISCUSSION

A. Etch rates of silicon and fluorocarbon material

High density fluorocarbon plasmas are well known f
their polymer deposition on the substrate.22,23 This deposi-
tion has to be suppressed by applying rf bias power to
substrate in order to establish net etching. The etch rate
thick fluorocarbon film (.50 nm) is plotted in Fig. 2 as a
function of the self-bias voltage and for various feedg
chemistries. Negative values of the fluorocarbon etch r
correspond to fluorocarbon deposition rates under bia
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conditions. The deposition rates at115 V were measured
without applying any bias~passive deposition!. To suppress
the fluorocarbon deposition, a minimum self-bias voltage
required. This threshold voltage varies for the differe
feedgas chemistries and inductive power levels. Beyond
threshold, it is possible to etch silicon, which exhibits a sim
lar etch rate behavior as fluorocarbon material.

Figure 2 suggests that the etching mechanisms of sili
and fluorocarbon material are similar, i.e., the silicon e
rate is proportional to the fluorocarbon etch rate at sim
process conditions. This observation is confirmed by the d
shown in Fig. 3 where the fluorocarbon etch rate is plot
versus the silicon etch rate. For two pressures, 6 and
mTorr, the flow ratio of C2F6 and C3F6 was increased from
0% to 100% in steps of 20%. The self-bias voltage and
ductive power were fixed at285 V and 1400 W, respec
tively. By changing the flow ratio or the pressure, both t
passive deposition rate and the steady state layer thickne
on silicon change significantly. However, the ratio of t
fluorocarbon etch rate and silicon etch rate remains u
tered.

FIG. 2. Silicon~closed symbols! and fluorocarbon~open symbols! etch rates
as a function of self-bias voltage for different fluorocarbon plasmas:~a! 40
sccm CHF3, 6 mTorr, for two inductive powers: squares 600 W, triang
1400 W; ~b! 20 sccm C3F6, 6 mTorr, 1400 W, with hydrogen addition
squares 0 sccm H2; triangles 12 sccm H2 ~c! 40 sccm C2F6, 6 mTorr,
1400 W.
JVST A - Vacuum, Surfaces, and Films
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B. Surface analysis: Ellipsometry

During the etching process, silicon is exposed to fluo
carbon ions and neutrals. This leads to the fluorination
and the fluorocarbon film formation on, the silico
surface.7,19,24,25In addition to XPS surface analysis, whic
will be discussed in Sec. III C, real timein situ ellipsometry

FIG. 4. Steady state CFx ~closed symbols! and SiFy ~open symbols! layer
thicknesses as a function of the self-bias voltage for different fluorocar
plasmas:~a! 40 sccm CHF3, 6 mTorr, for two inductive powers: squares 60
W, triangles 1400 W;~b! 20 sccm C3F6, 6 mTorr, 1400 W, with hydrogen
addition: squares 0 sccm H2, triangles 12 sccm H2; ~c! 40 sccm C2F6, 6
mTorr, 1400 W.

FIG. 3. Fluorocarbon etch rate vs silicon etch rate for two different opera
pressures. The flow ratio of C2F6 and C3F6 was changed in steps of 20%
while the self-bias voltage, pressure, and the inductive power were fixe
285 V, 6 mTorr, and 1400 W, respectively.
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FIG. 5. XPS spectra on steady state layers and passively deposited fluorocarbon layers. The upper panels show the C(1s) electron emission and the lowe
panels the Si(2p) electron emission. The electrons were collected at 90°. The samples were processed in a 40 sccm CHF3 discharge at 6 mTorr and maintaine
by 600 W inductive power.
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was performed during the etching of crystalline silicon. A
suming that the surface can be modeled by two stacked
ers on top of the bulk silicon, i.e., a fluorocarbon (CFx) and
a fluorinated silicon (SiFy) layer, the thicknesses of thes
layers were obtained. For the refractive index of the Cx

layer, a value of 1.40–1.45 was taken which was determi
by ellipsometry measurements on thick (.100 nm) fluoro-
carbon films that were passively deposited. The refrac
index for the SiFy layer and bulk silicon were set at 3.86
2 i •0.8 ~Ref. 19! and 3.8662 i •0.028,18 respectively. The
resulting layer thicknesses are plotted in Fig. 4. As oppo
to etching of SiO2, which is typically covered by a CFx layer
of less than 1.5 nm,9,13 the etching of silicon occurs throug
a CFx layer of 2–7 nm. The penetration depth of ions in t
energy range investigated is about 1 nm,24 and direct ion
impact on the bulk silicon can be excluded. Neutral e
precursor transport through the CFx layer is therefore sug
gested to play an important role in the etching process of
silicon. However, as can be seen from Figs. 2 and 4, both
CFx layer thickness and the silicon etch rate depend on
ion energy. Therefore, in addition to a neutral etchant fl
an ion flux must also be considered in the interpretation
the data.

The increase in inductive power from 600 to 1400 W in
CHF3 discharge results in an increase in both the ion curr
density and the passive deposition rate. In this case, thex

layer thickness increases and a lower silicon etch rate ca
observed. Also, the addition of 12 sccm H2 to a C3F6 dis-
charge leads to a lower etch rate and a more suppressingx

layer. For C2F6 fast silicon etching is observed where th
etching is regulated by a relatively thin CFx layer. A C2F6

plasma is more fluorine rich than plasmas with the ot
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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feedgas chemistries. In this case the polymerization on
silicon substrate is more suppressed.

C. Surface analysis: XPS

XPS analysis was performed on polycrystalline
samples. The samples were etched in CHF3, C3F6, C3F6/H2,
and C2F6 plasmas for various bias conditions. Low resoluti
survey spectra showed that the surface stoichiometry ma
contained carbon, fluorine, and silicon. In addition to carb
and fluorine introduced by the feedgas, a small amoun
oxygen is present on the silicon sample. This oxygen is m
likely due to erosion of the quartz coupling window as
observed in other high density plasma reactors.22,23,26,27XPS
analysis on relatively thick (.100 nm) passively deposite
fluorocarbon films quantified the surface contamination
approximately 1% oxygen and 0.5% silicon. The effect
oxygen on the etching process can therefore be neglecte

To obtain information about the surface chemistry, hi
resolution C(1s) and Si(2p) electron emission spectra wer
obtained. The upper left panel of Fig. 5 shows the C(1s)
spectrum for a 300-nm-thick fluorocarbon layer deposited
an unbiased Si sample. The samples were processed in
mTorr CHF3 plasma maintained by 600 W inductive powe
The spectrum is deconvoluted in its chemical contributio
~C–CFn , C–F, C–F2, and C–F3! using a least-squares fittin
technique including Gaussian peaks and a linear backgro
The C–F1,2,3 bonds have a relatively well defined stoichi
metric environment as opposed to the C–CFn bond. There-
fore, the chemical shifts between the C–F1, C–F2, and the
C–F3 are fixed at 2.3560.15 eV with an individual width of
2.360.2 eV full width at half-maximum~FWHM!. The po-
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243 Standaert et al. : High density fluorocarbon etching 243
sition of the C–F2 was found to be 290.360.3 eV. The
chemical environment of the C–CFn is not well defined and
its position (285.560.5 eV) and FWHM (361 eV) were fit-
ted. An additional peak at 283.460.3 eV is in some case
required to take the C–C or the C–Si bond into account. T
fitted backgrounds are subtracted in Fig. 5 allowing fo
direct comparison between the different C(1s) spectra. The
other four C(1s) spectra were taken on crystalline silico
samples processed under biased conditions. For these c
tions, a steady state CFx layer was formed on the sample
The effect of biasing is clearly visible in the defluorination
the CFx layer.

The change in fluorination under ion bombardment w
also measured for CHF3, C3F6, C3F6/H2, and C2F6 plasmas
maintained at 1400 W inductive power. Figure 6 shows
ratio of atomic density of fluorine and carbon~F/C ratio!.
The F/C ratio was determined for the first few fluorocarb
monolayers by collecting electrons at an emission angle
75° with respect to the normal of the sample. The F/C ra
scanned at 0° provides stoichiometric information to a de
of about 2–3 nm. Typically, the fluorine concentration
higher at the CFx surface. This shows that there is a gradie
in the fluorine concentration towards the silicon.

For CHF3 a similar behavior in defluorination can be o

FIG. 6. F/C ratio scanned by XPS under two different emission angles
and 75°. The115 V corresponds to passively deposited fluorocarbon film
The higher voltages correspond to steady state fluorocarbon layers.~a! 40
sccm CHF3, 6 mTorr, for two inductive powers: closed symbols 600 W
open symbols 1400 W;~b! 20 sccm C3F6, 6 mTorr, 1400 W, with hydrogen
addition: closed symbols 0 sccm H2, open symbols 12 sccm H2; ~c! 40 sccm
C2F6, 6 mTorr, 1400 W.
JVST A - Vacuum, Surfaces, and Films
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served when the inductive power is increased from 600
1400 W. There is no significant change in the F/C rat
while the silicon etch rate and the CFx layer thickness are
dramatically influenced by the increase in inductive pow
Also, the addition of 12 sccm H2 to 20 sccm C3F6 has no
significant effect on the F/C ratio, whereas the silicon e
rate is suppressed by a factor of 4. The fluorine scaveng
by hydrogen seems only to affect the fluorine flux towar
the silicon interface, rather than the fluorine flux that det
mines the F/C ratio of the steady state layer. It may, the
fore, be suggested that the F/C ratio of fluorocarbon layer
mainly controlled by the ion energy and the choice of t
fluorocarbon feedgas. Ellipsometry showed that the refr
tive index of passively deposited fluorocarbon films chang
from 1.40 to 1.52 upon the addition of 12 sccm H2. Since no
significant change in the F/C ratio was observed, the cha
in refractive index can be ascribed to the incorporation
hydrogen in the fluorocarbon layer. Most likely, the fluorin
flux towards the silicon surface is decreased by additio
HF formation in the fluorocarbon layer.

Information about the fluorination of the bulk silicon du
ing plasma exposure is obtained by high resolution scan
the Si(2p) electron emission. The lower left panel in Fig.
shows the presence of SiOxFy bonds in a passively deposite
fluorocarbon film~300 nm!. High resolution O(1s) scans
showed that the amount of oxygen originating from the w
dow is independent of the self-bias voltage for const
feedgas chemistry and inductive power. Therefore, it is
sumed that the amount of silicon originating from the wi
dow is also independent of the self-bias power. The SiOxFy

signal can then be interpreted as a background signal du
sputter deposition from the quartz coupling window. T
four other panels show the Si(2p) spectra for crystalline S
under bias conditions. The Si(2p) spectra were deconvo
luted using multiple spin-orbit split doublets~spin-orbit sepa-
ration 0.60 eV and branching ratio of 0.54!.28 The doublets
are separated by 1.15 eV,29 which represents the chemica
shifts of SiFy ~y51, 2, 3, 4!. The elemental Si peak wa
found to be at 99.560.1 eV. It can be concluded that a
increase in the self-bias voltage leads to a more fluorina
silicon surface as previously observed.30

Figure 5 shows a minimum in the C(1s) intensity as func-
tion of the self-bias voltage, suggesting a minimum in t
CFx layer thickness. The maximum in the elemental Si
tensity indicates that also the total layer (CFx1SiFy) thick-
ness has a minimum as a function of the self-bias voltage
similar behavior is observed by the ellipsometry surfa
analysis in Fig. 4. A more careful analysis of the XPS spec
shows that both ellipsometry and XPS lead to consistent
sults; see Fig. 7. For this analysis, the CFx layer thickness
(dCFx

) is calculated from the integrated C(1s) photoemission

intensities (I C(1s)
stst ) in Fig. 5 using the integrated intensit

(I C(1s)
dep ) of the passively deposited layer as a referen

intensity:31

dCFx
5lC~1s! lnS 12

I C~1s!
stst

I C~1s!
dep D 21

. ~1!

°
.
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Here lC(1s) is the mean free path of the C(1s) photoelec-
trons in the CFx layer. The superscripts stst and dep refer
the steady state and passively deposited CFx layers, respec-
tively. The CFx layer thicknesses determined by XPS rep
duced the ellipsometry results when a value of 3.560.5 nm
was used forlC(1s) . The SiFy layer thickness (dSiFy

) was
determined using the intensities of the elemental and
chemically shifted Si(2p) emissions, I Si(2p)

Si and I Si(2p)
SiFy

respectively:31

dSiFy
5lSi~2p! lnS 11

I Si~2p!

SiFy

KI Si~2p!
Si D . ~2!

Here lSi(2p) is the mean free path of the C(1s) photoelec-
trons in the SiFy layer.K is the ratio of the atomic density o
Si atoms in the SiFy layer and the bulk silicon.K can be
calculated using the intensities of the chemical shifted pe
in the Si(2p) spectrum. The spectra shown in Fig. 5 cor
spond to a value ofK50.3160.02. Similar to thermal SiO2,
lSi(2p) was set to 2.5 nm.31 Figure 7 shows that XPS analys
confirms the results on the CFx and SiFy layers obtained by
ellipsometry.

IV. MODELING OF THE DATA

The surface analysis results showed that the etching
silicon is regulated by a relatively thick fluorocarbon laye
In this case there is no direct ion impact on the bulk silic
possible and most likely there is a neutral transport of re
tive fluorine through the fluorocarbon layer required to e
silicon. Oehrleinet al.10,11 proposed a transport mechanis
including a diffusion process for low ion density etching
silicon, based on the observation of an inversely proportio
relationship between the silicon etch rate and the CFx layer
thickness. However, in a high density discharge the ion

FIG. 7. CFx and SiFy layer thicknesses determined by~a! ellipsometry and
~b! XPS. The samples analyzed were processed in a 40 sccm CHF3 dis-
charge at 6 mTorr and maintained by 600 W inductive power.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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neutral ratio is at least a factor of 100 higher.~The ion den-
sities are typically 1012 cm23 for an ICP and 1010 cm23 for a
RIE system at a similar pressure.! Figures 2 and 4 also show
that as function of the self-bias voltage the CFx layer thick-
ness is not necessarily decreasing while the etch rate is
creasing. In Secs. IV A–IV D a model will be derived th
includes the effect of ion bombardment on steady st
etching.

A. Proposed mechanism

Fluorocarbon material shows no significant etch rate in
atomic fluorine environment.32 The etch rate of fluorocarbon
material by physical sputtering in an argon plasma is a
significantly lower than the fluorocarbon etch rate in fluor
carbon plasmas at similar ion current densities and
energies.14 It is the combination of the fluorine species an
the ion bombardment that results in significant fluorocarb
etching. Silicon spontaneously etches in an atomic fluor
environment.33 Our model assumes that atomic fluorine
the precursor of silicon etching. In addition, fluorine is al
consumed by the ion induced etching of the CFx layer. This
leads to the formation of desorbing fluorocarbon species
schematic picture of the model is presented in Fig. 8.

Atomic fluorine is produced in the discharge by dissoc
tion processes and possibly by ion impact fragmentation
film dissociation at the substrate surface. Atomic fluorine c
diffuse through the CFx layer and react with the CFx layer
and thus contribute to etching of the CFx layer. This process
is enhanced by the energy transferred from ion impact. Fl
rocarbon deposition is being suppressed when the flux
desorbing fluorocarbon species is higher than the carbon
of the adsorbing fluorocarbon species from the gas phas
steady state, the adsorbing and desorbing carbon fluxes
balanced. Steady state also requires that the fluorine to
bon ratio of the desorbing flux is at least lower than t
fluorine to carbon ratio of the adsorbing flux~including the
atomic fluorine flux from the gas phase!. Additionally, the

FIG. 8. Schematic of the model presented. The left-hand portion shows
processes in the CFx layer. The portion on the right-hand side indicates thr
fluorine fluxes.G0 is the fluorine flux in the CFx layer.GCFx

is the fluorine
flux that is used to form desorbing fluorocarbon species. This flux is
quired to balance the fluorocarbon deposition that occurs during the etc
process.GSi is the fluorine flux that reacts with the silicon to form volatil
SiF4 in the SiFy layer.
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ion impact must provide enough energy to enhance the
duction of the desorbing flux. Figures 2 and 4 show t
etching only occurs when the ion energy exceeds a cer
threshold energy. This threshold energy depends on var
plasma process parameters, for example, feedgas chem
or inductive power. For the modeling, it is assumed t
desorbing fluorocarbon species are only producedin the
fluorocarbon layer. At this point, any effect of sputtering
the fluorocarbon surface is neglected, but will be included
Sec. IV D. In steady state, fluorine also reacts with silic
resulting in the formation of volatile SiF4. Figure 8 also de-
picts the influence of hydrogen. This will be discussed la
Since angle resolved XPS in Fig. 6 indicated that the fluor
concentration is decreasing in the fluorocarbon layer towa
the bulk silicon, it is assumed that silicon etching is limit
by the fluorine supply rather than by the transport of SiF4 or
volatile fluorocarbon species to the gas phase.

B. Mathematical description

Our model assumes that the fluorine flux through the Cx

layer is partially consumed by the CFx layer and the SiFy
layer. As shown in Fig. 8, the atomic fluorine flux that ente
the CFx layer,G0 , is equal to the sum of the fluorine fluxe
GCFx

andGSi :

G05GCFx
1GSi . ~3!

GCFx
and GSi represent the fluorine fluxes that are used

the formation of desorbing fluorocarbon species~including
HF! and SiF4, respectively. The consumption of fluorine in
small lengthdx in the CFx layer is proportional to the fluo
rine concentrationc and a reaction rate constantk. The
changedG in the fluorine fluxG is therefore

dG52kcdx. ~4!

Applying Fick’s law, G52Ddc/dx, and introducing a dif-
fusion constantD, Eq. ~4! can be rewritten as

D
d2c

dx22kc50. ~5!

In general the rate constantk and the diffusivity D may
depend on the depth in the CFx layer, since neither the en
ergy deposition of the ion bombardment nor the mate
density is necessarily uniform across the CFx layer. For sim-
plicity, however, it is assumed that bothk and D are inde-
pendent of the depthx. This assumption allows for an ana
lytical approach which still qualitatively agrees with th
presented data. The general solution of Eq.~5! is given by

c~x!5c1 exp~2Ak/Dx!1c2 exp~Ak/Dx!. ~6!

AD/k is the attenuation length of the atomic fluorine in t
CFx layer and will be determined later on in this section. T
concentrationsc1 andc2 are constants and can be determin
using the following boundary conditions:
JVST A - Vacuum, Surfaces, and Films
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c~0!5c0 ,
~7!

2D
dc

dxU
x5d

5GSi5Kcd .

Herec0 is the atomic fluorine concentration at the top of t
CFx layer. The second boundary condition is Fick’s law a
plied to the silicon interface atx5d. The boundary condition
of steady state silicon etching is also applied to the lat
Silicon spontaneously etches with the atomic fluorine at
silicon surface. The incoming fluorine fluxGSi at the silicon
interface must leave as SiF4 in a steady state situation. Th
silicon etch rate is assumed to be proportional to the fluor
concentrationcd by a reaction constantK. With this set of
equations@Eqs. ~6!, ~7!, and Fick’s law# it is possible to
obtain a relationship between the silicon etch rate, expres
in terms ofGSi , and the CFx layer thicknessd:

GSi5
c0AkD

FAkDK211tanhSAk

D
dD GcoshSAk

D
dD . ~8!

The silicon etch rate is inversely proportional to the Cx

layer thicknessd as shown in Fig. 9. The values ofc0 , k,
and D are fixed at 531015 cm23, 108 s21, and 1026 cm2/s
and are determined later on. The effect of the substrat
included in the reaction rate constantK. Decreasing this re-
activity, keepingc0 , k, and D fixed, results in a different
relationship between the etch rate and the CFx layer thick-
ness. Equation~8! may therefore explain that different CFx

layer thicknesses are observed on different substrates b
cluding the etch rate behavior of the substrate in Eq.~7! as a
function of the fluorine concentration at the substrate int
face.

FIG. 9. Silicon etch rate vs CFx layer thickness.~a! The model.~b! The
experimental data in comparison with an exponential fit (y5A exp(2Bx)).
In ~b! a: C2F6 1400 W; b: CHF3 600 W; c: C3F6 1400 W; d: CHF3 1400 W;
e: C3F6 /H2 1400 W.
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In order to get an estimate for the attenuation len
AD/k of the atomic fluorine concentration in the CFx layer,
the silicon etch rate at a constant self-bias voltage of2140 V
is plotted versus the CFx layer thickness for the variou
feedgas chemistries in the second panel in Fig. 9. The
points were fitted using an exponential decay, which
proximates Eq.~8! for thick fluorocarbon layers andK5`.
The fit resulted in a value of about 1 nm forAD/k and 5
31016 cm22 s21 for c0AkD. It should be noted that this is
very rough estimate. This estimate assumes that the fluo
concentrationc0 and the transport parametersk and D are
constant for the various feedgas chemistries. The fluo
flux required to suppress the polymerization,GCFx

, is in this
case the varying parameter between the various fee
chemistries and determines the CFx layer thickness and the
silicon etch rate. It may be expected, however, that in ad
tion to GCFx

c0 , k, andD also depend on the plasma cond
tions and, therefore, on the feedgas chemistry and induc
power level. Since our data do not provide enough inform
tion about the plasma state, we limit ourselves mainly to
effect of biasing. The plasma generation is in our case in
pendent of the bias power. We continue the modeling
order to see how biasing can affect parameters likeGCFx

, c0 ,
k, andD, rather than pointing out the effect of the plasm
conditions on these parameters. The estimate ofAD/k and
c0AkD will be used to estimate the order of magnitude
the parametersk, D, c0 , andGCFx

.
A second result that can be derived using Eqs.~6!, ~7!,

and Fick’s law is an expression for the fluorine fluxG0 into
the CFx layer:

G05

c0AkDsinhSAk

D
dD 1GSi

coshSAk

D
dD . ~9!

For rather thick CFx layers, i.e.,d*3AD/k, the silicon has
no significant effect on the fluorine fluxG0 into the CFx
layer. The fluorine fluxG0 into the CFx layer is therefore
independent of the layer thicknessd, which can easily be
shown using Eqs.~8! and ~9!:

G0'c0AkD. ~10!

In order to solve Eqs.~8! and ~9! for d andGSi the con-
straint for steady state etching has to be satisfied, i.e.
order to have a steady state situation a fluorine fluxGCFx

must leave the surface as etched fluorocarbon species.
total reacted fluorine in the CFx layer is equal to the integra
of Eq. ~4!:

GCFx
5E

0

d

kcdx, ~11!

which is equivalent to Eq.~3!. The CFx layer thicknessd is
adjusted in such a way that the fluorine used for the etch
of fluorocarbon material in the CFx layer cancels the fluoro
carbon deposition. For solving Eqs.~3!, ~8!, and ~9! a nu-
merical approach is required. To gain better insight on
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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influence of parameters likek, D, c0 , and GCFx
, here we

only include an analytical solution for a relatively thick CFx

layer, i.e.,d*3AD/k. As a result of this assumption, th
fluorine consumption by the silicon etching is also indepe
dent of the layer thickness@using Eqs.~3! and ~10!#:

GSi'c0AkD2GCFx
. ~12!

Equating the layer thickness yields the following express
@using Eq.~8!#:

d'2AD

k
lnF1

2 S 12
GCFx

c0AkD
D S 11

AkD

K D G . ~13!

Equations~12! and ~13! clearly show that etching is only
possible whenGCFx

/c0AkD,1. At the threshold voltage
where etching of the substrate starts to occur, the ratio
equal to 1. From Fig. 2 it is clear that this ratio must depe
on the self-bias voltage. Two possible roles of ion bomba
ment on the etching process will be investigated in Se
IV C–IV D.

C. Ion enhanced transport of fluorine from the gas
phase to the silicon interface

The main source of atomic fluorine may originate fro
the gas phase and be transported through the CFx layer by an
ion enhanced mechanism. In this case, both the concentra
c0 of atomic fluorine at the gas phase interface and the fl
rine consumptionGCFx

in the CFx layer are assumed to b
independent of the self-bias voltage,GCFx

and c0 are deter-
mined by the plasma state, i.e.,c0 andGCFx

are functions of
the feedgas chemistry, flow, pressure, and inductive pow
In order to make a transition from a deposition mo
(GCFx

/c0AkD.1) to an etching mode (GCFx
/c0AkD,1)

for a given plasma state, the factorAkD has to increase as
function of the self-bias voltage.

It is likely that the diffusivity of the fluorine atoms in
creases at higher self-bias voltages, since the wafer temp
ture is expected to increase from 10 to 30 °C depending
the bias power. Experiments, carried out by Paster
et al.34,35 for several gases, except atomic fluorine, show t
this increase in temperature can lead to an increase in
diffusivity by a factor of 5 in polymers. The diffusivity may
be even further enhanced by ion induced porosity of the Cx

layer. Based on Pasternak’s data, we estimate the diffus
of atomic fluorine to be of the order of 1026 cm2/s.

Beside ion enhanced diffusion, the reactivity of fluorin
with the CFx layer is also likely to increase, since, as me
tioned before, ion bombardment is required for the etching
the CFx layer. The energy that is provided by the ions m
initiate chemical reactions of fluorine in the CFx layer upon
which volatile fluorocarbon species are formed. Section IV
showed that the lengthAD/k is of the order of 1 nm unde
etching conditions. This corresponds to a value of ab
108 s21 for the reactivityk.

A reasonable suggestion for the dependence ofAkD on
the self-bias voltage is shown in the first panel of Fig. 1
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AkD is scaled withGCFx
andc0 which are kept constant a

4.531016 cm22 s21 and 531015 cm23, respectively. When
no bias is applied, the ions are still accelerated towards
wafer by the floating potential. The factorAkD has, there-
fore, a finite value, but is not high enough to suppress
deposition of fluorocarbon material. A numerical solution
Eqs. ~3!, ~8!, and ~9! is plotted in the second panel. Fo
simplicity, it is assumed thatAD/k is independent of the
self-bias voltage andK@AkD. A comparison with the data
in Figs. 2 and 4 shows a good qualitative resemblance w
our model if the factorAkD levels out at higher self-bia
voltages. A minimum in the CFx layer thickness could be
obtained by assigning a dependency on the self-bias vol
for the diffusivity D and the rate constantk such that both
AD/k andAkD are increasing as a function of the self-bi
voltage. It can be concluded that our model is consistent w
the experimental data if an ion enhanced transport of fluo
is included.

D. Ion impact fragmentation and film dissociation

Equations~12! and~13! show that the ratioGCFx
/c0AkD

must be smaller than 1 in order to have steady state etc
of silicon. Beside ion enhanced transport of fluorine throu
the CFx layer ~previous case!, it is also possible that the rati
GCFx

/c0AkD is decreasing as a function of the self-bias vo
age due to ion impact fragmentation and dissociation of
CFx surface molecules.36,37 In order for these surface pro
cesses to be a source of fluorine, the carbon must be m

FIG. 10. CFx layer thickness (d) and the silicon etch rate (GSi) as a function
of the self-bias voltage according to the model presented. In~a! the input
that is used, which can be explained by an enhancement in the diffu
transport or by ion impact fragmentation and surface dissociation is sho
The solid lines in~b! represent the numerical solutions of Eqs.~3!, ~8!, and
~9!. The dashed lines represent the analytical solutions given by Eqs.~12!
and ~13!.
JVST A - Vacuum, Surfaces, and Films
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likely to desorb from the CFx surface than the fluorine a
higher self-bias voltages, i.e., the desorbing stoichiome
depends on the self-bias voltage. In this case we keep
transport parametersk andD constant and we assume thatc0

and GCFx
are functions of the self-bias voltage.GCFx

will
decrease as a function of the self-bias voltage if the fluo
carbon deposition is partially suppressed by ion sputtering
the CFx layer at the surface. This sputtering may be e
hanced by the presence of fluorine. The concentrationc0 of
atomic fluorine at the gas phase interface may increase
function of the self-bias voltage due to more complete
fragmentation and film dissociation. The fluorine concent
tion c0 saturates at higher voltages, since ions and surf
molecules have a finite number of fluorine atoms. The fi
panel of Fig. 10 shows again the suggested dependenc
the ratioc0AkD/GCFx

on the self-bias voltage. It is assume
that the ratio saturates around 50 eV ion energy. The sec
panel shows a numerical solution keeping the other par
eters constant~k5108 s21 and D51026 cm2/s! and K
@AkD. This assumption shows good agreement with
data presented in Figs. 2 and 4, but cannot explain a m
mum in the CFx layer thickness. As shown in previous Se
IV C a second assumption about the diffusivityD and ab-
sorption rate constantk as a function of the self-bias voltag
may explain a minimum in the CFx layer thickness.

E. Effect of hydrogen addition on the etching process

Hydrogen is well known for its deep penetration into t
substrate~10–30 nm!24 and for fluorine scavenging in th
reactor and in the CFx layer.4,10,38,39The effect of hydrogen
addition in a fluorocarbon plasma can easily be included
our model. First of all, hydrogen will reduce the fluorin
concentrationc0 due to the formation of volatile HF in the
gas phase and at the CFx surface. Second, the atomic fluorin
consumptionGCFx

in the CFx layer will increase as hydroge
penetrates the CFx layer, since volatile HF is formed in ad
dition to desorbing fluorocarbon species. Also the react
rate constantk may increase upon hydrogen addition. T
first panel in Fig. 11 shows the suggested ratioGCFx

/c0 AkD

with and without hydrogen addition. It is assumed that t
transport parametersk andD are not affected by the hydro
gen addition. The second panel shows the correspondingx

layer thicknesses and Si etch rates according to a nume
solution of the model presented and is qualitatively cons
tent with the data in Figs. 2 and 4.~The parametersGCFx

, c0 ,
k, andD in Fig. 11 are of the same order as those presen
earlier.!

F. Relation between fluorocarbon etching and silicon
etching

Figures 2 and 3 show that the fluorocarbon and the sili
etch rate have the same dependency on various proces
rameters, e.g., the self-bias voltage. For the etching of a th
(.50 nm) fluorocarbon layer, the fluorine fluxG0 into the
CFx is independent of the thickness and is given by Eq.~10!.
In order to balance the fluorocarbon deposition, a fluor

on
n.
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flux GCFx
is required for the formation of desorbing fluoro

carbon species. When this flux is smaller than the ente
fluorine flux (GCFx

,G0), the resulting fluorine flux
(G0-GCFx

) is used for the net etching of the thick fluoroca
bon layer. From Eqs.~3! and ~10! it can be concluded tha
this fluorine flux is equal to the flux that would react with
silicon substrate during steady state etching@Eq. ~12!#. The
silicon etch rate and the fluorocarbon etch rate differ, the
fore, only by a constant factor for various process conditio
This factor compensates for the difference in chemical co
position between a silicon substrate and a thick fluorocar
layer. First of all, the amount of fluorine required to for
volatile species depends on the substrate. For exampl
etch silicon, four fluorine atoms per silicon atom are requi
to form SiF4, whereas the average amount of fluorine
quired to remove a carbon atom from a fluorocarbon s
strate may be different. Second, the density of the subs
has to be included in order to convert the etching fluor
flux to an etch rate.

Beside silicon, for nitride40 and photoresist41 too, the etch
rate was found to be linear in the fluorocarbon etch rate
similar process conditions in the same experimental se
Assuming that the etching of both nitride and photoresis
fluorine driven, it can be explained by the model that t
etching of these materials is also similar to fluorocarb
etching.

V. CONCLUSIONS

The etching of silicon is studied in a high density indu
tively coupled plasma reactor utilizing various fluorocarb
feedgases~CHF3, C3F6, C3F6/H2, and C2F6!. Ellipsometry
and x-ray photoelectron spectroscopy consistently sho

FIG. 11. Effect of hydrogen addition~a! on the ratioc0AkD/GCFx
and~b! on

the CFx layer thickness and Si etch rate.
J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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that during steady state etching the silicon surface is cove
by a relatively thick fluorocarbon layer varying from 2 to
nm. The ion energy was varied up to 150 eV. The rate
direct ion impact on the silicon substrate at this energy
probably low compared to the silicon etch rate. Therefore
mechanism based on a neutral fluorine transport through
fluorocarbon layer is suggested. Silicon can be etched
forming volatile SiF4, which can diffuse through the fluoro
carbon layer into the gas phase. Since XPS showed tha
fluorine concentration in the fluorocarbon layer decreases
wards the silicon interface, it is likely that the etching
limited by a fluorine diffusion transport through the fluor
carbon layer. The fluorine transport through the fluorocarb
layer is described by a diffusion mechanism based on Fic
law. A condition for steady state etching of silicon can
derived, assuming that, in addition to silicon, the fluoroc
bon layer also reacts with the fluorine. This leads to
formation of desorbing fluorocarbon species, which balan
the fluorocarbon deposition during the etching process.

Despite the fact that direct ion impact on the silicon su
strate is probably negligible, it is found that the ion energy
an important parameter in the etching of silicon. Our mo
includes two possible roles of the ions. The first role may
the enhancement in the diffusivity of fluorine atoms in t
fluorocarbon layer and the enhancement in the reaction p
ability of fluorine in the fluorocarbon layer. In this case th
fluorine is originating from the gas phase. The second r
may be ion impact fragmentation and dissociation of the s
face fluorocarbon molecules. Both roles suggested lead
similar description of the etch rate and the fluorocarbon la
thickness that is consistent with the experimental data.

The role of hydrogen on the etching process was a
investigated. From a change in the refractive index of th
passively deposited fluorocarbon layers, it can be conclu
that the composition of the fluorocarbon layer changes u
hydrogen addition. However, XPS showed that the F/C ra
of the fluorocarbon layer is not significantly affected wh
hydrogen is added to the discharge. The F/C ratio is prim
rily determined by the ion energy and the choice of the flu
rocarbon feedgas. It can therefore be concluded that the
drogen is incorporated into the fluorocarbon layer. T
hydrogen in the fluorocarbon layer suppresses the fluo
flux towards the silicon interface by the formation of volati
HF in a steady state fluorocarbon layer. This results in
thicker fluorocarbon layer and the suppression of the silic
etch rate. The influence of hydrogen addition on the silic
etch rate and the fluorocarbon layer thickness can be
cluded in our model and was found to be consistent with
experimental data.
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