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High density fluorocarbon etching of silicon in an inductively coupled
plasma: Mechanism of etching through a thick steady state
fluorocarbon layer

T. E. F. M. Standaert,? M. Schaepkens, N. R. Rueger, P. G. M. Sebel,” and G. S.
Oehrlein®
Department of Physics, State University of New York at Albany, Albany, New York 12222

J. M. Cook
Lam Research Corporation, Fremont, California 94538-6470

(Received 5 May 1997; accepted 15 September 1997

For various fluorocarbon processing chemistries in an inductively coupled plasma reactor, we have
observed relatively thick2—7 nn 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 characterizadsiby 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.
[S0734-210098)02201-3

[. INTRODUCTION which protects the silicon from direct ion impact. Oehrlein

. . _ _ et al1%! proposed a neutral transport mechanism for RIE
High density plasmdHDP) SiO, etching processes are g hing of silicon through a thick fluorocarbon layer. How-

currgntly being developed to rep_lace the CO”Ye”tiO”&?'zSiQever, in a HDP environment it will be shown that in addition
etching processes performed using low density reactive i0g, 5 neytral etchant flux ions also play an important role in
etching (RIE) tools. High ion densities and relatively low the Si etching mechanism. A model extended to account for

operating pressures~1—210 mTorr) allow highly aniso- this role of ions will be presented
tropic and fast etching, which are important requirements in '

future semiconductor manufacturing. The planar coil induc-
tively coupled plasmdICP) reactof is a promising candi-
date for meeting these and other demands, such as high pro-
cess uniformity over large area wafers. IIl. EXPERIMENTAL SETUP
For contact hole etching through insulating films, high

Lo . S , The ICP or transformer coupled plasitia&CP) reactor that
selectivity with respect to the underlying material is required

5 e is used in our work is similar to the one described by Keller
Recently, Ruegeet al-” reported data from an initial study of et all with the exception that magnets were not installed in

selective etching of Sigover Si in the ICP reactor, where a . o tipole bucket. Figure 1 shows a cross sectional view.
selectivity of 40 is achieved using fluorocarbon gaseSyg yacuum in the chamber is separated from atmosphere by
Highly selective etching of Sigxo Si is suggested to be due ;1 9_mm_thick quartz coupling window with a diameter of
to the different etching mechanisms of the materafsThe 23 cm. For the plasma generation, a planar coil with a diam-

etching of both materials occurs through a fluorocarbon ﬁlmeter of 16 cm is placed at the atmospheric pressure side of
In the case of Sig this fluorocarbon film is very thiftypi- the window and supplies inductively powgd—1400 W,

cally less than 1 ninand a reactive ion sputtering process is 1 3 5 \Hy to the discharge. The rf current through the coil
observed. This ar_t|cle WI|! show that silicon etching is regu- induces a current in the plasma generation region which is
lated by a relatively thick fluorocarbon lay€l—7 nm, .o dined to a small regiori2—3 cm below the coupling

— window!? The gas is injected into the plasma generation
3E|ectronic mail: standaer@cnsvax.albany.edu

PPermanent address: Eindhoven University of Technology, P.O. Box 513reg|on by a gas feed ring unde.r the coupling window. During
5600 MB Eindhoven, The Netherlands. the generation, the plasma diffuses over a few mean free

Electronic mail: oehrlein@cnsibm.albany.edu paths to a 125 mm wafer which is located 7 cm under the
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More detailed surface information was obtained using x-

ray photoelectron spectroscop)PS) on etched crystalline
@R:u':,‘;,v.‘;f’ silicon samples. After real time ellipsometry surface analy-
- sis, first the inductive power and, within 1 s, the rf bias
Induction Matching Network } power, were turned off in order to maintain the surface modi-
coil [ g, coupling fications that are present during the etching process. The
ellipsometer i k‘-._ Ll window samples were transferred under ultrahigh vacyuiV) to a
taser i . ell psometer Vacuum Generators ESCA Mk Il analysis chamber. Photo-

electrons were emitted using a nonmonochromatized\g
x-ray sourcg1253.6 eV). Survey spectra and high resolution

Muttipole — o spectra of C(%), Si(2p), F(1s), and O(%k) electron emis-
I sion were obtained under two emission angles, 75° and 0°
power susply @ cleoied with respect to the sample normal. The spectra presented in
= chuck this article were obtained at a 20 eV pass energy.
' B-doped, 3-50 cm (100 silicon was used for surface
Fic. 1. Schematic of the experimental apparatus. analysis experiments and for obtaining fluorocarbon etch

rates. Samples with a multilayer structy2s0 nm polycrys-
talline Si, 100 nm Si@ on a crystalline substratevere

coupling window. The planar coil design results in a highly etched to determine the silicon etch rate by ellipsometry.
uniform ion current density across the wafer7% from  Before loading a sample into the ICP reactor, fluorocarbon
center to edge*® residues in the chamber were removed by running an oxygen

The wafer is clamped by an electrostatic chuck cooled tgplasma. After this step, an untreated poly- or crystalline sili-
10 °C using a circulated coolant. Due to the inductive coucon sample was loaded without any initial surface cleaning
pling, a low plasma potential of 15-20 \Ref. 14 with  step, because a native oxide layer is removed in less than a
respect to the floating walls is obtained. This results in lowfew seconds during the etching process. Before acquiring
ion impact energies. The energy of the ions impacting on theny data the chamber was seasoned for about 90 s by running
wafer can be increased independently of the plasma genera-fluorocarbon plasma without any rf bias to cover the walls
tion by applying a rf biag0—250 W, 3.4 MHz to the chuck.  and the wafer with a fluorocarbon film. Then the bias was
The increase in energy is linear with the rf bias power,  turned on and the deposited fluorocarbon film on the wafer
The self bias voltage that is being developed on the wafewas etched back. From this point surface information or etch
was measured with respect to ground using a probe that waates were obtained. For determination of the fluorocarbon
attached to the wafer. The floating potential with respect taetch rate, a fluorocarbon film was deposited at this point
ground is equal tot 15 V and the self-bias voltage was var- without applying any bias and was subsequently etched back.
ied down to—150 V. Thermal contact between the wafer In this way reproducible results were obtained. However, for
and chuck is established/la 5 Torr helium pressure at the highly polymerizing conditions, e.g.,€/H,, small varia-
backside of the wafer. The partial pressure due to a heliuntions (<20% in the etch rat@sbetween different runs can
leak in the chamber, if any, was less than 0.1 mTorr. Thestill be observed. This effect is strongly dependent on the
thermal conductivity of helium is about 1000 times lower chamber conditiof! and has been extensively studied by
than the thermal conductivity of the wafer. Therefore, it canSchaepkenst al?!
be expected that the wafer temperature increases by 20 °C if Finally, it should be mentioned that all data presented in
the bias power is increased to 250 W. The temperature difthis article are taken under steady state conditions. This
ference between front- and backside of the wafer is estimategheans that the etch rate is constant during the etching of the
to be about 0.1 °C at this bias power. substrate(silicon or fluorocarbon materigl The surface

The base pressure in the chamber was maintained at fodifications are also constant in case of steady state silicon
X 10~ ® mbar by a 450//s turbomolecular pump backed by a etching. The fluorocarbon layer that exists on the silicon will
Roots blower and mechanical pump. During experiments thee referred to as steady state fluorocarbon layer qrigfer.
pressure was set at 6 mTorr by an automatic throttle valve in
the exhaust line. The gas chemistries used were 40 sccil. RESULTS AND DISCUSSION
CHF;, 20 sccm GFg, 30 sccm GFg, and 20 sccm €
admixed with 12 sccm 5

The deposition and etch rates were measured using real High density fluorocarbon plasmas are well known for
time in situ He—Ne ellipsometry. The ellipsometer is an their polymer deposition on the substraté® This deposi-
automated rotating compensator ellipsometer working in théion has to be suppressed by applying rf bias power to the
polarizer-compensator-sample-analyZBICSA configura-  substrate in order to establish net etching. The etch rate of a
tion.1® A sampling time of 0.5 s gives an accuracyhand thick fluorocarbon film 50 nm) is plotted in Fig. 2 as a
A of about 0.01°. The angle of incidence was set at 71.73%unction of the self-bias voltage and for various feedgas
This setup also allows for real tima situ surface analysis chemistries. Negative values of the fluorocarbon etch rate
on crystalline silicon as is described in Refs. 17-19. correspond to fluorocarbon deposition rates under biased

A. Etch rates of silicon and fluorocarbon material

J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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300 ¢)C.F 3000 = B. Surface analysis: Ellipsometry
2 6
200 2000 During the etching process, silicon is exposed to fluoro-
carbon ions and neutrals. This leads to the fluorination of,
100 1000 and the fluorocarbon film formation on, the silicon
surface’19242%|n addition to XPS surface analysis, which
0 o0 0 will be discussed in Sec. Ill C, real time situ ellipsometry
O‘ 50 100 150
Self Bias Voltage (-V)
8 :
Fic. 2. Silicon(closed symbolsand fluorocarboifopen symbolsetch rates 6 “~\l400 wia) CHF;
as a function of self-bias voltage for different fluorocarbon plasr@st0 1 CF, v
sccm CHE, 6 mTorr, for two inductive powers: squares 600 W, triangles 4
1400 W; (b) 20 sccm GFg, 6 mTorr, 1400 W, with hydrogen addition: 600 W
squares 0 sccm H triangles 12 sccm KH(c) 40 sccm GFg, 6 mTorr, ola
1400 W. SiF -
,"A.
0+— 4
. 0 50 100 150
E :
c 8
. . ~ w/ H, | b) CFg
conditions. The deposition rates at15V were measured 7 6] CF, a2 -a
without applying any biagpassive deposition To suppress o wio Hy)
the fluorocarbon deposition, a minimum self-bias voltage is 5
required. This threshold voltage varies for the different 2 gF a/”A/E'E;
feedgas chemistries and inductive power levels. Beyond this ': 0 oo
threshold, it is possible to etch silicon, which exhibits a simi- q; 0 50 100 150
lar etch rate behavior as fluorocarbon material. il\s
Figure 2 suggests that the etching mechanisms of silicon ¢) CoFg
and fluorocarbon material are similar, i.e., the silicon etch 61
rate is proportional to the fluorocarbon etch rate at similar 4l
process conditions. This observation is confirmed by the data _\Si
shown in Fig. 3 where the fluorocarbon etch rate is plotted 2 A/A/"<=
versus the silicon etch rate. For two pressures, 6 and 20 SiF,
mTorr, the flow ratio of GF; and GFg was increased from 0 50 100 150

0% to 100% in steps of 20%. The self-bias voltage and in-
ductive power were fixed at-85V and 1400 W, respec-

Self Bias Voltage (-V)

tively. By changing the flow ratio or the pressure, both thers. 4. Steady state GRclosed symbolsand SiF; (open symbols layer
passive deposition rate and the steady state layer thicknesgbisknesses as a function of the self-bias voltage for different fluorocarbon

on silicon change significantly. However, the ratio of the

plasmas(a) 40 sccm CHE, 6 mTorr, for two inductive powers: squares 600
W, triangles 1400 W(b) 20 sccm GFg, 6 mTorr, 1400 W, with hydrogen

fluorocarbon etch rate and silicon etch rate remains unalsggition: squares 0 sccm,Htriangles 12 scem K (c) 40 sccm GFs, 6

tered.
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Fic. 5. XPS spectra on steady state layers and passively deposited fluorocarbon layers. The upper panels sheyeleetfi emission and the lower
panels the Si(R) electron emission. The electrons were collected at 90°. The samples were processed in a 40 spdiscGat§e at 6 mTorr and maintained
by 600 W inductive power.

was performed during the etching of crystalline silicon. As-feedgas chemistries. In this case the polymerization on the
suming that the surface can be modeled by two stacked laysilicon substrate is more suppressed.
ers on top of the bulk silicon, i.e., a fluorocarbon (L&nd
a fluorinated silicon (Sifj layer, the thicknesses of these
layers were obtained. For the refractive index of the, CF
layer, a value of 1.40—1.45 was taken which was determined XPS analysis was performed on polycrystalline Si
by ellipsometry measurements on thick {00 nm) fluoro- samples. The samples were etched in GHEF,, C3Fg/Ho,
carbon films that were passively deposited. The refractiveand GFg plasmas for various bias conditions. Low resolution
index for the Sik; layer and bulk silicon were set at 3.866 survey spectra showed that the surface stoichiometry mainly
—i-0.8 (Ref. 19 and 3.866-i-0.0281% respectively. The contained carbon, fluorine, and silicon. In addition to carbon
resulting layer thicknesses are plotted in Fig. 4. As opposednd fluorine introduced by the feedgas, a small amount of
to etching of SiQ, which is typically covered by a GHayer  oxygen is present on the silicon sample. This oxygen is most
of less than 1.5 nm!3the etching of silicon occurs through likely due to erosion of the quartz coupling window as is
a CF, layer of 2—7 nm. The penetration depth of ions in theobserved in other high density plasma reactérs:?*?’xPS
energy range investigated is about 1 fflrgnd direct ion analysis on relatively thick>100 nm) passively deposited
impact on the bulk silicon can be excluded. Neutral etchfluorocarbon films quantified the surface contamination as
precursor transport through the ChRyer is therefore sug- approximately 1% oxygen and 0.5% silicon. The effect of
gested to play an important role in the etching process of thexygen on the etching process can therefore be neglected.
silicon. However, as can be seen from Figs. 2 and 4, both the To obtain information about the surface chemistry, high
CF layer thickness and the silicon etch rate depend on theesolution C(X5) and Si(2) electron emission spectra were
ion energy. Therefore, in addition to a neutral etchant flux,obtained. The upper left panel of Fig. 5 shows the (1
an ion flux must also be considered in the interpretation ospectrum for a 300-nm-thick fluorocarbon layer deposited on
the data. an unbiased Si sample. The samples were processed in a 6
The increase in inductive power from 600 to 1400 W in amTorr CHF; plasma maintained by 600 W inductive power.
CHF; discharge results in an increase in both the ion currenThe spectrum is deconvoluted in its chemical contributions
density and the passive deposition rate. In this case, the CFC—-CF,, C—F, C—h, and C—F) using a least-squares fitting
layer thickness increases and a lower silicon etch rate can bechnique including Gaussian peaks and a linear background.
observed. Also, the addition of 12 sccm kb a G5 dis-  The C—Fk ;3 bonds have a relatively well defined stoichio-
charge leads to a lower etch rate and a more suppressipg Chetric environment as opposed to the C@®6nd. There-
layer. For GFg fast silicon etching is observed where the fore, the chemical shifts between the G-E—-F,, and the
etching is regulated by a relatively thin CRyer. A GF;  C-F; are fixed at 2.3%0.15 eV with an individual width of
plasma is more fluorine rich than plasmas with the othe2.3+0.2 eV full width at half-maximum{FWHM). The po-

C. Surface analysis: XPS

J. Vac. Sci. Technol. A, Vol. 16, No. 1, Jan/Feb 1998
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served when the inductive power is increased from 600 to
a) CHF3 1400 W. There is no significant change in the F/C ratio,
while the silicon etch rate and the CRyer thickness are
dramatically influenced by the increase in inductive power.
Also, the addition of 12 sccm Hto 20 sccm GFg has no
significant effect on the F/C ratio, whereas the silicon etch
rate is suppressed by a factor of 4. The fluorine scavenging
by hydrogen seems only to affect the fluorine flux towards
the silicon interface, rather than the fluorine flux that deter-
mines the F/C ratio of the steady state layer. It may, there-
fore, be suggested that the F/C ratio of fluorocarbon layers is
mainly controlled by the ion energy and the choice of the
fluorocarbon feedgas. Ellipsometry showed that the refrac-
tive index of passively deposited fluorocarbon films changed
0.5 from 1.40 to 1.52 upon the addition of 12 sccm t$ince no
0 50 100 150 significant change in the F/C ratio was observed, the change
¢) C.F in refractive index can be ascribed to the incorporation of
1.5 750 26 hydrogen in the fluorocarbon layer. Most likely, the fluorine
W flux towards the silicon surface is decreased by additional
10 e & ® HF formation in the fluorocarbon layer.
0o Information about the fluorination of the bulk silicon dur-
ing plasma exposure is obtained by high resolution scans of
0.5 5 50 160 150 the Si(2p) electron emission. The lower left panel in Fig. 5
. shows the presence of Sig), bonds in a passively deposited
Self Bias Voltage (-V) fluorocarbon film(300 nm). High resolution O(%) scans
showed that the amount of oxygen originating from the win-
Fic. 6. F/C ratio scanned by XPS undel_’ two differgnt emission angle_s, 0ow is independent of the self-bias voltage for constant
and 75°. Thet+ 15 V corresponds to passively deposited fluorocarbon films. . . . o
The higher voltages correspond to steady state fluorocarbon ldger0 feedgas chemlstry and inductive power. Therefore, it is as-
sccm CHE, 6 mTorr, for two inductive powers: closed symbols 600 W, sumed that the amount of silicon originating from the win-
open symbols 1400 W) 20 sccm GFe, 6 mTorr, 1400 W, with hydrogen  dow is also independent of the self-bias power. The, 50
addition: closed symbols 0 sccm,Hopen symbols 12 sccm,H(c) 40 sccm signal can then be interpreted as a background signal due to
Cofe, 6 mTorr, 1400 W. sputter deposition from the quartz coupling window. The
four other panels show the Sif2 spectra for crystalline Si
under bias conditions. The Sip2 spectra were deconvo-
sition of the C-F was found to be 290:80.3eV. The |uted using multiple spin-orbit split doubletspin-orbit sepa-
chemical environment of the C—¢ s not well defined and  ration 0.60 eV and branching ratio of 0)54 The doublets
its position (285.5:0.5 eV) and FWHM (3-1 eV) were fit-  are separated by 1.15 é¥ which represents the chemical
ted. An additional peak at 283#0.3 eV is in some cases shifts of SiF, (y=1, 2, 3, 4. The elemental Si peak was
required to take the C—C or the C—Si bond into account. Théound to be at 99.50.1 eV. It can be concluded that an
fitted backgrounds are subtracted in Fig. 5 allowing for aincrease in the self-bias voltage leads to a more fluorinated
direct comparison between the different G(Ispectra. The silicon surface as previously observé€d.
other four C(B) spectra were taken on crystalline silicon  Figure 5 shows a minimum in the C§)Lintensity as func-
samples processed under biased conditions. For these conglbn of the self-bias voltage, suggesting a minimum in the
tions, a steady state CHayer was formed on the sample. CF, layer thickness. The maximum in the elemental Si in-
The effect of biasing is clearly visible in the defluorination of tensity indicates that also the total layer (GFSiF) thick-
the CK layer. ness has a minimum as a function of the self-bias voltage. A
The change in fluorination under ion bombardment wassimilar behavior is observed by the ellipsometry surface
also measured for CHF C3Fg, C3Fg/H,, and GFg plasmas  analysis in Fig. 4. A more careful analysis of the XPS spectra
maintained at 1400 W inductive power. Figure 6 shows theshows that both ellipsometry and XPS lead to consistent re-
ratio of atomic density of fluorine and carb@R/C ratig.  sults; see Fig. 7. For this analysis, the Q&yer thickness
The F/C ratio was determined for the first few fluorocarbon(d. ) is calculated from the integrated Gf)1photoemission

monolayers by collecting electrons at an emission angle oifqter:sities (g(sis)) in Fig. 5 using the integrated intensity
75° with respect to the normal of the sample. The F/C ratiqdep i i
0(|C(1s)) of the passively deposited layer as a reference

scanned at 0° provides stoichiometric information to a deP”?ntensity?l
of about 2—3 nm. Typically, the fluorine concentration is

1.5

1.0

F/C Ratio

0.5

1.5

1.0

F/C Ratio

F/C Ratio

higher at the Cksurface. This shows that there is a gradient stst | —1

. B . .y C(ls)

in the fluorine concentration towards thel S|I|gon. der,=Neqs) In( 1— FiW) (1)
For CHF; a similar behavior in defluorination can be ob- C(1s)
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CFx Ions
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'_g CH/F, CFx Lorx 4—— @ d
= 0 A4 Etching
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. S
Self Bias Voltage (-V) Etching
€ 6 XPS b)
< l
@4 - "
é’ Fic. 8. Schematic of the model presented. The left-hand portion shows the
© 2] | processes in the GRayer. The portion on the right-hand side indicates three
,E fluorine fluxes.I'y is the fluorine flux in the CFlayer. I‘CIEX is the fluorine

00 5'0 100 150 flux that is used to form desorbing fluorocarbon species. This flux is re-
. quired to balance the fluorocarbon deposition that occurs during the etching
Self Bias Voltage (-V) processlg; is the fluorine flux that reacts with the silicon to form volatile
SiF, in the SiF, layer.
Fic. 7. CK and Sik; layer thicknesses determined tg) ellipsometry and
(b) XPS. The samples analyzed were processed in a 40 sccm @ik

h t6 mT d maintained by 600 W inducti : . . .
charge at b miorr and maintained by nductive power neutral ratio is at least a factor of 100 high€Fhe ion den-

sities are typically 18 cm™2 for an ICP and 18 cm 3 for a

RIE system at a similar pressur€igures 2 and 4 also show
othat as function of the self-bias voltage the,G&yer thick-

ness is not necessarily decreasing while the etch rate is in-
o-creasing. In Secs. IV A-IV D a model will be derived that

includes the effect of ion bombardment on steady state

etching.

Here A¢(15) is the mean free path of the Cg)l photoelec-
trons in the CE layer. The superscripts stst and dep refer t
the steady state and passively depositeq Bfers, respec-
tively. The CF, layer thicknesses determined by XPS repr
duced the ellipsometry results when a value ofz3085 nm
was used forvcis). The SiF; layer thickness chiFy) was

determined using the intensities of the elemental and thé. Proposed mechanism

. . . . Sj SiR
chemically slhn‘ted Si(R) emissions, Iizp and Igz, Fluorocarbon material shows no significant etch rate in an
respectively’ atomic fluorine environmerit The etch rate of fluorocarbon
SiF, material by physical sputtering in an argon plasma is also
Si(2p) ignifi i -
dSiFy:)\Si(Zp) Inl 1+ S ) (2)  significantly lower than the fIl_Jorocarbon etch rate in fluorp
Si(2p) carbon plasmas at similar ion current densities and ion

energies? It is the combination of the fluorine species and
the ion bombardment that results in significant fluorocarbon
Si atoms in the Siflayer and the bulk siliconk can be etching. Silicon spontaneously etches in an atomic fluorine
calculated using the intensities of the chemical shifted peakgnvwonmenf’. Our model assumes that atomic fluorine is
in the Si(2p) spectrum. The spectra shown in Fig. 5 corre-the precursor of silicon etching. In addition, fluorine is also
spond to a value ok =0.31+0.02. Similar to thermal Sig) ~ consumed by the ion induced etching of the,Cdyer. This
Nsi(zp) Was set to 2.5 nriit Figure 7 shows that XPS analysis leads to the formation of desorbing fluorocarbon species. A

confirms the results on the GEnd SiF; layers obtained by ~Schematic picture of the model is presented in Fig. 8.
ellipsometry. Atomic fluorine is produced in the discharge by dissocia-

tion processes and possibly by ion impact fragmentation and
film dissociation at the substrate surface. Atomic fluorine can
IV. MODELING OF THE DATA diffuse through the CFlayer and react with the GHayer

The surface analysis results showed that the etching and thus contribute to etching of the Clayer. This process
silicon is regulated by a relatively thick fluorocarbon layer.is enhanced by the energy transferred from ion impact. Fluo-
In this case there is no direct ion impact on the bulk siliconrocarbon deposition is being suppressed when the flux of
possible and most likely there is a neutral transport of reacdesorbing fluorocarbon species is higher than the carbon flux
tive fluorine through the fluorocarbon layer required to etchof the adsorbing fluorocarbon species from the gas phase. In
silicon. Oehrleinet al1%!! proposed a transport mechanism steady state, the adsorbing and desorbing carbon fluxes are
including a diffusion process for low ion density etching of balanced. Steady state also requires that the fluorine to car-
silicon, based on the observation of an inversely proportionabon ratio of the desorbing flux is at least lower than the
relationship between the silicon etch rate and the [@ifer  fluorine to carbon ratio of the adsorbing flgxcluding the
thickness. However, in a high density discharge the ion tatomic fluorine flux from the gas phaseéidditionally, the

Here \sj2p) is the mean free path of the C)L photoelec-
trons in the Sif; layer.K is the ratio of the atomic density of
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ion impact must provide enough energy to enhance the pro-

duction of the desorbing flux. Figures 2 and 4 show that < 300
etching only occurs when the ion energy exceeds a certain é
threshold energy. This threshold energy depends on various £ 2001
plasma process parameters, for example, feedgas chemistry 2
or inductive power. For the modeling, it is assumed that EE 100
desorbing fluorocarbon species are only produaedhe 2
fluorocarbon layer. At this point, any effect of sputtering at ® o0
the fluorocarbon surface is neglected, but will be included in 0
Sec. IV D. In steady state, fluorine also reacts with silicon, CF, Thickness (nm)
resulting in the formation of volatile SjF Figure 8 also de- 300 , ‘
picts the influence of hydrogen. This will be discussed later. = ak Vg=-140V | b)
Since angle resolved XPS in Fig. 6 indicated that the fluorine =
concentration is decreasing in the fluorocarbon layer towards £ 2001 |
the bulk silicon, it is assumed that silicon etching is limited g
by the fluorine supply rather than by the transport of,SiF 9__: 100;
volatile fluorocarbon species to the gas phase. &

177} 0 . .

0 2 4 6

CF, Thickness (nm)
B. Mathematical description

. Fic. 9. Silicon etch rate vs GHayer thickness(a) The model.(b) The
Our model assumes that the fluorine flux through thg CFexperimental data in comparison with an exponentialyfit @ exp(—BX)).

layer is partially consumed by the Clayer and the SifF  n (1) a: GF; 1400 W; b: CHE 600 W; c: GF 1400 W; d: CHE 1400 W;
layer. As shown in Fig. 8, the atomic fluorine flux that enterse: C;Fs/H, 1400 W.
the CK layer,I'y, is equal to the sum of the fluorine fluxes

Ice andlg;: c(0)=co, R
d
Fo=Tc +Ts;. () _DEi =T's=Kcy.
x=d

FCFX andI'g; represent the fluorine fluxes that are used for,

the formation of desorbing fluorocarbon speciggluding
HF) and SiR, respectively. The consumption of fluorine in a
small lengthdx in the CF, layer is proportional to the fluo-
rine concentrationc and a reaction rate constart The
changedI in the fluorine fluxI" is therefore

Herec, is the atomic fluorine concentration at the top of the
CF, layer. The second boundary condition is Fick’s law ap-
plied to the silicon interface at=d. The boundary condition
of steady state silicon etching is also applied to the latter.
Silicon spontaneously etches with the atomic fluorine at the
silicon surface. The incoming fluorine fluxg; at the silicon
dr= — interface must leave as Sik a steady state situation. The
=—kcdx (4) o . ! )
silicon etch rate is assumed to be proportional to the fluorine

Applying Fick's law, I'= —Ddc/dx, and introducing a dif- concentratiorcy by a reaction constar{. With this set of

fusion constanD, Eq. (4) can be rewritten as equations[Egs. (6), (7), and Fick’s law it is possible to
obtain a relationship between the silicon etch rate, expressed
d’c in terms ofl'g;, and the CE layer thickness:
D W_ xkc=0. (5)
Co \/KD
rSi: (8)

In general the rate constamt and the diffusivityD may . \/? \/?

depend on the depth in the CRyer, since neither the en- kDK~ *+tan p d/|cos pd

ergy deposition of the ion bombardment nor the material N o )

density is necessarily uniform across the, &ier. For sim- The S|I|f:on etch rate is |n\_/ers_ely proportional to the,CF
plicity, however, it is assumed that bothand D are inde-  1@Yer thicknessl as shown in Fig. 9. The values op, «,

] 5 —3 -1 6
pendent of the deptk. This assumption allows for an ana- 2ndD are fixed at 510°cm™, 10° s, and 10° cnfs
lytical approach which still qualitatively agrees with the and are determined later on. The effect of the substrate is

presented data. The general solution of Ey.is given by mcIypied in thg reaction rate cqnstam Decregsmg .thIS re-
activity, keepingcg, x, andD fixed, results in a different

c(X)=c; exp(— «k/Dx)+c, exp(\k/DX). (6)  relationship between the etch rate and the, Giyer thick-
ness. Equatiort8) may therefore explain that different CF
JD/«k is the attenuation length of the atomic fluorine in thelayer thicknesses are observed on different substrates by in-
CF, layer and will be determined later on in this section. Thecluding the etch rate behavior of the substrate in #gas a
concentrations; andc, are constants and can be determinedfunction of the fluorine concentration at the substrate inter-
using the following boundary conditions: face.
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In order to get an estimate for the attenuation lengthinfluence of parameters like, D, c,, andI'ce, here we
VD/« of the atomic fluorine concentration in the ClByer,  only include an analytical solution for a relatively thick CF
the silicon etch rate at a constant self-bias voltage &40 V layer, i.e.,d=3yD/x. As a result of this assumption, the
is plotted versus the GFlayer thickness for the various fjyorine consumption by the silicon etching is also indepen-

feedgas chemistries in the second panel in Fig. 9. The daigent of the layer thicknegsising Egs(3) and (10)]:
points were fitted using an exponential decay, which ap-

proximates Eq(8) for thick fluorocarbon layers anid = . Igi~ CO\/K_D_FCFX- 12
thofétcrr?gl?? f?r 20\\//'2—%? I?fszgatg éennn;t; d“Dtrllla(tt ?r?ii |55 a qu_JatinEg th8e I.ayer thickness yields the following expression
very rough estimate. This estimate assumes that the quorir{éjsmg a-8)]
concentratiorcy and the transport parametetsand D are \F 1 NS
constant for the various feedgas chemistries. The fluorine d~ <nz|1 coxD
flux required to suppress the polymerizatidhyg, is in this
case the varying parameter between the various feedg&iuations(12) and (13) clearly show that etching is only
chemistries and determines the QByer thickness and the POSsible whenl'cg, /cokD<1. At the threshold voltage,
silicon etch rate. It may be expected, however, that in addiwhere etching of the substrate starts to occur, the ratio is
tion to FCFX Co, k, andD also depend on the plasma condi- equal to 1. From Fig. 2 it is clear that this ratio must depend
tions and, therefore, on the feedgas chemistry and inductiven the self-bias voltage. Two possible roles of ion bombard-
power level. Since our data do not provide enough informament on the etching process will be investigated in Secs.
tion about the plasma state, we limit ourselves mainly to théV C~IV D.
effect of biasing. The plasma generation is in our case inde-
pendent of the bias power. We continue the modeling
order to see how biasing can affect p(:lrametersIﬁ{gp-:-X , Co,
x, andD, rather than pointing out the effect of the plasma
conditions on these parameters. The estimate@f« and
covVkD will be used to estimate the order of magnitude o
the parameters, D, cg, andFCFx.

A second result that can be derived using E@s, (7),
and Fick’s law is an expression for the fluorine flliy into
the CF, layer:

10 59)]

K 13

'"c. lon enhanced transport of fluorine from the gas
phase to the silicon interface

The main source of atomic fluorine may originate from
fthe gas phase and be transported through the@er by an
ion enhanced mechanism. In this case, both the concentration
co of atomic fluorine at the gas phase interface and the fluo-
rine consumptiorl’cg in the Ck layer are assumed to be

independent of the self-bias voltagléﬁFX andc, are deter-
mined by the plasma state, i.eq and FCFX are functions of

Co KDsinr< \/E d|+Tg the feedgas chemistry, flowz pressure, and indu.c.tive power.
o= D ) In order to make a transition from a deposition mode
0 \F ' (Tcr /coVkD>1) to an etching modellcg /coVkD<1)
cos D d for a given plasma state, the factgkD has to increase as a

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 tempera-
ture is expected to increase from 10 to 30 °C depending on
the bias power. Experiments, carried out by Pasternak
et al®>*3°for several gases, except atomic fluorine, show that
Fo“CO\/ﬁ- (10)  this increase in temperature can lead to an increase in the
diffusivity by a factor of 5 in polymers. The diffusivity may
be even further enhanced by ion induced porosity of the CF

straint for steady state etching_has. to be sat?sfied, ie., iT};\yer. Based on Pasternak’s data, we estimate the diffusivity
order to have a steady state situation a fluorine ek of atomic fluorine to be of the order of 16 cr/s.

must leave the surface as etched fluorocarbon species. The Beside ion enhanced diffusion, the reactivity of fluorine
total reacted fluorine in the GHRayer is equal to the integral ith the CF; layer is also likely to increase, since, as men-

For rather thick CE layers, i.e.d=3D/«, the silicon has
no significant effect on the fluorine fluk, into the CK
layer. The fluorine fluxI'y into the CF, layer is therefore
independent of the layer thicknesgs which can easily be
shown using Eqs(8) and (9):

In order to solve Egs(8) and(9) for d andI'g; the con-

of Eq. (4): tioned before, ion bombardment is required for the etching of
d the CF, layer. The energy that is provided by the ions may
FCFX= fo kcdx, (11 initiate chemical reactions of fluorine in the Clyer upon

which volatile fluorocarbon species are formed. Section IV B
which is equivalent to Eq(3). The CF, layer thicknessl is  showed that the lengtkiD/« is of the order of 1 nm under
adjusted in such a way that the fluorine used for the etchingtching conditions. This corresponds to a value of about
of fluorocarbon material in the GRayer cancels the fluoro- 10 s™2 for the reactivityx.
carbon deposition. For solving Eg&), (8), and (9) a nu- A reasonable suggestion for the dependencdﬁ on
merical approach is required. To gain better insight on theahe self-bias voltage is shown in the first panel of Fig. 10.
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1.5 : ‘ : likely to desorb from the CfFsurface than the fluorine at

a) higher self-bias voltages, i.e., the desorbing stoichiometry
depends on the self-bias voltage. In this case we keep the
transport parametersandD constant and we assume tlogt
and FCFX are functions of the self-bias voItagECFx will

decrease as a function of the self-bias voltage if the fluoro-
carbon deposition is partially suppressed by ion sputtering of
, , : the CK, layer at the surface. This sputtering may be en-
0 50 100 150 hanced by the presence of fluorine. The concentratjpaf
Self Bias Voltage (-V) atomic fluorine at the gas phase interface may increase as a
' function of the self-bias voltage due to more complete ion
fragmentation and film dissociation. The fluorine concentra-
tion ¢y saturates at higher voltages, since ions and surface
molecules have a finite number of fluorine atoms. The first
panel of Fig. 10 shows again the suggested dependence of
the ratiocxD/I'cg _on the self-bias voltage. It is assumed
that the ratio saturates around 50 eV ion energy. The second
0 50 100 150 0 panel shows a numerica_llsolution keeE)iﬁng the other param-
Self Bias Voltage (-V) eters constantk=10° s and D=10"° cn?/s) and K
>kD. This assumption shows good agreement with the
Fic. 10. CF layer thicknessd) and the silicon etch ratd) as a function ~ data presented in Figs. 2 and 4, but cannot explain a mini-
of the self-bias voltage according to the model presenteda)lthe input mum in the CE layer thickness. As shown in previous Sec.
that is used, which can be explained by an enhancement in the diffusiop/ ¢ g second assumption about the diffusivily and ab-
transport or by ion impact fragmentation and surface dissociation is shown. . f . f th If-bi |
The solid lines in(b) represent the numerical solutions of E¢®, (8), and sorption rate constamk as a function of the seli-bias voltage

(9). The dashed lines represent the analytical solutions given by(Egs. may explain a minimum in the GHayer thickness.
and(13).

b 10
«D)""? ¢,

lﬂCF)( 0.5

0.0

)

d (nm)

(uiw/wu) 81y Yo13 UodIIS

E. Effect of hydrogen addition on the etching process

Hydrogen is well known for its deep penetration into the
substrate(10—-30 nm?* and for fluorine scavenging in the

g . _ _ reactor and in the GHayer*!0383%The effect of hydrogen
ho bias is applied, the ions are still accelerated towards thdeition in a fluorocarbon plasma can easily be included in

wafer by the flolatingb po_tential.h'!'hr:a faCtQ";]D has, there- our model. First of all, hydrogen will reduce the fluorine
fore, a finite value, but is not high enough to suppress the.,,canratiorc, due to the formation of volatile HF in the
deposition of fluorocarbon material. A numerical solution Ofgas phase and at the C§urface. Second, the atomic fluorine

IE_qs.I(S){ (Si .and © isdplt?]tt(ta/% Fhe. zeconc(ij pa:ne]!.trllzor consumptioriﬂcpX in the CF; layer will increase as hydrogen
simplictty, 1t 1 assume aylx 1S indepencent of the penetrates the GHayer, since volatile HF is formed in ad-

fself—.blas voltage and>«D. A comparison with the data. dition to desorbing fluorocarbon species. Also the reaction
in Figs. 2 and 4 shows a good qualitative resemblance with

. . . rate constanik may increase upon hydrogen addition. The
our model if the factoryxD levels out at higher self-bias . - . —
voltages. A minimum in the CFlayer thickness could be first panel in Fig. 11 shows the suggested ralig, /Co VD

obtained by assigning a dependency on the self-bias voltaq'éith and without hydrogen addition. It is assumed that the
for the diffusivity D and the rate constamt such that both ransporF .parameter;s andD are not affected by the hyf’ro'

vD/« and+/«D are increasing as a function of the self-bias gen ad(?'“on- The Seco”‘?‘ panel shows the c;orrespondlgg (.:F
voltage. It can be concluded that our model is consistent with2Y€" thicknesses and Si etch rates according to a numerical

the experimental data if an ion enhanced transport of fluoring®!ution of the model presented and is qualitatively consis-
is included. tent with the data in Figs. 2 and @he parameterEc,:x, Cos

k, andD in Fig. 11 are of the same order as those presented
earlier)

VD is scaled withI'cg, andc, which are kept constant at
4.5x 10 cm 257! and 5<10% cm™3, respectively. When

D. lon impact fragmentation and film dissociation

Equations(12) and(13) show that the ratid“c,:x/co\/ﬁ F. Relation between fluorocarbon etching and silicon
must be smaller than 1 in order to have steady state etchir@fching
of silicon. Beside ion enhanced transport of fluorine through  Figures 2 and 3 show that the fluorocarbon and the silicon
the CK, layer (previous casg it is also possible that the ratio etch rate have the same dependency on various process pa-
T'cr, /co\kD is decreasing as a function of the self-bias volt-rameters, e.g., the self-bias voltage. For the etching of a thick
age due to ion impact fragmentation and dissociation of thé>50 nm) fluorocarbon layer, the fluorine fldx, into the
CF, surface molecule¥?" In order for these surface pro- CF, is independent of the thickness and is given by @q).
cesses to be a source of fluorine, the carbon must be mote order to balance the fluorocarbon deposition, a fluorine
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that during steady state etching the silicon surface is covered
a) by a relatively thick fluorocarbon layer varying from 2 to 7
nm. The ion energy was varied up to 150 eV. The rate of
direct ion impact on the silicon substrate at this energy is
probably low compared to the silicon etch rate. Therefore, a
mechanism based on a neutral fluorine transport through the
fluorocarbon layer is suggested. Silicon can be etched by
forming volatile SiF, which can diffuse through the fluoro-

005 100 150 carbon layer into the gas phase. Since XPS showed that the
Self Bias Voltage (-V) o fluorine concentration in the fluorocarbon layer decreases to-
6 = wards the silicon interface, it is likely that the etching is
S b) limited by a fluorine diffusion transport through the fluoro-
= carbon layer. The fluorine transport through the fluorocarbon
g 4 ; layer is described by a diffusion mechanism based on Fick’s
g = law. A condition for steady state etching of silicon can be
24 = derived, assuming that, in addition to silicon, the fluorocar-
3 bon layer also reacts with the fluorine. This leads to the
0l il g formation of desorbing fluorocarbon species, which balances
0 50 100 150 the fluorocarbon deposition during the etching process.
Self Bias Voltage (-V) Despite the fact that direct ion impact on the silicon sub-

strate is probably negligible, it is found that the ion energy is
Fic. 11. Effect of hydrogen additioa) on the ratioc,\xD/T'cr and(b) on an important parameter in the etching of silicon. Our model
the CF, layer thickness and Si etch rate. ’ includes two possible roles of the ions. The first role may be

the enhancement in the diffusivity of fluorine atoms in the

fluorocarbon layer and the enhancement in the reaction prob-
flux I'ce,_is required for the formation of desorbing fluoro- apility of fluorine in the fluorocarbon layer. In this case the
carbon species. When this flux is smaller than the enterinfuorine is originating from the gas phase. The second role
fluorine  flux (Fc,:x<l“o), the resulting fluorine flux may be ion impact fragmentation and dissociation of the sur-

(T'o-T'cr) is used for the net etching of the thick fluorocar- face fluorocarbon molecules. Both roles suggested lead to a

bon layer. From Eqs(3) and (10) it can be concluded that similar description of the etch rate and the fluorocarbon layer
thickness that is consistent with the experimental data.

this fluorine flux is equal to the flux that would react with a i

silicon substrate during steady state etchiig. (12]. The _ 1he role of hydrogen on the etching process was also
silicon etch rate and the fluorocarbon etch rate differ, therelnvestigated. From a change in the refractive index of thick

fore, only by a constant factor for various process conditionsP2SSively deposited fluorocarbon layers, it can be concluded

This factor compensates for the difference in chemical comthat the composition of the fluorocarbon layer changes upon

position between a silicon substrate and a thick fluorocarboffydregen addition. However, XPS showed that the F/C ratio
layer. First of all, the amount of fluorine required to form ©Of the fluorocarbon layer is not significantly affected when
volatile species depends on the substrate. For example, fydrogen is added to the discharge. The F/C ratio is prima-
etch silicon, four fluorine atoms per silicon atom are required!y détérmined by the ion energy and the choice of the fluo-
to form SiF, whereas the average amount of fluorine re-rocarbon feedgas. It can therefore be concluded that the hy-
quired to remove a carbon atom from a fluorocarbon subdrogen is incorporated into the fluorocarbon layer. The

strate may be different. Second, the density of the substraf@ydrogen in the fluorocarbon layer suppresses the fluorine
has to be included in order to convert the etching fluorindux towards the silicon interface by the formation of volatile
flux to an etch rate. HF in a steady state fluorocarbon layer. This results in a

Beside silicon, for nitrid® and photoresiét too, the etch thicker fluorocarbon layer and the suppression of the silicon

rate was found to be linear in the fluorocarbon etch rate foftch rate. The influence of hydrogen addition on the silicon

similar process conditions in the same experimental setuf$ich rate and the fluorocarbon layer thickness can be in-
Assuming that the etching of both nitride and photoresist i<£'uded in our model and was found to be consistent with the
fluorine driven, it can be explained by the model that the€xPerimental data.

etching of these materials is also similar to fluorocarbon
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